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Abstract

We prove a generalization of the fellow traveller property for a certain type
of quasi-geodesics and use it to present three equivalent geometric formulations
of the bounded reduction property. We then provide an affirmative answer
to a question from Aratjo and Silva as to whether every nontrivial uniformly
continuous endomorphism of a hyperbolic group with respect to a visual metric
satisfies a Holder condition. We remark that these results combined with the
work done by Paulin prove that every endomorphism admitting a continuous
extension to the completion has a finitely generated fixed point subgroup.

1 Introduction

The dynamical study of endomorphisms of groups started with the (independent)
work of Gersten [12] and Cooper [8], using respectively graph-theoretic and topo-
logical approaches. They proved that the subgroup of fixed points Fix(¢) of some
fixed automorphism ¢ of F,, is always finitely generated, and Cooper succeeded on
classifying from the dynamical viewpoint the fixed points of the continuous exten-
sion of ¢ to the boundary of F;,. Bestvina and Handel subsequently developed the
theory of train tracks to prove that Fix(¢) has rank at most n in [2]. The problem
of computing a basis for Fix(p) had a tribulated history and was finally settled by
Bogopolski and Maslakova in 2016 in [3].

This line of research extended early to wider classes of groups. For instance,
Paulin proved in 1989 that the subgroup of fixed points of an automorphism of
a hyperbolic group is finitely generated [16]. Fixed points were also studied for
right-angled Artin groups [17] and lamplighter groups [15].

Regarding the continuous extension of an endomorphism to the completion, in-
finite fixed points of automorphisms of free groups were also discussed by Bestvina
and Handel in [2] and Gaboriau, Jaeger, Levitt and Lustig in [11]. The dynamics
of free groups automorphisms is proved to be asymptotically periodic in [14]. In [7],
the dynamical study of infinite fixed points was performed for monoids defined by
special confluent rewriting systems (which contain free groups as a particular case).
This was also achieved in [19] for virtually injective endomorphisms of virtually free
groups. Endomorphisms of free-abelian times free groups Z™ x F;, have been studied
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in [9] and their continuous extension to the completion is studied in [5] and the case
of F,, X F,, with m,n > 2 is dealt with in [6]

For natural reasons, to study the dynamics of the continuous extension to the
completion, in case the topology is metrizable (as it is in the case of hyperbolic
groups via visual metrics) it is of utmost importance to describe uniformly contin-
uous endomorphisms for a certain class of groups. Also, it is important to notice
that one of the essential tools used in proving these results is the bounded reduc-
tion property (also known as the bounded cancellation lemma) introduced in [8] and
followed by many others.

Motivated by the possibility of defining new pseudometrics in the group of au-
tomorphisms of a hyperbolic group, the authors in [1] studied endomorphisms for
which a Hoélder condition holds.

In this paper, we will describe uniformly continuous endomorphisms of hyperbolic
groups and present some geometric versions of the bounded reduction property with
hope that these techniques could be used to study the dynamics of infinite points
for arbitrary uniformly continuous endomorphisms of hyperbolic groups, for which
not much is known so far. We will also show that Holder conditions are satisfied by
every uniformly continuous endomorphism with respect to a visual metric, answering
a question from [1] and highlight that this result, combined with previous work
from Paulin suffices to show that every uniformly continuous endomorphism of a
hyperbolic group has finitely generated fixed point subgroup.

The paper is organized as follows. In Section 2, we present some preliminaries
on hyperbolic metric spaces and hyperbolic groups. In Section 3, we present a gen-
eralization of the fellow traveller property for (1, k)-quasi-geodesics, which will be
seen to arise naturally. We formulate the bounded reduction property in geometric
terms throughout Section 4. In Section 5, we show that every nontrivial uniformly
continuous endomorphism of a hyperbolic group must satisfy a Holder condition and
observe that these results combined with the work in [16] yield that every endomor-
phism of a finitely generated hyperbolic group admitting a continuous extension to
the completion has a finitely generated fixed point subgroup.

2 Preliminaries

We now introduce some well-known results on hyperbolic groups. For more details,
the reader is referred to [13] and [4].

A mapping ¢ : (X,d) — (X',d’) between metric spaces is called an isometric
embedding if d'(xp,yp) = d(z,y), for all x,y € X. A surjective isometric embedding
is an isometry.

A metric space (X, d) is said to be geodesic if, for all x,y € X, there exists an
isometric embedding ¢ : [0, s] — X such that 0£ = z and s =y, where [0,s] C R is
endowed with the usual metric of R. We call £ a geodesic of (X, d). We shall often
call Im(§) a geodesic as well. In this second sense, we may use the notation [z, y] to
denote an arbitrary geodesic connecting x to y. When the endpoint of a geodesic o
coincides with the starting point of a geodesic 3, we denote the concatenation of both
geodesics by [af]. Note that a geodesic metric space is always (path) connected. A
quasi-isometric embedding of metric spaces is a mapping ¢ : (X,d) — (X', d') such



that there exist constants A > 1 and K > 0 satisfying

1
for all z,y € X. We may call it a (A, K)-quasi-isometric embedding if we want to
stress the constants.
If in addition
V' € X039z € X : d'(2', zp) < K,

we say that ¢ is a quasi-isometry. Two metric spaces (X,d) and (X', d’) are said
to be quasi-isometric if there exists a quasi-isometry ¢ : (X,d) — (X', d’). Quasi-
isometry turns out to be an equivalence relation on the class of metric spaces. A
(A, K)-quasi-geodesic of (X,d) is a (A, K)-quasi-isometric embedding ¢ : [0,s] — X
such that 0 = x and s§ = y, where [0, s] C R is endowed with the usual metric of
R.

Given z,y,z € X, a geodesic triangle [[z,y, z]] is a collection of three geodesics
[,y], [y, 2] and [z,2] in X. Given 0 > 0, we say that X is d-hyperbolic if

Vw € [z, y] d(w, [y, z] U [z, x]) < ¢

holds for every geodesic triangle [[z,y, 2]].

Let (X,d) be a metric space and Y, Z nonempty subsets of X. We call the e-
neighbourhood of Y in X and we denote by V.(Y) the set {z € X | d(x,Y) < &}.
We call the Hausdorff distance between Y and Z and we denote by Haus(Y, Z), the
number defined by

inf{e >0|Y CV.(Z) and Z C V.(Y)}

if it exists. If it doesn’t, we say that Haus(Y, Z) = oc.

Given a group H = (A), consider its Cayley graph I'4(H) with respect to A
endowed with the geodesic metric d 4, defined by letting d4(x,y) to be the length of
the shortest path in I'4(H) connecting = to y. This is not a geodesic metric space,
since d 4 only takes integral values. However, we can define the geometric realization
L a(H) of its Cayley graph I'4(H) by embedding (H,d4) isometrically into it. Then,
edges of the Cayley graph become segments of length 1. With the metric induced
by d, which we will also denote by d4, I 4(H) becomes a geodesic metric space.

We say that a group H is hyperbolic if the metric space (I 4 (H ), d4) is hyperbolic.
We will simply write d instead of d4 when no confusion arises. Also, for x € H we
will often denote d4(1,u) by |ul.

From now on, H will denote a finitely generated hyperbolic group generated by
a finite set A and 7 : A* — H will be a matched epimorphism.

An important property of the class of automatic groups, for which the class of
hyperbolic groups is a subclass, is the fellow traveller property. Given a word u € A*,
we denote by ul™, the prefix of v with n letters. If n > |u|, then we consider ull = q.
We say that the fellow traveller property holds for L C A* if, for every M € N, there
is some N € N such that, for every u,v € L,

da(um,vr) < M = da(u™r,o"r) < N,



for every n € N.
Given g, h,p € H, we define the Gromov product of g and h taking p as basepoint
by

(gl) = 5(da(p.9) + da(p.h) — da(g, ).

We will often write (g|h) to denote (g|h){!. Notice that, in the free group case, we
have that (g|h) = |g A hl.

Let G be a subgroup of a hyperbolic group H = (A) and let ¢ > 0. We say that
G is g-quasiconvex with respect to A if

Vz € [g,9'] da(z,G) <q

holds for every geodesic [g,¢'] in T 4(H) with endpoints in G. We say that G is
quasiconvex if it is g-quasiconvex for some g > 0.

There are many ways to describe the Gromov boundary OH of H, such as being
the equivalence classes of geodesic rays, when two rays are considered equivalent if
the Hausdorff distance between them is finite. Another model for OH can be defined
using Gromov sequences. We say that a sequence of points (z;);en in H is a Gromov
sequence if (2;]z;) — 00 as i — oo and j — oo. Two such sequences (x;);cny and
(yj)jen are equivalent if

im (z]y;) = oo.

1,]—00
The set of all the equivalence classes is another standard model for the boundary
OH. Identifying an element h in H with the constant sequence (h);, we can extend
the Gromov product to the completion by putting

(@19 =sup {iminf ) | oien € o (e € 5

We define (ol
" e ip g 4
h) =
Pp(9: 1) { 0 otherwise

for all p,g,h € H.
Given p € H, v > 0 and T > 1, we denote by V4(p,~,T) the set of all metrics
d on H such that

1

We refer to the metrics in some VA (p,~,T) as the visual metrics on H. Let
d € VA(p,v,T). The metric space (H,d) is not complete in general. However,
its completion (ﬁ , ci) is a compact space and can be obtained by considering H=
HUOH. It is a well-known fact that the topology induced by d on 9H is the Gromov
topology.

Considering the extension of p;‘ﬁ to the boundary, we define, for o, 3 € H

A 7 e @B i o £
Poa:B) = { 0 otherwise



By continuity, for every a, 8 € H, the inequalities

1 N
TP B) < d(a, B) < Tip, (. 8)

hold [4, Section III.H.3].

3 Fellow Traveller Property for (1, k)-quasi-geodesics

The goal of this section is to present a slightly more general formulation of the
fellow traveller property. While we usually state the property considering geodesics,
we can see that we get essentially the same result when the paths considered are
(1, k)-quasi-geodesics for some & € N. We will present the result in a different
version, considering quasi-geodesics with endpoints at distance at most one from
one another, but we remark that the result holds as long as the distance between
the endpoints is bounded by some constant.

Proposition 3.1. Let u be a (1,r)-quasi-geodesic and v be a (1, s)-quasi-geodesic
with the same starting point. Then, there is a constant N depending on r,s,6 such
that, for all n € N, we have that

d(ur,vm) < 1= da(ulz, oM7) < N.

Proof. Since the Cayley graph of H with respect to A is vertex-transitive, we can
assume that 1 is the starting point of both u and v. Let p and ¢ be the endpoints
of w and v, and consider a geodesic w from ¢ to p.

p

}

q

Let k = max{r, s}. Then u,v and w are all (1, k)-quasi-geodesics. By Corollary 1.8,
Chapter IIL.H in [4], there is a constant ¢’, depending only on 7, s,d, such that the
triangle (u, v, w) is ¢’-thin. Let n € N. We will prove that

u
AAAAAAAAAAAAAAAAAAS
1 v

da(u 7w, oM7) < 3k 4 26" 4 4.
Consider the factorizations of u and v given by

wlnl Un wln] Un,
1JVW\/\/\/W\/\/\/\>-pn4\N\/\/\MN\/\/\A>-p’ 1vavvvvwv§-qn4vvvvvvvvvvv$-q7

Suppose that v, = 1. This means that ¢, = ¢, d4(1,q) < n and d4(1,p) < n+ 1.
Also, notice that, since u is a (1, k)-quasi-geodesic, we have that

ful =k < da(1,p) < Jul.
We have that

da(u™ 7, p) < |ul —n <da(l,p) —n+k <k+1<3k+20 +4.



The case u, = 1 is analogous, so we assume that wu,, v, # 1.
Since (u,v,w) is a §’-thin triangle, there is some m < |u|, such that

da(oMr, ™) < 6 + 1.
Again, since u and v are (1, k)-quasi-geodesics, we have that
da(l,) =1 —k < o] = n— k < da(g,q) < o] — 1 < da(l,q) —n+k
and
da(l,p) =m —k < |u[ —m —k < da(pm,p) < [ul —m < da(l,p) —m +k.
So,

da(l,q) —n—k < d(gqn,q) < d(gn,pm) + d(pm,p) + d(p,q)
<& +14da(l,p) —m+k+1,

thus, m —n <& +1+da(l,p) —da(l,q) + 2k +1 < § + 2k + 3. Similarly, we have
that

da(l,p) —m —k < d(pm,p) < d(Pm, qn) + d(gn, q) + d(g,p)
<& +1+da(l,q) —n+2k+1,

thus, n —m < ¢ +14+da(l,q) —da(l,p) + 2k + 1 < & + 2k + 3.
Hence, we have that

d(Pny qn) < d(Pr, Pm)+d(Pm, qn) < |m—n|+k+8"+1 < §+2k+3+k+6"+1 = 3k+25'+4.

O]

4 Bounded Reduction Property

In this section, we will present three (equivalent) geometric versions of the Bounded
Reduction Property (also known as the Bounded Cancellation Lemma) for hyper-
bolic groups. The bounded reduction property has proved itself to be a most useful
tool in studying the dynamics of (virtually) free group endomorphisms (see, for ex-
ample, [2], [8],[11],[18] [19]). We will later use it to prove the main result of this
paper.

For free groups, the bounded cancellation lemma is said to hold for an endomor-
phism ¢ € End(F},) if there is some constant N € N such that

lu P Av=0= [utp Avp| < N

holds for all u,v € F),, where u A v denotes the longest common prefix between u
and v.

Since, for u,v € F,, the Gromov product (u|v) coincides with u A v, a natural
generalization for the hyperbolic case is

AN e N((u|v) =0= (up | vp) < N).



In Proposition 15, Chapter 5 in [13], it is shown that if ¢ is a (A, K)-quasi-
isometric embedding, then there exists a constant A depending on A, K and §, with
the property that

%mm-ASOMWWSAww+A- 2)

So, if H is a hyperbolic group and ¢ : H — H is a quasi-isometric embedding, then
for every p > 0, there exists ¢ > 0 so that

(u]v) <p=(up|vp) <q.
We will now present a geometric formulation of the inequality (ulv) <p .

Lemma 4.1. Let u,v € H and p € N. Then (ulv) < p if and only if for any
geodesics a and B from 1 to u™' and v, respectively, we have that the concatenation

_ B _
1 @ ul u o

is a (1,2p)-quasi-geodesic.

Proof. Let u,v € H and p € N. Suppose that (u|v) < p and take geodesics o and
B from 1 to u~! and v, respectively. Take the concatenation ¢ : [0, |u| + |[v|]] — H,
where 0¢ = 1, (|u|)¢ = vt and (Ju| + [v])¢ = v,

We will prove that ¢ is a (1, 2p)-quasi-geodesic, i.e., for 0 < i < j < |u| + |v|, we
have that

J—1i—=2p<d(i(,j¢) < j—i+2p.

We can assume that 0 < i < |u| < j < |u|+ |v|. Clearly, we have that d(i(, j¢) <
j—i<j—i+2p.

Suppose that [j¢| < j — 2(u|v) and consider a geodesic « : [0, |j¢|] from 1 to j¢
and concatenate it with C|(; |y+v|), Which gives us a path of length

Jul + o] =5+ [5¢] < ful + o] =7 + 7 = 2(ulv)
= [ul + v = 2(ulv)
= Jul + [v] = |u] = |v] + [u™"v]
= [u" o

from 1 to v~ 'v and that contradicts the definition of d. Thus, |j¢| > j — 2(ulv).
So,

d(u,5¢) + [u~ | = |v] = d(i¢, j¢) — d(1,iC)
du,5¢) + [u™ o] = Jv] = [5¢]

J = ul +d(u,v) — |v| — |5

J = 2(ulv) = |5¢|

0,

IA



thus,

d(i€, 5¢) = d(u™", j¢) + [u™"v| — o] — d(1,i¢)
=J = lul + Ju"to] = Jof i
=i 2(ulv)
>j—1—=2p
To prove the converse, suppose that, for any geodesics & and 8 from 1 to u ™"
and v, respectively, we have that the concatenation

_ B _
1 @ w1 u o

is a (1, 2p)-quasi-geodesic. Then, take any geodesics o and § in the conditions above
and consider the (1, 2p)-quasi-geodesic ¢ obtained by concatenating o and 3. Then

d(u,v) = d(1,u~'v) = d(0¢, (Jul +[0])¢) > |u] + |v| — 2p,

so 2(u|v) = |u| + |v| — d(u,v) < 2p and we are done. O
Let ¢ : H — H be a map. We say that the BRP holds for ¢ if, for every p > 0
there is some ¢ > 0 such that: given two geodesics u and v such that

u v
1 U uv

is a (1, p)-quasi-geodesic, we have that given any two geodesics «, (3, from 1 to ug
and from up to (uv)ep, respectively, the path

1 e up (uv)p
is a (1, ¢)-quasi-geodesic.

Proposition 4.2. Let H be a hyperbolic group and ¢ : H — H be a mapping. Then,
the BRP holds for ¢ if and only if for every p > 0 there is some q > 0 such that

(u]v) <p= (up|vp) <q. (3)
holds.

Proof. Let H be a hyperbolic group, ¢ : H — H be a mapping and p be a non-
negative integer. Suppose that the BRP holds for ¢ and take u,v € H such that
(u|v) < p. Then, by Lemma 4.1 and the BRP, there is some ¢ > 0 such that, given
geodesics o and 3 from 1 to v~y and from u='y to (u~'v)yp, respectively, the con-
catenation ¢ : [0, [u=tp| + |vp|] — H is a (1,2q)-quasi-geodesic. Using Lemma 4.1
again, we have that (up|vp) < q.

Now, suppose that for every p > 0, there is some ¢ > 0 such that (3) holds and
take geodesics «, 8 such that the concatenation

1 e U A uv




is a (1, p)-quasi-geodesic. In particular, it is also a (1, 2p)-quasi-geodesic. Then by
Lemma 4.1, we have that (u~!|v) < p, so, using (3), we have that (u=lplvy) < g,
so by Lemma 4.1, we have that the path

1 - up (uv)ep

is a (1, 2¢)-quasi-geodesic for every geodesics «, 3 as above. O
The following proposition is an immediate consequence of (3) and Proposition
4.2.

Proposition 4.3. If ¢ : H — H is a quasi-isometric embedding, then the BRP
holds for . O

The next proposition shows that the bounded reduction property can be reduced
to the case where p = 0.

Proposition 4.4. Let H be a hyperbolic group and ¢ € End(H). If the BRP holds
for ¢ for p =0, then it holds for every p € N.

Proof. Let H be a hyperbolic group and ¢ € End(H) and assume that the BRP holds
when p = 0. Let p € N, u,v € H, and take two geodesics o and 5 from 1 to u and
from u to uv, respectively, so that the concatenation [af] is a (1, p)-quasi-geodesic.
By Proposition 3.1, there is some N € N such that for a (1, p)-quasi-geodesic &
starting in 1 and ending in uv, we have that

d(&M, [ap)™) < N, (4)

for every n € N. We will prove that, there is some ¢ € N such that, given any
two geodesics &1 and & from 1 to up and from up to (uv)p, respectively, their
concatenation is a (1, ¢)-quasi-geodesic.

Take v to be a geodesic from 1 to uv and consider the factorization

Al o
x uv.

Notice that both 7”“” and o are geodesics and their concatenation, v is also a
geodesic. In particular v is a (1, p)-quasi-geodesic with the same starting and ending
points as the concatenation of a and 3. So, by, (4) we have that d(z,u) < N.

Set B, = max{|ay||a € A}. Then, we have that d(z¢, up) < Byd(z,u) < B,N.
Let ¢; and (2 be geodesics from 1 to z¢ and from z¢ to (uv)y, respectively. Since
the BRP holds for ¢ when p = 0, we have that there is some constant pg such that
the concatenation [(1(2] is a (1, pg)-quasi-geodesic and that constant is independent
from the choice of 7. So, we have that

d(1, (wv)g) > d(1, 2¢) + d(zep, (wv)p) = po- (5)
Since d(uep, (uv)p) < d(up, xp)+d(xp, (uv)p) < NB,+d(zp, (uv)p), we have that
d(ze, (uv)p) 2 d(up, (ww)p) — N By (6)



Similarly, we have that d(1,uy) < d(1,z¢) + d(xzp,up) < d(1,29) + NB,, and so
d(l,x(p) > d(LuSO) _NBSD' (7)
Combining (5) with (6) and (7), we have that

(1,up) — NB, + d(up, (uv)p) — NBy, — po
(1,up) + d(1,vp) — 2N B, — po.

Hence

2 ((up)~Hop) = d(1,up) + d(1,vp) — d((up) ™", vp)
=d(1,up) + d(1,vp) — d(1, (uv)p)
<2NB, + po.

By Lemma 4.1, we have that the concatenation [£1&s] is a (1,2N B, + po)-quasi-
geodesic. O

If (X,d) is d-hyperbolic and A > 1, K > 0, it follows from [4, Thm 1.7, Section
IT1.H.3] that there exists a constant R(d, A, K), depending only on 4, A, K, such that
any geodesic and (A, K)-quasi-geodesic in X having the same initial and terminal
points lie at Hausdorff distance < R(d, A, K) from each other. This constant will be
used in the proof of the next result.

We recall that for a geodesic « : [0,n] — H, we will often denote its image by «
as well. We are now ready to present two more (equivalent) geometric formulations
of the BRP.

Theorem 4.5. Let ¢ € End(H). The following conditions are equivalent:

(i) the BRP holds for ¢.

(ii) there is some N € N such that, for all x,y € H and every geodesic o = [z, ],
we have that cp is at bounded Hausdorff distance to every geodesic [xp, yy].

(iii) there is some N € N such that, for all x,y € H and every geodesic o = [x,y],
we have that ap C VN (&) for every geodesic & = [z, yyp].

Proof. Clearly (ii) = (iii).

(i) = (ii) : Let x,y € H and N € N given by the BRP when p = 0. Consider
geodesics a = [z,y] and § = [zp,yp]. Let u € { and k = d(zp,u). So, clearly,
d(zp,yp) > k. Put B, = max{|ap||a € A}. We may assume that k > B, since,
otherwise d(u, ap) < B,,. Since d(zg,xp) =0 < k and d(yp, vp) > k, there is some
ng > 0 such that d(zep, (z(al™l7))¢) < k and d(zy, (z(a™+171))p) > k (notice that
ng > 0 since d(zep, (z(alllr))p) < B, < k). Consider the following factorization of
a

almkl g

Using the BRP, we have that, given geodesics 5,y from z¢ to xxp and from zpp
to yy, respectively, the concatenation

B Y
s Ty Yyp

10



is a (1, N)-quasi-geodesic. Set 41 = z(al™171). We know that d(zre, Tpi19) <
B, and so
k < d(zp, zpy19) < d(zp, 25p) + By,

Thus, we have that d(zrp, z¢) > k — By,.
Let z = [84]!*]. Notice that, since d(zp,z@) < k, then z € .

Using the fellow traveller property for (1, V)-quasi-geodesics, there is some constant
M depending only on N and § such that d(u,z) < M. Since 7 is a geodesic, then
d(zpp, z) = k — d(xp, zrp) < k — (k — By,) = B,. Thus,

d(u,24p) < d(u,2) + d(z,200) < M+ B,

and u € V4 B, (). Since u is an arbitrary element of £ such that d(u, ap) > B,
we have that £ € Va1, (ap)

Now, let v € a.. Since the BRP holds, then, taking any geodesics, 3,7’ from x¢
to v and from vy to yy, the concatenation

B’ 4
ry vy yp

is a (1, N)-quasi-geodesic, so Haus([5'7'],£) < R(4,1,N). In particular, d(vep, &) <
R(0,1,N). Since v is arbitrary, we have that ay C V(51 n)(§)-

Hence Haus(&, ap) < max{R(5,1,N), M + B,}.

(iii)= (i) Take N such that (iii) holds and u,v € H. Let o = [1, u], 5 = [u, uv] be
such that [af] is a geodesic and consider v = [1,uyp| and ¢ = [uyp, (uv)p]. We want
to prove that there is some M € N such that [y(] is a (1, M)-quasi-geodesic and that
suffices by Proposition 4.4. From (iii), we have that ap C Vy(v), B¢ C Vn({) and
[af]e € VN ([7C¢]). Since [af] is a geodesic, then, given a geodesic & = [1, (uv)y], we
have that ([aS]e) C V(&) too.

Now, we have that there is some z,, € £ such that d(up, z,) < N. Suppose that
d(1,z,) > || and denote £ by . So, v and &, = £[l«!l are two geodesics with the
same starting point that end at bounded distance. By the fellow traveller property,
there is some K € N such that d (up,y)) < K. So, we have that,

¢l = d(up, (uv)p) < d(up,y) + d(y, (uv)p) < K +d(y, (uv)p).

Now,
&l = d(1,y) + d(y, (w)p) = 7] + d(y, (wv)p) = 7] + [¢] — K.

11



If d(1,z,) < ||, the same inequality can be obtained analogously, considering the
geodesics (71 and ¢ since || + [¢] > |€].
So, we have that

(u™ plvg) = S (d(1,up) + d(1,vp) — d(u""p,vp))

N =N =

(1 + 16— (1, (uww)g)) = 5191+ 1¢] ~ )

IA
ol 3

By Lemma 4.1, we have that [y(] is a (1, K)-quasi-geodesic. O

So, combining Propositions 4.2 and 4.4 with Theorem 4.5, we have proved the
following result:

Theorem 4.6. Let ¢ € End(H). The following conditions are equivalent:
i. The BRP holds for .
ii. The BRP holds for ¢ when p = 0.
iii. Yp>03¢>0Vu,v e H ((uv) <p= (uplvy) < q).
iv. 3¢ > 0Vu,v € H ((ulv) =0 = (up|vp) < q).

v. there is some N € N such that, for all x,y € H and every geodesic o = [z, ],
we have that ap is at bounded Hausdorff distance to every geodesic [xp, yp].

vi. there is some N € N such that, for all x,y € H and every geodesic a = [z, y],
we have that ap C V() for every geodesic & = [z, yp).

5 Uniformly continuous endomorphisms

We will start by describing when an endomorphism of a hyperbolic group admits a
continuous extension to the completion. It is well know by a general topology result
[10, Section XIV.6] that every uniformly continuous mapping ¢ : H — H’ admits a
continuous extension to the completion. So, we have the following lemma:

Lemma 5.1. Let ¢ : H — H' be a mapping of hyperbolic groups, and let d and
d'" be visual metrics on G and G', respectively. Then, the following conditions are

equivalent:
1. ¢ 1is uniformly continuous with respect to d and d';
2. ¢ admits a continuous extension @ : (ﬁ,cf) — (f[’, d).

A mapping ¢ : (X,d) — (X', d") between metric spaces satisfies a Holder condi-
tion of exponent r > 0 if there exists a constant K > 0 such that

d'(zp,yp) < K(d(z,y))"

12



for all z,y € X. It clearly implies uniform continuity. We will show that in case of
hyperbolic groups, we have equivalence.

In [1], the authors thoroughly study endomorphisms of hyperbolic groups sat-
isfying a Holder condition. In particular, they find several properties equivalent to
satisfying a Holder condition. An endomorphism ¢ of H is wvirtually injective if its
kernel is finite.

Theorem 5.2. [1, Thm 4.3] Let ¢ be a nontrivial endomorphism of a hyperbolic
group G and let d € VA(p,~,T) be a visual metric on G. Then the following condi-
tions are equivalent:

(i) ¢ satisfies a Hélder condition with respect to d;
(ii) ¢ admits an extension to G satisfying a Holder condition with respect to c/l\,

(iii) there exist constants P > 0 and Q € R such that
P(gplheo), +Q > (glh),
forall g, h € G;
(iv) ¢ is a quasi-isometric embedding of (G,da) into itself;
(v) @ is virtually injective and Gy is a quasiconvezr subgroup of G.

The authors in [1] conjecture that every uniformly continuous endomorphism
satisfies a Holder condition. We will give a positive answer to that problem later in
this section.

We now present a natural result following from Theorem 4.5.

Corollary 5.3. Let ¢ € End(H) such that the BRP holds for ¢. Then Hyp is
quasiconver.

Proof. Let z,y € H and take N € N given by condition (ii) of Theorem 4.5. Consider
geodesics o = [z,y] and & = [z, yp]. We have that Haus(§, ap) < N. Let u € &.
Then

d(u, Hp) < d(u, ap) < Haus(§, ap) < N.

O
Lemma 4.1 in [1] states that a uniformly continuous endomorphism is virtually
injective. So, next we will prove that uniform continuity implies the BRP. In that
case, it follows that uniformly continuous endomorphisms are precisely the ones
satisfying a Holder condition.
Let p,q,x,y € H. We have that

(aly)p = 5 (dalp, ) + dalp,y) — da(y))

1

< (da(g, ) +dalq, y) — da(z,y) +2da(p, q))

z|y)q + da(p, q)

|

—

Similarly, (z|y)q < (z|y)p + da(p, q), so

(zy)g — da(p, @) < (z|y)p < (z]y)g + da(p, q) (8)
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Proposition 5.4. Let G = (A) and H = (B) be hyperbolic groups and consider
visual metrics dy € VA(p,7,T) and dy € VB(p/,4',T") on G and H, respectively.
Let ¢ : (G,d1) — (H,d2) be an injective uniformly continuous homomorphism.
Then, for every M > 0, there is some N > 0 such that

(u|p)* < M = (uplop)® <N
holds for every u,v € G.

Proof. Since ¢ is uniformly continuous, by a general topology result it admits a
continuous extension ¢ : (G,d1) — (H,dy). Since ¢ is a continuous map between
compact spaces, then it is closed, and so it has a closed (thus compact) image.

Now, restricting the codomain of ¢ to the image, we have a continuous bijection
between compact spaces, and so it is a homeomorphism. Its inverse, ¥ : Im(¢) — G
is a continuous map between compact spaces, hence uniformly continuous. So, the
restriction ¢ : (Im(p),d2) — (G, dy) is also uniformly continuous, i.e.,

Ve > 036 > 0(da(z,y) < § = di(xy, ) <€),
which, by construction of 1)/, means that
Ve > 030 > 0 (da(ze,yp) < d = di(z,y) < ). (9)
Using (1), we have that (9) is equivalent to
VM € N3N € N((zplyp)s > N = (z|y); > M). (10)

Since p and p’ are fixed, we can change the basepoint to 1 using (8). So, (10) becomes
equivalent to

VM € N3IN € N((z]y)* < M = (zplyp)? < N).
O

Proposition 5.5. Let d € VA(p,v,T) be a visual metric on H and let ¢ be a
uniformly continuous endomorphism of H with respect to d. Then, the BRP holds

for .

Proof. If o is injective it follows from Proposition 5.4. Now, in case ¢ is not injective,
by Lemma 4.1 in [1], it must have finite kernel K. Consider = : H — H, I to be

the projection and the geodesic metric d 4, on the quotient. Let ¢’ : (H/ 7> d Aw) —
(H,d4) be the injective homomorphism induced by .

H—% H
| 7
H/K

Let
L = max{da(l,z) | x € K}.
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Let g,h € H. We claim that

dA(gah) - L < dAW(gﬂ-a hﬂ-) < dA(g7 h) (11)

Since h = gaj ...a, implies ht = (gay ...a,)w for all ay,...,a, € /T, we have
dAW(gﬂ—7 hﬂ—) < dA(g7 h’) -

Write hm = (gw)n, where w is a word on A of minimum length. Then h = gwz
for some x € K and so

dA(.g> h) < dA(Q?.gw) + dA(nggwx) = dA(lv w) + dA(l,J?) < ‘w| + L.
By minimality of w, we have actually |w| = da, (g7, hm) and thus (11) holds.

This means that (H,d4) and (H/ 7o d Aﬂ> are quasi-isometric. In particular, it

yields that H/ K 1s hyperbolic.

Now, take d' € VA™(p'm,~', T") to be a visual metric on H/K. For every u,v,p €
H, we have that

(urlom)T = %(dm(m ) + das (pr, 07) — dan (ur, o))
%(dA(pa u) + da(p,v) — da(u,v) + L)
= (ufv);)

2
From uniform continuity of ¢ with respect to d, we get that
VM € NIN € N((z |y) >N = (a:gp]ygo) > M).
It follows that
VM € N3N € N((er|y7r) >N = (:U90|y<p) > M),

and so ¢’ is uniformly continuous with respect to d’ and d. It follows from Proposi-
tion 5.4 that for every p > 0, there is some ¢ > 0 such that

(urrlom) 4™ < p = (umg/|ome)t < g (12)

holds for all urm,vr € 11/
Take u,v € H such that (u|v)? = 0. Then
L L
(ur|om)A™ < (ujp)t 4+ = = =,
2 2
So, by (12), there is some g which does not depend on u, v such that (up|vp)?
q. By Proposition 4.4, the BRP holds for ¢.

Ul
We can now answer Problem 6.1 left by the authors in [1].

Theorem 5.6. Let d € VA(p,~,T) be a visual metric on H and let ¢ be an endo-
morphism of H. Then ¢ is uniformly continuous with respect to d if and only if the
conditions from Theorem 5.2 hold.
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Proof. 1t is straightforward to see that condition (i) from Theorem 5.2 implies uni-
form continuity. Now, if ¢ is uniformly continuous, by Lemma 4.1 in [1] it must be
virtually injective and combining Proposition 5.5 with Corollary 5.3, we have that
Hy is quasiconvex, so condition (v) of Theorem 5.2 holds. O

We now present a visual representation of these properties, where the shaded
region represents the nontrivial uniformly continuous endomorphisms. Indeed, we
have proved that every nontrivial uniformly continuous endomorphism satisfies the
BRP (Proposition 5.5) and that every endomorphism satisfying the BRP must have
quasiconvex image (Corollary 5.3). Also, every virtually injective endomorphism
with quasiconvex image must be uniformly continuous by Theorem 5.2. In [1], the
authors give an example of an injective endomorphism of a torsion-free hyperbolic
group with non quasiconvex image. So, unlike the case of virtually free groups, the
BRP does not hold in general for injective endomorphisms of hyperbolic groups, not
even when restricted to torsion-free hyperbolic groups. In the virtually free groups
case, that does not happen, as every virtually injective endomorphism is uniformly
continuous [19].

Taking ¢ : F3 — F3 defined by @ — a, b — b and ¢ — 1, we have that
F3¢ = (a,b). Since F3y is finitely generated and the standard embedding (a,b) < F3
is a quasi-isometric embedding, then ¢ has quasiconvex image. But the BRP does
not hold for ¢ since |[cb™ A b"| = 0 and [(cb)p A b™p| = [b™ A b"| = n, which can be
arbitrarily large.

Defining an endomorphism with finite image it is easy to find examples of endo-
morphisms for which the BRP holds that are not virtually injective, even for virtually
free groups. For example, take H = Z x Zs and ¢ defined by (n,0) — (0,0) and
(n,1) — (0,1). Then, the BRP holds for ¢ and its kernel is infinite (in particular,
it can’t be uniformly continuous).

Quasiconvex

. BRP Virtually| Injective
image

Figure 1: Nontrivial uniformly continuous endomorphisms of hyperbolic groups

So, for hyperbolic groups, we have the figure above in which every region is
nonempty. Notice that, for virtually free groups, the only difference is that nontrivial
uniformly continuous endomorphisms are precisely the virtually injective ones and
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the BRP holds for all of them.

In the case of free groups, it is even simpler as, for every nontrivial endomor-
phism, the properties of being injective, uniformly continuous and satisfying the
BRP are equivalent. Indeed, it is well-known that injective endomorphisms coincide
with uniformly continuous ones and that the BRP holds for this class. It is easy
to see that the converse also holds. For n > 2, let X = {x1,...,2z,} be a finite
alphabet and F,, = (X) be a free group of rank n. If a nontrivial endomorphism
¢ € End(F},) is not injective, then there is some w € Ker(y) such that w # 1 and
some letter a such that ap # 1. Let p = |w|. We have that w is not a proper power
of a since, in that case we would have that w¢ would be a proper power of ay and
so, nontrivial. So, we have that, for arbitrarily large m € N, |wa™ A ™| < |w|, but
[(wa™)p A a™p| = |a™p|, which is arbitrarily large. So, nontrivial endomorphisms
for which the BRP holds in a free group of finite rank are precisely the injective
ones.

In [16], Paulin proved that Fix(y) is finitely generated if ¢ € Aut(H). We
remark that its proof also yields the result for quasi-isometric embeddings. So, we
have proved the following result.

Theorem 5.7. Let ¢ € End(H) be an endomorphism admitting a continuous ex-
tension ¢ : H — H to the completion of H. Then, Fiz(y) is finitely generated. [
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