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Abstract

The main results of this note extend a theorem of Kesten for symmetric random walks on discrete groups
to group extensions of topological Markov chains. In contrast to the result in probability theory, there is a
notable asymmetry in the assumptions on the base. That is, it turns out that, under very mild assumptions on
the continuity and symmetry of the associated potential, amenability of the group implies that the Gurevic-
pressures of the extension and the base coincide whereas the converse holds true if the potential is Holder
continuous and the topological Markov chain has big images and preimages. Finally, an application to
periodic hyperbolic manifolds is given.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction and statement of main results

The motivation for the analysis of the change of pressure under group extensions stems
from the attempt to relate two classical results from probability theory and geometry on the
amenability of discrete groups. The probabilistic result was obtained by Kesten in [11] and
characterises amenability in terms of the spectral radius of the Markov operator associated to
a symmetric random walk, that is, a group G is amenable if and only if the spectral radius of the
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operator acting on £2(G) is equal to 1. The following counterpart in geometry was discovered
by Brooks [3] using a completely different method. Assume that G is a Kleinian group acting
on hyperbolic space H"*! with exponent of convergence §(G) bigger than n/2 and that N <1 G
is a normal subgroup. Then the bottoms of the spectra of the Laplacians on H/G and H/N
are equal if and only if G/N is amenable. Or equivalently, using the characterisation of the
bottom of the spectrum in terms of the exponents of convergence, G/N is amenable if and only if
8(G) = §(N). More recently, these results were partially improved. Roblin [15] used conformal
densities to prove that amenability implies §(G) = §(N) if G is of divergence type and Sharp
obtained in [19] the same statement for convex-cocompact Schottky groups using Grigorchuk’s
results on the co-growth of shortest representations (see [7]) applied to the Cayley graph of G.

In here, we consider group extensions of a topological Markov chain for a given potential
function. That is, for a topological Markov chain (X4, 6), a potential ¢ : Y4 — (0, 00) and a
map ¥ : Y4 — H from Y4 to a discrete group H, the group extension of (X4, 0, ¢) by ¥ is
defined by

T:YX4xH—>XysxH, (x,8)—~ 0(x), g¢¥(x))

and the lifted potential by ¢ : Y4 x H — R, (x, g) — ¢(x), where it is throughout assumed
that ¢ is constant on the states W' of X4. This then gives rise to a natural notion of symmetry
through the existence of an involution W > Wl w - w' such that w([wT]) = 1//([w])_l for
all states w € W, where [w] refers to the cylinder associated to w. This involution extends to
finite words, leading to the notion of a weakly symmetric potential by requiring that there exists

a sequence (D) with lim,, D,l,/ " = 1 such that

n—1 .
[T (@o6/(x))
=0
sup :,1— = Dn,
e[wt] "5 i
x€lw],ye[wT] 1_[ (po08i(y))
j=0

for all w € W" and with W" referring to the words of length n (see Section 3 for details).
Note that this general framework establishes a connection between random walks on groups and
the geodesic flow on the unit tangent bundle of H/N for a certain class of Kleinian groups G,
since random walks can be recovered by assuming that Y4 is a symmetric full shift equipped
with a locally constant, symmetric potential whereas the relation to the geodesic flow is obtained
through a group extension of the coding map associated with G as considered, e.g., in [1] or [12].

The main results in here extend Kesten’s result for random walks to group extensions
by replacing statements on the spectral radius by statements on the Gurevi¢ pressure Pg.
Furthermore, they reveal a certain asymmetry with respect to the method of proof and the
requirements on the mixing properties of the base transformation 6. The first result, Theorem 4.1,
essentially states that, if the potential is weakly symmetric and the group H is amenable, then
P (T) = Pg(0). This result is a consequence of Kesten’s result, since the assumptions give rise
to a construction of self-adjoint operators P, on ¢>(H), for each n € N, whose spectral radii have
to be equal to exp(n Pg(0)) as a consequence of Kesten’s theorem and the amenability of H. The
arguments for obtaining the converse statement in Theorem 5.4 are more intricate and require that
the potential is Holder continuous and summable and that 6 has the big images and preimages
property. In this situation, we then have that Pg(T) = Pg(0) implies that H is amenable. The
proof is inspired by an argument of Day in [4] and relies on a careful analysis of the action of the
Ruelle operator on the embedding of 02(H) into a certain subspace of C(X4 x H).
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Finally, it is worth noting that the results of Kesten and Grigorchuk mentioned above can be
easily deduced from Theorems 4.1 and 5.4 by choosing Y4 to be a shift in the generators and ¢
to be a suitable, locally constant, symmetric potential. Furthermore, a reformulation in terms of
Gibbs—Markov maps reveals that the results in here might be seen as an extension of Kesten’s
theorem for random walks on groups with independent, identically distributed increments to
random walks with stationary, exponentially 1-mixing increments. This generalisation then
allows to apply the results to normal covers of Kleinian groups. That is, the theorem of Brooks
extends to the class of essentially free Kleinian groups as defined below and, in particular, to a
class of Kleinian groups with parabolic elements of arbitrary rank.

While writing this article, related results for locally constant potentials were independently
obtained by Jaerisch [8] where it is shown that under this restriction, Theorem 5.4 is a
consequence of a version of Kesten’s result for graphs in [14].

2. Topological Markov chains

For a countable alphabet / and a matrix A = (a;; : i, j € I) witha;; € {0, 1} foralli, j € I
and ) jaij > 0 for all i € I, let the pair (X4, 6) denote the associated one-sided topological
Markov chain. That is,

Za={(wk: k=0,1,..):wg € L, appuy,, =1Vi=0,1,...},
O34 —> 2p,0:(we: k=1,2,..)—> (wr: k=2,3,...).

A finite sequence w = (wy ... w,) withn € N, wy € I fork =1,2,...,n and ayy,,, = 1 for
k=1,2,...,n— 1isreferred to as a word of length n, and the set

[w] ={(vk) € Yag:wr = Vk=1,2,...,n}

as a cylinder of length n. The set of admissible words of length n will be denoted by W", the
length of w € W" by |w| and the set of all admissible words by W* = |_J, W". Furthermore,
since 0" : [w] — 6"([w]) is a homeomorphism, the inverse exists and will be denoted by
Ty : 0" ((w]) — [w]. Fora, b € W™ and n € N with n > |a|, set

Wiy ={wr...wy) € W' (wy ... wy)) = a, w,b admissible}.

As it is well known, X4 is a Polish space with respect to the topology generated by cylinders,
and X4 is compact and locally compact with respect to this topology if and only if I is a finite
set. Furthermore, recall that Y4 is called fopologically transitive if for all a, b € I, there exists
ng.p» € N such that ng’,;b # () and that Y4 is called fopologically mixing if for all a, b € I,
there exists N, € N such that Z,b # @ for all n > N, . Moreover, a topological Markov
chain is said to have big images or big preimages if there exists a finite set Zpjp C WV such
that for all v € W, there exists B € Zpjp such that (vB) € W? or (Bv) € W2, respectively.
Finally, a topological Markov chain is said to have the big images and preimages (b.i.p.) property
if the chain is topologically mixing and has big images and preimages (see [17]). Note that the
b.i.p. property coincides with the notion of finite irreducibility for topological mixing topological
Markov chains as introduced by Mauldin and Urbariski [13].

We now consider a pair (X4, ¢) where ¢ : Y4 — R is a strictly positive function which we
refer to as a potential. Forn € Nand w € W", set

n—1

&, = H(p 06% and C, = sup B,(x)/Dn(y). 40
=0 x,y€[w]
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The potential ¢ is said to have (locally) bounded variation if ¢ is continuous and there exists
C > Osuchthat C, < C foralln € Nand w € W", and is called potential of medium variation
if ¢ is continuous and, for all n € N, there exists C, > 0 with C,, < C, for all w € W" and
lim,,_, o </C,, = 1. For positive sequences (a,), (b,) we frequently will write a, < b, if there
exists C > 0 with a, < Cb, foralln € N, and a, < b, if a, < b, < a,. A further, stronger
assumption on the variation is related to local Holder continuity. Therefore, recall that the n-th
variation of a function f : X4 — R is defined by

Vi (f) =sup{lf(x) = fODI:xi =yi, i=1,2,....n}.

The function f is referred to as a locally Holder continuous function if there exist 0 < r < 1 and
C > 1 such that V,,(f) < r" for all n > 1. Moreover, we refer to a locally Holder continuous
function with || f|lcc < 00 as a Holder continuous function. We now recall the following well-
known estimate. For n < m, x, y € [w] for some w € W™, and a locally Holder continuous
function f,

! . 2)
1—r

n—1

Y fott) = fott(n| <

k=0
In particular, the function exp f is a potential of bounded variation. For a given potential ¢,
the basic objects of thermodynamic formalism are partition functions. Since the state space
might be countable, we consider partition functions Z/ for a fixed a € [ which are defined
by

VAR Z D, (x).

0" (x)=x,x€lal

Furthermore, we refer to the exponential growth rate of Z7, that is to

PG (8, ¢) == limsuplog {/Z" = lim sup 1 log Z},
n—o00 n—oo N
as the Gurevi¢ pressure of (X4, 0, ¢). This notion was introduced in [16] for topologically
mixing systems where log ¢ is locally Holder continuous. If (X4, 6, ¢) is transitive and ¢ is
of medium variation, arguments in there combined with the decomposition of 87 into mixing
components, where p stands for the period of (X4, ), show that Pg (0, ¢) is independent of the
choice of @ and that

1
Ps (0, ) = lim —log Z".
G( (ﬂ) 000 Wi 48 1l g4,

Furthermore, it is easy to see that Pg (6, ¢) remains unchanged by replacing a € W' with some
a € W". Also recall that, if log ¢ is Holder continuous and the system is topologically mixing,
then a variational principle holds (see [16]).

We now recall the definitions of conformal and Gibbs measures related to a given potential ¢.
A Borel probability measure u is called ¢-conformal if

1
M(G(A))=/ —dp
AY
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for all Borel sets A such that 6|4 is injective. For (wy ... wu41) € Wntl and a potential of
medium variation, it then immediately follows that

C ' 1@ (was1]) < w < Cun(B(lwns11) 3)
n(X)
for all x € [w)...w,+1]. Note that this estimate implies that Pg (6, ¢) = 0 is a necessary
condition for the existence of a conformal measure with respect to a potential of medium
variation. Moreover, the above estimate motivates the following definitions. Assume that there
exists a sequence (B, : n € N) with B, > 1 such that

1L () -
"o D, (x)

B, “

foralln € N,w € W" and x € [w]. If sup, B, < oo, then u is called ¢-Gibbs measure, and if
lim,, 00 B,i/ " =1, then p is called weak ¢-Gibbs measure. In order to introduce a further basic
object, the Ruelle operator, we define the action of the inverse branches of t, on functions as

follows. Forv e W" and f : Y4 — R, set

fotw: X4 =R, x> Lgnyx) f(zy(x)),
that is f o 7y (x) := f(7y(x)) for x € 6" ([v]) and f o T, (x) := O for x & 6" ([v]). The Ruelle
operator is then defined by

Lo(f)= ) ¢ot-fom,

veWw!

where f : Y4 — Cis an element of an appropriate function space such that the possibly infinite
sum on the right hand side is well defined.

3. Group extensions of topological Markov chains

To introduce the basic object of our analysis, fix a countable discrete group G and a map
¥ : X4 — G such that v is constant on [w] for all w € W!L. Then, with X := Y4 x G equipped
with the product topology, the group extension or G-extension (X, T) of (X4, 0) is defined by

T:X— X, (x,g)+ (0x, g¥(x)).

Observe that (X, T') also is a topological Markov chain and that its cylinder sets are given by
[w, g] = [w] x {g}, for w € W™ and g € G. Furthermore, set X, := X4 x {g} and

Y () == Y ()Y (Ox) -+ Y (0" x)

forn € N and x € Y4. Observe that v, : X4 — G is constant on cylinders of length n and, in
particular, that ¥ (w) := ¥, (x), for some x € [w] and w € W", is well defined. Moreover, for
a,beW!andn e N, set

Gu(a,b) ={¥(w):neN,weW" [a] D [w], 8" ((w]) D [b]}.

Note that (X, T') is topologically transitive if and only if, for a, b € wl, g € G, there exists
n € Nwith g € G,(a, b), and that (T, X) is topologically mixing if and only if, for a, b € W!
and g € G, there exists N € N (depending on a, b, g) such that g € G(a,b) foralln > N.
Note that the base transformation (6, 2'4) of a topologically transitive group extension has to
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be topologically transitive, and topologically mixing if the extension is topologically mixing,
respectively. Furthermore, if (7, X) is topologically transitive, then {¥/(a) : a € W'} is a
generating set for G.

Throughout, we now fix a topological mixing topological Markov chain (X4, #), and a
topological transitive G-extension (7, X). Furthermore, we fix a (positive) potential ¢ : X4 — R
with Pg (6, ¢) = 0. Note that ¢ lifts to a potential ¢ on X by setting ¢(x, g) = ¢(x). For
ease of notation, we will not distinguish between ¢ and ¢. Moreover, for v € W, the inverse
branch given by [v, -] will be as well denoted by T, that is 7,(x, g) = (1,(x), g (v)~ ). In
order to distinguish between the Ruelle operator and the partition functions with respect to 6
and T, these objects for the group extension will be written in calligraphic letters, that is, for
aeW, & elal x{id}, (n,g) € X,andn € N,

LUNE =) gon@fonE g, Zi,= Y  Bx.

veWw T (x,8)=(x,8),
x€la]

4. Extensions by amenable groups

In this section, we show that the Gurevi¢ pressure remains unchanged under extension by
an amenable group. In particular, it will turn out that this statement is true under very mild
conditions. Also note that a similar result was proven in [19] for extensions of subshifts of finite
type with respect to a hyperbolic potential. We first recall the definition of amenability using the
Fglner condition (see [5]). That is, G is referred to as an amenable group if and only if there
exists a sequence (K},) of finite subsets of G with | J,, K, = G such that

lim |gK,AKql/|Kn]l =0 Vg e G.
n—oo

In here, A refers to the symmetric difference, and | - | to the cardinality of a set. We are now
interested in the characterisation of amenability in terms of the Gurevi¢ pressure of a group
extension. As it will turn out, this is an extension of the following result of Kesten in [11]. Let m
be a probability measure on G with m(g~!) = m(g) and assume that the support supp(mn) of m
is a generating set for G. Then the spectral radius of the operator P on the complex space £2(G)
given by Pf(y) = deG f(yg~Hm(g) is equal to one if and only if G is amenable.

In order to obtain an extension of this result to shift spaces, one has to consider group
extensions with symmetry. Namely, we say that (X4, 6, ¥) is symmetric if there exists W' —
W, w > wt with the following properties.

1. Forw € W!, (uﬂL)‘L =w.

2. For v, w € W, the word (vw) is admissible if and only if (wfv') is admissible.

3. ¢ (h) =y ) forallv e WL

Observe that this notion of symmetry can be extended to an involution of YW by defining

(wy ... wn)Jr = (w:g - w}L). We refer to ¢ as a weakly symmetric potential if ¢ is continuous
and there exists a sequence (D) with lim,,_, o, </ D, = 1 such that, for all» € Nand w € W",

sup  Pu(x)/Pu(y) < Dp.
xelw],yelwt]
If sup D, < o0, then ¢ is referred to as a symmetric potential. Note that a weakly symmetric or
symmetric potential is necessarily of medium variation with respect to C,, := D,% or of bounded
variation, respectively.
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We now prove that amenability of G implies that Pg(T) = Pg (). For this purpose, we
construct a family of self-adjoint operators on £2(G) for symmetric group extensions as follows.
By transitivity, there exists a € W with ¥ (a) = id. Furthermore, for v € W, we have that
ava' is admissible if and only if (avah)! = avfal is admissible. Hence, for n > la|,

L WZGT — W" Wav) = av'

a,at’

defines an involution. Since ¥ (a) = id, it follows that ¥ (v) = ¥ ()~ forall v € W;’ at We
now assume that Pg(0) is finite and fix £ € [aT]. Forn e Nandv € WZ 4t Set

1
mE ) =3 (Pn(t0(8)) + Pu(T0(8))).
This then gives rise to an operator P, : £2(G) — £2(G) on the complex Hilbert space ¢>(G) by

Py = Y w&Eufym,
veW”

a,aT

where, for ease of notation, the fact that the operator P, depends on £ is omitted. Note that
P, (1) = LZ(I[Q])(E) < oo and, with (f, g) = Y f(y)g(y) referring to the standard inner
product, (1,,, P,(1,%)) = (P,(1,),1,+), for y, y* € G. In particular, this implies that P, is
self-adjoint.

Combining (1,, P,(1,)) = (1ig, P,(1iq)) for all y € G with P, being self-adjoint then gives
that the spectral radius p, of P, satisfies (see, e.g., [9])

on = limsup \/ (L, P¥(1;9)),

k— 00

and that, if P, is a positive operator, then the limsup above is a limit. As an immediate
corollary to Kesten’s theorem on the spectral radius of the Markov operator associated with a
symmetric random walk (see [11] and [9, Theorem 5]), we obtain the following theorem for
group extensions under very mild conditions.

Theorem 4.1. Assume that T is a topologically transitive, symmetric group extension of the
topologically mixing topological Markov chain (X4, 0), ¢ is weakly symmetric and Pg(0) is
finite. Then Pg(T) = Pg(0), if G is an amenable group.

Proof. Since we obviously have that P (T) < Pg(0), it remains to prove the reverse inequality.
Forn > |a| and g € G, set

> wé).

UGWZ o Wp(v)=g

mp(g) = X0

Note that m, (g) is well defined since |Pg(f#)| < oo and that m, is a symmetric probability
measure on G, that is m,,(g) = m,(g~"). Moreover, note that the group generated by the support
of m, is a subgroup of G and hence is amenable. Since the Markov operator associated with the
symmetric random walk given by m,, coincides with P,(-)/P,(1) we have by Kesten’s theorem
that p, = P,(1). In order to prove the assertion it suffices to show that lim, log(p,)/n = Pg(0)
and lim sup,, log(0,)/n < Pg(T).
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Step 1. For n > |a|, we have tw € WZ ot if and only if w € WZ at Hence,

1
pn=P()= ) 5 (Pa (T (®) + Oy (1 ())) = > Bu(ru®)).

weVV"l”uJr weVVS‘aJr
Choose k > |a| and v € Wj 4t Forn = k, the medium variation property of ¢ gives

pn= Y. Bu(r®) = C B, (8) 2,
weVV";ﬁ1L

where b = (a‘a|)Jf fora = (ay .. .ayq)). Hence, limsup,, (log p,)/n = P;(6).
Step 2. For ease of notation, we will write x = yikz for y_kz <x < ykz. Then, for w € WL’: at?

weak symmetry implies
Dy (tw(§)) = an-Ha\ (tw(8))/ @Ia\ &) =(Cy Dn+|a|):|:1 Dy (T (8)).

Hence, there exists (Dy,) with 7(&, w) = &, (1 (€ ))5,:}1 and lim, D,/" = 1. By transitivity,
there exist/ € N, and v € W,lﬂa with ¥ (v) = id. Hence, for wy, wa, ..., wi € Wgaf’ we have

w* = (wivwa . .. wrv) € WD and, for x e [w*],

k

Beneny () > (D7l inf{B(y) ¢ y € [al))' T] 7 (&, wi).
i=1

This gives rise to the following estimate for (liq, P,’f(lid)) in terms of the partition function

Zj(i'('rl) with respect to T as defined above.

1 ~_ 1.
—log(lig, P (1)) < +log (D; Vinf{#/(y) : y € [val}) + 7 log 25y

Since Pn2 is a positive operator with || Pn2|| = ,o,zl, we obtain, by taking the limit for k — oo,k €
2N and then for n — oo, that lim, log(p,)/n < Pg(T). U

5. Kesten’s theorem for group extensions

The essential ingredient of the proof of Theorem 4.1 is the fact that a symmetric probability
measure defines a symmetric operator on £2(G). So, in order to prove the analogue of Kesten’s
result for group extensions of topological Markov chains, it remains to show that Pg(f) =
P (T) implies amenability, where one is tempted again to use the spectral radius formula
applied to symmetric operators on £%(G) as, e.g., in [9, p. 478]. However, it will turn out that
the key step in here is to carefully analyse an embedding of £2(G) and use an argument based
on uniform rotundity to show that in the case of amenable groups, almost eigenfunctions are
indicator functions.

The arguments of proof in here rely on stronger topological mixing properties in the base.
That is, we will have to assume that the base has the b.i.p.-property. As a first consequence of
this property, we obtain the existence of the following finite subset of YW

Lemma 5.1. Assume that (X, T) is a topologically transitive group extension of (X4, 0) and
that (X4, 0) has the b.i.p.-property. Then there exist n € N and a finite subset J of W" such
that for each pair (B, B') with B, B’ € Ty, there exists wg g € J such that (wg g') € W" and
Yn(wg g) =id.
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Proof. Let p € N refer to the period p of the transitive topological Markov chain (X, T).
Then, for each a € W, there exists N, € N such that T7%([a, g]) D [a, g] forall s > N,
and g € G. Hence, for each pair (8, 8’) € I&ip with (8’B) admissible, there is Ng g such
that for each s > Nj g there exists vg g € WPS~2 such that (B'Bug gB') is admissible and
Vps(B'Bug ) = Yps(Bug,prB’) = id. Since Ty is finite it follows that there exists k (given by
max{pNg g : (B, B) € Igip}) such that vg g can be always chosen to be an element of Wwk=2,

By possibly adding finitely many states we may assume without loss of generality that the
subsystem of Y4 with alphabet Zy;; is topologically mixing. It then follows from this that there
exists some / € N such that each pair (8o, £;) in Zpip can be connected by an admissible word of
the form

weo.pr = (Bovpo.pi B1P2V8y. 5 P3Pa - - vy PD)-
The assertion follows with J := {wg g : B, B’ € Tpip}. O

A further important consequence of the b.i.p.-property is the existence of an invariant Gibbs
measure. That is, if (X4, 8) and ¢ are given such that (X4, 0) has the b.i.p.-property, log ¢ is
Holder continuous and || L, (1)]loo < 00, then there exist a exp(—Pg (0, ¢)) - ¢-Gibbs measure
and a Holder-continuous eigenfunction £ such that hdp is an invariant probability measure. It is
also worth noting that (X4, 8) has the Gibbs—Markov property as defined below with respect to
u (see [13,17]). Moreover, since the function log 4 is uniformly bounded from above and below,
we assume from now on, without loss of generality, that P (6, ¢) = 0 and Ly (1) = 1.

The existence of wu then gives rise to the following definition of H; and Heo. Given a
measurable function f : X — R, g € Gand p = 1 or p = o0, set ||f||§, = 1fCLlp
and define

Lf1, = (D AfI5? and Hy={f:X > R:[f1, < oo}
geG

Furthermore, set H, := {f € H : f is constant on X,Vg € G} and p = exp(Pg(T, §)).

Proposition 5.2. The function spaces (Hi, [-11) and (Heo, - |oo) are Banach spaces, the
operators El; : Hoo — Hoo are bounded and there exists C > 1 such that IIL:é lo < C
for all k € N. Furthermore,

Ay = sup({ﬂﬁﬁ(f)]]l/l[f]]l 1 fz0, feMt)) =1

and lim supy_, .o ()% > p.

Proof. The proof that (H, [[- ]1,) are Banach spaces is standard and therefore omitted. In order
to prove the uniform bound for I[Lé Jloo, assume that f € Ho and k£ € N. Using Jensen’s
inequality, we obtain

2
ILS(H T < ) sup (Z q;ko,v(x)||f”§gak<v>l>

geGX¥EXa \ ek
N2
=Y swp Y @on o (1AL
g€G XX ek

<C Y uwDIfI% = CLf 1%,
veWk
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where C is given by the Gibbs property of u on X4 (see (4)). Hence, C is an upper bound for
[[L"(; oo, independent of k.
Now assume that f € H,. It then follows from the conformality of u that

o\ 1/2
ILEHT < D IBonforli= ) (Z (/ @kozvforvo,g)du))

<
veWk veWk \geG
1/2
=2 (Zu([v])2f<x,gwk<v)—l>2> =1/, 5)
veWk \geG

where x € X4 is arbitrary. Hence, Ay < 1 for all kK € N. Finally, observe that the Gibbs property
of ; implies that

IS, (x) I = 1L5Ax)1 = DY w@h> > &)= 2,
vy, (v)=id x:T"(x,id)=(x,id)

for all a € W'. Hence, limsup,,_, . .(4,)"/" > p. O

The proof of the following result is inspired by an argument of Day (see [4, Lemma 4]) which
relies on the rotundity of £2(G). Recall that a Banach space (B, || - ||) is uniformly rotund if for
all § > 0 there exists € > 0 such that, for all f, g with ||f — g|| = d and || f]| = ligll = 1, it
follows that || f + g|| < 2 — €. Note that the space H does not has this property but the closed
subspace H, which is isomorphic to ZZ(G). Since €2(G) is uniformly rotund, it follows that H,
has this property as well.

Lemma 5.3. Assume that p = 1. Then there exists n € N such that, for given € > 0, there exists

f € Hewith f = 0and [LG(f) — f 11 <€llf

Proof. Let k be given by J C WK where J refers to the finite set given by Lemma 5.1 and
assume that

81 = inf{[LECf) — FIi /Lf Dy f € Heo f =0, f #0} > 0.
Step 1. We begin by showing that §; > 0 implies that there exists a finite set of words such

that, for all x € X4 and f € H,, the estimate (6) below holds and that two arbitrary words can
be joined by elements of this finite set. In order to do so, note that it is possible to choose
a finite set W* < WK with Zvewk\w* w(v]) < 81/@). For f € 'H., we hence have
that

Y Bonforn || = Y uwhIfI <8 L1 /@).
veWh\ W+ | veWkh s

Using Ly (1) = 1 and the A-inequality then gives

e ()= f1, = [[ Y Bron(for — f)ﬂ
1

veWk

Y IPon(for— Nl

veWW*

o LIy

IA

IA



460 M. Stadlbauer / Advances in Mathematics 235 (2013) 450-468

+ Zékofvfofv + Z@k(”:vf

vgW* 1

< > wDICf o 1o — Pl g I +81/2.
veWW*

1

It follows from a convex sum argument that there exists wy € W* with [(f o Ty, — f)
lek([wf])xG 11 = 81[Lf 1; /2. Furthermore, note that the b.i.p.-property implies that u (9% ([v])) is

uniformly bounded from below for all v € W*. With f (g) referring to f(x, g), we hence obtain
that

[(f 0 tw, — Morqupxc i = w@ QwIf = FCv@H™lee
> 1f = Fevn ™ Dleg.

For x € X4 and a € Zyp with [a] C Qk([wf]), we now choose wg, wy € J such that
x € O0%(wy]), (wea) is admissible, and u = (wewy),v = (wrwy) are in W2k Since
Yi(we) = Yy(wyx) = id and f € H,, we have Yo (u) = id and ¥ (v) = Y (wy). Hence,
the rotundity of H, implies that there exists a uniform constant §, > 0 with

1
S If ot )+ fon@ g = =0)f I, Vx €lal. (6)

Furthermore, we may choose w, € J above such that there exists B € Zpjp with [w,] U [wy] C
0([B]). By substituting # and v with (wu) and (wv), respectively, for some admissible word w
in 7™~2 and m € N to be specified later, we hence may assume that there exists a finite subset
Wt of Wk with the following properties. For all w; € W" i = 1,2 and f € H,, there exist
u(wy, f, w2) and v(wq, f, wy) in W such that

1. the estimate (6) holds for u := u(wy, f, w2) and v := v(wq, f, wa), with x € [w2],
2. the first k(m — 2) letters of u(w, f, wy) and v(wq, f, wy) coincide,
3. wiu(wi, f, wy)wy and wiv(wy, f, wr)w, are admissible.

Step 2. In order to obtain the estimate in (8), we prove that the fluctuations of the potential can
be absorbed into the uniform factor in (6). Observe that it follows from the Holder continuity of
log ¢ that we may choose m such that

—1
1— 82 < an o Twl(fu(wl,f,wz)(x)) < (m) , (7)

9,0 Tw, (Tv(wl,f,wz)(x)) -

for all n € N and w € W". Moreover, since |WT| < 00, we have
20 = inf({@mk(tu(x)) Cx € 0™ ([ul), u € WT}) > 0.

By dividing each u € W into two words u1 and up and setting Py (Ty, (%)) = Prp (7, (x)) — @
and & (7, (x)) = o for each x € 6™ ([u]), we may assume without loss of generality that
i (Tu(x)) = a for all x € 6™ ([u]) and u € WT.

By combining the above considerations, we are now in a position to prove the main estimate
with respect to WT, for a given function f € H, and (k + 1) finite words w; € W'", for
i = 0,1,...,k. For a finite word w, set f,(x,g) = f(tw(x),gIﬂ(w)_l), and define by
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induction, for j = 1,2, ..., k,
fi= E fan Gj—1) )
. X WOl WLl Wi
@15t j—1)E{1,21

2
=u(wj_1, fj, wj), uﬁ) =v(wj_1, fj, wj).

1)
Uj
We then have, where N .= ng + ny + - - - + n, + nmk,

(@i1,-sin)€(1,2}" QSN(TWO”iil)wl--~l‘:(zin)wn (x))f(‘[wou(lil)w1...ug,i")wn)(x’ )
| EXEE n 5

<| max ON(T  ap . (X))
(i1,.nin)€{1,2} wouy ety Wy

.....

2(G)

x fw (i])..

0Uy

L Cvn) ) ™h

-Wn

@1yens in)e{l,2}" 22(G)

> Gy @inTh

(i1,mnin)€{1,2} i)

max N G (x)))
n woly .Uy Wy
22(G)

5( max qﬁN(eruim”_ug,ﬂwn(x))) 201 - 8)

(@i1,..,in)€{1,2}"

| 3 AoaCyainh™h
in_1€{1,2} 26)

Combining (7) with @, |[,] = « forall u € WT, we hence obtain that, with 63 := 1 — /1 — &7,

) ;;U . VT iy O 0, iy, V)
| EXTES) n s

26

,,,,,

®)

IA
=
f:.
m
o
)
S
=
—~
<
S
(=}
S
SV
&
=
N
g
N
—_
=
N
=
Ss~—"
—~
—
|
S
(98]
=~
N
=
~
=

.....

Step 3. We prove that §; > 0 implies that ||£Z’"k (S)(x, )2y decays exponentially and show
that this is a contradiction to the last statement in Proposition 5.2.

We now fix f € He and x € Xy. For n € N, we refer to F as the set of all subsets of
{1,2, ..., n} and define, for each w = {k1, k2, ..., kq} € F, a subset V,, of Wk ag follows.

A word w = (wq ... w,) € WK is an element of V,, if and only if there exist w,({ij ) e wt, for

&)
k

ij=1,2andj:1,...,d,suchthatwkj:w 7 and
J

D Bumi (ry () f (T (x, )

< (Z sﬁnmk(rv(x))) (1= 8) 7 1,
£2(G)

*

where » stands for the summation over all v = (vy...v,) with v; = w; fori ¢ w and

v; € {w(l) le)} ori € w. Observe that the construction of u(l)

i ; ~and ul@ above and the estimate
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(8) imply that {V,, : @ € F} is a covering of Wk Hence,
Vi =V \ U v
wCw ,w#w'

defines a partition of wnmk Burthermore, for @ = {k1,ko, ..., kq}, j € {1,...,d} such that
kj —1¢wandw;...w, € V), we have

> ok (T, g, () < 1 =201,

V] .‘.Ukjflwkj Wy EVE

since there exists at least one pair of elements w®d (@ = 1,2) in WT such that wy ... w®
wg; ... wy € V2, with o' = wU {k; — 1}. Hence,

||£ka(f)(x, . )”42(6) Z Z dsnmk(fw(x))f(' 1//1;1)

weF weV} 2(G)
< Y a=2)" o)1 - sl f
weF

(1 n—k k n
=2 (0,) (=20 Qa1 = 83D L 1 = (1 = 20)"Lf T
=0

By applying Jensen’s inequality, we obtain [[E;’”k(f)]]] < (1 = 2a8)"[f1; which is a
contradiction to p = 1 by Proposition 5.2. Hence, §; =0. [

We are now in a position to prove the converse to Theorem 4.1.

Theorem 5.4. Assume that (X4, 0) is a topological Markov chain with the b.i.p.-property, that
(X, T) is a topologically transitive G-extension and that ¢ is a Holder continuous potential with
ILy(Dloo < 00. Then Pg(T, ¢) = Pg (8, ¢) implies that the group G is amenable.

Proof. We assume without loss of generality that P (8, ¢) = 0. Now choose a finite subset K of
G. It then follows by decomposition of 7" into mixing components that there exists m € N such
that m is a multiple of n in Lemma 5.3 and K C {¢/(v) : v € W"}. In particular, there exists a
finite subset Wy of W™ with

K ={y():ve Wk}

By Lemma 5.3, there exists a sequence of positive functions ( f) in H, with limg—, oo [[L" (fx) —
Jeli =0, fi = 0and [fx 1 = 1 for all k € N. Note that this, in particular, implies that
limg o[£ (fx) 1 = 1. In order to show that [(fi o 7y — fi) - lomqupxc 1 — O for all
v € Wk, assume that there exists v € Wg with iminfi [(fx o Ty — fk) - Lomqupxc 1 > 0. By
the argument in the first step of proof of Lemma 5.3, this implies that [L™ ( fi) II; is bounded
away from 1, which is a contradiction. Hence, lim infi [ ( fx o Ty — fi) - Ljgm (v, I1 = O for all
v € Wk, and, by taking a subsequence, we may assume without loss of generality that

lim [(fx oty — fi) - Lomqupxc 1 =0, Vv e Wk.
k—00
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Furthermore, recall that the Holder inequality implies, with fk(g) = fr(x, g)and h € G, that

1750 = Flemin = Y15 @ - Al el

geG
= Y 1fe(@) — feleh)| - 1 fa(e) + falgh)|
geG

< 1AG) = Wz - 1/ + fCh)lla < 20 = i), (9)

A2
We now fix k to be specified later and use the following representation of f; . There exist p €
A2
NU ({oo}and ; > 0and A; C G with A; C Ajqy,for1 <i < p,suchthat fy” =37 Aila,.
In particular, observe that Z{;l AilA;| = 1 and that (A;h\ A;)N(A;\A;h) = () by monotonicity
of (A;). Hence,

D hi(a,(8) = 14,-1(2))

|70 - ilem| =2
geG

A,-AA,-h’l‘. (10)

p P
=2 > hilgaan1® =) ki
i=1

geG i=1
We are now in a position to prove the amenability of G. For € > 0, choose k such that
[(fk ot — fi) - Lgmny 11 = 1fi () = feC¥m (@)™ Dl2 < €/I1Wk |
for all v € Wk . Combining estimate (9) and the identity (10) then implies that

p
Z)\,‘ Z |A;hAA;] .

i=1 hek

1

€=

N

Hence, there exists 1 < i < p, such that Zhe[( |A;hAA;] < 2€|A;|. Note that the above
argument shows that for each finite set K and € > 0, there exists a (K, €)-Fglner set A, that is A
is finite and

> IARAA| < €Al
hekK

In order to prove amenability of G through the construction of a Fglner sequence (B,), choose
a sequence of finite sets (K,) with K,, G and assume, by induction, that B,4+1 is a
(K, U By, 1/n)-Fglner set. It is then easy to see that lim |gB,AB,|/|B,| =0forallg e G. O

It is worth noting that the proof is inspired by an argument in [6] where the identity (10) was
used to derive a weak Fglner condition. However, there is an alternative chain of arguments for
the proof. Forn € Nand f € 12(G), set 0.(Hg) = ZUEW u([v])f(ng’l). It follows from
Lemma 5.3 that || Q,|| = 1. Hence, by a result of Day ([4, Theorem 1(d)]), G is amenable. We
now present two immediate applications of our results to the co-growth of groups and group
extensions of Gibbs—Markov maps.

Co-growth. As a corollary of Theorems 4.1 and 5.4, we obtain the criteria for amenability in
terms of the co-growth as introduced in [7]. For a set of generators G = {yy, )/1_1, el yr_l}
of G, let X4 be the subshift of finite type with YW = G and transition matrix (ag,) given by

agn = 0if and only if (g, ) is equal to (y;, yl_l) or (yl._l, y1) for some i = 1,...,r. With
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respect to the potential 1 and the cocycle ¥|o) = g, the Grigorchuk—Cohen criterion follows
from Pg(0) = log(|G| — 1). That is, G is amenable if and only if
limsup [{w € W" : ¥, (w) = id}|"/"* = |G| — 1 =2r — 1.
n—>oo

Gibbs—Markov maps. The class of Gibbs—Markov maps was implicitly introduced in [2], and we
recall its definition now. Let i be a Borel probability measure on X4 such that, forall w € wl, "
and u o 1y, are equivalent. Then (X4, 0, ) is called a Gibbs—Markov map if inf{ (6 ([w])) :
w e Wl} > 0 and there exists 0 < r < 1 such that, forall m,n € N, v € W", w € W" with
(vw) e Wntn,

du o 1y,

sup
x,yelw]

log (x) — log

du

d Ty
2O (y)‘ <K', (11)

Furthermore, we refer to a group extension of a Gibbs—Markov map as weakly symmetric if
(X4, 6, ¥) is symmetric and

Jim - sup {u([w])/p(wil) = 1.

wewn

Theorem 5.5. Assume that (X4, 0, ) is a topologically mixing Gibbs—Markov map with the
b.i.p.-property such that (X, T) is a topologically transitive G-extension.
1. If the group extension is weakly symmetric and G is amenable, then

limsup(u({x € Ty : ¥u(x) = idh/") = 1. (12)

n—0o0

2. If (12) holds, then G is amenable.

Proof. Set ¢, .= du/du o0, for n € N. Since (du/du o 0)(x) = (du o t,/du)(0"(x)),
for x € [v] and v € W", observe that the Gibbs—Markov property in (11) implies that &, is
of bounded variation and log @, is locally Holder continuous. Furthermore, combining the last
estimate in the proof of Proposition 5.2 and the finiteness of J C Wk of Lemma 5.1, we obtain

20> pllx g (x) = id}) > 20,
foralla € W! and n € N. Hence, Pg(T) = lim sup,(1/n)log u({x : ¥, (x) = id}) and the
result follows from Theorems 4.1 and 5.4. [
Note that the above result is an extension of Kesten’s result to a class of random walks on
groups with stationary increments.

6. An application to hyperbolic geometry

In order to apply the above results to normal covers of hyperbolic manifolds, we recall
the following definition from [20]. A Kleinian group is called essentially free if there exists
a Poincaré fundamental polyhedron F with faces fi, f2,..., fo, and associated generators
81.82...82m of G With gi(f;) = fisn. 87 (fisn) = fi and g7 = giyp fori = 1,...,n,
such that the following conditions are satisfied. In here, we refer to aﬁ as the closure in H.

1. If mﬁ N (U#i fj)ﬁ # @ for some i = 1,2,...,n, then g;, giy, are hyperbolic

transformations, and (fj 1)z N (U#Hn fj>ﬁ # 0,
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2. if (f_,-)ﬁ N (fj)g is a single point p for some j = 1,2,...,2n, then p is a parabolic fixed
point,
3.if finfj #Wforsome j =1,2,...,2n,then g;g; = g;g&i.

Observe that this class comprises all non-cocompact, geometrically finite Fuchsian groups, the
class of Schottky groups, and in general gives rise to geometrically finite hyperbolic manifolds
which may have cusps of arbitrary rank.

We now proceed with the construction of the associated coding map. Fix a point o in the
interior F, and denote by q; the intersection of the shadow of f; and the radial limit set L, (G) of
G. Furthermore, denote by « the inversion, actingon {f; : i = 1,...,2n},{g; :i = 1,...,2n}
and {¢; : i = 1,...,2n}, which is defined by «f; = fitn, kg = gitn and ka; = ajty,
respectively. Now let @ be an atom of the partition o generated by {a; : i = 1,...,2n}.
Hence there exist 1 < k < 2n and iy,...,i; € {1,...,2n} such that a = ﬂf-;l a;;. Choose
8a €1{g; :k=1,...,k}, and for xa = ﬂle Kaj;, set geq = ga_l. This then gives rise to the
coding map I" defined by

I':L,(G)— L. (G),0(x)=gu(x) forx €a,aca

and a canonical symmetry given by at := ka. For further details of this construction, we refer
to [20], where it is shown, that 6 is well defined, « is a Markov partition and the underlying
subshift of finite type is topologically mixing. In particular, L,(G) can be identified with a shift
space X4 and I" with the one-sided shift map.

In order to specify a potential adapted to the geometry of H, recall that the Poisson kernel /C
with respect to the ball model is given by, for x € 0H and o € H,

1 —g(o)

g(0) — x|?

It is well known that log K(g(0), x), for g € G, is equal to the orientated hyperbolic distance
between o and the horocycle through g(o) and x. Note that this horocyclic distance sometimes
also is referred to as the Busemann cocycle. Furthermore, we recall the following for the potential
given by

P(x) = (K(ga(0), x))°, (13)

forx € a,a € @ and § > 0 to be specified later. If G is convex cocompact, then log ¢ is Holder
continuous with respect to the shift metric induced by X'4. In case that G is essentially free and
contains parabolic elements, set

Ko, x) =

P:=FnN{pe L(G): pis afixed point of a parabolic element in G}.

Then, if B is a subset of L,(G) which is bounded away from P and measurable with respect to
some finite refinement by preimages of «, the potential associated with the first return map to
B is Holder continuous (see [10, Lemmata 3.3 & 3.4]). For ease of notation, let (X, 8) refer to
the first return map to B if G contains parabolic elements and to (X4, ') if G does not contain
parabolic elements. Observe that in both cases the potential is Holder continuous with respect to
the shift metric, (X, 8) has the b.i.p.-property and can be identified with a maximal non-invertible
factor of a Poincaré section of the geodesic flow on the unit tangent bundle 7' (H/G) of H/G
(see [20]). Furthermore, since by construction B is bounded away from P, each return to the
associated Poincaré section in T!(H/G) corresponds to a return to a ball of bounded diameter
with center o in H/G.
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Combining these observations, one then obtains the following relation between the finite
words of X, the elements of G and the hyperbolic distance d (0, g(0)). Let W”" refer to the
words of length n of X and g,, € G to the element in G defined by 6"|;,,) = gw. Note that,
by construction of I', G is isomorphic to the finite words with respect to the original partition
a (see [20]). Hence, after a possible induction to B, the map W — G, w +— g, is injective.
Using the property of bounded returns, it follows that the map is almost onto in the sense that
there exists a finite subset J of G such that

G= J hew (14)
heJ,weW>®

For w € W, set @, .= SUPyefw] )| (x). As a further consequence of bounded returns, it then
follows that, for s > 0,

By, = 0800, (15)

Now assume that N is a normal subgroup of G and recall that in this situation, the manifold
H/N is called periodic with period G/N. Since H/N is a cover of H/G, it follows that H/N is
geometrically finite if and only if G/N is finite. The properties (15) and (14) above now allow
relating the exponents of convergence of N and G in terms of the amenability of G/N. Therefore,
recall that the Dirichlet series

P(H,s) = Z e—sd(0.8(0)
geH

is referred to as the Poincaré series of the Kleinian group H, and that its abscissa of convergence
8(H) is called the exponent of convergence of H. In order to quantify P(N, s), we will now
employ our results on group extensions. In order to do so, for w € W and x € [w], set
¥ (x) == [gw] € G/N and

T:YxG/N— XYxG/N, (x, [gD = (B(x), [gl¥(x)).

In here, we only will make use of the estimates on L"(1x,,), but it is worth noting that 7' is
related to the geodesic flow on the periodic manifold. That is, 7" is a non-invertible factor of the
base transformation of a Ambrose—Kakutani representation of the flow on the periodic manifold
(see also, e.g. [1,18]), where the associated measure is the Liouville—Patterson measure of G.

As an application of Theorems 4.1 and 5.4 we now obtain the following partial refinement of
a result of Brooks for convex-cocompact Kleinian groups in [3] to the class of essentially free
Kleinian groups.

Theorem 6.1. Let G be an essentially free Kleinian group and N <| G a normal subgroup. Then
8(G) = 8(N) ifand only if G/N is amenable.

Proof. Set § = §(G) in the definition of ¢ and note that for this choice, the existence of a finite,
invariant measure implies that P (68, ¢) = O (see, e.g., [20]). Furthermore, as a consequence of
(15) we have that ¢ is symmetric with respect to the involution generated by «. Finally, it can
easily be deduced from the connection between the group extension 7" and the geodesic flow
on T'(H/N) that T is topologically transitive. Hence, Theorems 4.1 and 5.4 are applicable and
therefore, it remains to show that Pg(T) < Pg(0) if and only if §(N) < § = §(G).
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So assume that §(N) < §. Hence, for e > O with §(N) < (1 —€)§, P(N, (1 —€)é) < oco.In
particular, applying (14) and (15) gives that

00 > Ze—(l—e)é(o,g(o)) - Z ¢IIU_€ > Z ¢w||(ﬂ||<;o€|w|-

geN weW>®, weW®,
[gw]=id [gw]=id

Since exp(—Pg (T)) is the radius of convergence of Y, 1_i4 &, x™1 it follows from [|¢|leo < 1
that Pg(T) < elogll¢llc < 0= P;(0).

Now assume that Pg(T) < 0 and G does not contain parabolic elements. Then W is finite
and, in particular, ||1/¢]|lcoc < 00. Since Pg(T) < 0, we have that, for 1 < x < exp(—Pg(T)),

o> o Bz 3 el e

weW®, weW®,

[gw]=id [gw]=id

= Z e—(1—€)5(0’gw(0))x|w\||1/¢||g;|w|_ (16)
weW®X,
[gw]=id

Hence, if € < —Pg(T)/log(]|1/¢llx0), then P(N, (1 — €)§) < oo and, in particular, §(N) < §.

It remains to consider the case where Pg(7T) < 0 and G contains parabolic elements. For
p € P, let G, denote the stabiliser of p in G. By well known arguments (see, e.g., Lemma 3.2
in [21]), we have, for s > k), /2 and £ > 0, with k,, referring to the Abelian rank of G, that

1 1
e—sd(0.5(0) - ol kp=2s)
Z Z:z n2s—kp+1 25 — kp

8€Gp. n>e
d(0,g(0))=2¢

Since 8(G) is always bigger than k, /2, we may choose 0 < € < 1 -k, (28)"L. Fors = (1 —¢€)8,
we then have

Z o (1-03d(0.5(0) _ ,205¢ Z o —0d(0.8(0)
g€Gp, g€Gp,
d(0,8(0))>2¢ d(0,8(0))>2¢
For A > 0, set W, = {w e W' : infyey) @(x) > A} It follows from the inducing process of
0, that g,, € G, for some p € P and each w € W_, if 4 > 0 is sufficiently small. The above
estimate then implies the following uniform Lipschitz continuity. There exists C > 1 such that
for arbitrary families {x,, : x € [w], w € W4},

Z (;0()‘714))1_6

weWa 1 < Ce.
Z @ (xw)
weWy

Combining the estimate with the argument in (16) then gives that §(N) < §(G). O
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