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Abstract The affine group of a homogeneous tree is the group of all its isometries
fixing an end of its boundary. We consider a random walk with law p on this group
and the associated random processes on the tree and its boundary. In the drift-free
case there exists on the boundary of the tree a unique p-invariant Radon measure. In
this paper we describe its behaviour at infinity.
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1 Introduction

Let T =T, be a homogeneous tree of degree g + 1. We denote by Aff(T) the group
of affine transformations of the tree T, that is the group of isometries of the tree that
fix an end w of the boundary. This group is locally compact, totally disconnected,
amenable and non-unimodular. The group Aff(T) is an analogue of the real affine
group acting on the hyperbolic plane H? by isometries and fixing a boundary point.
However, its structure is much more difficult. If g is a prime number p, then the group
Aff(T) contains on one side the affine group of p-adic numbers Aff(Q,) (i.e. the
group of matrices of the form [g }f ], where a, b are p-adic numbers and a is nonzero),
which in some sense is similar to Aff(R), but on the other hand it contains groups
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having completely different structure like the lamplighter group or automata groups
(see [4] for further information on the structure of Aff(T)).

In this paper we study random walks on the affine group and related random
processes on the tree T and its boundary 0T. Our goal is to describe asymptotic
properties of its invariant measure. Given a probability measure p on Aff(T) we
consider the left and the right random walk on Aff(T), i.e. sequences of random
variables on the group L, = X,,... X1 and R, = X ... X,, where X; are i.i.d. with
law w. Choosing a point o € T one can define random processes on the tree L, - o
and R, - 0. Cartwright, Kaimanovich and Woess [4] proved that if the random process
has a drift in a proper direction (all the details will be given in Sect. 2.4), then R, - 0
converges almost surely to a random element of 9*T = 9T \ {w}. The limit defines
a harmonic probability measure, whose asymptotic properties has been recently de-
scribed by Kolesko [6]. If the measure p has a drift towards the end w or has no drift,
then R, - o converges to @ a.s. However, to obtain more precise information about
the random walk on Aff(T) one has to consider its action on the boundary 9*T. In
the drift-free case Brofferio [1] proved, under some additional assumptions, that there
exists an invariant Radon measure v on 0*T, i.e. a measure such that

v(f)=M*V(f)=/

fywvdwu(dy) (1.D
ASE(T) J3*T

for any f € C(T). This measure is unique (up to a multiplicative constant) and is
unbounded on 9*T. The measure v in a natural way appears in the renewal theorem
for the affine group, namely its small modifications are limits of the potential kernel
(see [1] for more details). Therefore in the context of studying random walks on affine
groups of homogeneous trees it is necessary to ask about precise description of the
measure v.

The main goal of this paper is to study asymptotic behaviour of the measure v. In
terms of a natural ultrametric distance on the boundary, our main result (Theorem 2.2)
says that, on annuli of fixed centre and constant width, the invariant measure is as-
ymptotically constant, and nonzero. Our proof bases partially on methods developed
in [2, 3], where similar problems concerning the random difference equation on R?
were studied.

2 Random Walk Walks on the Affine Group of a Tree and the Main Theorem
2.1 Oriented Tree
The homogeneous tree T = T, of degree g + 1 is the connected graph without

any cycles whose vertices have exactly ¢ + 1 neighbours. For any couple of vertices
x and y there exists exactly one sequence of successive vertices without repetition

X = Xxop, X1, ..., xx =y denoted by Xy. Then we say that the distance between x and
y is equal to k and we write d(x,y) = k. A geodesic ray is an infinite sequence
of successive neighbours xg, x1, x2, ... without repetition. Two rays are equivalent

if they differ only by finitely many vertices. An end is an equivalent class of this
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relation, and the set of all ends will be denoted by dT. For u € 9T and x € T there
exists a unique geodesic ray xu which represents u.

We choose and fix once for all an end w and define 8*T = 9T \ {w}. For x,y €
T U 3*T by x A y we denote the first common vertex of Xw and yw i.e. x Ay =2
if o N yo = zw. We may imagine the oriented tree as a genealogical tree where
o is a mythical ancestor, every vertex has one ancestor and ¢ children. Let us fix a
reference vertex o in T called origin. The height function /& from T to Z is h(x) =
d(x,x No) —d(o, x A o), also known as Busemann function. The function % induces
an ultra-metric distance @ on T U 3*T, for x, y € T U 3*T we define

—h(xAy)
@(x,y>:—{q Ay

0 ifx=y.
w
-1 fAu
0 0/
1
2
T u

2.2 The Affine Group

Every isometry of (T, d) has a natural extension to the boundary so we can define the
affine group of the tree T as the group of all isometries fixing the chosen end w

Aff(T) := {g €lso(T): gw = w}.

The group Aff(T) is equipped with the topology of pointwise convergence. To sim-
plify our notation we will write G instead of Aff(T).

All elements of the affine group preserve the order and the distance, therefore
h(x) —h(y) =h(gx) — h(gy), for any couple x, y € T and g € G. So we may define
a homomorphism ¢ of G into Z: ¢(g) = h(gx) — h(x) = h(go) and by the remark
above the definition does not depend on the particular choice of x and 0. Moreover

O(gx, gy) = q "8 = g (x, y).

The horocyclic group of the tree is the subgroup of the affine group that fixes the
height

Hor(T) :=ker¢p = {g € G : h(gx) =h(x), VxeT}.
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Let us fix a o € Aff(T) such that ¢ (o) = 1 and o (0) is one of children of o. Every
element g € Aff(T) has a unique decomposition as a product of an element of the
horocyclic group and a power of o':

g= (gafsb(g))gqb(g)'

We identify the group generated by o with Z. The affine group can be decomposed
into the semidirect product of Hor(T) and Z

Hor(T) x Z = Aff(T)
(B, m) = Bo™,

where the action of Z on Hor(T) is given by mB = m(B) := ¢ o ~"™. Then the
multiplication in the affine group is given by the following formula:

(B1.m1) (B2, m2) = B1o™ Pac™ = B1o™ Bro " ™M = (Bim B, my + m2).

Notice that the decomposition of Aff(T) depends on the choice of the element o.

We say that a subgroup I" of Aff(T) is exceptional if I" € Hor(T) or if I" fixes
an element of 9*T. In this paper we will always consider closed and non-exceptional
subgroups I". It is known that I is non-exceptional if and only if it is non-unimodular.
In this case the limit set 91" of I, i.e. the set of accumulation points of an orbit I"o
in 9T, is uncountable and w € dI". Moreover for u € 31"\ {w} the orbit I"'u is dense
in o1 (see [4]).

2.3 Length Functions

Notice that there exists an unique f = {7 € 3*T such that o (f”) = {°. Indeed, f is
represented by the geodesic ray 0, 00, 020, . ... Then ¢ acts by the translation on fe.
We define length functions on the boundary *T and on the affine group:

lul=0,f), ued*T,
lyll=0wffH, veG.

Observe that the group Z is included in the kernel of || - || and for any y = (8, m) € G

we have [ly [ =181 =187"1.
We decompose both the boundary and the affine group with respect to the value of
the corresponding length function. For j € Z we define

Ajz{uea*']l‘: |u|=q/}= {uea*T: U/\fZO'_jO},
Gi={geG: ligl=q'}={geG: gfeA;}.

Then 3*T = {f}UJ;cz Aj.and G ={g € G : gf =f}UlJ;cz G, Itis a worthwhile
observing that the stabiliser {g € Hor(T) : gf = f} plays the same role as the group
of rotations in the real case. However, contrary to the case where the stabiliser of a
point is just the similarity group of euclidean space, the stabiliser of the point in the
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boundary of the tree is much more complex since its elements do not commute with
the reference homothety o.

We will use later some properties of the sets defined above, which are formulated
in the following lemma.

Lemma 2.1 Suppose that (B, m) € G for some j € Z, then

(i) Both B and B~ preserve Ay and o %o for every k > j.
(ii) Ifue Aj, then fu € Ay for some k < j.
(iii) Ifu e Ay for some k < j, then pue A;.

Proof Follows easily from
lul = O, w) = O(Bf, pu) < max{O(BF, ), O (Bu, ) }=max{[ 81, |Bul}
and
|Bul < max{[|Bl], ul}. -
2.4 Random Walks on Aff(T) and the Main Theorem

Let u be a probability measure on Aff(T). We will assume that the closed semigroup
I" generated by the support of p is non-exceptional. For sake of simplicity we will
also assume that ¢ (I") = Z.

We define the left and the right random walk on G by L, = X, X,,—1 - ... X1,
R,=X1X2-...- Xy, and Ly = Ry = e (e is the identity in G). Notice that both
processes have different trajectories, but they have the same law, i.e. L,, =4 R,,. Since
I' is non-exceptional it is non-unimodular, hence the random walks L, and R,, are
transient. By 7 we denote the image of the measure u on Z, i.e. w(k) = u(¢p~ {k}).
Then ¢ (L) = dp(R,) = p(X1) +--- 4+ ¢(X,) is a sum of i.i.d. random variables
with law . If the measure w has the first moment then by m| we denote its mean
mi =Y ez ki(k). The value m is called drift of x and it describes behaviour of
the random processes both on the tree and its boundary generated by the action of
the group. It was proved in [1, 4] that if m| < O, then R,, - 0 converges a.s. to w, L,v
converges to w for every v € 9*T and the Markov chain {L, v} is transient. If m; > 0
and E[|X]] < co then R, - 0 converges a.s. to some random variable £, defined on
9*T. Then the law n of & is a unique stationary measure of the random process
{Lnéx} on 0*T, which is positive recurrent (see Brofferio [1]).

The most interesting is the drift-free case, when m = 0. Then, if E[|X]|] < oo,
R, - 0 converges a.s. to w. In this situation Brofferio [1] proved that if E[¢ (X D2+
|B(X 1)|2+8] < 00, then the chain {L,v} is recurrent and there exists a unique (up
to a multiplicative constant) p-invariant Radon measure v on 9*T, i.e. the measure
satisfying (1.1). The measure v is crucial to obtain the renewal theorem on the affine
group. The main purpose of this paper is to describe behaviour of the measure v at
infinity. Our main result is the following

Theorem 2.2 Let 1 be a probability measure on the affine group G. Assume

L¢@mwm=a @
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/ (qam " ||,3||8),u(d,3, dm) < oo for some§ >0, 2.2)
G

the subgroup generated by the support of | is non-exceptional, 2.3)
the subgroup generated by the support of it = ¢ () is Z. 2.4

Then

Jim vfus ful=g"}=Cy,

for some strictly positive constant C..

3 Proof of Theorem 2.2
3.1 First Properties of the Measure v
To simplify our notation we define a function v : Z — R by the formula v(k) =

V(Ag). We are going to prove that limy_, 40 v(k) = C4 > 0. First we will justify that
without any loss of generality, we may assume additionally that for any 1 <d < ¢:

> d ™ v (k) < oo. (3.1)

keZ

We begin with the following lemma.

Lemma 3.1 There exists n € Z such that v(i) > 0 for every i > n. Moreover there
exists € > 0 such that

v(k) > ek lhy)
fork,l>n.

Proof In view of (2.1) and (2.4) there exist k', k™ € N, ng € Z and ¢ > 0 such that

p{BED 1B <g )z 6.

By Lemma 2.1(i) if || B|| < ¢~"° then ,B_1 preserves sets A;+ forevery i > ng. Hence
fori > ng

V(i F 1) =v(Aip1) = 1™ % v(Aiz1)
- | o | Mm@t @.da
{(B,£D:lIBll<g™"0} J3*T
> ({8 £ : 1Bl < g7™}) /8 v
>ev(i). (3.2)
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Since v is an unbounded Radon measure, we can find n > ng such that v(n) > 0.
Therefore in view of (3.2) we have v(i) > 0 for i > n. Moreover, for k,/ > n we
obtain

v(k) <okl
v(l) —
which finishes the proof. O

Proposition 3.2 Suppose that the measure p satisfies (2.1)—(2.4). Then
v(i)

im =1.
i—+oov(i + 1)

(3.3)

In particular for any y > 1
o

Z v(k)y_k < 0.

k=0

Proof Take n as in the previous lemma and fix for a moment m € Z. Then by the

lemma the sequence l:)((m + s bounded for positive i. Hence we can find a sequence
n—+i)

{ix} tending to +o0 and a real number C(m) such that

vOm +ig) _

i — = C(m).
k—+oo v(n 4+ ig)
Using the diagonal method we can find a sub-sequence {ix, } such that

v(m + i)

im - =C(m)
p—+oo v(n +ig,)

for every m € Z. We will prove that the function C on Z, defined above, is -
harmonic, hence constant.
Notice that if we take (B,a) € G, | € Z and iy, > log, [IB1l — [ then by

Lemma 2.1(i) both B and 8~! preserve Ay, hence
3ik,, *8(8.a) ¥ V(1y,) = /3 . 14, (ikpﬂau)v(du) = /3 . 1Al+ikp (Baw)v(du)

= / La,,;, (awv(du) = / 14, (G, + a@)u)v(du)
o*T P o*T

= iy, *80,a) ¥ v(14,),

where 0 denotes the identity element in the group Hor(T). Therefore, by the Fatou
lemma and the invariance of v, we have

1
Cl+ap(da)= | lim ——§, %6 14)7a(d
/Z ( +a)i(da) /Zp_yfoo vt i) *80.0) * v(1a)p(da)

1
lim —————§;, 6 14)p(dB, d
/GpJToo v ¥ i) e * O *vAa)(d. da)
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1

< liminf ———— | &, *8pp.q) % v(1 dg.d
—,}Lnf;ov(nJrikp)/G ity *8(p.a) % v(1a)u(dp, da)

vl +1i
_ limint 2 )

L =C().
p—+oo v(n +ik,)

Since the measure [t is recurrent and C is w-superharmonic, C is -harmonic, hence
constant. But C(n) = 1, so it follows that C = 1. Summarising, we have proved that
for any subsequence {ix} of integers there exists its subsequence {iy,} such that

v(m + i)
im ———— =
I>+00 v(n + ig;)

for every m € Z. Therefore
v(im—+1i) _

m ——— =
i—+oo v(n+1i)
and taking m = n — 1 we obtain (3.3). The second statement follows now easily from
the ratio criterion. 0

Lemma 3.3 For any 1 < d < q there exists So € Hor(T) such that the measure v =
8, * v satisfies:

Zd"‘f)(k) < o0.

keZ

Proof Let us observe that the translated measure U = 8g * v has the same behaviour
at infinity as the measure v. Indeed, by Lemma 2.1(i) for k > log || 8|,

V(Ar) = v(Ap).

In view of Proposition 3.2 it is enough to consider only the sum over negative k’s.

Let m, be the right Haar measure on G. By Soardi and Woess [7], G is non-
unimodular with the modular function g — ¢®@® for g € G, hence m,(gAg™") =
g~ ?®m, (A) for any Borel set A. By H let us denote the stabilizer of 0 in G. If
we write H_o, = {8 € Hor(T) : Bf = f} and Hy = Gy N Hor(T) for k € Z, then
H=H_ U ngo Hy.

Since H is open and compact its Haar measure is strictly positive and finite. More-
over from

my (Hy) = my (6~ Hoo*) = g =" - m, (Ho) 3.4)
and
my(H-_oo) = m, (ﬂ akHak> = lim ¢*m,(H)=0 (3.5)
k<0 k——00

it follows that m, (H) = qum, (Hp).
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Fix 0 <y < 1. For every u € U = {|u| < 1} there exists 8, € H satisfying f,f =
u. Since HB,, = H, |Bf|7 is positive and m,-a.e. finite, we have

1 1 1
m, , , -(@dB).
/Hm " @h) = /Hmﬂuw @p) = /Hﬁumﬂy mr (dp) = /Hmﬂy’"(’g)

Now we can write

1
fH /U v ()

1 1
=//H|ﬂu|ymr<dﬂ)v(du>=v(U> L

u |1BflY
Wy / @) =v() Y f K m, (d)
k<0 Hy Bl k<0
=v(U)m(Ho) Y _q* ™ < o0. (3.6)
k<0

Take arbitrary fo € H, 1 <d < g and denote y =log,d. If Bou € Ay, then
d* = |Bou|”. Thus

> at aﬁo*u(Ak)_Zf M4, (Bowv(du)

k<0 k<0
1
= 14 (ﬁou)} v(du) = / v(du)
/a*ﬂr[lﬁouly g ‘ v 1Boul?
and by (3.6) there exists By € Hp such that the value above is finite. O

Take fy as in the lemma. Then the translated measure ¥ = dg, * v has the same
behaviour at infinity as the measure v. But the measure v is the unique invariant
measure of i = 8g,* L *§ gl and obviously [ satisfies conditions (2.1)—(2.4). Hence

to prove Theorem 2.2 it is enough to consider measures v and fi instead of v and .
However to simplify our notation we will just use symbols v, 1 and assume that (3.1)
is satisfied.

3.2 The Poisson Equation

In order to prove Theorem 2.2 we will consider v as a solution of the Poisson equation

o v(k) =v(k) + ¢ (k), (3.7)
for ¥ defined by the equation above, i.e. ¥ = * v — v. It was proved by Spitzer [§]

that if the function  is sufficiently good, there exists an explicit formula describing
all nonnegative solutions of the Poisson equation.
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Lemma 3.4 Suppose that hypotheses (2.1)—(2.4) and condition (3.1) are fulfilled.
Then the function ¥ = [t * v — v satisfies

Z\kw(k)} < oo (3.8)
keZ
and
> vk =0. (3.9)
keZ

Proof In view of Lemma 2.1, the function ¥ can be written as follows
Yk)=m*xv(da) —vda) =mw*xv(la) —pxvy,)

= [ [ (1 0m0 = Ly Bmao)viapa(ap. dm)
G Jo*T

:Z/G /*T(lAk(mu) — 14, (Bmw)v(dw)u(dB, dm).

Jj=k

Next we write ¥ < | + 2, where

n® =3 [ [ [t =14, 0m0 o, dm,

j>k
Yo (k) = / / |14, (Bmu) — 14, (mw)|v(du)u(dB, dm).
Gy Jo*T
We will show that both kv (k) and ki, (k) are summable. First we will prove that

> Ikl (k) < oo (3.10)

keZ

Notice that if 8 € G, then by Lemma 2.1 we have
14, (Bw) = 14, 0] <1 _ 4, ().

Take § as in (2.2), fix §' < % and let d = ¢%. Then we have

S kta ) < k1 [ [ 10,4 v, dm
kv o* -

keZ k

=3I f f 10, 4 OV (B, dm)
Gy Jo*T T

keZ

=S [ oG+ myuca,dm)
k

keZ Jj<k
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= Z/ d™ k| Y " dd= It v(j + m)u(dp, dm)
Gy

keZ j<k

SZ/demmu"(

keZ

D _d ™I+ m))u(dﬁ, dm)

JEZL

< (Zd—f v(j)) >

/ d"k|d* i (dB, dm).
jeZ ez Ok

In view of (3.1) the first expression is finite. To prove finiteness of the second one
recall that if 8 € Gg, then k = 1ogq |81l and write

Z/ d"|k|d* u(dB, dm)
Gy

keZ

= /G "™ |log, 181|181 e (dB. dm)
1

< ( /G q”'"u(dﬂdm))z ~ ( fc (log?2 ||ﬁ||)||ﬁ||25’u<dﬁ,dm))z.

By (2.2) the expression above is bounded and we obtain (3.10).
Now we are going to prove that

> Ikl (k) < oo. 3.11)

keZ
Notice first that

Y1 (k) < ¥l (k) + ¥ (k),

where

=3 [ [ tupmovitous.dm)

Jj>k

000 =3 [ otk myucap,dm)

Jj>k

To prove that ) ", |k|1p12 < oo we use exactly the same estimates as above. To esti-
mate 1//11 we deal first with negative k. Then by (3.1) we have

Sl 0= WY [ [ tamovands.am)

k<0 k<0 Jj>k
<D Ikl pwxv(A) =Y [klv(k) < oo.
k<0 k<0
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Finally, for §” < %, §' <8, d=q"

Zklﬂf(k):ZkZ/G'/a*T La, (Bmu)v(dw)u(dB, dm)

k>0 k>0 j>k

52[3 > ffa*TlAk(ﬂmu)V(du)u(dﬁ,dm)

j>0""YJ 0<k<j

SZ/

2 f Ly, (muyv(du)u(dp, dm)
=076 o*T

=Y / J2v( +m)udp. dm)

j>0 Gj

< /G 1817 3@ 200 +m))u(dp, dm)

<c / 1B g* " (qu/(jm)v(j +m)>u(dﬁ,dm)
G JEZL

56(24‘571)(1)) /G 18I ¢*™ w(dp. dm).

jEZ

By (3.1) and (2.2) the expression above is finite and we obtain (3.11). The arguments
used above give also

S [ B — Lo vaora(a. am) < oo,
G Jo*T

keZ

therefore by the Fubini theorem

Z/G /a*T(lAk (Bmu) — Ly, (mu))v(dw)u(dp. dm)
k

:/G[a Z(lAk(ﬁmu)—lAk(mu))v(du)M(dlg’dm):O_

Tiez

3.3 Proof of Theorem 2.2—Existence of the Limit

The result follows from a theorem of Spitzer [8, p. 375], who proved that if o2 =
> rez K2E(dk) < 0o and 3", . |k (k)| < oo, then all positive solutions of the Pois-
son equation (3.7) are of the form

v(k) =Y xa(k) + cok + c3.
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In the formula above a is the recurrent potential defined by the formula
n
1 — i i
a(k) = lim _le(u 0) — 7" (k)
i=

and c, is some constant satisfying

o?leal <D (k).

keZ

In fact, the theorem was proved for finitely supported functions v, neverthe-
less the proof is valid also under weaker assumptions i.e. for functions satisfying
ZkeZ |kyr (k)| < oo (see the second paragraph on p. 376 in [8] and also the Appen-
dix in [3]).

Since ) ;o7 ¥ (k) = 0, the constant ¢» must be zero. We will need the following
property of a:

li k o) =T
kirfw(a( +n) —a( ))—?;-

By (3.1), limg_, oo v(k) = 0, therefore

0= lim v(k) =k_1)ill1oozw(n)a(k —n)+c3

nez

= lim Y y(m)(ak—n)—ak) +c L ny(n) + ¢
k——o00 3 o? 3

nez nez

So we obtain ¢3 = % > <7 1 (n). Finally we compute

lim v(k):kmf > wmatk—n) +c3

k= oo nez
2
= Jim > ym(atk—m —al)+es= > npm=Cy.
nez nez

3.4 Proof of Theorem 2.2—Positivity of the Limiting Constant

Now we are going to prove that the constant C_ is strictly positive. We will apply to
our settings arguments given in [2] for the real affine group. Notice that it is enough
to prove that there exists C > 0 and M such that for any positive nonincreasing and
bounded sequence {ag }rez

Zakv(k) >C Z ai. (3.12)
k=M

keZ

Indeed, assume that limg_, y o v(k) = 0. Then for any ¢ > 0O there exists N such that
v(k) < e for k > N. Let us substitute ay = 1 for k <n and a; =0 for k > n. Since v
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is the Radon measure, Zk_ v(k) =v{ue d*T: Ju| < gV~!} < oo, therefore

—00

n N—-1

.1 .1 1
lim —Zakv(k)—nlir}rloo;Zv(k)—l—nllr_pooz > vk <e,

n—+oon
keZ k=N k=—o00

but

lim Z ap =
n—4+o0o n

Therefore, in view of (3.12), 0 < C < ¢, but this inequality cannot be true for arbitrary
small ¢. So we deduce limsup,_, ., v(k) > 0.

In order to prove (3.12) we will use an explicit construction of the measure v. Let
us define strictly ascending ladder epochs i.e. a sequence of stopping times /41 =
inf{k > 1, : Sx > §;,}, lo =0, where Sy = ¢(Lg) (see [5, p. 391]). Then L;, is a
random walk on G with a positive drift, therefore there exists a probability measure
n on 9*T, which is the unique stationary measure of the process {L;,} (see [1] for
more details). The measure v can be written (up to a multiplicative constant) as

-1

v = [Zf(Lk‘u):|77(du)-
o*T k=0

Now take any nonincreasing, positive, bounded sequence {a;, },<7 and define a func-
tion on the sequence {¢"},cz: f(qk) =ay. Take a ball B = {u: |u| < g™} for some
M and such that n(B) = ¢ > 0. Then

I—1
> arv(k) = / f(IuI)V(du)Z/E|:Zf(|Lk~u|):|n(du)
B Li=0

keZ
11—1

= /BE[Z F(|Bxo™ Bx—1o™ 1 ... o™ -u|):|n(du).
k=0

Notice that for u € B

|Bro™ i1 Bro™ -y
= [0S0 ™% pro oS 1ot By - |
<q % max{|o "% Bo|,..., G_Slﬁlo 4™
=q S max{g* B, ... q" 1Bl g™}
< g Semax{l1Bll, ... I1B1ll, ¢™}.

Therefore, applying an extended version for time reversible functions (see [2,
Lemma 5.3] for more details and precise statement of the duality lemma) of the clas-
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sical duality lemma (see [5, XIL.2, p. 394])

-1

Zakv(k) > /BE Z f(rlllleag|/3kam",3k_1omk*1 ... o™ u|) n(du)
k=0

keZ
I1—1

eE| > f (g~ S max{I1Bell. IB-1ll. I Be—2ll. . 1Bl ¢™})

k=0

v

=cE| Y f(g~ 5 max{[|Ai]l..... 1Bz Il.q™}) |.

k=0

where {T}ren is a sequence of stopping times: To =0, Ty =inf{n > Tj—1 : Sy <
S7._,}. Observe that the random variables

Wi=—-(Sp, — S 1 illpvM
k== =S+ max  {log, lIAill}

are i.i.d., positive, integrable (cf. Proposition 4 in the Appendix in [4]) and satisfy

_ k.
g~ max{lBill,.... I1Brll. g™ } = 2= M.
Therefore by the renewal theorem there exist p and N such that
k
inf » P| Y W eli,i+p)|=6>0.

i>N
k>0 j=1

Finally

00 0o o0 k
Saw® ze Y B[ f(gZ= )]z Y ap| Y W=
k=0

keZ k=0 j=N i=1

[ee) k
> SZaN+pnP ZWi € [N+(n — 1)p,N+np)
n=1 i=1

00 [
&d
>¢eb E AN+4np = — E aij,
n=1 p j=N+p

which proves (3.12).
Open Access This article is distributed under the terms of the Creative Commons Attribution Noncom-

mercial License which permits any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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