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Abstract. In this article we consider transient random walks on HNN extensions
of finitely generated groups. We prove that the rate of escape w.r.t. some gener-
alised word length exists. Moreover, a central limit theorem with respect to the
generalised word length is derived. Finally, we show that the rate of escape, which
can be regarded as a function in the finitely many parameters which describe the
random walk, behaves as a real-analytic function in terms of probability measures
of constant support.

1. Introduction

Consider a finitely generated group G, which contains two isomorphic, finite
subgroups A, B with isomorphism ¢ : A — B. Let Sy C Gq be a finite set which
generates G as a semigroup, and let ¢ be an additional symbol/letter not contained
in Go. The HNN extension of Gog with respect to (A, B, ) is given by the set G of
all finite words over the alphabet Go U {t,t~'}, where two words wi,ws € G are
identified as the same element of G if one can transform w; to wy by applying the
relations inherited from Gy or applying one of the following rules:

VYa€ A:at =tp(a) and Vb€ B:bt =t (b).

A natural group operation on G is given by concatenation of words with possi-
ble cancellations of letters in the middle; the empty word e is the group identity.
This group construction was introduced by Higman, Neumann and Neumann (see
Higman et al., 1949), whose initials lead to the abbreviation HNN. As we will
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see later, we can write each ¢ € GG in a unique normal form over some alphabet
A C GoU{t,t71}. We denote by ||g|| the word length of g € G over the alphabet A.

Consider now a group-invariant, transient random walk (X, )nen, on G gov-
erned by probability measure p with supp(u) = So U {t,t"'}. One important
random walk invariant is the rate of escape w.r.t. the word length given by the
almost sure constant limit [ = lim,_, || Xy ||/n, which exists due to Kingman’s
subadditive ergodic theorem (see Kingman, 1968). The starting point of this ar-
ticle was the question whether [ — regarded as a function in the finitely many
parameters 1(g), g € So U {t,t~1} — varies real-analytically in terms of probability
measures of constant support. We will study this question in a more generalised
setting. For this purpose, let the function ¢: Gy U {t,t='} — [0,00) represent a
“word length/weight”. We can naturally extend ¢ to a length function on G as
follows: if ¢ = g1 ...9, € G has the above mentioned normal form representation
over the alphabet A then we set

o) = Ugr - gn) =3 Lgs),
i=1
The asymptotic word length w.r.t. the length function £ is given by
Ae = nh—{EoE(X”)/n’

provided the limit exists. We will also call Ay the rate of escape or drift w.r.t. £. For
arbitrary length functions ¢, existence of the rate of escape w.r.t. ¢ is not guaranteed
a-priori and can not be deduced from Kingman’s subadditive ergodic theorem in
general; see Remark 2.6. This article addresses to typical, related questions like
existence of the rate of escape A\, (including formulas), a central limit theorem
for Ay and its real-analytic behaviour in terms of probability measures of constant
support. In the following let me explain the importance of these questions for
random walks on HNN extensions from three different points of view, namely from
the view of random walks on regular languages, from the view of group theory and
from the view of analyticity of random walk invariants.

Due to the unique representation of each g € G over the (possibly infinite)
alphabet A we may consider (X,)nen, as a random walk on a regular language,
where at each instant of time only a bounded number of letters at the end of the
current word may be modified, removed or added. This class of random walks
have been studied in large variety, but mostly for regular languages over finite
alphabets. Amongst others, Malyshev (1994, 1996), Gairat et al. (1995), and Lalley
(2001) investigated random walks on regular languages over finite alphabets. In
particular, Malyshev proved limit theorems concerning existence of the stationary
distribution and the rate of escape w.r.t. the word length. Gilch (2008) proved
existence of the rate of escape w.r.t. general length functions for random walks
on regular languages. All the articles above study regular languages generated by
finite alphabets. Straight-forward adaptions of the proofs concerning the questions
under consideration in the present article are not possible. This article extends
results concerning existence of the drift from the finite case to the infinite case in
the setting of HNN extensions. Studying the rate of escape w.r.t. ¢ deserves its
own right, since the transient random walks studied in this article converge almost
surely to some infinite random word w over the alphabet A in the sense that the
length of the common prefix of X, and w increases as n — co. As an application
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from information theory one may, e.g., consider X, as the state of a stack (a last-in
first-out queue used in many fundamental algorithms of computer science) at time
n, and each stabilised letter at the beginning of X,, produces some final “cost”.
Hence, the rate of escape w.r.t. £ describes the average asymptotic cost.

Let me now outline the importance of the questions under consideration from
a group theoretical point of view. The importance of HNN extensions is due to
Stallings’ Splitting Theorem (see Stallings, 1971): a finitely generated group I" has
more than one (geometric) end if and only if I admits a non-trivial decomposition as
a free product by amalgamation or an HNN extension over a finite subgroup. Let me
summarize some results about random walks on free products, which are amalgams
over the trivial subgroup. For free products of finite groups, Mairesse and Mathéus
(2007) computed an explicit formula for the rate of escape and the asymptotic
entropy by solving a finite system of polynomial “traffic equations”. In Gilch (2011)
different formulas for the rate of escape with respect to the word length of random
walks on free products of graphs by three different techniques were computed. The
main tool in Gilch (2011) was a heavy use of generating function techniques, which
will also play a crucial role in the present article. Asymptotic behaviour of return
probabilities of random walks on free products has also been studied in many ways;
e.g., see Gerl and Woess (1986), Woess (1986), Sawyer (1978), Cartwright and
Soardi (1986), Lalley (1993), and Candellero and Gilch (2012). Random walks on
amalgams have been studied in Cartwright and Soardi (1986) and Gilch (2008),
where a formula for the rate of escape has been established for amalgams of finite
groups. While random walks on free products have been studied in many ways
due to their tree-like structure and random walks on amalgams at least to some
extent, random walks on HNN extensions, in general, have experienced much less
attention. Woess (1989) proved that irreducible random walks with finite range
on HNN extensions converge almost surely to infinite words over the alphabet A
and that the set of infinite words together with the hitting distribution form the
Poisson boundary. Further valuable contributions have been done by Kaimanovich
(1991) and by Cuno and Sava-Huss (2018), who studied the Poisson-Furstenberg
boundary of random walks on Baumslag-Solitar groups, which form a special class
of HNN extensions. The present article shall encourage further study of random
walks on HNN extensions.

Another main goal of this article is to derive a central limit theorem related to the
rate of escape A\¢. If (Z,,)nen, is a random walk on Z? satisfying some second mo-
ment condition, then the classical central limit theorem states that (Z, — n - v)/n'/?
converges in distribution to A'(0,02), where v is the rate of escape w.r.t. the nat-
ural distance on the lattice and o2 is the asymptotic variance. A natural question
going back to Bellman (1954) and Furstenberg and Kesten (1960) is whether this
law can be generalized to random walks on finitely generated groups w.r.t. some
word metrics. However, a central limit theorem can not be stated in the general
setting: Bjorklund (2010) used results of Dyubina (1999) and Ershler (2001) to con-
struct a counterexample. Nonetheless, in several situations central limit theorems
have been established; e.g., Sawyer and Steger (1987), Lalley (1993) and Ledrappier
(2001) proved central limit theorems for free groups, Nagnibeda and Woess (2002)
for trees with finitely many cone types, and Bjorklund (2010) for hyperbolic groups
with respect to the Greenian metric.
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The third main goal of this article will be to show that A, varies real-analytically
in terms of probability measures of constant support. The question of analyticity
goes back to Kaimanovich and Erschler who asked whether drift and entropy of ran-
dom walks on groups vary continuously (or even analytically) when the support of
single step transitions is kept constantly; for counterexamples, see Remark 7.1. This
question has been studied in great variety, amongst others, by Ledrappier (2012,
2013), Mathieu (2015) and Gilch (2007, 2011, 2016). Haissinsky et al. (2018) proved
analyticity of the drift for random walks on surface groups and also established a
central limit theorem for the word length. The survey article of Gilch and Ledrap-
pier (2013) collects several results on analyticity of drift and entropy of random
walks on groups. Last but not least, the excellent work of Gouézel (2017) shows
that the rate of escape w.r.t. some word distance, the asymptotic variance and the
asymptotic entropy vary real-analytically for random walks on hyperbolic groups.
However, HNN extensions do not necessarily have to be hyperbolic, which makes
it interesting to study the question of analyticity of the rate of escape w.r.t. the
word length for random walks on HNN extensions.

Finally, let me mention that another random walk’s speed invariant is given by
the rate of escape w.r.t. the natural graph metric of the underlying Cayley graph of
G w.r.t. the generating set SoU{t,¢!}, which exists due to Kingman’s subadditive
ergodic theorem; see Kingman (1968), Derriennic (1980) and Guivarc’h (1980). We
remark that, in general, the rate of escape w.r.t. the natural graph metric can
not necessarily be described via a length function using stabilising normal forms
of elements of GG; this is due to the quite subtle behaviour of shortest paths in the
Cayley graph, which needs a different approach and goes beyond of the scope of
this article; for a discussion on these problems, see Remark 5.9.

The plan of this article is as follows: in Section 2 we give an introduction to
random walks on HNN extensions, summarize some basic properties and present
the main results of this article. In Section 3 we introduce our main tool, namely
generating functions. Section 4 describes a boundary (see Proposition 4.2) towards
which our random walk converges. In Section 5 we introduce a special Markov chain
(see Proposition 5.1) which allows us to track the random walk’s path to infinity.
This construction finally enables us to derive a formula for the rate of escape w.r.t.
the natural word length [ (see Corollary 5.5) and existence and formulas for the
drift Ay for general length functions ¢ (see Theorems 2.7 and 5.6). A central limit
theorem (see Theorem 2.8) associated with the word length w.r.t. ¢ is derived in
Section 6 and analyticity of the drift and the asymptotic variance is then proven in
Section 7, see Theorems 2.9 and 2.10. Some proofs are outsourced into Appendix
A in order to allow a better reading flow.

2. HNN Extensions and Random Walks

In this section we recall the definition of HNN extensions, summarise some es-
sential properties, and introduce a natural class of random walks on them. In par-
ticular, we introduce length functions on HNN extensions in dependence of some
normal form representation of the elements.

2.1. HNN Eaxtensions of Groups. Let Gy = (So | Ry) be a finitely generated group
with finite set of generators Sy C G, relations Ry and identity ey. Let A, B be
finite, isomorphic subgroups of Gy and ¢ : A — B be an isomorphism. Moreover,



Asymptotic Word Length of Random Walks on HNN extensions 513

let ¢ be a symbol (called stable letter), which is not an element of Gy. Then the
HNN extension of Gy over A, B w.r.t. ¢ is given by

G = Gox*,, = <So,t,t_1 |Ro,at = tp(a) for a € A>.

That is, G consists of all finite words over the alphabet SoU{t,¢'}, where any two
words which can be deduced from each other with the above relations represent the
same element of Gy. The empty word is denoted by e. A natural group operation
on G is given by concatenation of words with possible contractions or cancellations
in the middle, where e is then the group identity. The definition of G implies that
Go*, is infinite, since t” € G for all n € N. Note that the relation at = tp(a)
implies
bt~ =t 1 (b) forallbe B.

This group structure was introduced by Higman, Neumann and Neumann, whose
initials lead to the abbreviation HNNj; see Higman et al. (1949). For further details
and explanations of HNN extensions, we refer, e.g., to Lyndon and Schupp (1977).

In order to help visualize the concept of HNN extensions, we may think of the
Cayley graph of G w.r.t. the generating set SoU{t,¢~'}. This graph is constructed
as follows: initially, take the Cayley graph X of Gy with respect to the generating
set Sp. At each a € A we attach an additional edge leading to at = t¢(a); at those
endpoints we attach another copy of Xj, in which we identify B with the already
existing vertices t¢(a), a € A. This construction is now performed for every coset
goA, go € Go; analogously, we attach new edges from each b € B to new vertices
bt—! = t=1o~1(b), attach then a new copy of Xj to those endpoints, which are
identified with A in the new copy. This construction is then iterated with each
coset and each new attached copy of Aj.

FEzample 2.1. Consider the base group

Go=17/(2Z) x ZL)(2Z) = {a,b | a* = b* = ey, ab = ba)
with subgroups A = {eg,a}, B = {ep,b} and isomorphism ¢ : A — B defined
by @(eg) = eg,(a) = b. The Cayley graph of the HNN extension is drawn in
Figure 2.1.

A normal form of the elements of Go*, can be obtained as follows: let X be a
set of representatives of the left cosets of Go/A and Y be a set of representatives of
the left cosets of Go/p(A) = Go/B. We assume w.l.o.g. that ey € X,Y. Observe
that

t7legt =t Mp(eg) = €9 and  tegt™! = e.
We get the following normal form expression of each element of G:

Lemma 2.2. Each element g € Gox, has a unique representation of the form

g = gitigatz ... Gntngn+1, (2.1)
which satisfies:
e n €Ny, gny1 € Go, t; € {t,t71} forie {1,...,n},
e g, cX,ift=t,andg; €Y, ift; =t 1,
e no consecutive subsequences of the form teot ™! or t legt.
Proof: We prove the claim by induction on the number of letters t*! in any given

word over the alphabet SoU{t*'}. First, any g € Gy is already in the proposed form
(2.1). Now consider the case of given g = s1...84t°8441 - .- Sqre With d,e € Ny,
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btba
bt / / tbt2ab
tht?a

at™la ab
> btb thta ,
g b tht2b
o th ,
— tht
at ¢ * tbtab
2
t_l & tab t
. thth
o J t°b
t2ab
FiGURE 2.1. Part of the Cayley graph of the HNN extension in
Example 2.1.

ee{-1,1} and s; € Sp for 1 <i<d+e. If e =1, we rewrite s1...54 = g1a; with
g1 € X and a1 € A. Then:

g =51...84t8441 - - Sdte = 101tSd11 - - - Sdte = g1t ©(A1)Sd41 - - - Sdte,

=:92€Go

which yields the proposed form. In the case e = —1, we recall that bt ~! = t =1 =1(b)
for all b € B. We now write s1...s4 = g1b1 with ¢ € Y and b; € B and obtain
the proposed form (2.1):

-1 -1 |
g=51...84t" " Sd41...Sdte = G101t " Saq1 .- Sdre = g1t @ (b1)Sd41 - - - Sdte -

=:92€Go

In particular, the number of letters t*1 did not increase and the representation is
obviously unique.

The induction step follows the same reasoning: consider any word over the al-
phabet So U {t,t7!} of the form

1 2 - 1
g= sg ) sﬁztlsg ). Sﬁ,%;t ... S5Z‘n,11)tn—1 s(ln) .. sgﬁgrtn SYH_ ). sggj:l),
=:9’ =:h
1) (n+1) . . )
where n > 2, my...,mp41 € Ngand s;7,...,5m,,, € So. By induction assump-

tion we can rewrite ¢’ in the form (2.1), say
9 = githgsts .. gtpghyr  Withk <n-—1
We now consider the case ¢, =t and ¢, = t. Rewrite

g;€+1s§n) . S%L)L = gnan

with g, € X and a,, € A. Then:

g = githg5th . Grthgnantnh = git1 gty . .. gitignte(an)h = gitigats . . . gitignth’,
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where h' := ¢(a,)h € Gy, that is, we have established the required form (2.1). If
t, =t~1, rewrite

Grsrsy” s = gub

with g, € Y and b,, € B. Then:
9 = 91t195ts . Gitignbat ™' h
= Git1g5th - githgnt @ (bn)h = gith gty . gitignt R,
where b/ := ¢~ 1(b,)h € Go. If g, # eo, we have established the proposed form
(2.1). In the case g, = eq, theot ™! cancels out, that is, g = ¢it|ghth ... g,h’, which
is in the form (2.1). The case t}, = t~! follows by symmetry. Uniqueness of the

representations follows immediately from the uniqueness of representatives of the
cosets. This proves the claim. (I

We will refer to the expression in (2.1) as normal form of the elements of G
and we write ||g|| for the word length of g € G w.r.t. the normal form. Some-
times we will omit the letter ey when using normal forms; e.g., instead of writing
eotept we just write t2. In this setting we may omit counting the letter ey and
get the analogous word length. Since this will not cause any problems below, we
will omit a case distinction whether ey is counted or not. Furthermore, we define

[g1t192t2 - - . gntngns1] == git1gata . .. gntn.

Ezample 2.3. We revisit Example 2.1. In this case we set X = {eg,b}, Y = {eo, a}
and obtain, e.g., the following normal forms:

abt™! = at™ 7 (b) = atta, tbt = o (D)t = att = at®.

Note in Figure 2.1 the “rotation” of the different coloured cosets when pushed along
blue t-edges.

As a final remark observe that G is amenable if and only if Go = A = B: if
A C Gy then the removal of AU B from the Cayley graph of G splits the remaining
graph into at least three connected components (e.g., t,t~1, got with gg € Go \ A
are in different components), yielding non-amenability of G (e.g., see Woess, 2000,
Thm. 10.10); if Gy = A = B then the Cayley graph of G has linear growth, yielding
amenability of G (e.g., see Woess, 2000, Thm 12.2).

2.2. Random Walks on HNN Eztensions. We now introduce a natural class of ran-
dom walks on HNN extensions arising from random walks on the base group Gy.
Let po be a finitely supported probability measure on Gy whose support generates
Gy as a semi-group. W.l.o.g. we assume that supp(ug) = Sp. Furthermore, let be
a,p € (0,1). Then

po=c-po+(1—a) - (p-6+(1—p)-6-1) (2:2)
is a probability measure on G with (supp(r)) = G. Let (¢;)ien be an i.i.d. sequence
of random variables with distribution p. A random walk (X, )nen, on G = Go*,,
is then given by

AXPO:G7 vnlen:<1<2Cn

For x,y € G, we denote by p(x,y) := p(x~'y) the single-step transition prob-
abilities of (X, )nen, and by p™(z,y) = u™(z='y) the corresponding n-step
transition probabilities, where p(™ is the n-fold convolution power of y. We ab-

breviate P,[-] := P[-|Xo = z]. Analogously, we set pgn) (xo,y0) := u(()n) (25 'yo) for
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zo,yYo € Go and n € N. We have the following characterisation for the recur-
rence/transience behaviour of random walks on HNN extensions:

Lemma 2.4. The random walk on G is recurrent if and only if A= B = Gy and
1
p=3-

Proof: Assume that A = B = Gy and p = % Then every normal form has
the form t"gy or t™ gy with n € Ny and g9 € Gg. Define ¢y : G — Z by
P(t"go) == n, Y(t "go) := —n respectively. Then (X, )nen, is recurrent if and
only if (’L/J(Xn))n N, is recurrent. But (w(Xn)) is just a delayed simple ran-
dom walk on Z, which is obviously recurrent.

If we assume p # % but A = B = G, then we get transience of (X, )nen,-

Assume now that A C Gy, that is |X|,|Y| > 2. Then G is non-amenable,
which yields together with Woess (2000, Cor.12.5) that the spectral radius given
by limsup,,_, p(”)(e, e)l/" is strictly smaller than 1, that is, the random walk on
G is transient. O

n€Ny

Consider the Cayley graph of G w.r.t. the generating set So U {t,t~1}, which
induces a natural metric d(-,-). We have:

Lemma 2.5. For nearest neighbour random walks on G, the rate of escape w.r.t.
the natural graph metric
d(e, X
5= lim d(e, Xn)

n—oo n

exists. Moreover, we have s > 0 if and only if (X, )nen, @S transient.

Proof: Existence is well-known due to Kingman’s subadditive ergodic theorem, see
Kingman (1968). Obviously, s > 0 implies transience. Vice versa, by Lemma 2.4,
transience is equivalent to A C Gy or Gg = A = B with p # % If AC Gy then G
is non-amenable and we obtain a spectral radius strictly smaller than 1, see Woess
(2000, Cor. 12.5). This yields s > 0; see Woess (2000, Thm. 8.14). If Gy = A= B
and p # % then we can project the random walk onto Z (see proof of Lemma 2.4),
which gives s = (1 — a)|2p — 1| > 0. O

If Gy is finite and supp(ug) = Go, then one can regard (X, )nen, as a random
walk on a regular language over a finite alphabet, for which existence and analyticity
of lim,, o || Xnl||/n follows from the formulas in Gilch (2008). If G is hyperbolic
then analyticity of s and the asymptotic entropy follows from the work of Gouézel
(2017). Note that, in general, HNN extensions need not to be hyperbolic.

Since we are interested in transient random walks, we exclude from now on the

case that both A= B =Gy and p = % hold.

2.3. Generalised Length Functions on G. Let £ : Go U {t,t71} — [0,00) be a func-
tion, which plays the role of a generalised length or weight function for each letter.
For g = git191t2 . . . gntngn+1 in normal form as in (2.1), we extend ¢ to a “length
function” on G via

Ugitignta . gutugarn) = D (Low) +U(t) ) + Ugatn):
1

n
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Note that the natural word length is obtained by setting ¢(-) = 1. If there is a
non-negative constant number A, such that

)\g = lim LXH)

n—oo n

almost surely,

then A, is called the rate of escape (or drift or asymptotic word length) w.r.t. the
length function £. One aim of this paper is to show existence of this limit in the
transient case under the following growth assumption on ¢, which will be needed as
an integrability condition later. We say that ¢ is of polynomial growth if there are
some x € N and C' > 0 such that £(gg) < C - |go|” for all gy € Gy, where

lgo] = min{m eN|3sy,...,8m €Go:9g=251...5m}
= min{m € Ny | p"™ (e, g) > 0}.

Remark 2.6. While existence of the rate of escape w.r.t. the natural graph metric
given by the almost sure constant limit s = lim,,_, d(e, X,,)/n is well-known due to
Kingman’s subadditive ergodic theorem, existence of A\, is not given a-priori for ar-
bitrary length functions ¢: e.g., if g1, go, g3 € Go with g3 = g7 *g2, £(g91) = £(g3) = 1
and £(g2) = 3, then
U(gr) + g7 ' g2) < (g2);

that is, subadditivity does not necessarily hold, and therefore Kingman’s subaddi-
tive ergodic theorem is not applicable.

As an application of generalized length functions we can construct an upper
bound for the asymptotic entropy, see Corollary 5.8. We note that, in general,
the natural graph metric can not be expressed via length functions. We refer to
Remark 5.9 for further discussion on the obstacles when studying rate of escape
w.r.t. the natural graph metric s.

2.4. Main Results. We summarize the main results of this article. The first main
result shows existence of the rate of escape w.r.t. length functions ¢ of polynomial
growth. As we will see in Section 4, the prefixes of X,, of increasing length stabilize
(that is, the prefixes of increasing length are not changed any more after some finite
time). We denote by e;, ey respectively, the random time from which on the first
two letters of X,,, the first four letters of X,, respectively, stabilize. The involved
expectations (denoted by E.[]) in the following theorem are taken w.r.t. some
invariant probability distribution , see (5.1) in Section 5 for more details.

Theorem 2.7. Let (X,)nen, be a transient random walk on G governed by p as
defined in (2.2), and let £ be a length function of polynomial growth. Then there
erists a positive constant \p such that

Z(Xn) Eﬂ' [E([Xezb _Z([Xe1])]

= 1' = . 2.
Ae = E.les —o1] >0 almost surely (2.3)

In particular, the formula holds also for the rate of escape w.r.t. the natural
word length (that is, if £(go) = £(t*') = 1 for all go € Gy). We remark that
Haissinsky et al. (2018) derived a similar formula for random walks on hyperbolic
surface groups. The proof of this theorem is given in Section 5, where the main
steps are as follows: we construct a positive-recurrent Markov chain which is derived
from the random times when new pairs of letters in the prefix of X,, stabilize, see
Proposition 5.1. This Markov chain traces the random walk’s path to infinity. The
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crucial point here is that these random times are no stopping times which destroys
the Markov property of (X, )nen, when conditioning on these random times. Having
shown some necessary integrability property in Lemma 5.3, we are able to derive a
formula for the rate of escape w.r.t. the natural word length (see Proposition 5.4
and Corollary 5.5), from which we can finally deduce existence of Ay in Theorem 5.6
and the formula in Theorem 2.7. Let me remark that the theorem generalizes the
result of Gilch (2008) for infinite Gy.

The next main result is a central limit theorem for the word length w.r.t. £. For
this purpose, we use the Markov chain introduced in Proposition 5.1 for the defi-
nition of regeneration times (7}, )nen, (defined in (6.1)), which are special random
times (no stopping times!) at which the random walk (X, )nen, stabilizes further
letters in its prefix in a specific way.

Theorem 2.8. Let (X,)nen, be a transient random walk on G governed by p as
defined in (2.2), and let ¢ be a length function of polynomial growth. Then the rate
of escape w.r.t. { satisfies

M) =X v 42
\/ﬁ ) )

where ? = E[(((X7,) — {(Xr,) = (T1 - TO))\Z)Q]
E[Tl — TO] :

The proof is given in Section 6. The idea of the proof is to cut the trajectory
of (X,)nen, into 1.i.d. subsequences. Lemmas 6.1 and 6.2 show that the time
increments between two consecutive regeneration times have exponential moments.
From this follows then the proposed central limit theorem.

The third main result demonstrates that A\, varies real-analytically in terms of
probability measures of constant support. Let So = {s1,...,8q4} generate Gy as a
semigroup and denote by

d
Po(So) = {(pla--~7pd)‘Vi€ {1,...,d} : p; >07ij = 1}
j=1

the set of all probability measures pp on Sp, where pg(s;) = p; for i € {1,...,d}.
Hence, we may regard Ay as a mapping (uo, o, p) — Ae(po, i, p).

Theorem 2.9. Let Sy C Gq be finite and generating Go as a semi-group, and
consider transient random walks on G governed by probability measures of the form
pw=oap+(1—a) (pét +(1- p)éffl) with supp(po) = So. Furthermore, let £ be a
length function of at most polynomial growth. Then the mapping

Ao i Po(So) x (0,1) x (0,1) = R : = (o, @, p) — Ae(po, a, p)
is real-analytic.

For the proof of the theorem in Section 7 we will use the formula for A\, given in
(6.3). We show in Lemmas 7.2 and 7.3 that both nominator and denominator can
be rewritten as multivariate power series in terms of pg, a, p with sufficiently large
radii of convergence. In the same way we obtain our last main result:
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Theorem 2.10. The asymptotic variance o2 from Theorem 2.8 varies real-analyti-
cally when considered as a multivariate power series, that is, the mapping

(/’LOa Oé,p) = 02 = 0-2(/’&0’ Oé,p)

varies real-analytically.

Concerning the rate of escape s w.r.t. the natural graph metric, we obtain a
special case if A = B is normal in Gg:

Corollary 2.11. Assume that A = B < Gy and ¢ = ida. Then Theorems 2.8,
2.9 and 2.10 hold also, if £(g) = d(e,g), g € G, is the distance of g to e w.r.t. the
natural graph metric in the Cayley graph of G.

Proof: Tt is easy to show that G/A is isomorphic to the free product (Go/A)*Z. In
this case one can project the random walk (X, )nen, onto G/A, for which a formula
for the rate of escape w.r.t. the natural graph metric is given in Gilch (2007). If
f : Gy — N describes the distance of the elements of Gg to eg in Gy w.r.t. the
natural graph metric and if we set £(t*!) := 1, then the extension of £(:) to G
describes the distance of any g € G to e w.r.t. the natural graph metric in the

associated Cayley graph of G. O

3. Generating Functions

In this section we introduce several important probability generating functions,
which are power series with some probabilities of interest as coefficients. These
generating functions will play a technical key role in our proofs.

For z,y € G and z € C, the Green function is defined as

G(x,ylz) ==Y p!" (x,y) 2"
n>0
For any M C Gg, we write tM := {tm | m € M} and t ' M := {t"'m | m € M}.
For a € A, b € B, define the generating functions w.r.t. the first visit of Gy when
starting at tb, or at t~'a respectively,

n(tblz) = Y Pu[X, € Go,Xno1 €tBYme{1,...,n—2}: X, ¢ Go)2",
n>1
—1 _ Xn € GO;Xn—l € t_1A7 n
n(t—"alz) = ;Pt”a { vme{l,....n—2}: X, ¢Go |° -

Furthermore, we define

§(tblz) = 1—n(tblz),
&t talz) = 1—n(t tal2).
In particular, we have
E(tb) = E(th]1) =Pu[Vn eN: X, ¢ Go] =Py[Vn e N: X, ¢ A],
€t ta) = f(tla|ll) =P, [VneN: X, ¢ Gyl =P, 1,Vn €N: X, ¢ B].

Observe that all paths from tb to Gy have to pass through A: in order to walk
from any tg, where g € Gy, to go € G one has to eliminate the t-letter, which is
only possible if g € B; in this case

tgt™ ' =t (g) = ¢ ' (9) € A
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Analogously, each path from ¢t~'a to G has to pass through B.
Lemma 3.1. Assume A, B C Go. Then we have for alla € A and b € B:
£(th) >0 and &(t7'a) > 0.

Proof: Since the random walk (X,)nen, on G is assumed to be transient and A
and B are finite, we have

P[A is visited infinitely often] = P[B is visited infinitely often] = 0. (3.1)

Assume now for a moment that £(tb) = 0 and £(t71a) = 0 for all @ € A,b € B.
This implies that n(tb|1) = n(t~ta|l) =1 for all a € A and b € B. Hence, for all
re X,y €Y, we have

Pow[3n € N: X, € Go] = n(th) =1 =n(t 'a) = Py-1,[3n € N: X,, € Gol;

that is, every time when the random leaves Gy to some point ztb or yt~la, it
returns almost surely to Gy. This gives together with vertex-transitivity of the
random walk:

P[Gy is visited infinitely often] = P;[tG) is visited infinitely often] = 1.
This in turn yields that

P[tG is visited infinitely often] > P[X; =t,1G is visited infinitely often]

= (1—a)-p-PtGy is visited inf. often] > 0.
Therefore, the event that both G and tG( are visited infinitely often has positive
probability. Since every path from tGy to Gg has to pass through A, the event
that A is visited infinitely often has also positive probability, which now gives a

contradiction to the transience behaviour in (3.1).
Assume now that £(tbg) > 0 for some by € B and let be b € B. Then, due to

irreducibility of po there is some ng € N with pg"())(b, bo) = u(()"‘))(b_lbo) > 0. This
yields:

g(tb) > ]P)tb[le - ,Xn0,1 S tGo,Xno = tbo,Vn >1:X, ¢ Go}
> a0py" (b, bo)é(tho) > 0.

Choose now any = € X \ {eg} (observe that A C Gq implies | X| > 2) and let be
a € A. Then there is some ny € N with pém)(a,xga’l(bo)) > 0. We bound &£(t1a)
by paths which start at t~'a, go directly to t 'z, then to t 'zt without any further
modification of the first three letters afterwards:

§(t*1a) S P, X1, Xn —16t7 G0, X =t T2 (bo),
- ™ a Xn1+1=t71$9971(bo)t7V7LZ7l1+1:Xn,¢t71Go

> a"lpénl)(a,xgo_l(bo)) (1 —a)-p-&(thy) > 0.
Here, recall that ¢ ~!(b)t = tby. This finishes the proof. O

An analogous statement is obtained in the remaining case for transient random
walks.

Lemma 3.2. Consider the case A = B = Gy and p # % Let be a,b € Go. Then
£(tb) > 0 and £(t7ta) =0, if p> 5, and £(tb) =0 and £(t7a) > 0, if p < .
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Proof: In the case p > 1 the stochastic process (1b(Xn))n€N0

Lemma 2.4 tends to 400 almost surely, yielding £(tb) > 0 and £(t71a) = 0 for all
a,b € Gy = A= B. The case p < % follows by symmetry. O

from the proof of

The following property will be essential in the proofs of the upcoming sections.

Lemma 3.3. The common radius of convergence R of G(¢1,91|2), g1,92 € G, is
strictly bigger than 1. Moreover, the generating functions n(:|z) and £(+|z) have also
radii of convergence of at least R.

Proof: First, we remark that all Green functions must have the same radius of con-
vergence R due to irreducibility of the underlying random walk. Since we consider
only transient random walks, Lemma 2.4 implies that either A, B C Gy or p # %
must hold.

If A, B C Gy then G is non-amenable, implying that the spectral radius satisfies
o= limsup, . p™(e,e)'/"™ < 1; see, e.g., Woess (2000, Cor. 12.5). This in turn
implies R = o~ % > 1.

The proof of the fact that G(e,e|z) has also in the case p # 1 a radius of
convergence strictly bigger than 1 is outsourced to Lemma A.1 in the Appendix.

It remains to consider 7n(-|z) and &(-|z). For b € B, choose n, € N with
ué"b)(gpfl(b)) > 0, which is possible due to irreducibilty of pg. Then for real
z >0

X, =p 1 (b),Yme{1,...,np—1} X,,, EGo n

gGeaz > Z]P’{”b AN ez
- ( ’ ‘ ) - K ) Xny+1=¢ 1(b)t,Xn€Go

a€ nzny+

= ™" (7 B) (1= @) pe 2 n(Eh]2),
where the right hand sides describes all paths, where one walks in n; steps inside
Gy to ¢~ 1(b), then walks to ¢~ !(b)t = tb and returns afterwards to the set A. The
above inequality implies that 7(tb|z) has also radius of convergence of at least R

for all b € B; analogously for n(t~lalz). The same holds for £(tb|z) and &(tLalz)
by definition. ([

In the proofs later the following lemma will be a convenient tool:
Lemma 3.4. The generating function
K@= 3 Glegl) = S S p™ (e g0)2"
go€Go go€Go n>0

has radius of convergence strictly bigger than 1. In particular, K(z) is arbitrarily
often differentiable at z = 1.

Proof: For n € N, define
(o =P[X, € Go,Vm e {1,...,n—1}: X, ¢ Go,

the probability of starting in e and returning to G at time n without making any
steps within Gy until time n. Recall that this implies X,, € AU B. Set

Go(2):=) Gu-z", z€C.
n>0

We decompose every path from e = eg to any go € Gy by the number m of steps
performed w.r.t. po: set s(0) := 0 and define

s(k) :==inf{n >s(k —1) | X—1,X,, € Go} for k > 1.
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In other words, at times s; the random walk makes a step within Gy. For all n € N,
we can write

S e g = Zp ) <nys(m+1) >n, X, = go)

9go€Go go€Go m=0

n
S(l) = tl, cee ,s(m) = tma
. |
' 90%(:;0 ’rnZ::l t1 ...zt:GN: S(m + 1) > TL,Xn =9
<ty S <n

= (ot Z Z (Ctl—l : 04) : (C(tzftl)fl : 04) SRR (C(tmftm,l)fl ~a).

m=1 t1y..stm €N:
t1<t2< <t <n

This allows us to rewrite K(z) for z € C in the interior of the domain of convergence:
Z ZP e,90)2" = Go(z) - Z(QO(Z)'Q'Z)m
go€Go n>0 m>0

Observe that, for real z > 0, we have

=Y (2" <Y PX,€ AUBJZ"= > Glehl2)

n>0 n>0 he AUB

Since AUB is finite and the generating functions G(e, h|z), h € AUB, have common
radius of convergence strictly bigger than 1 due to Lemma 3.3, Gy(z) has also radius
of convergence strictly bigger than 1.

Consider now

q(z) :=Go(2) - z.
Observe that starting at eg (or equivalently due to transitivity, starting at any

go € Gp) the probability of returning to G followed directly by a step performed
w.r.t to o is given by ¢(1), that is,

P[s(1) < oo] =P[Fm € No : X, X1 € Go| = q(1).

Since Go(1) = P[3n € N: X, € Gy we have ¢(1) = Go(1) - @ < & < 1. Moreover,
q(2) has radius of convergence R(q) > 1. Since ¢(z) as a power series is continuous,
we can choose p € (1, R(q)) with g(p) < 1. Then:

Go(p)
K(p) =G . q(p)" = ——— < 0.
(p) = Golp) nELzo ()™ = 1= ()
Hence, K(z) has radius of convergence of at least p > 1. g

4. Boundary of the Random Walk

In this section we describe a natural boundary of the random walk on G. Define

B:= {gltlggtg N

91,92, €EXUY, t1,ta,-€{t,t71}, —1\N
ti_t:ﬂ]iEX,ti_tI?Qieyygi_eoﬁtiﬂﬁée} c (X Uy u {t’t }) ’
the set of infinite words in normal form. Woess (1989) showed that an irreducible
random walk with finite range on an HNN extension with A C G converges to
a random infinite word in B. Nonetheless, we give a precise mathematical related
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statement and a general proof (which covers also the case A = Gy) of this conver-
gence towards B, because the proofs are short and help the reader to get a better
understanding of the structure of HNN extensions.

The t-length of a word g = gi1t1gats ... gntngn+1 in normal form in the sense of
(2.1) is defined as

lglt := n. (4.1)
We make the first observation that each copy of Gy is visited finitely often only:

Lemma 4.1. Let be g1ty ... gitr € Go in normal form. Then the set g1ty ... grtrGo
is visited finitely often almost surely.

Proof: First, we consider the case A, B C Gy. Let be ni,no,... € N the instants
of time at which the random walk (X,,)nen, visits the set g1t; ... grtrGo. Suppose
that the random walk is at g = g1t7 . . .gktkg,(jll, g,(igl € G, at some time ;. Then
the probability of walking from g to gt; with no further revisit of git1 ... grtxGo is

at least
1 - * i 1 - - i
( a) mln{p, p} hmem §(tkh) > 0,

where H = Aift, =t !, and H = B if t;, = t; here, we used Lemma 3.1. Therefore,
a geometric distribution argument shows that there are almost surely only finitely
many indices m € N with X,,, € g1t1 ... grtxGo. This proves the claim in the case
A, B C Gy.

In the case A = B = Gy and p # % the claim follows directly from transience
of the projections (@/}(Xn))neNo in the proof of Lemma 2.4 and finiteness of A
and B. 0

The last lemma motivates the definition of the exit times ey, k € N, as
e = min{m eNg|Vn>m:|X,|t > k}

Let be goo = g1t1gots ... € B and denote by X, A go, the common prefix of X,, and
Joo, that is, if X, = g1t g5t5 ... git}.g), 1, then

Xn A goo = g1t1 ... git1,

where | = max{i € N | git1...g:it; = g1t} ... git;}. We say that a realisation
(w0, 21,...) € GNo of (X,,)nen, converges to goo if limy, o0 |Tn A goo| = 00. Now we
are able to show that B is a natural boundary of the random walk towards which
(X )nen, converges.

Proposition 4.2. For all k € N, e, < oo almost surely. Moreover, the random
walk (Xp)nen, converges almost surely to some B-valued random variable X .

Proof: Tt is sufficient to prove that, for all m € N, there is some index N,, such
that we have |X,,|; > m for all n > N,,. We prove this claim by induction. By
Lemma 4.1, the set Gy is almost surely visited finitely often, that is, there is some
minimal, almost surely finite random time e; such that |X,|; > 1 for alln > e;. In
particular, the first two letters of X,, are stabilized and will not change for n > e;.

Assume now that there is some finite random time e,,, such that |X,|; > m for all
n > e,,. This implies that the prefix of X, of t-length m is constant, that is, there
is some word g = ¢1t1 ... gmtm such that X, starts with g for all n > e,,. Once
again by Lemma 4.1, the set gG¢ is almost surely visited finitely often only, that is,
there is some almost surely finite random time e,,11 € N such that | X,|; > m +1
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for all n > e,, 1. But this means that there are g,,.1 € X UY, t,,11 € {t,t7 !}
such that X,, starts with gg.m+1tm+1 for all n > e,,11. This finishes the proof. [

In Woess (1989) it is shown that (B,v) is a model for the Poisson boundary,
where v is the hitting probability of B, that is, for measureable B C B, v(B) is the
probability that (X, )nen, converges to some element in B.

5. Existence of the Rate of Escape w.r.t. /

In this section we derive existence of the rate of escape w.r.t. the length function
¢ by introducing a new Markov chain which tracks the random walk’s way towards
the boundary B; compare with Gilch (2007, 2008, 2011).

Recall the definition of the exit times ey, k € N, from the last section. By
Proposition 4.2, e, < oo almost surely for all k& € N. The increments are defined
as

ik =€ —€er_1.
Furthermore, if Xo, = g1t1 ... grtxh, where h € B, if t;, =t,and h € A, if tj, = t 7,
then we set

Wk = gktkh.
Set
D = {gth|ge X,he B}U{gt 'h|gecY,hc A},
. / ) Xe, = git1ha,
D = {(gth,n)erN HgltlhleD.]P’ Xe2:gltlgt’h,i2:n >0,.

Since the events [Xe, = n|, n € N, depend on the future after ey, the exit times are
no stopping times. Hence, conditioning the random walk (X,,)nen, on exit times
destroys the Markov property. However, we make the following crucial observation:

Proposition 5.1. (W, ig)ken is an irreducible, aperiodic Markov chain on D with
transition probabilities

P[Wyy1 = watoho,ipyr =n | Wy = witihy, iy = m]

{§(t2h2) Py Xn=tiwataha,|Xn_1]t=1, if tiwots 7& e
1h1 )

f(tlhl) VTL’<’IL:‘Xn/‘t21 ?
0, otherwise,

where (wltlhl,m), (1U2t2h2,’/l) c D.

Proof: Let be (wit1h1,n1), ..., (Wkt1tktr1he+1,ne+1) € D such that this sequence
satisfies P[Vj € {1,...,k} : W; = w;t;h;,i; = n;] > 0. In particular, the words
wity ... wstjhy, j < k+1, are in normal form in the sense of (2.1) Then:

P[W; = witihy, it = nq, ..., Wi = wilphy, i = ng

) Xey=witi1h1,i1=n1,Xe,=witiwatahz,iz=na,
- ..‘7Xek:wltl‘..wktkhk,lk:nk

_p [ vie{l,....k}Vme{0,...,n;}: }

[Xng4gmy g tm e 2 =L X 4ogon —1 == 1, X0 4ogony =wits . wjtih;

Pt ewntihi [V 2 11 | Xy foogonggn|t = K]

_ Vi€{1,....k}¥me{0,...,n;}:
- IP_\an+---+nj,1+m\th—17|Xn1+---+nj—1It:j—17Xn1+---+nj:w1t1-~~w.7‘t.7‘h.7‘ ~E(twh)-
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The last equation is due to transitivity (group invariance) of our random walk
(Xn)nen,- Analogously,

P[Wl = wltlhl, 11 =nN1,... ,Wk+1 = wk+1tk+1hk+1, 141 = nk+1]
- P Xey=witi1hi,i1=n1,Xe, =witiwatoho,iz=na2,...,
- Keppr=w1t1 - Wrprtkprhpt1,ikp1=ng41

P ‘ Vje{l,...,k}VmE{O,.‘..,nj}:
- |Xn1+m+nj,1+m|t2j*1,\Xn1+m+nj71\t:J*LanJr»-»Jrnj =wity.. wjitjh;
Vme{01~'-vnk¢+1}:|Xn1+---+nk+m|t2ka|Xn1+---+nk+1—l|t:k7:|

-P
wity... wrtphg Xy toofngyy =Wt Weprtep1hegr

'Pw1t1-~wk+1tk+1hk+1 [Vn > 1: |X7L1+"'+"k+1+n|t > k + 1]

P . Vje{l,.A.,k}VmE{O,.'..,nj}:
- [Xng 4oty g tm e 2 =L Xn g ogny —1 e =0 =1, X 4ogony =wats . wjt by
VmeE{0,...,npt1}:| Xny 4o opmy 4m e 2k,
wrtrhi

[Xnyttngyr —1le=F, ] “E(trr1hrg)-

']Pwltl...
nydodng g =Wt Wepitepi bk

Hence, transitivity of the random walk yields yields once again:

Wl_wltlhl,il_nl,...,:|

P |:Wk+1 = W1kt 1 et 1, 1ot 1 = Mkt 1 | W ot b —rr

_ 5(tk+1hk+1)Pt . Xopyr = kW1t by, [ Xng -1l = 1, .
f(tkhk) kltk Vn < Nktq : |Xn|t > 1

From the formula above follows that supp(Wyg,ix) = D for k > 2: indeed, for any

(g1t1h1,m1) € D, there exists some gotohg € D with go # eg such that

P[Xe, = gotoho, Xe, = gotogitihi,iz = ni] >0,
yielding
Xoy =t0, Xey =13, .., Xep_, = th 2,

? €er—2

P _ _ .
Xe,_, = tE 2 gotoho, Xe, =t 2gotogitihy, iz = my

} -0,
that is, (git1h n1) € supp(Wy, ix).

For irreducibility and aperiodicity, it suffices to show that any (g1t1h1,n1) € D
can be reached from any other (gotoho,n0) € D in two steps. First, we con-
side{ the case t; = t. Let be git1h1 = xtb with x € X and b € B and choose
gofoho,glflhl € D with g1 # ey such that

P[Xe, = Gotoho, Xe, = Jologotoho,iz =no] > 0 and
]P)[Xel = §711?1h1,Xe2 = glill‘tb, i2 = Tll] > 0,
compare with definition of D and recall transitivity of the random walk. Take any
m € N such that Mém)(hglglga‘;(ﬁl)) > 0, where § := 1, if t; = ¢!, and 6 := —1, if
t; = t; then for all k > 2:
Xel - 507Xe2 = %7 A 7Xek_2 - {106727

Xey_, =ty *Gotoho, Xe, =t >gotogotoho, i, = no,
Xepiy = 2 g0togotogatihe, iks1 = m + 1,
Kepyn = 82 gotogotogatrth, igre = n1
Hence, we have proven that each element of D can be reached in two steps from
any other state if t; = t. The case t; = t~! is shown analogously. This finishes the
proof. O

P > 0.
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Observe that, for all (wit1h1, m), (wateha,n) € D, the transition probabilities of
(Wg, ik )ken in Lemma 5.1

q((wit1hy,m), (watahe,n))
— ]P)[Wk—l-l = U)thhg, ik+1 =N | Wk = wltlhl, ik = m], if tlwth # (&
' 0, otherwise

depend only on t1hy, watahs and n, but not on wy and m. If Wy = wgtihy then
set

hk = tkhk

and define
Dy :={th|h€ B}U{t 'h|h e A}.

Note that hy can take only finitely many different values. It is easy to see that
(hg)gen forms an irreducible Markov chain on Dy with transition probabilities

Z q((eothl,m), (xthg,n)), ift; =ty =1t,
reX,neN

> ql(eothy,m), (yt 'ha,n)), it =t =t,
yeY\{eo},neN

Z q((eot71h1, m), (ytilhg,n)), if t1 =12 = t_l,
yeY,neN

> q((eot hi,m), (wtha,n)), ifty =ty =171,
z€X\{eo},neEN

qu(tihi, ta2ho) =

where the quantities on the left do not depend on m as long as (egt1h1, m) € D. Due
to the finite state space of (hy)ken, this process is positive recurrent and possesses
an invariant probability measure vy,. For (wit1hy,n) € D, set

W(wltlhl,n) = Z I/h(toho)q((eotoho,m), (wltlhl,n)). (51)
toho€Do

Lemma 5.2. 7 is an invariant probability measure of (W, ix)ken. In particular,
(Wi, ik)ken is a positive recurrent Markov chain on D.

Proof: Let be (wit1h1,n) € D. Then:

Z m(wotoho, m)q((wotoho, m), (wit1hy,n))

(woto ho ,m)eD

= Z Z l/h(t/h/)q((t/h/, m/), (’wotoho, m))q((thoho, m), (w1t1 hl, ’I’L))

(u)[] toho ,m)G]D) t’h’ €Dy
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- Z Z vn(t'h') Z q((eot’n',m"), (wtho,m)) q((xtho, m), (wit1hy,n))

ho€B t'h/ €Dy zEX,
meN :q((egthg,mo),(wltlhl,n))
=gn(t'h’,tho)
=vn(tho)
+ Z Z vn(t'h) Z q((eot’h',m), (yt ™ ho,m)) q((yt~ " ho, m), (wit1hy,n))
ho€A t'h'€Dg yeyY,
meN =q((eotflho,mo),(wltlhl,n))
=qn(t'h’,t~ho)
—on(t-ho)
= Z l/h(t()h())q<(€0t()ho, m), (wltlhl, ’I’L)) = 7T(w1t1h1, n)
toho€Do

Above we have chosen m € N such that (egt*'hg,m) € D; the exact value of m,
however, does not play any role. O

Now we can prove:
Lemma 5.3. For all s € N,
A= Z m® - w(witihy, m) < co.
(wit1h1,m)ED
Proof: We prove finiteness only in the case s = 1. Set H(t) := A and H(t™!) := B.

Rewriting the above sum yields:

Z m - w(wityhy,m)

(wltlhl,m)E]D)

Z Z Vh(toho) . q((eotoho, mo), (wltlhl, m)) -m

(wltlhl,m)GD toho €Dy

= Z Vh(toh()) Z q((eotoho, mo), (wltlhl, m)) -m

toho€Do (wltlhl,m)G]D)
§(thhy) Ym<n: X @H(to),Xm—1€toGo,
= Z vn(toho) Z m- f(toho)PtOho [ = Xff:t(o‘;)ltlhl reeme
toho€Do (wit1hi,m)€eD:
towltﬁée
maXxg, b, eD tih
< Z Vh(toho) Z m - t f(j f‘:i( ! 1) Ptuho [Xm_1 S toGo]
toho€Do meN om0 =P[X,,—1€Go]
t1h
< Z l/h(toho)maxnz_l(iph(j é)-( 1 1) Z m - ]P}[mel e GO]
toho€Do 070 m>1
maxy, n,ep, §(t1h1) 0
< Z vn(toho) 1t [z K(2)] < 00,
tohoeDo f(toho) 0z z=1
due to Lemma 3.4. In the case s > 1, the reasoning is analogously, where we use
the fact that IC(z) is arbitrarily often differentiable at z = 1. O

We set A := A;. The last lemma leads to our first results, where we follow a
reasoning, which was similarly used also, e.g., in Nagnibeda and Woess (2002) and
Gilch (2007, 2008, 2011).
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Proposition 5.4. The rate of escape w.r.t. the t-length exists and satisfies

X 1
lim [Xnle = —  almost surely.
n—oo n A

Proof: First, observe that the ergodic theorem for positiv recurrent Markov chains
together with Lemma 5.3 yields

k
1 oo
— =% E i 20 A almost surely.

Define k(n) := max{k € N | e, < n}. Then we obtain almost surely:

1< n < €k(n)+1 _ €x(n)+1 k(n)+1 n— 00 1,

T exm)  exn) k(n) +1 exm)

hence

. €k(n
lim (n)
n—oo N

= 1 almost surely.
This yields:

€k(n) n—oo

Xl — el _n=enn |

0< <
n n n

0 almost surely.

Finally, we obtain:

Xn Xn - Xe Xe k n) mn—oo 1
‘ |t _ ‘ |t | k(n) ‘t + | k(n) |t (Tl) ek( ) - - almost Surely. (52)
n n k(n) exm)_n A
—_——— ——
—0 -1 A1 —1

O

Corollary 5.5. The rate of escape w.r.t. the normal form word length exists and
satisfies
[ Xnl _ 2
lim —— = —.

Proof: This is an immediate consequence of Proposition 5.4 together with the fact
that

2lgl =1 < lgll <2|gls +1 forallgeG.

We remark that existence follows also from Kingman’s subadditive ergodic theorem.
O

Now we extend Proposition 5.4 to existence of the rate of escape w.r.t. ar-
bitrary length functions ¢ of polynomial growth. For (wotoho,m) € D, define

Z(wotoho, ) = E ’LUoto and set

A= /Ed’fr = [(U}Oto) . W(w(]t()h(), n) < 00,

(uJofUhg,m)E]D)
where finiteness follows from Lemma 5.3. We obtain:
Theorem 5.6. Let £ % 0 be a length function on GoU{t,t=1} which is of polynomial

growth. Then the rate of escape w.r.t. { exists and is given by the almost sure
positive constant number

/\g = lim =
n— o0 n

(X, A
A
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Proof: We can write Xe, () = g1t1 - - - Gi(n)li(n)Ji(n)+1 i1 normal form as in (2.1).
Observe that g{‘(n) 41 € AU B. Then the ergodic theorem for positive recurrent

Markov chain yields

lim

noo k(n) i k ) —— A almost surely.

E(Xek(n)) W n—00
(o) _ 1y LS

=1

By assumption on £, there are C > 0 and x € N such that E(go) < C - |gol for

all g € Go. By Lemma 5.3, we have A, = lim,,_,o0 + 5 Z < oo almost surely.

J= 1 J
Setting M := max{/(t), £(t~1)} we get almost surely:

€<X7l) _E(Xek(n)> < C- (n_ek(n)) + M - (n_ek(n))
< m < -
C- (exn)+1 — exm)" + M - (exn)+1 — €xmn))

n

_ C ’ iﬁ(n)le + M- ik(")+1 n—o00 0
" .

The rest follows as in (5.2). Observe that A > 0 if £ # 0. O

We are now able to prove Theorem 2.7, where we derive an alternative formula
for the drift A, which will be useful in Section 7.

Proof of Theorem 2.7: Existence of Ay was already shown in Theorem 5.6.
Recall that, for g = ¢g1t1 ... gktrgr+1 in normal form, we write [g] := g1t1 - .. grts.
We set E, [E([Xez]) — K([Xelm as

Z m(z) - q(z,y) - (((witiwats) — ((wity))

w:(wltlhl,ml),
y=(wataha,ma)€ED

= Z 7T(1U2t2h27 TTLQ) . é(’wgtg)
(wataha,ma)€ED
and

Erle; —ei] := Z m(wit1hy, my) - q((witihy, my), (watahe,m2)) - mao

(wltlhl,ml),
(wataha,ma)ED

== Z W(wgtghg,mg) +Mmo.

(w2t2 ho ,mz)eD

That is, we take the expectations w.r.t. the invariant measure of the positive recur-
rent Markov chain ((Wy, i), (Wk+1’ik+1))keN' Finiteness of both expectations
follows from Lemma 5.3 together with at most polynomial growth of £.

By the ergodic theorem for positive recurrent Markov chains, we obtain

k(n)
ﬁ Z (U([Xe.]) = €[ Xe, 1)) == Ex [€([Xe,)) — €([Xe,])] almost surely.

Furthermore, we observe that
k(n) k(n)
Z e —ej_1 Z ij “7% R, [is] = Ex[ez — e1] almost surely.
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Hence,
e n n oo
kk((n)) —%% E,[es — e1] = A almost surely.
Since
n — €k(n €k (n — €k(n) n—ooo
0< k(:)( ) < Ok )Ll(n) k(n) n=° ) almost surely,
we get
N N—€kmn) | ©k(n) n—oo E,[es — e1] almost surely.

k(n)  k(n) k(n)
From the proof of Theorem 5.6 follows now the claim:

k(n)
o= et = KOS ) (X))

Ex[(([Xe,]) = ([ Xe,])]
Eﬂ-[eg — el]

almost surely.

O

Remark 5.7. The required condition of a length function ¢ of at most polynomial
growth can be relaxed to the condition that

Z maX{E(woto),n} - m(wotoho, o) < 00.
(wotoho,no)€ED
However, this condition is in general hard to prove, because it needs good knowledge
of m. Nonetheless, we may allow word length functions of the following form: let
be o € (1,R(K)), where R(K) is the radius of convergence of K(z); assume that
¢ satisfies £(go) < C - o9l for all go € Go. Then one can show analogously to
Lemma 5.3 that
Z 7T(’U}0t0h,0, 77,0) . [(’Ujoto) < 0.

(wotoho,no)€ED
Once again, R(K) is hard to determine, so we restricted the proofs to a general
class of meaningful length functions.

As an application we derive an upper bound for the random walk’s entropy,

which is given by the non-negative constant i such that
h = lim —llogwn(Xn) almost surely,
n—oo N

where 7, is the distribution of X,,. Again, existence of the entropy is well-known
due to Kingman’s subadditive ergodic theorem.

For g € G, define F(e,g) :=P[3n € N: X,, = g]. We choose now the Greenian
distance as length function, that is,

(g) :=La(g) == —log F(e,g) for ge GoU{t,t™'};
compare with Blachére et al. (2008). If the minimal single step transition probability
is given by e¢ := min{p(e,g) | g € G,p(e,g) > 0}, then

tc(g) = —log F(e,g) < —logel!! = —|g|log o,

that is, ¢ is of polynomial growth, and therefore A\, exists due to Theorem 2.7.
Moreover, we get a simple upper bound for the entropy:

Corollary 5.8. A\, > h.
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Proof: By Benjamini and Peres (1994), the asymptotic entropy can be rewritten
as

. 1
hZHILH;O_EIOgG(e’X"H)' (5.3)
For m,ne N, m <n, x1,...,T,,x € Gy, we have

P[Xn:x}2P[3k1<k2<...<km<n:Xk1:mh...,ka:xm,Xn:x}.

By conditioning on the first visits to x1, ..., Z;,,x we obtain due to vertex transi-
tivity:
G(e,x) > Fl(e,x1)  F(x1,22) ... F(zm,x) (5.4)
= Fle,x1) - F(e,ay wa) ... F(e,x, ).

If Xe, , = git1...9i—1ti—1hi—1 and X, = g1t1...¢it;h; are in normal form, then
X! Xe, = hi i gitihi = bt gipd (hi)t;, where 6 = 1, if t; = t~', and § = —1, if
t; = t. Therefore, setting Xe, := e, we may apply the inequality (5.4) twice, which
yields

€;—1 €;—1

n n
Gle, Xe,) = [[ Fle. X5 Xe,) = [[ Fle, X3! Xeit; ) F (e, ts).
=1 =1

We obtain the proposed upper bound for A as follows:

1 1 -
= lim —— < lim —— | | X,
h nlggo o log G(e, Xe,) < nlg{.lo . log [l F(e, X~ Xe,)
R 1
< — E . 1. ,
< nlgréo on 2 log[F(e, Xe, , Xet; ') Fle,t;)]
= lim if (be(Xe, , Xeit; ') + La(t;)) = lim Ly (Xe,) = A
n—oo ey, ] G N Si1 "G J G\M n—oo e, G\en o
h €Go

O

Remark 5.9. At the end of this section let us discuss why it is considerably more
difficult to study the rate of escape w.r.t. the natural graph metric and why the
reasoning above can not be applied straight-forwardly. It is unclear under which
(natural) conditions the graph metric can be expressed by length functions. This is
due to the fact that shortest paths in HNN extensions may follow a subtle behaviour,
which seems to be quite cryptic how to cut shortest paths into i.i.d. pieces, which
stabilize as n — oco. In order to give an idea of the obstacles consider a group Gg
with finite isomorphic subgroups A, B C Gq such that ANB # {e} and p(ANB) =
ANB. Take any a € ANB, a # e, and suppose that pg(a) > 0. For n € N, a shortest
path (i.e., a sequence of vertices (vg, v1, .. .,vm) € G™H! with (v, ;) > 0 and m
minimal) from e to g := t""(a) is given by
I = (e, a,tp(a), *¢*(a), ... ,t"¢"(a));

this path has length n + 1. Note that d(e, @”(a)) could be large. Moreover, the
unique shortest path from e to t" is given by Iy = (e,t,t%,...,t"), a path of
length n. Thus, if the random walk stands at time k at X, = t"¢™(a) and at some

time [ > k at X; = t", then the path II;, which is a shortest path from e to X},
has to be changed at all points in order to transform it into the path Il,, which is
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now a shortest path from e to X;. In other words, in this situation no initial part
of a shortest path from e to X,, n > k, may have stabilized yet.

Note also that a shortest path from e to a € A could be (e, t,tp(a) = at,a),
that is, shortest paths to elements in GGy could make abbreviations through the
“exterior” of Gy.

It is unclear if and how paths can be chosen such that initial parts stabilize.
Further deeper investigation is needed in order to understand the behaviour of
shortest paths from e to X,, as n — oo, requiring a different approach which would
go beyond the scope of this article.

6. Central Limit Theorem

In this section we derive a central limit theorem for the word length w.r.t. the
length function . We still assume that ¢ has at most polynomial growth and satisfies
£(go) < C -|gol" for some k € N and all gy € Gy. Before we are able to prove Theo-
rem 2.8 we have to introduce further notation. Observe that so := (egpteg,1) € D is
a state, which can be taken by the Markov chain (Wy, i )ren with positive proba-
bility. Define 7y := inf{m € N | (W,,,,i,,) = so} and inductively for k > 1

T = inf{m > Th_1 ’ (W, im) = 50}.
Positive recurrence of (Wy,ix)ren yields 7, < oo almost surely for all £k € N.
Furthermore, we define for ¢ € Ny:
T = ey, (6.1)
The following two lemmas contain the keys for later proofs.

Lemma 6.1. The random variable 71 — 19 has exponential moments, that is, there
is a constant ¢, > 0 such that ]E[exp(cT(Tl — 7'0))} < 0.

Proof: We will just prove the lemma for the case A, B C Gy; the remaining case of
A =B =Gy with p # % is outsourced to Lemma A.2 in the Appendix.

For every state (gotoho,no) € D of (Wy,ix)ken, the probability of reaching
(eotep, 1) in two steps is strictly positive: assume A, B C Gg and let be x € X\ {eo}

and np,, € N with u{" (hg'2) > 0; then

q((gotohmno), (Lﬂteo,nho —+ 1)) Z g(te()) -aho . u(()nhO)(halm) : (1 - a) P> 03
£(toho)
q((wteg, nh, +1), (eoteo, 1)) > EEEZZ; (I—a)-p>0,

which provides

q:= min _q((gotoho, no), (xteo, nn, + 1)) - q((xteo, nn, + 1), (eoteo, 1)) > 0.
ho€AUB

This leads to the following exponential decaying upper bound:
Plry — 7 =n] < (1 —q)t3],
that is, the random variable 71 — 79 has exponential moments. O
Furthermore, we can also show:

Lemma 6.2. The random variables Ty and Ty — Ty have exponential moments,
that is, there are constants cg > 0 and ¢; > 0 such that E[exp(coTo)] < 00 and
]E[exp(cl(Tl — To))} < 00.
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Proof: Once again we only consider the case A, B # (Gg; the remaining case
A =B =Gy with p # % works similarly, see Lemma A.2.

Let be x € X \ {ep}. Similarly as in the proof of Lemma 6.1, at any time
n € [To,T1) the random walk (X,,)nen, can realize the time 7j within the next
N :=max{np | h € AU B} + 2 steps, where nj, := min{m € N | u(()m)(h’lx) > 0}:
if X;, = g1t1...95tj9;+1 (in the form of (2.1)) then one can walk inside the set
of words having prefix [X,,] via git1...g;t;x and g1ty ...gjt;at to gity ... g;tjatt,
where T; can be generated. Hence, there is some g1 € (0, 1) such that

P[Ty — Tp =n] < (1 —qr) ¥/,

which yields existence of exponential moments of 77 — T. The same reasoning
shows existence of exponential moments of Tj. ([

Assume now that (X, )nen, tends to some git1g2ts ... € B in the sense of Propo-
sition 4.2. For i € N, we define:

i

Li = Y gty =L[X7]) — ([XT,_,])
J=Ti—1+1
and Ll = Ez - (Tz - Ti—l) . )\g. (62)

Lemma 6.3.
02 :=Var(L) € (0,00).
Proof: Since

Ly

i t(g;t;) < C- Z i + max{£(t), £t 1)} - (1 — 70)

j=T0+1 Jj=To+1
< C-(Ty = Tp)" + max{€(t),£(t™")} - (1 — 70),

finiteness of o follows from Lemmas 6.1 and 6.2. Since uo generates Go as a
semigroup, the random walk can perform arbitrarily many circles in a copy of Gy
(in the underlying Cayley graph) in the time interval [Ty, T1]; therefore, Ly is not
constant, and consequently we obtain o2 > 0. (]

Completely analogously to Theorem 2.7 one can prove that

E[Ty — To] E[Ty — To]
Observe that we may take expectations w.r.t. the underlying probability measure
induced from g (that is, w.r.t. the initial distribution P[W; = -,i; = ‘]), and not
w.r.t. the invariant probability measure 7 as initial distribution; this is possible
since the random times 7T; are regeneration times.

Corollary 6.4.
E[Li] =0 and o} =E[(([Xn]) — (([Xz,)) = (T1 = To)A) "]

Proof: We obtain E[L;] = 0 immediately from (6.3), and therefore the proposed
formula for o%. O

Now we can prove the proposed central limit theorem, where we use a similar
reasoning as in Halssinsky et al. (2018, Thm. 1.1):
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Proof of Theorem 2.5: First, observe that Corollary 6.4 together with Lemma 6.3
ensures that o2 as defined in Theorem 2.8 is strictly positive.
For k € N, set

k k
Ry, ::ZLz‘, Sk ZZZLz‘:Rk—(Tk_T())')‘@’

i=1 i=1
and, for n € N, set
t(n) :=sup{m € Ny | T,,, < n}.

We note that t(n) — oo almost surely as n — oo. Observe that Proposition 5.1
immediately implies that (7; — 7;-1)ien and (T; — T;—1)en are 1.i.d. sequences. The
sequence (L;);en is also an i.i.d. sequence of random variables; for a proof, we refer
to Lemma A.3 in the Appendix. Then, by Billingsley (1999, Theorem 14.4),

S D
%ti\/(% 2, N(0,1).
Analogously as in the proof of Theorem 2.7, one can show that
o
t(n)
Applying the Lemma of Slutsky gives for n large enough:

Seny _ Sem)  VE(n) D 1
UL\/ﬁ_aL ) n %N(O’E[Tl—TO])' (6.4)

The next step is to prove the following convergence behaviour:

é(Xn) - Rt(n) E}
\/ﬁ

Assume that t(n) > 1 and that X,, has the form

T2 E[Ty — Tp]  almost surely.

0. (6.5)

911 -+ Gre oy breiny Ireimy +1 b7y +1 - - - GmlmGm 1,

where m = | X,,[;. Recall that Ry(,) does not contain the weights of the letters of
Xr1,. Polynomial growth of ¢ yields the following upper bound:

e(Xn) - Rt(n)

m

= > (Ugy) + ) +Ugmer) + U Xn,)
J=Te(n)+1
< DY (Coglt L) + C - gmaal + D (C - gl™ + £(t))
G=Te(n)+1 k=1
< O (Tmr = Tew)" + O Tg + | max, U(s) - (Tey+1 = Tony) + To)
< O (Tymy1 — Tyn)" + C - T
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where €’ := 2 (C + max,e 4 -1} £(s)). Since (T; — Tj_1)ien is an i.i.d. sequence,
we obtain for any € > 0 and n large enough:

]P’[E(Xn) — Rt(n) > a/ﬁ,t(n) > 1]

< ]P’[Cl . (Tt(n)+1 — Tt(n))N +C' - Ty > 8\/7;,12(77,) > 1]
K E K 6
< P[Bke{l...,n}: (T — )" 2 55 vi| + P[T5 > 55 VA
K 6 K 6
< neB|(T-Ty)> 20/\/5] +P[15 > 20/\/5}
3
< n-P|(I -To)" = (35vn) | +B[T5 > Sval
o E@ T BT e

_|_
3 £
Gavm)® - ave
In the last inequality we applied Markov’s Inequality and used Lemma 6.2 af-
terwards. The proposed convergence behaviour in (6.5) follows now from the fact

that t(n) — oo almost surely as n — oco.
By construction of the random times T}, i € Ny, we have

St(n) = (U[Xe(m)) — UXT)) = (Tetn) — To) - Ae-
For £ > 0, we get:
P[[Setm) — (E(Xn) =1 )| > eV (6.6)
< PN — U(Xuw)) + UXD]) = SV +PAe(n = (T —T0)) >
From (6.5) follows that

U Xn) = U[Xen))) + €[ Xn]) U Xn) — Ren) p
n = T — 0,

hence IF’[[(Xn) — ([ Xe))) + U[X1,]) > %\/ﬁ] — 0 as n — oo. For the second

summand in (6.6), we obtain once again from T; — T;_1 ~ Ty — Tp for all i € N:
€
P (0= (Tign) — To)) 2 SV, t(n) 2 1]

P (Tumys1 = (o = T) = 5 v/, () 2 1]

IN

€ 9
< P{ake{L...,n}-TkaTkE@\/’ﬂ*P{TOZTA@\/E}
c 3
< n-]P’{T1*ToZm\/E]+P[TOZTM\/E}
4
_ ' _ 4 67 2 i
E[(Ty — To)"] B[To] nosoc,
< n~(4/\e)4-W+4'/\f'ﬁ o

We applied Markov’s Inequality in the last line together with Lemma 6.2. As
t(n) — oo almost surely, we obtain

PHSt(n) — (g(Xn) -_n- /\()’ > E\/ﬁ] E) 0.
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Another application of the Lemma of Slutsky together with (6.4) proves the claim.
O

7. Analyticity of )\,

In this section we show that )\, varies real-analytically in terms of probability
measures of constant support. To this end, we show that both nominator and
denominator in the formula for Ay given in (6.3) vary real-analytically in the pa-
rameters describing the random walk on G.

First, we describe the problem more formally. Let Sy = {s1,..., sq} generate Gy
as a semigroup and denote by

d
Po(So) = {(pl,...7pd)‘W€ {1,...,d} : p; >0,ij :1}
j=1

the set of all strictly positive probability measures pg on Sy with
(,uo(sl), . ,uo(sd)) = (p1,...,pd) € P(So).

Consider the parameter vector

p:=(p1,---.pa, e, B,p,q) € Po(S) x (0,1)".

The set of valid parameter vectors, whose single entries describe uniquely the ran-
dom walk probability measure 1 on G is given by

P :=Po(S) x {(a,8) € (0,1)* [ B=1~a} x {(p,q) € (0,1)* [ ¢ =1~ p},
if A, B # Gy. In the case A = B = Gy we have to exclude the case p # % and set

P = Po(S) x {(a,8) € (0,1)* | B=1~a} x {(p,q) € (0,1)* | ¢=1—p,p # 1/2}.

Our aim is to show that the mapping

(,LL(),Ol,p) = AZ = )\Z(/U'Oaa,p)

varies real analytically in (pg, @, 1 — a,p,1 — p) € P, that is, Ag(po, @, p) can be
expanded as a multivariate power series in the variables of p (with 3 =1 — «a and
q =1—p) in a neighbourhood of any p € P.

Remark 7.1. At this point let me remark that analyticity of the rate of escape is
not obvious: e.g., consider a nearest neighbour random walk (Z,)nen, on Z with
transition probabilities

PZni1=z2+1Z,=2l=p1, PlZpy1=2—-1|Z,=2]=1—p1

for all z € Z,n € N. Then the mapping (0,1) 3 p; — A = |2p; — 1] is not analytic.
Another counterexample is given in Mairesse and Mathéus (2007).

We have to give some preliminary remarks, before we present a proof for our
analyticity result. Let A,, n € Ny, be a event which can be described by paths
of length n of the Markov chain (X,)nen, on G; e.g., A, = [X, € Gp]. By
decomposing each such path belonging to A, w.r.t. the number of steps which are
performed w.r.t. the d 4+ 2 parameters pu(s;), u(t*!), we can rewrite P[A,] as

§ n n 44 -+
C(Tll, . ,nd+2)p11 .. ..pdd _anl nd _ﬁnd+1 Nd42 .pnd+1 ,qnd+2’ (71)

Nn1,...,Ng42>0:
nytedngrz=n
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where c(n1,...,na+2) € [0,00). If the generating function F(z) :=3_, -, P[4,] 2",
z € C, has radius of convergence strictly bigger than 1, then, for 6 > 0 small
enough,

d
oo > F(1+49) Z Z c(ni, ..., Ndat2) Hapll—&—é
1=1

n>0 ni,...,ng42>0:
"1+"'+nd+2=7l

(Bp(1+0))" " - (Bg(1 4 6)) " (7.2)

that is, the mapping (uo, , p) — F(1) varies real-analytically when considered as
a power series in p. This will be very helpful in the proof of the next two lemmas,
which are the essential ingredients for the proof of Theorem 2.9.

Lemma 7.2. The mapping
(po, o, p) — E[T1 — To]
varies real-analytically.
Proof: First, observe that we can rewrite the expectation as

E[T} — Ty :ZIP’[Tl—TOZn]~n:;Z[ZIP[Tl—TO:n]-z"}

n>1 n>1

z=1

Since Th — Ty has exponential moments, the power series > -, P[Ty — Ty =n|- 2"
has radius of convergence strictly bigger than 1. According to the remarks at the
beginning of this section it suffices to show that the probabilities P[T; — Ty = n],
n € N can be written in the form of (7.1). We define

D = { ((grth1,m1), - (Gt i) € (D {30})" ]nl tobnn=n}
By conditioning on the value of T, we obtain together with positive recurrence of
(Wi, ik ) ken:

]P)[Tl — To = 'fl]

_ Z Z P (Wi,i1)=wi1,....(Wk_1,ik—1)=wr 1,
o (Wk,lk) 50
k>1wy,...,wi—1 €D\ {s0}

n (Wig1,igg1)=w1,...,
. E E P |(Witm—1,iktm—1)=Wm—1,

_ _ Wk L1k =S80
m=1 (D1,...,; Wrm—1)EDm_1,n—1 ( +modktm)

(W, i) = 30]

n
-y 3 P [(wl,n>:w1,(.w%:;:;;nfl):wm% | (Wo,ig) = 30] .
m=1 (W1,...,Wm—1)EDm_1,n—1
Due to the formula in Proposition 5.1 for the transition probabilities of the process
(W, ik)ken we can find a set A,, n € N, of paths of length n of the random walk
(Xn)nen, such that we can rewrite P[T} — Ty = n] as

BT, — Ty = ] = S0€0) . 3" P[Path]= Y P[Path]. (7.3)

§(teo) Pathc A, Pathe A,

Since every probability P[Path], Path € A,,, can be rewritten in the form of (7.1),
we finally get analyticity of E[T} — Tp] as explained in (7.2). O

Analogously, we have the following property:
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Lemma 7.3. The mapping
(Mo, a,p) = E[é([XTl]) - E([XTO])]

varies real-analytically.

Proof: We start expanding the expectation E[z"*~T0¢([Xp,]) — ¢([X1])], z € C,
where we will use the notation wy, = (gxtrhy,nk) for wy € D:

E[z" 70 (0([X7]) — ¢([X7,))]

_ Z Z P [(wl,il):wl,...,(wkfl,ikfl):wkfl,}
- (Wy,ix)=s0

k>1wi,...,wy,—1 €D\ {s0}

=P[Th<oo]=1

n (Wit1,ig1)=w1,...,
. E E E P | (Witm—1iktm—1)=0m—1,

_ _ (Wt iktm)=s0
n>1m=1 (wl7~~;w7n71)6Dm—1,n71 " "

(W, i) = so]

m—1

R e R (Z £ g] i)+ £ eOt)>

(Wi ir)=w1,...,

S > p|w

W ,im)=s
n>1m=1 (wl"“’wmil)em_lnil,nil ( ms 7n) 0

(Wo,ig) = 80}

:P[Tl 7T0:’I’L]

(Z Ugjt;) +¢ eot))

For real z > 0, we can bound this sum from above by
E[z" 77 (U([X 7)) — €[ X1,)]
< ZIP’ Ty —To=mn]- 2" (C-n" +n-max{€(t), 0t ")}).
n>1

Since the power series y_ -, P[T1 — Ty = n] - 2™ has radius of convergence strictly
bigger than 1 due to existence of exponential moments of T} — Tp (see Lemma 6.2),
the left hand side of the above inequality converges for z = 14+ § with § > 0
sufficiently small. Rewriting the left hand side yields

E[5 T (6([X 1)) — £([ X))
> > s-P[Ty — Ty = n, 0([Xr,]) — (X7 ]) = 5] -

neN sesupp(f([XTl])*e([XTO]))

=i0n

For each n € N and each s € supp (¢([X1,]) — ¢([Xr,])), we can find — analogously
to (7.3) — a set of paths A,, s of length n such that

ap = Z ]P)[An’s} "5,
sesupp(f([XTl])*f([XTo]))

that is, we can write a,, in the form of (7.1). The rest follows as explained in (7.2),
which proves analyticity of E[¢([Xr,]) — ¢([X7,])]. O
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Proof of Theorem 2.9: The proof follows now directly from Lemmas 7.2 and 7.3 in
view of the drift formula given in (6.3). O

Proof of Theorem 2.10: This can be checked analogously to Lemmas 7.2 and 7.3
with a similar reasoning (without needing any further additional techniques/ideas)
due to existence of exponential moments of 17 — Tj. Therefore, we omit a further,
detailed proof at this point. O

Appendix A. Remaining proofs

Lemma A.l. Consider the case A = B = Gy and p # . Then G(e,e|z) has
radius of convergence strictly bigger than 1.

Proof: The idea is to trace back this case to a non-symmetric nearest neighbour
random walk on Z, from which we can derive the required result.

Let (Zn)nen, be a random walk on Z governed by the probability measure
puz(1) = p,uz(—1) = 1 — p, that is, we have P[Z,41 =z + 1| Z, = 2] = p and
PZny1=2z—-1|Z,=2]=1—pforalneN, zeZ We define the associated
first visit generating functions:

Fr(0,1]2) = > Po[Zy=1,Yme{l,...,m—1}: Zy # 1] 2",
n>1

Fp(0,-1|2) = > Po[Zn=-1,Yme{l,...,m—1}: Zy # —1] 2"
n>1

The first return generating function is given by

Ug(2) =3 Po[Zn=0,¥m € {1,...,m—1}: Zpn, # 0] 2",

n>1

Conditioning on the first step gives the following system:

Fo0,112) = pa(1) 2+ pa(—1) -2 Fo(0,1]2)2,
Faf0,-112) = pa(—1) =+ (1) - Fo(0, ~1]2)?,
Uz(z) = pz(l)-z-Fz(0,-1|2) + pz(—1) - z - F(0,1|2).

Solving this system leads to the formula

1—\/1—4p22+4p222+ 14 /1 —4pz? + 4p222
. p.Z. .

= 1— .
Us(:) = (1-p)-= o e

Therefore, Uz(z) has radius of convergence strictly bigger than 1 and satisfies
Uz(1) < 1 due to transience, and consequently

B e T N I
Gale) = ' 0) " =

has also radius of convergence strictly bigger than 1.
We now turn back to our random walk on G. Define the stopping times

5(0):=0, VkeN:s(k):=min{m>s(k—1)| X1 X, € {t,t7"}}.
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That is, s(k) is the k-th time that the random walk on G performs a step w.r.t.
d;=1. Due to transience and finiteness of A = B = Gy, s(k) < oo almost surely for
all k e N. For k > 1, ng :=0,nq,...,n, € Z, define

w(ng,...,ng) = E[Zs(k)ll[Xs(_,»)et”jGOVje{L...,k}] ‘Xo = 6]

k k
w(nl,...,nk): <1—Zaz> .Hﬂ(tnjf’nj—l)'
j=1

Proof of Claim 1: For £k = 1, we decompose all paths by the intermediate steps
within Go until time s(1) and set zy := e, ng := 0:

w(ny) = Z Z P[Vje{l,...,mfl}:Xj:gj]~zm*1~u(t"1)~z

m2>1gi,....,gm-1€Go

—qm-—1

: ().

= (™) =
1—-oaz ue™) 1—-az

We remark that, for all m € N and h € Gy, we have the following equation due to
group invariance of our random walk on G:

S BaalVie{l...om-1}: X; ="y

gi,--s gm—-1€Go

= > PuViefl,...,m—1}: X; =t""hg;].

g15e-,9m—1€Go

Now we can conclude analogously by induction:

'lU('I'Ll, s ank)

= w(nh N 7’I’Lk,1)
Z Prra[Vje{l,... . m—1}: X; =t"1g,] -u(t”’“_”’“l) c2m
m>1,

g1,--,9m—-1€Go

P k—1 k-1 »
- (1—a2> .JI_IM(th_njil) 1-az ()

)

N
B (1_az) L w(emme).
j=1

This finishes the proof of Claim 1.
Now we connect the random walk on Z with the random walk (X, )nen, on G,
for which we introduce the notation

Gle, Alz) :== Z]P’[Xn € Al2" = Z G(e, gol|2).

n>0 90€Go

Claim 2:

Gle, Alz) = Gy, ((1 — a)z) 1

l—az ) 1—az
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Proof of Claim 2: First, we recall that A = Gy and observe the following equation:

ZP[Xn € A s(1) >nlz" = !

T 1-az
n>0

Furthermore, we recall that u(t) = (1 — a)p and u(t') = (1 — a)(1 — p). By
decomposing each path from e to A by the number & of transitions from the sets
t™Go to t"™*1G, we obtain:

G(e, Alz)

1 1
= 170[2,’—'—2 Z w(nl’“.7nk71’0)-17az

k>1ni,...,ng_1€Z

1 5 k k—1 o - 1
= 1—az+z(1—az). Z H“(t] J’l)',u(t k—1).1_a2

k>1 N1, —1€Z =1

1 —1az ' {1 2 ((1:3);)]“ Y ]ﬁNZ("j —nj1)pz(—ng-1)

k>1 ni,...,nEp_1€Z j=1

(1-a)z 1
Gz < 1—az 1—az’
This finishes the proof of Claim 2.

Since G(e, A|z) > G(e,e|z) the lemma follows now from Claim 2 and the fact
that Gz(z) has radius of convergence strictly bigger than 1. |

= (0)

IN

In the following we give the proof of Lemmas 6.1 and 6.2 in the remaining case:

Lemma A.2. Consider the case A = B = Gy with p € (0,1),p # % Then the
random variables 71 — 19, To and T} — Ty have exponential moments.

Proof: If A= B = Gg and p # %, then W, has the form egtFb, b, € B, for all
ke N if p> %, and egt lag, ar € A, forall k € N, if p < %: this is an easy

consequence of transience of the projected random walk (’(/J(Xn))n N onto Z from
Lemma 2.4. We show again that (egteg, 1) can be reached from any other state of
(W, ik )ken In two steps, where we restrict ourselves to the case p > % (the case
p < 3 works analogously). For (egtb,n) € D, choose n, € N with u(()"b)(b_l) > 0;
then

€(t€0) ny ., (ne
f(tob) e Ho
q((eoteo,nb + 1), (eotep, 1)) > 1—-«)-p>0,

a((eoth, no), (eateo, my + 1)) 671 (1-a)-p>0 and

v

which provides
q:= géiélq((eotb, ng), (eoteg, np + 1)) . q((eoteo,nb + 1), (eoteo, 1)) > 0.
This leads to the desired exponential decay:
Plr —m =n] < (1-g)l%,

that is, 7 — 79 has exponential moments.
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Existence of exponential moments of 77 —T} follows analogously as in Lemma 6.2:
after time T the random walk (X, )nen, can produce the next regeneration time
T} in at most

N :=max{n, |h€ AUB}+2
steps, where np, := min{m € N | ,u(()m) (h=1)}. Hence, there is some g7 € (0,1) such
that

P[Ty — To = n] < (1 - gr)' %),
which yields existence of exponential moments of 77 — Tj. The same reasoning
shows existence of exponential moments of Ty, which finishes the proof. O

The following lemma is left from Section 6, where we introduced the sequence of
random variables (L;);en in (6.2).

Lemma A.3. (L;);en forms an i.i.d. sequence of random variables.

Proof: Let be i € N, 2 € R. For 29 € G with P[Xe_ = z0] > 0 and m € N, de-
note by P\ the set of paths (e, w1, ..., wm = x0) € G™H (with p(w; Y w;) > 0)

1,To,Mm
of length m such that [X; = wy,..., X = wy] N[ X = zo, €7, = m] # (. Further-
more, denote by Pf?mm’n,z the set of paths (2o, y1,...,Yyn) € G"! of length n € N
such that

Xy = Zo,€r,_, =M,
e, =m+n,L; ==z

[Xm:-r07Xm+1:yla"'aXm-‘rn:yn}m #Q)

By decomposing all paths until time e,, into the part until time e, , and into the
part between times e, , and e;, we obtain:

= > P[Xe, | =m0, Li=2]

zo€EG:
]P’[Xen ) :Zo]>0

- Z Z Z P[X1 =wi,..., X = wp,]

€G! m>1 €))
P[Xeri71210]>0 (e’wl"“’wm)efpz—l‘mo,m

Z Z on[Xlzyla"-,Xn:yn]

21 (20,91, yn) EPL)

i,T0,M,N, 2

Py, [Vl > 1: X, has prefix [yn]]

- Z Z P[X1 =wi,..., Xy = W]

P[Xefxof€;0]>0 m=t (e7w1’“"wm)elpi(i)l,wo,m
=(1-¢tten))
Z Pt[Xl:txalyl,...,Xn:t:ralyn] -(1—§(teo)).
n>1

)

(%0sY1-Yn ) EPL)

i,x0,M,MN, 2

In the last equation we used group invariance of our underlying random walk.
Observe that paths (zo,y1,...,Yn) € P lie completely in the set of words

1,20 ,M, N, 2
having prefix [xo]. Therefore, there is a 1-to-1 correspondence between paths in
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Pi(,zm)o,m,n,z and Pl(,zt)J,n,z? which lies completely in the set of words having prefix ¢,

established by the shift g — tz; lg. Therefore,

PlLi=2]=)_ > P [ X1 =1,y Xn = ).

2
nz1 (tvyl7"'1yﬂ/)elpi,t),1,n,z

This proves that the L;’s have the same distribution. An analogous decomposition
of all possible paths proves independence, which we leave as an exercise to the
interested reader. O
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