E l e c t r o n i c J o u r n a l o f P r o b a b i l i t y

Vol. 10 (2005), Paper no. 43, pages 1417-1441.

Journal URL http://www.math.washington.edu/∼ejpecp/

Random Walks on Groups and Monoids with a Markovian Harmonic Measure

Jean Mairesse LIAFA, CNRS-Université Paris 7, case 7014, 2, place Jussieu 75251 Paris Cedex 05, France E-mail: Jean.Mairesse@liafa.jussieu.fr

Abstract

We consider a transient nearest neighbor random walk on a group G with finite set of generators Σ. The pair (G, Σ) is assumed to admit a natural notion of normal form words where only the last letter is modified by multiplication by a generator. The basic examples are the free products of a finitely generated free group and a finite family of finite groups, with natural generators. We prove that the harmonic measure is Markovian of a particular type. The transition matrix is entirely determined by the initial distribution which is itself the unique solution of a finite set of polynomial equations of degree two. This enables to efficiently compute the drift, the entropy, the probability of ever hitting an element, and the minimal positive harmonic functions of the walk. The results extend to monoids.

Keywords: Finitely generated group or monoid; free product; random walk; harmonic measure.

AMS classification (2000): Primary 60J10, 60B15, 31C05; Secondary 60J22, 65C40, 20F65.

Submitted to EJP on November 9, 2005. Final version accepted on December 1, 2005.

1 Introduction

Consider a Markov chain whose state space is the Cayley graph of a group (G, ∗) with a finite set of generators Σ. If the Markov chain moves from a node g to a node g ∗ h with a probability μ(h) depending only on h, we say that it is a randow walk. If the support of μ is included in Σ, we say that we have a nearest neighbor random walk (with respect to Σ).

A remarkable and well known result is that the harmonic measure of a transient nearest neighbor random walk on a finitely generated free group is Markovian [6, 19, 25]. This can be viewed as a consequence of the multiplicative structure of the Green kernel. If one tries to extend the setting by assuming that the probability μ defining the random walk is not of nearest neighbor type but only of finite support, then the result fails to be true, see [17]. In other words, having a Markovian harmonic measure is a property which depends not only on the group but also on the choosen set of generators.

Consider now a nearest neighbor random walk on a free product of finitely many finite groups. It is easily seen that the Green kernel still has a multiplicative structure. The Markovian nature of the harmonic measure is therefore natural. What we prove is that it is a Markovian measure with a very specific structure that we call Markovian multiplicative. In particular, the Markovian measure is entirely determined by its initial distribution r, where r is the unique solution of a finite set of polynomial equations that we call the Traffic Equations. Understanding this point enables us to define precisely the setting in which the result holds: nearest neighbor random walks on a class of pairs (G, Σ) that we coin as 0-automatic pairs.

A pair (G, Σ) formed by a group (group law ∗, unit element 1_G) and a finite set of generators is 0-automatic if the set of words L(G, Σ) = {u_1 · · · u_k | ∀i, u_i ∗ u_{i+1} ∉ Σ ∪ 1_G} is a crosssection of G. Such pairs were first considered by Stallings [27] under another name. Consider a group G = F(S) ⋆ G_1 ⋆ · · · ⋆ G_k which is a free product of a finitely generated free group and a finite family of finite groups, also called plain group. Consider the natural (but not necessarily minimal) set of generators Σ = S ⊔ S^{−1} ⊔_i G_i\{1_{Gi} }. Then the pair (G, Σ) is 0-automatic. Now consider an arbitrary 0-automatic pair (G, Σ). Then G is isomorphic to a plain group. On the other hand, Σ may be strictly larger than a natural set of generators of the group seen as a free product. (See Example 3.5.) And what is relevant in our context is the pair group - generators rather that the group itself, since the generators form the support of the measure defining the nearest neighbor random walk. The larger is the set of generators, the more general is the model.

With the above definition, we can describe more precisely the main result. Let (G, Σ) be a 0-automatic pair and let (X_n)_n be a realization of a transient nearest neighbor random walk on G. The random walk can be viewed as evolving on L(G, Σ). Let L^∞ be the set of rightinfinite words whose finite prefixes belong to L(G, Σ). Then X_∞ = lim_n X_n is a well-defined r.v. living on L^∞. The law μ^∞ of X_∞ is called the harmonic measure of the random walk. Intuitively, μ^∞ gives the directions in which the random walk escapes to infinity. We prove that the harmonic measure is a Markovian measure. Furthermore, let r and P be respectively the initial distribution and the transition matrix of the Markov chain defining μ^∞. Then, P is entirely determined by r, and r is itself characterized as the unique solution to the finite set of Traffic Equations.

Mutatis mutandis, the result extends to random walks on 0-automatic pairs formed by a monoid and a finite set of generators.

Apart from the structural aspect, the above mentioned result also provides a simple and direct approach for computational purposes. The drift and the entropy of the random walk exist as a direct consequence of Kingman’s Subadditive Ergodic Theorem. But subadditive limits are in general hard to compute explicitly, and drift and entropy are no exceptions to the rule. Here, using the shape of the harmonic measure, we can express the drift and the entropy in a ‘semiexplicit’ way, as a simple function of r. In comparison, the ‘classical’ approach of [25] consists in expressing the drift as a functional of the first-passage generating series of the random walk. This provides also a potential method for explicit computations, but a less direct one (and which does not work for the entropy). Using the Traffic Equations yields more chances to solve the model completely and to get closed form formulas. Examples of drift computations are given in §6. In the companion paper [22], we perform a more precise and systematic study for free products of cyclic groups.

Let us clarify a couple of points.

• Following Dynkin & Malyutov [6], random walks on plain groups have been extensively studied in the 1980ies. General formulas for the harmonic measure are available, see in particular [30, Section 6]. For a detailed account and bibliographic references, see the monograph of Woess [31], and in particular the Chapters II-9, III-17, III-19, and IV-26. There are two main differences between the previous results and the work presented here. First, the previous results are usually stated in a more general framework, and are therefore less simple and less precise. Second, they are centered around the probabilities of hitting elements instead of the quantity r. We come back to this point at the end of §4.3.

• All the random walks considered here belong to the general setting of random walks on regular languages studied in [18]. In [18], local limit theorems are proved. Also, our random walks can be viewed as random walks on a tree with finitely many cone types in the sense of [24], but they are specific since they arise from a group, and since they have one-step moves at distance 1 and 2. In [24], it is proved that the harmonic measure is Markovian for random walks on a tree with finitely many cone types, but for one-step moves at distance 1. (See also [28].) Our method of proof is different from the one in [24], and the nature of the result is different as well (Markovian multiplicative versus Markovian). We discuss this point in §5.3. • Some important aspects of the theory of random walks on discrete infinite groups are barely touched upon here, for instance, boundary theory, or the asymptotics of P {X_n = 1_G}. The interested reader should consult [14, 29, 31] and the references there. Of a different nature, but somehow related, are the ‘homesick random walks’ on Cayley graphs of groups, see [20]. • There exists a completely orthogonal approach to the study of random walks on monoids. The random walk is viewed as evolving in the egg-box diagram of the monoid. In general, any box of the diagram may contain monoid elements of arbitrary lengths (with respect to a given finite set of generators). For instance if the monoid is a group, then the egg-box diagram is trivial. See [13] for details.

The paper is organized as follows. Zero-automatic pairs are defined in §3. The main results for groups are then proved in §4, and the extension to monoids is done in §5.

The results presented here, as well as the ones from the companion paper [22], were announced without proofs in the Proceedings of the International Colloquium of Mathematics and Computer Science held in Vienna in Septembre 2004 [23].

Notations. Let N be the set of non-negative integers and let N^∗ = N\{0}. We also set R^∗_+ = R_+\{0}. We denote the support of a random variable by supp. If μ is a measure on a group (G, ∗), then μ^{∗n} is the n-fold convolution product of μ, that is the image of the product measure μ^{⊗n} by the product map G × · · · × G → G, (g_1, . . . , g_n) → g_1 ∗ g_2 ∗ · · · ∗ g_n. The symbol ⊔ is used for the disjoint union of sets. Given a finite set Σ, a vector x ∈ R^Σ , and S ⊂ Σ, set x(S) = � u∈S x(u).

2 Finitely Generated Groups and Random Walks

Given a set Σ, the free monoid it generates is denoted by Σ^∗. As usual, Σ is called the alphabet, the elements of Σ and Σ^∗ are called respectively letters and words, and the subsets of Σ^∗ are called languages. The empty word is denoted by 1 and we set Σ^+ = Σ^∗\{1}. The concatenation product of two elements u and v of Σ^∗ is written uv. The length (number of letters) of a word u is denoted by |u|_Σ . The longest prefix of two words u and v is denoted by u ∧ v.

Consider a finitely generated group (G, ∗) with unit element 1_G. The inverse of the element u is denoted u^{−1} . Let Σ ⊂ G be a finite set of generators of G. Throughout the paper, we always assume that 1_G ∉ Σ and that u ∈ Σ =⇒ u^{−1} ∈ Σ. Denote by π : Σ^∗ → G the monoid homomorphism which associates to a word a_1 · · · a_k the group element a_1 ∗ · · · ∗ a_k. A word u ∈ π^{−1} (g) is called a representative of g. The length with respect to Σ of a group element g is:

|g|_Σ = min{k | g = s_1 ∗ · · · ∗ s_k, s_i ∈ Σ} . (1)

A representative u of g is a geodesic if |u|_Σ = |g|_Σ .

The Cayley graph X(G, Σ) of a group G with respect to a set of generators Σ is the directed graph with set of nodes G and with an arc from g to h if g^{−1} ∗ h ∈ Σ. As usual, an arc from g to h is represented graphically by g −→ h. It is often convenient to view X(G, Σ) as a labelled graph with set of labels Σ (with u^a−→ v if u ∗ a = v). For examples of Cayley graphs, see Figures 1 or 2. For simplicity, we draw a single undirected edge g −−g ∗ a instead of the two directed arcs g ⇄ g ∗ a.

Observe that |g|_Σ is the geodesic distance (in number of arcs) from 1_G to g in the Cayley graph.

Consider a relation R ⊂ Σ^∗ × Σ^∗, and let ∼_R be the least congruence on Σ^∗ such that u ∼_R v if (u, v) ∈ R. Let M be isomorphic to the quotient monoid (Σ^∗/ ∼_R). We say that ⟨ Σ | u = v, (u, v) ∈ R ⟩ is a monoid presentation of M.

Given a set S, denote by F(S) the free group generated (as a group) by S. A monoid presentation of F(S) is ⟨ S ⊔ S^{−1} | aa^{−1} = 1, a^{−1} a = 1, ∀a ∈ S ⟩ . (2)

Consider a relation R ⊂ (S ⊔ S^{−1} )^∗ × (S ⊔ S^{−1} )^∗. Let G be isomorphic to the quotient group (F(S)/ ∼_R). We say that ⟨ S | u = v, (u, v) ∈ R ⟩ is a group presentation of G. A monoid presentation of G is ⟨ S ⊔ S^{−1} | u = v, (u, v) ∈ R, aa^{−1} = 1, a^{−1} a = 1, ∀a ∈ S ⟩. We write, respectively, M = ⟨ Σ | u = v, (u, v) ∈ R ⟩ and G = ⟨ S | u = v, (u, v) ∈ R ⟩, precising when necessary if we are dealing with a monoid or a group presentation.

Given two groups G_1 and G_2, let G_1⋆G_2 be the free product of G_1 and G_2. Roughly, the elements of G_1 ⋆ G_2 are the finite alternate sequences of elements of Σ_1 = G_1\{1_{G1} } and Σ_2 = G_2\{1_{G2} }, and the group law is the concatenation with simplification. More rigorously, set Σ = Σ_1 ⊔ Σ_2 and define R ⊂ Σ^∗ × Σ^∗ by

R = {(ab, c) | a, b ∈ Σ_i, c ∈ Σ_i ∪ 1, π_i(ab) = π_i(c), i ∈ {1, 2}} ,

where π_i : Σ^∗_i → G_i is the canonical monoid homomorphism. Then the monoid presentation ⟨ Σ | u = v, (u, v) ∈ R ⟩ defines a group called the free product of G_1 and G_2 and denoted by G_1 ⋆ G_2.

Following [12], define a plain group as the free product of a finitely generated free group and a finite family of finite groups. Let G = F(S) ⋆ G_1 ⋆ · · · ⋆ G_k be a plain group. Then

Σ = S ⊔ S^{−1} ⊔_i Σ_i, Σ_i = G_i\{1_{Gi} } , (3)

is a set of generators for G that we call natural generators. (Even for a fixed decomposition (F(S), G_1, . . . , G_k) of G, the set of natural generators is not unique as soon as #S ≥ 2, because of the flexibility in choosing the free generators of the free group.)

Random walks. Let μ be a probability distribution over Σ. Consider the Markov chain on the state space G with one-step transition probabilities given by: ∀g ∈ G, ∀a ∈ Σ, P_{g,g∗a} = μ(a). This Markov chain is called the (right) random walk (associated with) (G, μ). It is a nearest neighbor random walk: one-step moves occur between nearest neighbors in the Cayley graph X(G, Σ).

Let (x_n)_n be a sequence of i.i.d. r.v.’s distributed according to μ. Set

X_0 = 1_G, X_{n+1} = X_n ∗ x_n = x_0 ∗ x_1 ∗ · · · ∗ x_n . (4)

The sequence (X_n)_n is a realization of the random walk (G, μ). The law of X_n is μ^{∗n}.

Drift, entropy. The first natural question concerning the random walk (G, μ) is whether it is recurrent or transient. Assuming transience, the next natural question is the speed at which the random walk escapes all the finite sets.

For any u, v ∈ G, we have |u ∗ v|_Σ ≤ |u|_Σ + |v|_Σ . It implies immediately that U_{n,n+m} = |x_n ∗ · · · ∗ x_{n+m−1} |_Σ forms a doubly-indexed subadditive sequence of r.v.’s. Applying Kingman’s

Subadditive Ergodic Theorem [16] yields the following (first noticed by Guivarc’h [11]). There exists γ ∈ R_+ such that lim_{n→∞}

|X_n|_Σ n = γ a.s. and in L^p , (5)

for all 1 ≤ p < ∞. We call γ the drift of the random walk. Intuitively, γ is the rate of escape to infinity of the walk.

Another quantity of interest is the entropy. The entropy of a probability measure μ with finite support S is defined by H(μ) = − � x∈S μ(x) log[μ(x)]. The entropy of the random walk (G, μ), introduced by Avez [2], is

h = lim_n

H(μ^{∗n}) n = lim_n − 1 n log μ^{∗n}(X_n) , (6)

a.s. and in L^p, for all 1 ≤ p < ∞. The existence of the limits as well as their equality follow again from Kingman’s Subadditive Ergodic Theorem, see [2, 4].

3 Zero-Automatic Pairs

Let (G, ∗) be a group with finite set of generators Σ ⊂ G. A language L of Σ^∗ is a cross-section of G (over the alphabet Σ) if the restriction of π to L defines a bijection, that is if every element of G has a unique representative in L. A word of L is then called a normal form word. The map ϕ : G → L which associates to a group element its unique representative in L is called the normal form map.

Definition 3.1. Let G be a group with finite set of generators Σ. Define the language L(G, Σ) ⊂ Σ^∗ of locally reduced words by:

L(G, Σ) = {u_1 · · · u_k | ∀i ∈ {1, . . . , k − 1}, u_i ∗ u_{i+1} ∉ Σ ∪ 1_G} . (7)

We say that the pair (G, Σ) is 0-automatic if L(G, Σ) is a cross-section of G.

Such pairs were introduced and studied by Stallings in [27] under the name unique factorization groups, a terminology that we did not adopt for several reasons. It is convenient to introduce the sets:

∀a ∈ Σ, Next(a) = � b ∈ Σ | a ∗ b ∉ Σ ∪ {1_G} � , Prev(a) = � b ∈ Σ | b ∗ a ∉ Σ ∪ {1_G} � . (8)

Then we can reformulate (7) as:

L(G, Σ) = {u_1 · · · u_k | ∀i ∈ {2, . . . , k}, u_i ∈ Next(u_{i−1} )}

= {u_1 · · · u_k | ∀i ∈ {1, . . . , k − 1}, u_i ∈ Prev(u_{i+1})} .

Here are some consequences of Definition 3.1. First, let ϕ : G → L(G, Σ) be the normal form map. Then: ∀g ∈ G s.t. ϕ(g) = u_1 · · · u_k, ∀a ∈ Σ,

ϕ(g ∗ a) = � � � u_1 · · · u_{k−1} if a = u^{−1}_k u_1 · · · u_{k−1} v if u_k ∗ a = v ∈ Σ u_1 · · · u_{k−1} u_ka if u_k ∗ a ∉ Σ ∪ 1_G

, (9) and the analog for ϕ(a ∗ g) also holds.

Second, the language L(G, Σ) is regular and recognized by the following automaton: Set of states: Σ ∪ 1_G, initial state: 1_G, final states: Σ ∪ 1_G; Transitions: a^b−→ b if a ∗ b ∉ Σ ∪ 1_G. Third, the Cayley graph X(G, Σ) has a tree-like structure. In particular, if G is infinite then X(G, Σ) has uniform node-connectivity 1, that is, the removal of any node disconnects the graph. Fourth, all the group elements have a unique geodesic representative with respect to Σ, and the set of these geodesic representatives is precisely L(G, Σ).

Fifth, the set of simple circuits going through the node 1_G in X(G, Σ) is finite. In fact, this last property is equivalent to the property that L(G, Σ) be a cross-section, see [12]. Let us now describe the pairs which are 0-automatic. The following is easy to prove.

Proposition 3.2. Consider a plain group G and a set of natural generators Σ (see §2). Then the pair (G, Σ) is 0-automatic.

Let G = F(S) ⋆ G_1 ⋆ · · · ⋆ G_k and Σ = S ⊔ S^{−1} ⊔_i Σ_i, Σ_i = G_i\{1_{Gi} }. The sets Next(·), Prev(·), defined in (8), can be explicited:

∀a ∈ S ⊔ S^{−1} , Next(a) = Prev(a) = Σ\{a^{−1} }, ∀a ∈ Σ_i, Next(a) = Prev(a) = Σ\Σ_i .

Conversely, next Proposition can be proved using results from Stallings [27]:

Proposition 3.3. Let (G, Σ) be a 0-automatic pair. Then G is isomorphic to a plain group.

The proof of Stallings is constructive and provides more precise information. Let φ be any isomorphism from G to the plain group ~G. Then there exists a set S of natural generators of ~G such that S ⊂ φ(Σ). The inclusion may be strict, but for u ∈ φ(Σ), we must have |u|_S = 1, 2, or 3. This is illustrated in Example 3.5.

Plain groups are hyperbolic in the sense of Gromov [10] and automatic in the sense of Epstein & al [7]. Besides, (G, Σ) is 0-automatic iff (Σ, L(G, Σ)) is an automatic pair (in the sense of [7]) satisfying the 0-fellow traveller property. This is our justification for the chosen terminology. Example 3.4. Consider the group G = Z ⋆ Z/2Z ⋆ Z/4Z. Let a, b, and c be the respective generators of Z, Z/2Z, and Z/4Z. Set S = {a, a^{−1} , b, c, c^{−1} }. We have represented the Cayley graph of G with respect to S in Figure 1.

Observe that (G, S) is not 0-automatic. For instance, c ∗ c has two representatives in L(G, S): cc and c^{−1} c^{−1} ; hence L(G, S) is not a cross-section. Now, let us switch from the minimal set of generators S to the natural (but non-minimal) set of generators Σ = {a, a^{−1} , b, c, c^2, c^3 = c^{−1} }. According to Proposition 3.2, (G, Σ) is 0-automatic. This shows that 0-automaticity is not intrinsic: it depends on the set of generators.

Example 3.5. Consider the group G = ⟨a, b | abab = 1⟩. (This is the dihedral Artin group ⟨a, b | abab = baba⟩ quotiented by its center.) Set Σ = {a, b, ab = (ab)^{−1} , ba = (ba)^{−1} , aba = b^{−1} , bab = a^{−1} }. Then (G, Σ) is a 0-automatic pair. Here, Next(x) = {a, ab, aba} if x ∈ {a, ba, aba} and Next(x) = {b, ba, bab} if x ∈ {b, ab, bab}.

Now, the group G is isomorphic to F(a)⋆⟨ab⟩ ∼ Z⋆Z/2Z, see Figure 2. Set S = {a, a^{−1} = bab, ab} for the corresponding set of natural generators. We have for instance |b|_S = 2 and |ba|_S = 3. Concentrating on the right of Figure 2, it is not obvious that (G, Σ) is 0-automatic.

Figure 1: The Cayley graph of the group Z ⋆ Z/2Z ⋆ Z/4Z.

Zero-automatic pairs are studied in detail in [3, 21]. In [21], we compile several characterizations of 0-automatic pairs, some known and some new. The following natural question is also answered in [3, 21]: Given a plain group G and a finite set of generators Σ, is the pair (G, Σ) 0-automatic?

Another simple result proved in [21], and which will be used several times below, is the following. The graph of successors Next(G, Σ) of a 0-automatic pair (G, Σ) is the directed graph with:

nodes: Σ, arcs: u → v if v ∈ Next(u) . (10)

Lemma 3.6. Let (G, Σ) be a 0-automatic pair with G infinite and not isomorphic to Z. The graph of successors Next(G, Σ) is strongly connected.

4 Random Walks on Zero-Automatic Pairs

Consider a 0-automatic pair (G, Σ). Assume that G is infinite and not isomorphic to Z or Z/2Z ⋆ Z/2Z. Let μ be a probability measure on Σ which generates the whole group, that is, ∪_nsupp(μ^{∗n}) = G. Consider the random walk (G, μ).

This random walk is always transient. Indeed, in a non-amenable group, any random walk supported by the whole group is transient and has a strictly positive drift (see [11] and [31, Chapter 1.B] for details). And it is easily shown that the only plain groups which are amenable are Z and Z/2Z ⋆ Z/2Z. (Observe that nearest-neighbor random walks on Z or Z/2Z ⋆ Z/2Z are elementary.)

Let L(G, Σ) and ϕ be defined as in §3. Define the set of infinite normal form words L^∞ ⊂ Σ^N

Figure 2: The Cayley graph of ⟨ a, b | abab = 1 ⟩ with respect to {a, a^{−1} , b, b^{−1} } (left), and {a, a^{−1} , ab} (right). by L^∞ = {u_0u_1 · · · u_k · · · ∈ Σ^N, ∀i ∈ N, u_{i+1} ∈ Next(u_i)} . (11) A word belongs to L^∞ iff all its finite prefixes belong to L(G, Σ). The set L^∞ is the end boundary, as well as the hyperbolic boundary, of G. Using the symbolic dynamic terminology, it is a one-sided subshift of finite type.

Consider the map Σ × L^∞ → L^∞, (a, ξ) → a · ξ, with a · ξ = aξ_0ξ_1 · · · if a ∈ Prev(ξ_0), a · ξ = (a ∗ ξ_0)ξ_1 · · · if a ∗ ξ_0 ∈ Σ, and a · ξ = ξ_1ξ_2 · · · if a = ξ^{−1}_0 . Equip Σ^N with the Borel σalgebra associated with the product topology. This induces a σ-algebra on L^∞. Given a measure ν^∞ on L^∞ and a ∈ Σ, define the measure aν^∞ by: � f(ξ)d(aν^∞)(ξ) = � f(a · ξ)dν^∞(ξ). A probability measure ν^∞ on L^∞ is μ-stationary if

ν^∞(·) = � a∈Σ μ(a)[aν^∞](·) . (12)

Proposition 4.1. Let (X_n)_n be a realization of the random walk (G, μ) and set Y_n = ϕ(X_n). There exists a r.v. Y^∞ valued in L^∞ such that a.s.

lim_{n→∞} Y_n = Y^∞ ,

meaning that the length of the common prefix between Y_n and Y^∞ goes to infinity a.s. Let μ^∞ be the distribution of Y^∞. The measure μ^∞ is μ-stationary and is the only μ-stationary probability on L^∞.

We call μ^∞ the harmonic measure of (G, μ). Intuitively, the harmonic measure gives the direction in which (X_n)_n goes to infinity.

Proposition 4.2. The drift and the entropy of the random walk are given by: γ = � a∈Σ μ(a) � −μ^∞(a^{−1} Σ^N) + � b∈Next(a)

μ^∞(bΣ^N) � (13)

h = − � a∈Σ μ(a) � log �da^{−1} μ^∞ dμ^∞ (ξ) � dμ^∞(ξ) , (14) where dx^{−1} μ^∞/dμ^∞ is the Radon-Nikodym derivative of x^{−1} μ^∞ with respect to μ^∞.

In words, γ is the expected change of length of an infinite normal form distributed according to μ^∞, when left-multiplied by an element distributed according to μ. The entropy h is the mutual information of Y_1 and Y^∞, or equivalently, the relative entropy of the law of (Y_1, Y^∞) with respect to the product law of Y_1 and Y^∞.

In the context of the free group, Propositions 4.1 and 4.2 are proved for instance in [19, Theorem 1.12, Theorem 4.10, Corollary 4.5]. Concerning the entropy, see also [5, 15]. The proofs adapt easily to the present setting. In adapting the proof of [19, Theorem 1.12], one has to argue that L^∞ is the unique closed G-invariant and non-empty subset included in L^∞. But this follows from Lemma 3.6.

Several of the key arguments for Propositions 4.1 and 4.2 go back to Furstenberg [8, 9], see [19] for precise references.

4.1 Markovian multiplicative measure

Define B̊ = {x ∈ R^Σ | ∀u ∈ Σ, x(u) > 0, � u∈Σ x(u) = 1}. Consider r ∈ B̊. Define the matrix P of dimension Σ × Σ by

P_{u,v} = � r(v)/r(Next(u)) if v ∈ Next(u) 0 otherwise

. (15)

It is the transition matrix of a Markov Chain on the state space Σ. According to Lemma 3.6, this Markov chain is irreducible.

Let (U_n)_n be a realization of the Markov chain with transition matrix P and starting from U_1 such that P {U_1 = x} = r(x). Set U^∞ = lim_n U_1 · · · U_n, and let ν^∞ be the distribution of U^∞. Clearly the support of ν^∞ is included in L^∞. For u_1 · · · u_k ∈ L(G, Σ), we have ν^∞(u_1 · · · u_kΣ^N) = r(u_1)P_{u1,u2} · · · P_{uk−1 ,uk}

= r(u_1) r(u_2) r(Next(u_1))

· · · r(u_k) r(Next(u_{k−1} )) = r(u_1) r(Next(u_1))

· · · r(u_{k−1} ) r(Next(u_{k−1} )) r(u_k) . (16)

We call ν^∞ the Markovian multiplicative probability measure associated with r. The measure ν^∞ is in general non-stationary with respect to the translation shift τ : Σ^N → Σ^N, (x_n)_n → (x_{n+1})_n. Indeed, the distribution of the first marginal is r which is different in general from the stationary distribution of P .

4.2 Markovian harmonic measure

Definition 4.3 (Traffic Equations). The Traffic Equations associated with (G, μ) are the equations of the variables x(a), a ∈ Σ, defined by: ∀a ∈ Σ,

x(a) = μ(a) � u∈Next(a)

x(u) + � u∗v=a

μ(u)x(v) + � u∈Prev(a)

μ(u^{−1} ) x(u) � v∈Next(u) x(v)

x(a) . (17)

The Traffic Equations are closely related to the harmonic measure of (G, μ).

Lemma 4.4. If the harmonic measure μ^∞ is the Markovian multiplicative measure associated with r ∈ B̊, then r is a solution to the Traffic Equations (17). Conversely, if the Traffic Equations admit a solution r ∈ B̊, then the harmonic measure μ^∞ is the Markovian multiplicative measure associated with r.

Proof. Assume that the harmonic measure μ^∞ is the Markovian multiplicative measure associated with some r ∈ B̊. According to Proposition 4.1, μ^∞ is μ-stationary. So, applying (12), we get, for all a ∈ Σ,

μ^∞(aΣ^N) = μ(a) � x∈Next(a)

μ^∞(xΣ^N) + � u∗v=a

μ(u)μ^∞(vΣ^N) + � x∈Prev(a)

μ(x^{−1} )μ^∞(xaΣ^N) .

Simplifying using (16), we obtain

r(a) = μ(a) � x∈Next(a)

r(x) + � u∗v=a

μ(u)r(v) + r(a) � x∈Prev(a)

μ(x^{−1} ) r(x) � y∈Next(x) r(y)

. (18)

Therefore, r is a solution to the Traffic Equations.

Conversely, let r ∈ B̊ be a solution to the Traffic Equations. Let ν^∞ be the Markovian multiplicative measure associated with r. According to Proposition 4.1, the measure ν^∞ is the harmonic measure if and only if it is μ-stationary, i.e. iff it satisfies: for all u = u_1 · · · u_k ∈ L(G, Σ), k ≥ 2,

ν^∞(uΣ^N) = μ(u_1)ν^∞(u_2 · · · u_kΣ^N) + � x∗y=u_1

μ(x)ν^∞(yu_2 · · · u_kΣ^N) + � x∈Prev(u_1)

μ(x^{−1} )ν^∞(xuΣ^N) .

Set q(a) = r(a)/r(Next(a)) for all a. The previous equation holds if and only if:

q(u_1) = μ(u_1) q(u_2) · · · q(u_{k−1} )r(u_k) q(u_2) · · · q(u_{k−1} )r(u_k) + � x∗y=u_1

μ(x) q(y)q(u_2) · · · q(u_{k−1} )r(u_k) q(u_2) · · · q(u_{k−1} )r(u_k) + � x∈Prev(u_1)

μ(x^{−1} ) q(x)q(u_1) · · · q(u_{k−1} )r(u_k) q(u_2) · · · q(u_{k−1} )r(u_k) .

This is equivalent to:

r(u_1) = μ(u_1)r(Next(u_1)) + � x∗y=u_1

μ(x)r(y) r(Next(u_1)) r(Next(y)) + � x∈Prev(u_1)

μ(x^{−1} ) r(x) r(Next(x)) r(u_1).

(19) Now let us prove that Next(x ∗ y) = Next(y) . (20) By definition, a ∈ Next(y) iff ϕ(y ∗ a) = ya. Using that x ∗ y ∈ Σ and applying (9), we deduce that ϕ(x ∗ (y ∗ a)) = (x ∗ y)a. In particular a ∈ Next(x ∗ y). So we have Next(y) ⊂ Next(x ∗ y). Now using that y = x^{−1} ∗ (x ∗ y), we conclude easily that (20) holds.

It follows that r(Next(u_1)) = r(Next(y)). So Equation (19) is equivalent to:

r(u_1) = μ(u_1)r(Next(u_1)) + � x∗y=u_1

μ(x)r(y) + � x∈Prev(u_1)

μ(x^{−1} ) r(x) r(Next(x)) r(u_1) .

This last equation holds since r is a solution to the Traffic Equations. We conclude that ν^∞ is indeed the harmonic measure.

Since the harmonic measure is uniquely defined, a corollary of the above is that the Traffic Equations (17) have at most one solution x ∈ B̊. We are now ready to state the main result.

Theorem 4.5. Let G be an infinite group with finite set of generators Σ, such that (G, Σ) is 0-automatic. Assume that G is not isomorphic to Z or Z/2Z ⋆ Z/2Z. Let μ be a probability measure on Σ such that � n∈N^∗ supp μ

∗n = G. Then the Traffic Equations (17) have a unique solution r ∈ B̊. The harmonic measure of the random walk is the Markovian multiplicative measure associated with r.

When specializing Theorem 4.5 to the case G = F(Σ), the free group generated by Σ, we recover the classical results of [6, 19, 25].

Corollary 4.6. Under the assumptions of Theorem 4.5, the drift is given by γ = � a∈Σ μ(a) � −r(a^{−1} ) + r(Next(a)) � , (21)

and the entropy is given by

h = − � a∈Σ μ(a) � log � 1 q(a^{−1} ) � r(a^{−1} ) + � b|a∗b∈Σ log �q(a ∗ b) q(b) � r(b) + log[q(a)]r(Next(a)) � , (22)

where ∀a ∈ Σ, q(a) = r(a)/r(Next(a)).

In particular, if the probabilities μ(a), a ∈ Σ, are algebraic numbers, then the drift and the entropy are also algebraic numbers.

We are going to prove Theorem 4.5 using a fixed point argument.

Proof of Theorem 4.5. Define the application Φ : (R^∗_+)^Σ −→ (R^∗_+)^Σ as follows. For a ∈ Σ and for X ∈ (R^∗_+)^Σ ,

Φ(X)(a) = μ(a) � � u∈Next(a)

X(u) � � � � A + � u∗v=a

μ(u)X(v) � � � B + X(a) � u∈Prev(a)

μ(u^{−1} )

X(u) � v∈Next(u) X(v)

� � � C .

(23) Hence, a solution to the Traffic Equations is a vector r ∈ B̊ such that r = Φ(r).

Let us prove that Φ( B̊) ⊂ B̊. Consider X ∈ B̊. We consider separately the contributions from the terms A, B, and C in � a∈Σ Φ(X)(a). We have � a∈Σ Φ(X)(a) = � a∈Σ Φ(X)(a) � A + � a∈Σ Φ(X)(a) � B + � a∈Σ Φ(X)(a) � C , with � a∈Σ Φ(X)(a) � A = � u∈Σ μ(u) � v|u∗v∉Σ∪1_G

X(v) � a∈Σ Φ(X)(a) � B = � a∈Σ � u∗v=a

μ(u)X(v) = � u∈Σ μ(u) � v|u∗v∈Σ

X(v) ,

and � a∈Σ Φ(X)(a) � C = � a∈Σ X(a) � u^{−1} ∈Prev(a)

μ(u)

X(u^{−1} ) � v∈Next(u^{−1} ) X(v) = � u∈Σ μ(u)

X(u^{−1} ) � v∈Next(u^{−1} ) X(v) � a|u^{−1} ∈Prev(a)

X(a) = � u∈Σ μ(u)X(u^{−1} )

Collecting the three contributions, we obtain � a∈Σ Φ(X)(a) = � a∈Σ μ(a) = 1. We have proved that Φ( B̊) ⊂ B̊.

Define B = {x ∈ R^Σ | ∀i, x_i ≥ 0, � i x_i = 1}. The set B is a convex compact subset of R^Σ , which suggests to look for a fixed point argument. However, Φ cannot in general be extended continuously on B. Indeed, set Φ(X)_a = A(X) + B(X) + C(X) with the same decomposition as in (23). Clearly the maps A(X) and B(X) can be extended continuously on B. On the other hand, C(x) can be extended iff � v∈Next(u) X(v) ≠ 0 for all u ∈ Prev(a).

For x ∈ B\B̊, let Φ(x) ⊂ B be the set of possible limits of Φ(x_n), x_n ∈ B̊, x_n → x. We have extended Φ to a correspondence Φ : B ↠ B. Clearly this correspondence has a closed graph and nonempty convex values. Therefore, we are in the domain of application of the Kakutani- Fan-Glicksberg Theorem, see [1, Chapter 16]. The correspondence has at least one fixed point: ∃x ∈ B such that x ∈ Φ(x). Now let us prove that a fixed point x satisfies x ∈ B̊. Using the shape of the Traffic Equations, we get that:

x(a) > 0 =⇒ [∀b ∈ Prev(a), x(b) > 0] .

The graph G with nodes Σ and arcs a → b, b ∈ Prev(a), is the graph obtained from the graph Next(G, Σ) by reverting the direction of the arcs. Hence G is strongly connected according to Lemma 3.6. We deduce that x must necessarily belong to B̊.

Finally, according to Lemma 4.4, there is at most one fixed point in B̊, by uniqueness of the harmonic measure. Therefore there is exactly one r in B̊ such that Φ(r) = r and the Markovian multiplicative measure associated with r is the harmonic measure.

4.3 Probability of ever hitting a group element

Asymptotic properties of random walks on plain groups have been extensively studied via the Green kernel, see [31, Chapters II-9 and III-17]. The purpose of this section is to clarify the link between this classical approach and the results in §4.2.

For all g ∈ G, let q(g) be the probability of ever hitting g:

q(g) = P {∃n | X_n = g} . (24)

Clearly, 0 < μ^∞(ϕ(g)Σ^N) < q(g) < 1. If ϕ(g) = u_1 · · · u_k ∈ L(G, Σ), by the strong Markov property, we have q(g) = q(u_1)q(u_2) · · · q(u_k) .

Therefore, all we need to compute are the quantities q(a), a ∈ Σ. Set Σ_a = {b ∈ Σ | ∃c ∈ Σ ∪ 1_G, a ∗ c = b}. Now, (q(a))_{a∈Σ} has to be a solution of the set of equations: ∀a ∈ Σ,

x(a) = μ(a) + � u∗v=a

μ(u)x(v) + x(a) � c∈Σ\Σ_a

μ(c)x(c^{−1} ) . (25)

Let us justify it. The first two terms on the right-hand side are more or less obvious. Now assume that the random walk starts with an initial step of type c ∈ Σ\Σ_a. Given the tree-like structure of the Cayley graph, it has to go back to 1_G before possibly reaching a. Now, the probability of ever hitting 1_G starting from c is equal to the probability of ever hitting c^{−1} starting from 1_G. This accounts for the third right-hand term in (25).

The Equations (25) are close enough to the Traffic Equations (17). Let (r(a))_{a∈Σ} be the unique solution in B̊ of the Traffic Equations (Theorem 4.5). We have:

r(a) = μ(a)r(Next(a)) + � u∗v=a

μ(u)r(v) + r(a) � u∈Σ\Σ_a

μ(u) r(u^{−1} ) r(Next(u^{−1} )) =⇒ r(a) r(Next(a))

= μ(a) � u∗v=a

μ(u) r(v) r(Next(v)) + r(a) r(Next(a)) � u∈Σ\Σ_a

μ(u) r(u^{−1} ) r(Next(u^{−1} )) ,

where we have used that [u ∗ v = a] =⇒ [Next(v) = Next(a)]. Hence q̃(a) = r(a)/r(Next(a)), a ∈ Σ, is a solution to (25). To conclude that q = q̃, it is enough to show that the Equations (25) have a unique solution.

Lemma 4.7. The Equations (25) have a unique solution in (0, 1)^Σ , which is

∀a ∈ Σ, q(a) = P {∃n | X_n = a} = r(a) � v∈Next(a) r(v)

. (26)

Proof. Define the map Φ : R^Σ → R^Σ as follows: Φ(x)(a) is equal to the right-hand term in (25). Observe that Φ is a non-decreasing function (for the coordinate-wise ordering). Besides, we have:

Φ(0, . . . , 0) = (μ(a))_{a∈Σ} , Φ(1, . . . , 1) = (1, . . . , 1) .

Consequently, Φ( � a∈Σ [μ(a), 1]) ⊂ � a∈Σ [μ(a), 1]. According to the above, Φ also has a fixed point in � a∈Σ (μ(a), 1) which is q̃ = (q̃(a))_{a∈Σ} . Now let us prove that q̃ and (1, . . . , 1) are the only fixed points of Φ in � a∈Σ [μ(a), 1].

We have Φ(x) = μ + Ax + Q(x), where A is a non-negative matrix and Q(.) is a quadratic map with non-negative coefficients. Set 1 = (1, . . . , 1). Assume that there exist two fixed points u and v of Φ in � a∈Σ [μ(a), 1] such that u ≤ v ≤ 1 and u, v, 1 are all different. Then we have:

Φ(v) − Φ(u) = A(v − u) + Q(v) − Q(u) = v − u =⇒ Q(v) = Q(u) + (I − A)(v − u) ,

and similarly Q(1) = Q(u) + (I − A)(1 − u). It implies that the quadratic map Q has to be a linear map, which is not the case.

Now assume that there exist two different fixed points of Φ in � a∈Σ (μ(a), 1), say u and v.

According to the above, there exists i, j, such that u_i < v_i, u_j > v_j. Set w = u ∧ v, where the minimum is taken coordinate-wise. Since Φ is increasing, we have Φ(w) ≤ Φ(v) = v and Φ(w) ≤ Φ(u) = u. So Φ(w) ≤ w. Therefore, we have Φ( � a∈Σ [μ(a), w(a)]) ⊂ � a∈Σ [μ(a), w(a)].

By Brouwer Fixed Point Theorem, the continuous map Φ has a fixed point x in � a∈Σ [μ(a), w(a)] and x ≤ u, which contradicts the first part of the argument. This completes the proof.

A consequence of Lemma 4.7 is the following way of defining the harmonic measure μ^∞: ∀u = u_1 · · · u_k ∈ L(G, Σ),

μ^∞(uΣ^N) = q(u_1) · · · q(u_{k−1} )r(u_k) = P {∃n | ϕ(X_n) = u_1 · · · u_{k−1} }r(u_k) .

Inverting the formulas (26) to get (r(a))_a as a function of (q(a))_a does not provide easy to handle formulas in general. But it does for some examples. For the free group F(S) and the free product Z/2Z ⋆ · · · ⋆ Z/2Z, we get respectively

r(a) = q(a)(1 − q(a^{−1} )) 1 − q(a)q(a^{−1} )

, r(a) = q(a) 1 + q(a)

. (27)

Harmonic functions, Martin boundary, and Poisson boundary. For ξ ∈ L^∞, define K_ξ : G → R_+ by K_ξ(x) = lim_n K_{π(ξ[n])} (x) = lim_n q(x^{−1} ∗ π(ξ[n]))/q(π(ξ[n]), where ξ[n] is the length n prefix of ξ. Set ξ = ξ_0ξ_1 · · · . For x ∈ G with ϕ(x) = x_0 · · · x_{n−1} ∈ L(G, Σ), set k = |ϕ(x) ∧ ξ|_Σ , the length of the longest joint prefix of ϕ(x) and ξ. We have

K_ξ(x) = � q(x^{−1}_k ) · · · q(x^{−1}_{n−1} ) � / � q(ξ_0) · · · q(ξ_{k−1} ) � if x^{−1}_k ∈ Prev(ξ_k) � q(x^{−1}_k ∗ ξ_k)q(x^{−1}_{k+1}) · · · q(x^{−1}_{n−1} ) � / � q(ξ_0) · · · q(ξ_k) � otherwise

. (28)

The minimal positive harmonic functions are the functions K_ξ, ξ ∈ L^∞. (This is easily proved, for instance by adapting the argument in [19, Theorem 2.10]. Here, the only small novelty is to have the precise expression (28) in the framework of 0-automatic pairs.)

In particular, we recover the classical fact that the Martin boundary and minimal Martin boundary of the random walk coincide with the end boundary L^∞. (This holds in much more general contexts, see [31, Chapter IV-26] and the references therein.) The pair (L^∞, μ^∞) is the Poisson boundary.

Comparison with the literature. The importance of the Equations (25) in q is well-known. In the seminal paper of Dynkin & Malyutov [6], these equations are explicitely solved in the free group case, and the harmonic functions are then derived as above. In [25], the authors prove that μ^∞ is Markovian for the free group as follows: they use the expression for q obtained in [6], they define r as in (27), and then they prove that the measure defined by ν^∞(u_1 · · · u_kΣ^N) = q(u_1) · · · q(u_{k−1} )r(u_k) is the harmonic measure. The approach of [30] is similar. For trees with finitely many cone types, the proof in [24] that the harmonic measure is Markovian is also centered around the analog of the Equations (25). The series version of (25) is still the main ingredient in getting central or local limit theorems. See for instance [25, 18, 24] for nearest neighbor random walks, and [17] for finite range random walks on free groups. Here the proof that μ^∞ is Markovian multiplicative is different and based on the Traffic Equations (17) instead of the Equations (25). This is a more direct path and the only way to proceed in the general case since we cannot retrieve a solution to the Traffic Equations from a solution to (25). This point becomes even clearer in the context of monoids, see §5.

5 From Groups to Monoids and Beyond

At the cost of some added technicalities in the definitions, Theorem 4.5 holds when replacing groups by monoids. The main result is Theorem 5.3. The notion of zero-automaticity for monoids is discussed in more details in [21].

5.1 Zero-automaticity for monoids

Let (M, ∗) be a finitely generated monoid with unit element 1_M . Let Σ ⊂ M be a finite set of generators. We always assume that 1_M ∉ Σ. Let π : Σ^∗ → M be the corresponding monoid homomorphism.

Mutatis mutandis, the following notions and notations are defined as in §2: a representative word u ∈ π^{−1} (m), a cross-section of M, a normal form word, the normal form map, the length |·|_Σ , a geodesic, the Cayley graph X(M, Σ). Define the language L(M, Σ) ⊂ Σ^∗ of locally reduced words by:

L(M, Σ) = {u_1 · · · u_k | ∀i ∈ {1, . . . , k − 1}, u_i ∗ u_{i+1} ∉ Σ ∪ 1_M } . (29)

Define the sets Next(.), Prev(.) as in (8).

We now want a notion of 0-automaticity for monoids. The condition that L(M, Σ) is a crosssection of M is not sufficient to get an analog of Theorem 4.5. We propose the following definition:

Definition 5.1. Let (M, ∗) be a monoid with finite set of generators Σ. Assume that the language of locally reduced words L(M, Σ) is a cross-section of M. Let ϕ : M → L(M, Σ) be the corresponding normal form map. Assume that: ∀u ∈ M s.t. ϕ(u) = u_1 · · · u_k, ∀a ∈ Σ,

ϕ(u ∗ a) = � � � u_1 · · · u_{k−1} if u_k ∗ a = 1_M u_1 · · · u_{k−1} v if u_k ∗ a = v ∈ Σ u_1 · · · u_{k−1} u_ka if u_k ∗ a ∉ Σ ∪ 1_M

, ϕ(a ∗ u) = � � � u_2 · · · u_k if a ∗ u_1 = 1_M vu_2 · · · u_k if a ∗ u_1 = v ∈ Σ au_1 · · · u_k if a ∗ u_1 ∉ Σ ∪ 1_M . (30) Assume furthermore that: ∀a, b ∈ Σ such that a ∗ b ∈ Σ,

Prev(a) = Prev(a ∗ b), Next(b) = Next(a ∗ b) . (31)

Then we say that the pair (M, Σ) is 0-automatic.

Definition 5.1 is more complex than its analog for groups, Definition 3.1. For groups, the assumption that L(G, Σ) is a cross-section implies both (30) and (31) (see Equations (9) and (20)).

As for groups, the above definition of zero-automatic pairs has several consequences. First, the cross-section L(M, Σ) is precisely the set of geodesics. Second, if M is infinite, then X(M, Σ) has uniform node-connectivity 1.

Define a plain monoid to be the free product of a finitely generated free group, a finitely generated free monoid, and a finite family of finite monoids. Given a plain monoid M = F(S) ⋆ Σ^∗ ⋆ M_1 ⋆ · · · ⋆ M_k, the set of generators S ⊔ S^{−1} ⊔ Σ ⊔ M_1\1_{M1} ⊔ · · · ⊔ M_k\1_{Mk} is said to be a set of natural generators. Next result is the counterpart of Prop. 3.2.

Proposition 5.2. The pair formed by a plain monoid and natural generators is 0-automatic.

There is no counterpart to Proposition 3.3. That is, the family of plain monoids does not exhaust the monoids appearing in 0-automatic pairs. Consider for instance the monoids given by the following monoid presentations:

M_1 = ⟨ a, b | ab = 1 ⟩, M_2 = ⟨ a, b, c | ab = 1 ⟩ . (32)

The monoid M_1 is known as the bicyclic monoid. Set Σ_1 = {a, b} and Σ_2 = {a, b, c}. One can show that (M_1, Σ_1) and (M_2, Σ_2) are 0-automatic. However, neither M_1 nor M_2 is isomorphic to a plain monoid. We have represented the Cayley graphs of the two monoids in Figure 3.

The graph of successors. Let (M, Σ) be 0-automatic and define the graph of successors Next(M, Σ) as in (10). The graph Next(M, Σ) is not always strongly connected, i.e. there is no counterpart to Lemma 3.6. Consider for instance the monoids in (32). The graph Next(M_2, Σ_2) is strongly connected, but not the graph Next(M_1, Σ_1).

On the other hand, the pair formed by a plain monoid and a set of natural generators has a strongly connected graph of successors. In [26], random walks on the monoids M = ⟨ a_1, b_1, . . . , a_k, b_k | a_1b_1 = 1, . . . , a_kb_k = 1 ⟩ are considered. Except for the case k = 1, the pair (M, Σ), Σ = {a_1, b_1, . . . , a_k, b_k}, is 0-automatic and Next(M, Σ) is strongly connected.

Figure 3: The Cayley graphs of ⟨ a, b | ab = 1 ⟩ (left) and ⟨ a, b, c | ab = 1 ⟩ (right).

5.2 Random walks

Let M be a monoid with finite set of generators Σ. Let μ be a probability measure on Σ such that � n∈N^∗ supp μ

∗n = M. The (right) random walk (associated with) (M, μ) is defined as in the group case. The drift is defined as in (5) and the entropy as in (6). ¿From now on, assume that the pair (M, Σ) is 0-automatic. We make three additional assumptions. First, that the graph of successors Next(M, Σ) is strongly connected. Second, that M is infinite. Third, that the random walk (M, μ) is transient.

This last assumption is not restrictive. If M is in fact a group, see the discussion at the beginning of §4. If M is not a group, then (M, μ) is transient. Indeed, there must exist b ∈ Σ with no inverse. Consider c ∈ Σ such that b ∗ d = c for some d ∈ Σ. Clearly, c has no inverse either. Let (Y_n)_n be a realization of the random walk on L(M, Σ). In view of (30), if Y_n equals an element ending with the letter b, then we have ∀m ≥ n, |Y_m|_Σ ≥ |Y_n|_Σ . The transience follows easily.

Define L^∞ as in (11). Define a μ-stationary probability measure as in (12). The analog of Proposition 4.1 holds. Indeed, the proof of Proposition 4.1 given in [19, Theorem 1.12] translates to the new setting. In particular, to get the uniqueness of the μ-stationary measure, one uses the assumption that Next(M, Σ) is strongly connected.

So the harmonic measure μ^∞ of the random walk is well-defined. The formulas for the drift and the entropy are now: γ = � a∈Σ μ(a) � b∈Σ � |a ∗ b|_Σ − |b|_Σ � μ^∞(bΣ^N), h = − � a∈Σ μ(a) � log �dμ^∞(a ∗ ·) dμ^∞ (ξ) � dμ^∞(ξ) ,

with obvious notations for the entropy. Once again, this is proved by slightly modifying the arguments in [19, Theorem 4.10, Corollary 4.5].

The Traffic Equations are defined by: ∀a ∈ Σ,

x(a) = μ(a) � u∈Next(a)

x(u) + � u∗v=a

μ(u)x(v) + � t∗u=1_M ,u∈Prev(a)

μ(t) x(u) � v∈Next(u) x(v)

x(a) . (33)

The proof of Lemma 4.4 carries over. The only modification is that the equality [Next(x ∗ y) = Next(y)] which was proved in the group case (see (20)), is now true by definition (see (31)). All the ingredients are in place to state the extension of Theorem 4.5 for monoids. The proof of Theorem 4.5 can be used, mutatis mutandis, to prove Theorem 5.3.

Theorem 5.3. Let M be an infinite monoid with finite set of generators Σ, such that (M, Σ) is 0-automatic. Assume that the graph of successors Next(M, Σ) is strongly connected. Let μ be a probability measure on Σ. Assume that � n∈N^∗ supp μ

∗n = M and that the random walk (M, μ) is transient. Then the Traffic Equations have a unique solution r ∈ B̊. The harmonic measure of the random walk is the Markovian multiplicative measure associated with r. The drift is given by: γ = � a∈Σ μ(a) � − � b|a∗b=1_M

r(b) + r(Next(a)) � , and the entropy is given by:

h = − � a∈Σ μ(a) � � b|a∗b=1_M log � 1 p(b) � r(b) + � b|a∗b∈Σ log �p(a ∗ b) p(b) � r(b) + log[p(a)]r(Next(a)) � ,

where ∀a ∈ Σ, p(a) = r(a)/r(Next(a)).

Define q(a), the probability of ever hitting a, as in (24). The results of §4.3 do not extend to the monoid case. Indeed there is no direct link anymore between the Traffic Equations and the equations defining q. This is best understood on an example.

Let B = ⟨ a | a^2 = a ⟩ be the Boolean monoid, let G be a non-trivial finite group (Σ_1 = G\{1_G}), and consider the free product B ⋆ G. Here are the respective equations satisfied by r(a)/r(Next(a)) = r(a)/r(Σ_1) and by q(a):

r(a)/r(Σ_1) = μ(a) + μ(a)r(a)/r(Σ_1) + r(a)/r(Σ_1) � b∈Σ_1

μ(b)r(b^{−1} )/r(a)

q(a) = μ(a) + q(a) � b∈Σ_1

μ(b)q(b^{−1} ) .

There is an additional term in the first equation with respect to the second.

5.3 Beyond monoids

To delimit the precise role of the group or monoid assumption in Theorems 4.5 and 5.3, we may consider the following model.

Let Σ be a finite set. Consider a map f : Σ × Σ → 1 ∪ Σ ∪ Σ^2 such that f(a, b) ∈ Σ^2 =⇒ f(a, b) ∈ aΣ. Define the map Ψ : Σ^∗ → Σ^∗ recursively as follows: (i) ∀x ∈ 1 ∪ Σ, Ψ(x) = x; (ii) if Ψ(u_1 · · · u_n) = v_1 · · · v_k then Ψ(u_1 · · · u_nu_{n+1}) = v_1 · · · v_{k−1} f(v_k, u_{n+1}). Let μ be a probability measure on Σ, let (x_n)_{n∈N} be a sequence of i.i.d. r.v.’s with law μ. Define the Σ^∗-valued Markov chain (Y_n)_n by Y_n = Ψ(x_0 · · · x_{n−1} ). This is a generalization of the previous group and monoid random walks, with f replacing the group or monoid law.

Assume that f and μ are such that the Markov chain (Y_n)_n is transient, i.e. lim_n |Y_n|_Σ = ∞ a.s. Define the Σ^N-valued r.v. Y^∞ = lim_n Y_n and let μ^∞ be its law. (The limit exists since the chain is transient and since the dynamic affects only the last letter of a word).

Proposition 5.4. The measure μ^∞ is a Markovian measure. That is, there exist a vector r of dimension Σ and a stochastic matrix P of dimension Σ × Σ such that μ^∞(u_1 · · · u_nΣ^N) = r(u_1)P_{u1,u2} · · · P_{un−1 ,un} .

Proof. Consider the realization (Y_n)_n of the random walk defined on the canonical product space Σ^N equipped with the product measure μ^{⊗N} . By definition, Y_n(w) = Ψ(w[n]), where w[n] is the prefix of length n of w ∈ Σ^N. Set Y^∞(w) = lim_n Y_n(w).

The idea of the proof is simple and goes as follows. If Y^∞(w) = u_1 · · · u_i · · · , then there is a last integer n_i such that Y_{ni} (w) = u_1 · · · u_i, and we can parse the trajectories according to the sequence (n_i)_i. We use in an essential way the fact that Y_n and Y_{n+1} differ only by the last letter.

Fix u = u_1 · · · u_k ∈ Σ^k, k ≥ 2, such that μ^∞(uΣ^N) > 0. Define S = � w ∈ Σ^N | Y^∞(w) ∈ u_1 · · · u_kΣ^N � , S_x = � w ∈ Σ^N | Y^∞(w) ∈ u_1 · · · u_kxΣ^N � . Observe that S = � x∈Σ S_x: the set S is the disjoint union of the sets S_x. Besides,

μ^∞(uxΣ^N)/μ^∞(uΣ^N) = μ^{⊗N} (S_x)/μ^{⊗N} (S) . (34)

Define also T = � w ∈ Σ^∗ | Ψ(w) = u_1 · · · u_k � . Now, define for all a ∈ Σ ∪ 1 and b ∈ Σ,

U_{a,b} = � w ∈ Σ^∗ | Ψ(w) = b, ∀1 ≤ n ≤ |w|_Σ , aΨ(w[n]) ∈ aΣ^+ � . At last, define for all a ∈ Σ,

V_a = � w ∈ Σ^N | ∀n ≥ 1, aΨ(w[n]) ∈ aΣ^+ � . Observe that V_a = ⊔_b U_{a,b}V_b. Consider w ∈ S and set τ = sup{n | Ψ(w[n]) = u_1 · · · u_k}. We have w ∈ (T ∩ Σ^τ )V_{uk} . Besides, the sets [(T ∩ Σ^n)V_{uk} ]_n are clearly disjoint. Consider now w ∈ S_x. Set τ^′ = sup{n | Ψ(w[n]) = u_1 · · · u_kx}. We have w ∈ (T ∩ Σ^τ )(U_{uk,x} ∩ Σ^{τ′−τ} )V_x. The sets [(T ∩ Σ^{n1} )(U_{uk,x} ∩ Σ^{n2} )V_x]_{n1,n2} are disjoint. Hence we get S = � n∈N (T ∩ Σ^n)V_{uk} , S_x = � n_1,n_2∈N

(T ∩ Σ^{n1} )(U_{uk,x} ∩ Σ^{n2} )V_x .

Therefore,

μ^{⊗N} (S_x) = � n_1,n_2∈N

μ^{⊗N} � (T ∩ Σ^{n1} )(U_{uk,x} ∩ Σ^{n2} )V_x �

= � n_1,n_2∈N

μ^{⊗N} (T ∩ Σ^{n1} )μ^{⊗N} (U_{uk,x} ∩ Σ^{n2} )μ^{⊗N} (V_x) = μ^{⊗N} (T )μ^{⊗N} (U_{uk,x})μ^{⊗N} (V_x)

μ^{⊗N} (S) = � n∈N μ^{⊗N} � (T ∩ Σ^n)V_{uk} � = � n∈N μ^{⊗N} (T ∩ Σ^n)μ^{⊗N} (V_{uk} ) = μ^{⊗N} (T )μ^{⊗N} (V_{uk} ) .

Using (34), we get

μ^∞(uxΣ^N) μ^∞(uΣ^N) = μ^{⊗N} (S_x) μ^{⊗N} (S) = μ^{⊗N} (U_{uk,x})μ^{⊗N} (V_x) μ^{⊗N} (V_{uk} )

= P_{uk,x} ,

and, with a similar argument, for all a ∈ Σ,

μ^∞(aΣ^N) = μ^{⊗N} (U_{1,a})μ^{⊗N} (V_a) � x∈Σ μ^{⊗N} (U_{1,x})μ^{⊗N} (V_x)

= r(a) .

This completes the proof.

As opposed to the group or monoid case, the measure μ^∞ is Markovian but not necessarily Markovian multiplicative. Hence the crucial link, via Lemma 4.4, with the Traffic Equations is cut. It is not possible anymore to characterize μ^∞ using the Traffic Equations. To illustrate this last point, consider the following example.

Example 5.5. Consider the monoid M = ⟨ a, b, c | ac = a, cb = b, c^2 = c ⟩, the generators Σ = {a, b, c}, and a transient random walk on (M, Σ). Here L(M, Σ) is a cross-section and (30) holds but not (31): {b} = Prev(c) ≠ Prev(c ∗ b) = Prev(b) = {a, b}. Therefore, the pair (M, Σ) is not 0-automatic. However, we are in the domain of application of Proposition 5.4. Furthermore, |Y_{n+1}|_Σ ≥ |Y_n|_Σ . Consequently μ^∞ can be explicitly determined using elementary arguments. In particular, we have

μ^∞(aΣ^N) = μ(a), μ^∞(bΣ^N) = μ(b) + μ(c) μ(b) μ(a) + μ(b)

, μ^∞(cΣ^N) = μ(c) μ(a) μ(a) + μ(b) , and for instance

μ^∞(aaΣ^N) = μ(a) μ(a) μ(a) + μ(b)

≠ μ^∞(aΣ^N) μ^∞(aΣ^N) μ^∞(aΣ^N) + μ^∞(bΣ^N) . This last equation shows that μ^∞ is not Markovian multiplicative.

Trees with finitely many cone types. In [24], the authors prove that a transient Nearest Neighbor (NN) random walk on a Tree with Finitely Many Cone Types (TFMCT) has a Markovian ‘harmonic measure’. Let us compare more closely the result from [24] and Theorems 4.5 and 5.3.

Let (M, Σ) be a 0-automatic pair, and let ϕ : M → L(M, Σ) be the normal form map. Define the directed and labelled tree T (M, Σ) with set of nodes M and arcs:

u^a−→ v, a ∈ Σ, if ϕ(v) = ϕ(u)a or ϕ(u) = ϕ(v)b, b ∗ a = 1_M .

Let T_x(M, Σ), x ∈ M, be the cone rooted at x, that is, the subtree of T (M, Σ) with nodes {u | ϕ(u) ∈ ϕ(x)Σ^∗}. Then T_x(M, Σ) and T_y(M, Σ) are isomorphic as soon as ϕ(x) and ϕ(y) end up with the same letter. In particular, T (M, Σ) is a TFMCT.

Now consider the random walk (M, μ) where μ is a probability on Σ. There are three possible types of one-step moves, see (30): the lines 1 and 3 in (30) correspond to one-step moves between adjacent nodes in T (M, Σ), the line 2 corresponds to a one-step move between nodes at distance 2 in T (M, Σ).

To summarize, we have a non-NN random walk on a specific type of TFMCT. It is not straightforward to adapt the proof of Markovianity of the harmonic measure in [24] to such a random walk. There are two difficulties: (i) the steps at distance 2; (ii) the fact that the TFMCT is not irreducible in the sense of [24]. On the other hand, the approach via the Traffic Equations has no chance to apply to a general NN random walk on a TFMCT. Indeed, the Traffic Equations yield a Markovian multiplicative harmonic measure, whereas the harmonic measure is Markovian but not Markovian multiplicative in [24]. In the same spirit, see also Proposition 5.4.

6 Examples

In small examples, the Traffic Equations can be completely solved to provide closed form expressions for the harmonic measure, the drift, or the entropy. We illustrate this on a couple of examples. The computations have been carried out using Maple.

Denote the cyclic group of order 2 by Z_2 = Z/2Z and the Boolean monoid by B (monoid presentation: B = ⟨x | x^2 = x⟩). Consider the free product Z_2 ⋆B⋆B, and denote the respective generators by a, b, and c. Let μ be a non-degenerate probability measure on {a, b, c}. The Traffic Equations can easily be solved. The unique solution in B̊, which defines the harmonic measure, is:

r(a) = μ(a) 1 + μ(a)

, r(b) = μ(b) 1 − μ(a)^2

, r(c) = μ(c) 1 − μ(a)^2 . The drift is then: γ = 1 − 2μ(a)^2(1 − μ(a)) − μ(a)^2 − μ(b)^2 − μ(c)^2 1 − μ(a)^2 . Consider now a free product of the form M = M_a ⋆ M_b ⋆ M_c ⋆ M_d, where M_i is equal either to Z_2 or to B. Let a_i be the generator of M_i. We consider the simple random walk on M, that is the random walk defined by μ : ∀i, μ(a_i) = 1/4. In Fig. 4, we have represented this random walk for Z_2 ⋆ Z_2 ⋆ Z_2 ⋆ B. (Recall that the undirected edges − correspond to two directed arcs ⇄.) The values of the drift for all the possible cases are given in the Table below.

Z_2 ⋆ Z_2 ⋆ Z_2 ⋆ Z_2 Z_2 ⋆ Z_2 ⋆ Z_2 ⋆ B Z_2 ⋆ Z_2 ⋆ B ⋆ B Z_2 ⋆ B ⋆ B ⋆ B B ⋆ B ⋆ B ⋆ B

γ 1/2 (12 + 3 √ 2)/28 (6 + √ 3)/12 7/10 3/4

The values 1/2, 7/10, and 3/4, can be obtained by elementary arguments without having to solve the Traffic Equations. For instance consider the case M = Z_2 ⋆ B ⋆ B ⋆ B. Denote by z, resp. b, the set of elements of M whose normal form representatives end with the letter a_1 (the generator of Z_2), resp. with one of the letters a_2, a_3, a_4 (the generators of the copies of

Figure 4: The simple random walk on Z_2 ⋆ Z_2 ⋆ Z_2 ⋆ B.

B). When we are far from 1_M , the random walk on M induces a Markov chain on {z, b} with transition matrix P defined by: P (b, b) = 3/4, P (b, z) = 1/4, P (z, b) = 1, P (z, z) = 0. The corresponding stationary distribution π is given by: π(b) = 4/5, π(z) = 1/5. According to the Ergodic Theorem for Markov chains, we have: γ = π(b) × (3/4) + π(z) × (1/2) = 7/10. On the other hand, the values (12 + 3 √ 2)/28 and (6 + √ 3)/12 cannot be retrieved using such elementary arguments. Here it is necessary to solve the Traffic Equations.

Acknowledgement. This work has benefited from many exchanges with Frédéric Mathéus. I am also grateful to Géraud Sénizergues and Wolfgang Woess for pointing out several relevant references.

References

[1] C. Aliprantis and K. Border. Infinite Dimensional Analysis: a Hitchhiker’s Guide, 2nd ed.

Springer-Verlag, Berlin, 1999.

[2] A. Avez. Entropie des groupes de type fini. C. R. Acad. Sci. Paris Sér. A-B, 275:1363–1366, 1972.

[3] D. Cartwright and B. Krön. Classification of 0-automatic pairs. Preprint, 2004.

[4] Y. Derriennic. Quelques applications du théorème ergodique sous-additif. Astérisque, 74:183–201, 1980.

[5] Y. Derriennic. Entropie, théorèmes limite et marches aléatoires. In Probability measures on groups, VIII, volume 1210 of Lecture Notes in Math., pages 241–284. Springer, Berlin, 1986.

[6] E. Dynkin and M. Malyutov. Random walk on groups with a finite number of generators.

Sov. Math. Dokl., 2:399–402, 1961.

[7] D. Epstein, J. Cannon, D. Holt, S. Levy, M. Paterson, and W. Thurston. Word processing in groups. Jones and Bartlett, Boston, 1992.

[8] H. Furstenberg. Noncommuting random products. Trans. Amer. Math. Soc., 108:377–428, 1963.

[9] H. Furstenberg. Random walks and discrete subgroups of Lie groups. In Advances in Probability and Related Topics, Vol. 1, pages 1–63. Dekker, New York, 1971.

[10] M. Gromov. Hyperbolic groups. In Essays in group theory, volume 8 of Math. Sci. Res.

Inst. Publ., pages 75–263. Springer, 1987.

[11] Y. Guivarc’h. Sur la loi des grands nombres et le rayon spectral d’une marche aléatoire.

Astérisque, 74:47–98, 1980.

[12] R. Haring-Smith. Groups and simple languages. Trans. Amer. Math. Soc., 279(1):337–356, 1983.

[13] G. Högnäs and A. Mukherjea. Probability measures on semigroups : convolution products, random walks, and random matrices. Plenum, New York, 1995.

[14] V. Kaimanovich. The Poisson formula for groups with hyperbolic properties. Ann. of Math. (2), 152(3):659–692, 2000.

[15] V. Kaimanovich and A. Vershik. Random walks on discrete groups: boundary and entropy.

Ann. Probab., 11(3):457–490, 1983.

[16] J. Kingman. Subadditive ergodic theory. Ann. Probab., 1:883–909, 1973.

[17] S. Lalley. Finite range random walk on free groups and homogeneous trees. Ann. Probab., 21(4):2087–2130, 1993.

[18] S. Lalley. Random walks on regular languages and algebraic systems of generating functions.

In Algebraic methods in statistics and probability, volume 287 of Contemp. Math., pages 201–230. Amer. Math. Soc., 2001.

[19] F. Ledrappier. Some asymptotic properties of random walks on free groups. In J. Taylor, editor, Topics in probability and Lie groups: boundary theory, number 28 in CRM Proc. Lect. Notes, pages 117–152. American Mathematical Society, 2001.

[20] R. Lyons. Random walks and the growth of groups. C. R. Acad. Sci., Paris, Sér. I, 320(11):1361–1366, 1995.

[21] J. Mairesse. Zero-automaticity for groups and monoids. Preprint available at http://www.liafa.jussieu.fr/∼mairesse/Article, 2004.

[22] J. Mairesse and F. Mathéus. Random walks on free products of cyclic groups.

arXiv:math.PR/0509211, 2005.

[23] J. Mairesse and F. Mathéus. Random walks on groups with a tree-like Cayley graph. In Mathematics and computer science. III. Algorithms, trees, combinatorics and probabilities, Trends in Mathematics, pages 445–460. Birkhauser Verlag, 2004.

[24] T. Nagnibeda and W. Woess. Random walks on trees with finitely many cone types. J.

Theoret. Probab., 15(2):383–422, 2002.

[25] S. Sawyer and T. Steger. The rate of escape for anisotropic random walks in a tree. Probab.

Theory Related Fields, 76(2):207–230, 1987.

[26] P. Soardi. Limit theorems for random walks on discrete semigroups related to nonhomogeneous trees and Chebyshev polynomials. Math. Z., 200(3):313–325, 1989.

[27] J. Stallings. A remark about the description of free products of groups. Proc. Cambridge Philos. Soc., 62:129–134, 1966.

[28] C. Takacs. Random walk on periodic trees. Electron. J. Probab., 2:no. 1, 1–16, 1997.

[29] A. Vershik. Dynamic theory of growth in groups: Entropy, boundaries, examples. Russ.

Math. Surv., 55(4):667–733, 2000. Translation from Usp. Mat. Nauk 55(4):59-128, 2000.

[30] W. Woess. A description of the Martin boundary for nearest neighbour random walks on free products. In Probability measures on groups VIII, volume 1210 of Lecture Notes in Math., pages 203–215. Springer, Berlin, 1986.

[31] W. Woess. Random walks on infinite graphs and groups. Number 138 in Cambridge Tracts in Mathematics. Cambridge University Press, 2000.