IMS Lecture Notes–Monograph Series

Uniqueness and multiplicity of infinite clusters

Geoffrey Grimmett

Statistical Laboratory Centre for Mathematical Sciences University of Cambridge Wilberforce Road Cambridge CB3 0WB United Kingdom e-mail: grg@statslab.cam.ac.uk

Abstract: This paper is dedicated in friendship and respect to Michael Keane. The Burton–Keane theorem for the almost-sure uniqueness of infinite clusters is a landmark of stochastic geometry. Let μ be a translation-invariant probability measure with the finite-energy property on the edge-set of a d-dimensional lattice. The theorem states that the number I of infinite components satisfies μ(I ∈ {0, 1}) = 1. The proof is an elegant and minimalist combination of zero– one arguments in the presence of amenability. The method may be extended (not without difficulty) to other problems including rigidity and entanglement percolation, as well as to the Gibbs theory of random-cluster measures, and to the central limit theorem for random walks in random reflecting labyrinths. It is a key assumption on the underlying graph that the boundary/volume ratio tends to zero for large boxes, and the picture for non-amenable graphs is quite different.

1. Introduction

The Burton–Keane proof of the uniqueness of infinite clusters is a landmark in percolation theory and stochastic geometry. The general issue is as follows. Let ω be a random subset of Z^d with law μ, and let I = I(ω) be the number of unbounded components of ω. Under what reasonable conditions on μ is it the case that: either μ(I = 0) = 1, or μ(I = 1) = 1? This question arose first in percolation theory with μ = μ_p, where μ_p denotes product measure (on either the vertex-set or the edge-set of Z^d) with density p. It was proved in [2] that μ_p(I = 1) = 1 for any value of p for which μ_p(I ≥ 1) > 0, and this proof was simplified in [9]. Each of these two proofs utilized a combination of geometrical arguments together with a large-deviation estimate.

The true structure of the problem emerged only in the paper of Robert Burton and Michael Keane, [5]. Their method is elegant and beautiful, and rests on the assumptions that the underlying measure μ is translation-invariant with a certain ‘finite-energy property’, and that the underlying graph is amenable (that is, the boundary/volume ratio tends to zero in the limit for large boxes). The Burton– Keane method is canonical of its type, and is the first port of call in any situation where such a uniqueness result is needed. It has found applications in several areas beyond connectivity percolation, and the purpose of this paper is to summarize the method, and to indicate some connections to other problems in the theory of disordered media.

AMS 2000 subject classifications: 60K35, 60D05, 82B20, 82B43.

Keywords and phrases: percolation, stochastic geometry, rigidity, entanglement, randomcluster model, random labyrinth. 1

imsart-lnms ver. 2004/12/29 file: keane.tex date: February 25, 2005

Michael Keane’s contributions to the issue of uniqueness are not confined to [5]. The results of that paper are extended in [10] to long-range models (see also [33]), and to models on half-spaces. In a further paper, [6], he explored the geometrical properties of infinite clusters in two dimensions, and in [11] the existence of circuits. He wrote in the earlier paper [21] of uniqueness in long-range percolation.

The Burton–Keane approach to uniqueness is sketched in Section 2 in the context of percolation. Its applications to rigidity percolation and to entanglement percolation are summarized in Sections 3 and 4. An application to the random-cluster model is described in Section 5, and another to random walks in random reflecting labyrinths in Section 6. The reader is reminded in Section 7 that infinite clusters may be far from unique when the underlying graph is non-amenable. We shall make periodic references to lattices, but no formal definition is given here.

2. Uniqueness of infinite percolation clusters

The Burton–Keane argument is easiest described in the context of percolation, and we begin therefore with a description of the bond percolation model. Let G = (V, E) be a countably infinite connected graph with finite vertex-degrees. The configuration space of the model is the set Ω = {0, 1}^E of all 0/1-vectors ω = (ω(e) : e ∈ E). An edge e is called open (respectively, closed) in the configuration ω if ω(e) = 1 (respectively, ω(e) = 0). The product space Ω is endowed with the σ-field F generated by the finite-dimensional cylinder sets. For p ∈ [0, 1], we write μ_p for product measure with density p on (Ω, F).

The percolation model is central to the study of disordered geometrical systems, and a reasonably full account may be found in [16].

Let ω ∈ Ω, write η(ω) = {e ∈ E : ω(e) = 1} for the set of open edges of ω, and consider the open subgraph G_ω = (V, η(ω)) of G. For x, y ∈ V , we write x ↔ y if x and y lie in the same component of G_ω. We write x ↔ ∞ if the component of G_ω containing x is infinite, and we let θ_x(p) = μ_p(x ↔ ∞). The number of infinite components of G_ω is denoted by I = I(ω).

It is standard that, for any given p ∈ [0, 1],

for all x, y ∈ V, θ_x(p) = 0 if and only if θ_y(p) = 0, (1)

and that

θ_x(p) { = 0 if p < p_c(G), > 0 if p > p_c(G), (2) where the critical probability p_c(G) is given by

p_c(G) = sup{p : μ_p(I = 0) = 1}. (3)

The event {I ≥ 1} is independent of the states of any finite collection of edges. Since the underlying measure is product measure, it follows by the Kolmogorov zero–one law that μ_p(I ≥ 1) ∈ {0, 1}, and hence

μ_p(I ≥ 1) { = 0 if p < p_c(G), = 1 if p > p_c(G).

It is a famous open problem to determine for which graphs it is the case that μ_{pc} (I ≥ 1) = 0, see Chapters 8–10 of [16].

imsart-lnms ver. 2004/12/29 file: keane.tex date: February 25, 2005

We concentrate here on the case when G is the d-dimensional hypercubic lattice. Let Z = {. . . , −1, 0, −1, . . . } be the integers, and Z^d the set of all d-vectors x = (x_1, x_2, . . . , x_d) of integers. We turn Z^d into a graph by placing an edge between any two vertices x, y with |x − y| = 1, where

|z| = d∑ i=1 |z_i|, z ∈ Z^d.

We write E for the set of such edges, and L^d = (Z^d, E) for the ensuing graph. Henceforth, we let d ≥ 2 and we consider bond percolation on the graph L^d. Similar results are valid for any lattice in two or more dimensions, and for site percolation. A box Λ is a subset of Z^d of the form

∏_d i=1[x_i, y_i] for some x, y ∈ Z^d. The boundary ∂S of the set S of vertices is the set of all vertices in S which are incident to some vertex not in S.

A great deal of progress was made on percolation during the 1980s. Considerable effort was spent on understanding the subcritical phase (when p < p_c) and the supercritical phase (when p > p_c). It was a key discovery that, for any p with μ_p(I ≥ 1) = 1, we have that μ_p(I = 1) = 1; that is, the infinite cluster is (almost surely) unique whenever it exists.

Theorem 1. [2] For any p ∈ [0, 1], either μ_p(I = 0) = 1 or μ_p(I = 1) = 1.

This was first proved in [2], and with an improved proof in [9]. The definitive proof is that of Burton and Keane, [5], and we sketch this later in this section. Examination of the proof reveals that it relies on two properties of the product measure μ_p, namely translation-invariance and finite-energy. The first of these is standard, the second is as follows. A probability measure μ on (Ω, F) is said to have the finite-energy property if, for all e ∈ E,

0 < μ(e is open | T_e) < 1 μ-almost-surely,

where T_e denotes the σ-field generated by the states of edges other than e. The following generalization of Theorem 1 may be found in [5].

Theorem 2. [5] Let μ be a translation-invariant probability measure on (Ω, F) with the finite-energy property. Then μ(I ∈ {0, 1}) = 1.

If, in addition, μ is ergodic, then I is μ-almost-surely constant, and hence: either μ(I = 0) = 1 or μ(I = 1) = 1. A minor complication arises for translation-invariant non-ergodic measures, and this is clarified in [6] and [12], page 42.

Proof of Theorem 1. The claim is trivial if p = 0, 1, and we assume henceforth that 0 < p < 1. There are three steps. Since I is a translation-invariant function and μ_p is ergodic, I is μ_p-almost-surely constant. That is, there exists i_p ∈ {1, 2, . . . }∪{∞} such that μ_p(I = i_p) = 1. (4)

Secondly, let us assume that 2 ≤ i_p < ∞. There exists a box Λ such that

μ_p(Λ intersects i_p infinite clusters) > 0.

By replacing the state of every edge in Λ by 1, we deduce by finite-energy that

μ_p(I = 1) > 0,

imsart-lnms ver. 2004/12/29 file: keane.tex date: February 25, 2005

in contradiction of (4). Therefore, i_p ∈ {0, 1, ∞}.

In the third step we prove that i_p ≠ ∞. Suppose on the contrary that i_p = ∞. We will derive a contradiction by a geometrical argument. A vertex x is called a trifurcation if:

(i) x lies in an infinite open cluster, (ii) there exist exactly three open edges incident to x, and (iii) the deletion of x and its three incident open edges splits this infinite cluster into exactly three disjoint infinite clusters and no finite clusters.

We write T_x for the event that x is a trifurcation.

By translation-invariance, the probability of T_x does not depend on the choice of x, and thus we set τ = μ_p(T_x). Since i_p = ∞ by assumption, there exists a box Λ such that

μ_p(Λ intersects three or more infinite clusters) > 0.

On this event, we may alter the configuration inside Λ in order to obtain the event T_0. We deduce by the finite-energy property of μ_p that τ > 0.

The mean number of trifurcations inside Λ is τ|Λ|. This implies a contradiction, as indicated by the following rough argument. Select a trifurcation (t_1, say) of Λ, and choose some vertex y_1 (∈ ∂Λ) which satisfies t_1 ↔ y_1 in Λ. We now select a new trifurcation t_2 ∈ Λ. By the definition of the term ‘trifurcation’, there exists y_2 ∈ ∂Λ such that y_1 ≠ y_2 and t_2 ↔ y_2 in Λ. We continue similarly, at each stage picking a new trifurcation t_k ∈ Λ and a new vertex y_k ∈ ∂Λ. If there exist N trifurcations in Λ, then we obtain N distinct vertices y_k lying in ∂Λ. Therefore |∂Λ| ≥ N. We take expectations to find that |∂Λ| ≥ τ|Λ|, which is impossible with τ > 0 for large Λ. We deduce by this contradiction that i_p ≠ ∞. The necessary rigour may be found in [5, 16].

3. Rigidity percolation

Theorems 1 and 2 assert the almost-sure uniqueness of the infinite connected component. In certain other physical situations, one is interested in topological properties of subgraphs of L^d other than connectivity, of which two such properties are ‘rigidity’ and ‘entanglement’. The first of these properties may be formulated as follows.

Let G = (V, E) be a finite graph and let d ≥ 2. An embedding of G into R^d is an injection f : V → R^d. A framework (G, f) is a graph G together with an embedding f. A motion of a framework (G, f) is a differentiable family f = (f_t : 0 ≤ t ≤ 1) of embeddings of G, containing f, which preserves all edge-lengths. That is to say, we require that f = f_T for some T , and that

‖f_t(u) − f_t(v)‖ = ‖f_0(u) − f_0(v)‖ (5)

for all edges ⟨u, v⟩ ∈ E, where ‖ · ‖ is the Euclidean norm on R^d. We call the motion f rigid if (5) holds for all pairs u, v ∈ V rather than adjacent pairs only. A framework is called rigid if all its motions are rigid motions.

The above definition depends on the value of d and on the initial embedding f. For given d, the property of rigidity is ‘generic’ with respect to f, in the sense that there exists a natural measure π (generated from Lebesgue measure) on the set of embeddings of G such that: either (G, f) is rigid for π-almost-every embedding f,

imsart-lnms ver. 2004/12/29 file: keane.tex date: February 25, 2005

or (G, f) is not rigid for π-almost-every embedding. We call G rigid if the former holds. Further details concerning this definition may be found in [13, 14, 27]. Note that rigid graphs are necessarily connected, but that there exist connected graphs which are not rigid.

We turn now to the rigidity of infinite graphs. Let G be a countably infinite graph with finite vertex-degrees. The graph G is called rigid if every finite subgraph of G is contained in some finite rigid subgraph of G.

Next we introduce probability. Let L be a lattice in d dimensions, and consider bond percolation on L having density p. The case L = L^d is of no interest in the context of rigidity, since the lattice L^d is not itself rigid. Let R be the event that the origin belongs to some infinite rigid subgraph of L all of whose edges are open. The rigidity probability is defined by

θ^{rig}(p) = μ_p(R).

Since R is an increasing event, θ^{rig} is a non-decreasing function, whence

θ^{rig}(p) { = 0 if p < p^{rig}_c (L), > 0 if p > p^{rig}_c (L),

where the rigidity critical probability p^{rig}_c (L) is given by

p^{rig}_c (L) = sup{p : θ^{rig}(p) = 0}.

The study of the rigidity of percolation clusters was initiated by Jacobs and Thorpe, see [30, 31].

Since rigid graphs are connected, we have that θ^{rig}(p) ≤ θ(p), implying that p^{rig}_c (L) ≥ p_c(L). The following is basic.

Theorem 3. [16, 27] Let L be a d-dimensional lattice, where d ≥ 2.

(i) We have that p_c(L) < p^{rig}_c (L). (ii) p^{rig}_c (L) < 1 if and only if L is rigid.

How many (maximal) infinite rigid components may exist in a lattice L? Let J be the number of such components. By the Kolmogorov zero–one law, for any given value if p, J is μ_p-almost-surely constant. It may be conjectured that μ_p(J = 1) = 1 whenever μ_p(J ≥ 1) > 0. The mathematical study of rigidity percolation was initiated by Holroyd in [27], where it was shown amongst other things that, for the triangular lattice T in two dimensions, μ_p(J = 1) = 1 for almost every p ∈ (p^{rig}_c (T), 1]. The proof was a highly non-trivial development of the Burton– Keane method. The main extra difficulty lies in the non-local nature of the property of rigidity. See also [29].

Considerably more general results have been obtained since by Häggström. Holroyd’s result for almost every p was extended in [23] to for every p, by using the two-dimensional uniqueness arguments of Keane and co-authors to be found in [11]. More recently, Häggström has found an adaptation of the Burton–Keane argument which (almost) settles the problem for general rigid lattices in d ≥ 2 dimensions.

Theorem 4. [25] Let d ≥ 2 and let L be a rigid d-dimensional lattice. We have that μ_p(J = 1) = 1 whenever p > p^{rig}_c (L).

There remains the lacuna of deciding what happens when p = p^{rig}_c , that is, of proving either that μ_prig_c (J = 0) = 1 or that μ_prig_c (J = 1) = 1.

imsart-lnms ver. 2004/12/29 file: keane.tex date: February 25, 2005

4. Entanglement in percolation

In addition to connectivity and rigidity, there is the notion of ‘entanglement’. The simplest example of a graph which is entangled but not connected comprises two disjoint circuits which cannot be separated without one of them being broken. Such entanglement is intrinsically a three-dimensional affair, and therefore we restrict ourselves here to subgraphs of L^3 = (Z^3, E) viewed as graphs embedded in a natural way in R^3.

We begin with some terminology. For E ⊆ E, we denote by [E] the union of all unit line-segments of R^3 corresponding to edges in E. The term ‘sphere’ is used to mean a subset of R^3 which is homeomorphic to the 2-sphere {x ∈ R^3 : ‖x‖ = 1}. The complement of any sphere S has two connected components; we refer to the bounded component as the inside of S, written ins(S), and to the unbounded component as the outside of S, written out(S).

There is a natural definition of the term ‘entanglement’ when applied to finite sets of edges of the lattice L^3, namely the following. We call the finite edge-set E entangled if, for any sphere S not intersecting [E], either [E] ⊆ ins(S) or [E] ⊆ out(S). Thus entanglement is a property of edge-sets rather than of graphs. However, with any edge-set E we may associate the graph G_E having edge-set E together with all incident vertices. Graphs G_E arising in this way have no isolated vertices. We call G_E entangled if E is entangled, and we note that G_E is entangled whenever it is connected.

There are several possible ways of extending the notion of entanglement to infinite subgraphs of L^3, and these ways are not equivalent. For the sake of being definite, we adopt here a definition similar to that used for rigidity. Let E be an infinite subset of E. We call E entangled if, for any finite subset F (⊆ E), there exists a finite entangled subset F^′ of E such that F ⊆ F^′. We call the infinite graph G_E , defined as above, entangled if E is entangled, and we note that G_E is entangled whenever it is connected. A further discussion of the notion of entanglement may be found in [20].

Turning to percolation, we declare each edge of L^3 to be open with probability p. We say that the origin 0 lies in an infinite open entanglement if there exists an infinite entangled set E of open edges at least one of which has 0 as an endvertex. We concentrate on the event

N = {0 lies in an infinite open entanglement},

and the entanglement probability

θ^{ent}(p) = μ_p(N).

Since N is an increasing event, θ^{ent} is a non-decreasing function, whence

θ^{ent}(p) { = 0 if p < p^{ent}_c , > 0 if p > p^{ent}_c ,

where the entanglement critical probability p^{ent}_c is given by

p^{ent}_c = sup{p : θ^{ent}(p) = 0}. (6)

Since every connected graph is entangled, it is immediate that θ(p) ≤ θ^{ent}(p), whence 0 ≤ p^{ent}_c ≤ p_c.

imsart-lnms ver. 2004/12/29 file: keane.tex date: February 25, 2005

Theorem 5. [1, 28] The following strict inequalities are valid:

0 < p^{ent}_c < p_c. (7)

Entanglements in percolation appear to have been studied first in [32], where it was proposed that p_c − p^{ent}_c ≃ 1.8 × 10^{−7},

implying the strict inequality p^{ent}_c < p_c. It is a curious fact that we have no rigorous insight into the numerical value of p^{ent}_c . For example, we are unable to decide on the basis of mathematics whether p^{ent}_c is numerically close to either 0 or p_c.

Suppose that p is such that θ^{ent}(p) > 0. By the zero–one law, the number K of (maximal) infinite entangled open edge-sets satisfies μ_p(K ≥ 1) = 1. The almostsure uniqueness of the infinite entanglement has been explored in [20, 29], and the situation is similar to that for rigidity percolation. Häggström’s proof of the following theorem uses a non-trivial application of the Burton–Keane method.

Theorem 6. [24] We have that μ_p(K = 1) = 1 whenever p > p^{ent}_c .

As is the case with rigidity, there remains the open problem of proving either that μ_pent_c (K = 0) = 1 or that μ_pent_c (K = 1) = 1.

There are several other open problems concerning entangled graphs, of which we mention a combinatorial question. Let n ≥ 1, and let E_n be the set of all subsets E of E with cardinality n such that:

(i) some member of e is incident to the origin, and (ii) E is entangled.

Since every connected graph is entangled, E_n is at least as large as the family of all connected sets of n edges touching the origin. Therefore, |E_n| grows at least exponentially in n. It may be conjectured that there exists κ such that

|E_n| ≤ e^{κn} for all n ≥ 1.

The best inequality known currently is of the form |E_n| ≤ exp{κn log n}. See [20].

5. The random-cluster model

The random-cluster model on a finite graph G = (V, E) is a certain parametric family of probability measures ϕ_{p,q} indexed by two parameters p ∈ [0, 1] and q ∈ (0, ∞). When q = 1, the measure is product measure with density p; when q = 2, 3, . . . , the corresponding random-cluster measures correspond to the Ising and qstate Potts models on G. The random-cluster model provides a geometrical setting for the correlation functions of the ferromagnetic Ising and Potts models, and it has proved extremely useful in studying these models. Recent accounts of the theory, and of its impact on Ising/Potts models, may be found in [18, 19].

The configuration space is the set Ω = {0, 1}^E of 0/1-vectors indexed by the edge-set E. The probability measure ϕ_{p,q} on Ω is given by

ϕ_{p,q} (ω) = 1 Z { ∏ e∈E p^{ω(e)}(1 − p)^{1−ω(e)} } q^{k(ω)}, ω ∈ Ω, (8)

where k(ω) is the number of connected components (or ‘open clusters’) of the graph G_ω = (V, η(ω)).

imsart-lnms ver. 2004/12/29 file: keane.tex date: February 25, 2005

When G is finite, every ϕ_{p,q} -probability is a smooth function of the parameters p and q. The situation is more interesting when G is infinite, since infinite graphs may display phase transitions. For simplicity, we restrict the present discussion to the graph L^d = (Z^d, E) where d ≥ 2. We introduce next the concept of boundary conditions.

Let Λ be a finite box, and write E_Λ for the set of edges joining pairs of members of Λ. We write T_Λ for the σ-field generated by the states of edges in E \ E_Λ. For ξ ∈ Ω, we write Ω^ξ_Λ for the (finite) subset of Ω containing all configurations ω satisfying ω(e) = ξ(e) for e ∈ E^d \ E_Λ; these are the configurations which ‘agree with ξ off Λ’. Let ξ ∈ Ω, and write ϕ^ξ_{Λ,p,q} for the random-cluster measure on the finite graph Λ ‘with boundary condition ξ’. That is to say, ϕ_{Λ,p,q} is given as in (8) subject to ω ∈ Ω^ξ_Λ, and with k(ω) replaced by the number of open clusters of L^d that intersect Λ.

A probability measure ϕ on (Ω, F) is called a random-cluster measure with parameters p and q if

for all A ∈ F and all finite boxes Λ, ϕ(A | T_Λ)(ξ) = ϕ^ξ_{Λ,p,q} (A) for ϕ-a.e. ξ.

The set of such measures is denoted R_{p,q} . The reader is referred to [18, 19] for accounts of the existence and properties of random-cluster measures.

One may construct infinite-volume measures by taking weak limits. A probability measure ϕ on (Ω, F) is called a limit random-cluster measure with parameters p and q if there exist ξ ∈ Ω and a sequence Λ = (Λ_n : n ≥ 1) of boxes satisfying Λ_n → Z^d as n → ∞ such that

ϕ^ξ_{Λn ,p,q} ⇒ ϕ as n → ∞.

The two ‘extremal’ boundary conditions are the configurations ‘all 0’ and ‘all 1’, denoted by 0 and 1, respectively. It is a standard application of positive association that the weak limits ϕ^b_{p,q} = lim_{Λ↑Zd} ϕ_{Λ,p,q}

exist for b = 0, 1 and q ≥ 1. It is an important fact that these limits belong to R_{p,q} .

Theorem 7. [15] Let p ∈ [0, 1] and q ∈ [1, ∞). The limit random-cluster measures ϕ^b_{p,q} , b = 0, 1, belong to R_{p,q} .

The proof hinges on the following fact. Let ϕ be a limit random-cluster measure with parameters p, q such that the number I of infinite open clusters satisfies

ϕ(I ∈ {0, 1}) = 1. (9)

It may then be deduced that ϕ ∈ R_{p,q} . The uniqueness theorem, Theorem 2, is used to establish (9) for the measures ϕ = ϕ^b_{p,q} , b = 0, 1.

Let q ≥ 1. The random-cluster model has a phase transition defined as follows. For b = 0, 1, let θ^b(p, q) = ϕ^b_{p,q} (0 ↔ ∞), and define the critical points

p^b_c(q) = sup{p : θ^b(p, q) = 0}.

It is standard that ϕ^0_{p,q} = ϕ^1_{p,q} for almost every p. It follows that p^0_c (q) = p^1_c (q), and we write p_c(q) for the common critical value. It is known that ϕ^0_{p,q} = ϕ^1_{p,q} when p < p_c(q), and it is an important open problem to prove that

ϕ^0_{p,q} = ϕ^1_{p,q} if p > p_c(q).

See [18, 19] for further discussion of the uniqueness of random-cluster measures.

imsart-lnms ver. 2004/12/29 file: keane.tex date: February 25, 2005

6. Random walks in random labyrinths

Suppose that a ball is propelled through a random environment of obstacles, off which it rebounds with perfect reflection. We ask for information about the trajectory of the ball. This classical problem is often termed the ‘Lorentz problem’, and it has received much attention in both the mathematics and physics literature. If the obstacles are distributed at random in R^d then, conditional on their placements, the motion of the ball is deterministic. It is a significant problem of probability theory to develop a rigorous analysis of such a situation.

Two natural questions spring to mind.

(i) Non-localization. What is the probability that the trajectory of the ball is unbounded?

(ii) Diffusivity. Suppose the trajectory is unbounded with a strictly positive probability. Conditional on this event, is there a central limit theorem for the ball’s position after a large time t.

These questions seem to be difficult, especially when the obstacles are distributed aperiodically. The problem is much easier when the environment of obstacles is ‘lubricated’ by a positive density of points at which the ball behaves as a random walk.

We consider a lattice model of the following type. The obstacles are distributed around the vertex-set of the d-dimensional hypercubic lattice L^d, and they are designed in such a way that the ball traverses the edges of the lattice. Some of the associated mathematics has been surveyed in [4, 17], to which the reader is referred for an account of the literature. The main result of [4] is that, subject to certain conditions on the density of obstacles, the ball’s trajectory satisfies a functional central limit theorem. The Burton–Keane method plays a crucial role in the proof.

We make this more concrete as follows. Our model involves a random environment of reflecting bodies distributed around the vertices of L^d. Each vertex is designated either a ‘reflector’ (of a randomly chosen type) or a ‘random walk point’. The interpretation of the term ‘random walk point’ is as follows: when the ball hits such a point, it departs in a direction chosen randomly from the 2d available directions, this direction being chosen independently of everything else.

The defining properties of a reflector ρ are that:

(i) to each incoming direction u there is assigned a unique outgoing direction ρ(u), and (ii) the ball will retrace its path if its direction is reversed.

Let I = {e_1, e_2, . . . , e_d} be the set of positive unit vectors of Z^d, and let I^± = {αe_j : α = ±, 1 ≤ j ≤ d}. A reflector is defined to be a map ρ : I^± → I^± with the property that ρ(−ρ(u)) = −u for all u ∈ I^±.

We write R for the set of all reflectors. One particular reflector is special, namely the identity map satisfying ρ(u) = u for all u ∈ I^±; we call this the crossing, and we denote it by +. Crossings do not deflect the ball.

The following random environment will be termed a random labyrinth. Let p_{rw} and p_+ be non-negative reals such that p_{rw} + p_+ ≤ 1, and let π be a probability mass function on the set R \ {+} of ‘non-trivial’ reflectors (that is, π(ρ) ≥ 0 for ρ ∈ R\{+} and ∑ ρ∈R\{+} π(ρ) = 1). Let Z = (Zx : x ∈ Z

d) be a family of

imsart-lnms ver. 2004/12/29 file: keane.tex date: February 25, 2005

independent random variables, taking values in R ∪ {∅}, with probabilities

P(Z_x = β) = p_{rw} if β = ∅, p_+ if β = +, (1 − p_{rw} − p_+)π(ρ) if β = ρ ∈ R\{+}.

A vertex x is called a crossing if Z_x = +, and a random walk (rw) point if Z_x = ∅.

We now study admissible paths in the labyrinth Z. Consider a path in L^d which visits (in order) the vertices x_0, x_1, . . . , x_n; we allow the path to revisit a given vertex more than once, and to traverse a given edge more than once. This path is called admissible if it conforms to the reflectors that it meets, which is to say that

x_{j+1} − x_j = Z_{xj} (x_j − x_{j−1}) for all j such that Z_{xj} ≠ ∅.

Remarkably little is known about random labyrinths when p_{rw} = 0. One notorious open problem concerns the existence (or not) of infinite admissible paths in L^2 when p_{rw} = 0. The problem is substantially easier when p_{rw} > 0, and we assume this henceforth. We explain next how the labyrinth Z generates a random walk therein. Let x be a rw point. A walker starts at x, and flips a fair 2d-sided coin in order to determine the direction of its first step. Henceforth, it is required to traverse admissible paths only, and it flips the coin to determine its exit direction from any rw point encountered. We write P^Z_x for the law of the random walk in the labyrinth Z, starting from a rw point x.

There is a natural equivalence relation on the set R of rw points of Z^d, namely x ↔ y if there exists an admissible path with endpoints x and y. Let C_x be the equivalence class containing the rw point x. We may follow the progress of a random walk starting at x by writing down (in order) the rw points which it visits, say X_0 (= x), X_1, X_2, . . .. Given the labyrinth Z, the sequence X = (X_n : n ≥ 0) is an irreducible Markov chain on the countable state space C_x. Furthermore, this chain is reversible with respect to the measure μ given by μ(y) = 1 for y ∈ C_x. We say that x is Z-localized if |C_x| < ∞, and Z-non-localized otherwise. We call Z localized if all rw points are Z-localized, and we call Z non-localized otherwise. By a zero–one law, we have that P(Z is localized) equals either 0 or 1.

Suppose that the origin 0 is a rw point. As before, we consider the sequence X_0 (= 0), X_1, X_2, . . . of rw points visited in sequence by a random walk in Z beginning at the origin 0. For ϵ > 0, we let

X^ϵ(t) = ϵX_{⌊ϵ}−2_{t⌋} for t ≥ 0,

and we are interested in the behaviour of the process X^ϵ(·) in the limit as ϵ ↓ 0. We study X^ϵ under the probability measure P_0, defined as the measure P conditional on the event {0 is a rw point, and |C_0| = ∞}.

We write p^{site}_c for the critical probability of site percolation on Z^d.

Theorem 8. [4] Let d ≥ 2 and p_{rw} > 0. There exists a strictly positive constant A = A(p_{rw}, d) such that the following holds whenever either 1 − p_{rw} − p_+ < A or p_{rw} > p^{site}_c :

(i) P(0 is a rw point, and |C_0| = ∞) > 0, and (ii) as ϵ ↓ 0, the re-scaled process X^ϵ(·) converges P_0-dp to √ δW , where W is a standard Brownian motion in R^d and δ is a strictly positive constant.

imsart-lnms ver. 2004/12/29 file: keane.tex date: February 25, 2005

With E denoting expectation, the convergence ‘P_0-dp’ is to be interpreted as

P^Z_0 (f(X^ϵ)) → E(f(W )) in P_0-probability,

for all bounded continuous functions f on the Skorohod path-space D([0, ∞), R^d).

The proof of Theorem 8 utilizes the Kipnis–Varadhan central limit theorem, [34], together with its application to percolation, see [7, 8]. A key step in the proof is to show that, under the conditions of the theorem, there exists a unique infinite equivalence class, and this is where the Burton–Keane method is key.

7. Non-uniqueness for non-amenable graphs

Let G = (V, E) be an infinite, connected graph with finite vertex-degrees. We call G amenable if its ‘Cheeger constant’

χ(G) = inf { |∂W | |W |

: W ⊆ V, 0 < |W | < ∞ } (10)

satisfies χ(G) = 0, where the infimum in (10) is over all non-empty finite subsets W of V . The graph is called non-amenable if χ(G) > 0.

We have so far concentrated on situations where infinite clusters are (almost surely) unique, as is commonly the case for an amenable graph. The situation is quite different when the graph is non-amenable, and a systematic study of percolation on such graphs was proposed in [3]. The best known example is bond percolation on the infinite binary tree, for which there exist infinitely many infinite clusters whenever the edge-density p satisfies^1_2 < p < 1. Let G = (V, E) be an infinite graph and let p ∈ (0, 1). For ω ∈ Ω = {0, 1}^E, let I = I(ω) be the number of infinite clusters of ω. It has been known since [22] that there exist graphs having three non-trivial phases characterized respectively by I = 0, I = 1, I = ∞. One of the most interesting results in this area is the existence of a critical point for the event {I = 1}. This is striking because the event {I = 1} is not increasing. Prior to stating this theorem, we introduce some jargon.

The infinite connected graph G = (V, E) is called transitive if, for all x, y ∈ V , there exists an automorphism τ of G such that y = τ(x). The graph G is called quasi-transitive if there exists a finite set V_0 of vertices such that, for all y ∈ V , there exists x ∈ V_0 and an automorphism τ such that y = τ(x).

The following result was obtained by Häggström and Peres under a further condition, subseqently lifted by Schonmann.

Theorem 9. [26, 35] Let G be an infinite, connected, quasi-transitive graph. There exist p_c, p_u ∈ [0, 1] satisfying 0 ≤ p_c ≤ p_u ≤ 1 such that:

μ_p(I = 0) = 1 if 0 ≤ p < p_c, (11) μ_p(I = ∞) = 1 if p_c < p < p_u, (12) μ_p(I = 1) = 1 if p_u < p ≤ 1. (13)

Here are some examples.

1. For an amenable graph, we have by the Burton–Keane argument that p_c = p_u. 2. For the binary tree, we have p_c =^1_2 and p_u = 1.

3. For the direct product of the binary tree and a line, we have that 0 < p_c < p_u < 1, see [22].

imsart-lnms ver. 2004/12/29 file: keane.tex date: February 25, 2005

References

[1] M. Aizenman and G. Grimmett. Strict monotonicity for critical points in percolation and ferromagnetic models. J. Statist. Phys., 63:817–835, 1991. MR1116036 [2] M. Aizenman, H. Kesten, and C. M. Newman. Uniqueness of the infinite cluster and continuity of connectivity functions for short and long range percolation. Comm. Math. Phys., 111:505–531, 1987. MR901151 [3] I. Benjamini and O. Schramm. Percolation beyond Z^d, many questions and a few answers. Electron. Comm. Probab., 1:71–82, 1996. MR1423907 [4] C. E. Bezuidenhout and G. R. Grimmett. A central limit theorem for random walks in random labyrinths. Ann. Inst. H. Poincaré, Probab. Stat., 35:631–683, 1999. MR1705683 [5] R. M. Burton and M. Keane. Density and uniqueness in percolation. Comm.

Math. Phys., 121:501–505, 1989. MR990777 [6] R. M. Burton and M. Keane. Topological metric properties of infinite clusters in stationary two-dimensional site percolation. Israel J. Math., 76:299–316, 1991. MR1177347 [7] A. DeMasi, P. A. Ferrari, S. Goldstein, and W. D. Wick. Invariance principle for reversible Markov processes with application to diffusion in the percolation regime. In R. T. Durrett, editor, Particle Systems, Random Media and Large Deviations, volume 41 of Contemporary Mathematics, pages 71–85. American Mathematical Society, Providence, R. I., 1985. MR814703 [8] A. DeMasi, P. A. Ferrari, S. Goldstein, and W. D. Wick. An invariance principle for reversible Markov processes. Applications to random motions in random environments. J. Statist. Phys, 55:787–855, 1989. MR1003538 [9] A. Gandolfi, G. Grimmett, and L. Russo. On the uniqueness of the infinite cluster in the percolation model. Comm. Math. Phys., 114:549–552, 1988. MR929129 [10] A. Gandolfi, M. Keane, and C. M. Newman. Uniqueness of the infinite component in a random graph with applications to percolation and spin glasses. Probab. Theory Related Fields, 92:511–527, 1992. MR1169017 [11] A. Gandolfi, M. Keane, and L. Russo. On the uniqueness of the infinite occupied cluster in dependent two-dimensional site percolation. Ann. Probab., 16:1147–1157, 1988. MR942759 [12] H.-O. Georgii, O. Häggström, and C. Maes. The random geometry of equilibrium phases. In Phase Transitions and Critical Phenomena, Vol. 18, pages 1–142. Academic Press, San Diego, CA, 2001. MR2014387 [13] H. Gluck. Almost all simply connected closed surfaces are rigid. In Geometric Topology, volume 438 of Lecture Notes in Mathematics, pages 225–239. Springer, Berlin, 1974. MR400239 [14] J. Graver, B. Servatius, and H. Servatius. Combinatorial Rigidity. Mem. Amer.

Math. Soc., 381, 1987.

[15] G. R. Grimmett. The stochastic random-cluster process and the uniqueness of random-cluster measures. Ann. Probab., 23:1461–1510, 1995. MR1379156 [16] G. R. Grimmett. Percolation. Springer, Berlin, 1999. MR1707339 [17] G. R. Grimmett. Stochastic pin-ball. In M. Picardello and W. Woess, editors, Random Walks and Discrete Potential Theory, pages 205–213. Cambridge University Press, Cambridge, 1999. MR1802432 [18] G. R. Grimmett. The random-cluster model. In H. Kesten, editor, Probability on Discrete Structures, volume 110 of Encyclopedia of Mathematical Sciences, pages 73–123. Springer, Berlin, 2003. MR2023651

imsart-lnms ver. 2004/12/29 file: keane.tex date: February 25, 2005

[19] G. R. Grimmett. The Random-Cluster Model. Springer, Berlin, 2005. To appear. MR2023651 [20] G. R. Grimmett and A. E. Holroyd. Entanglement in percolation. Proc. London Math. Soc., 81:485–512, 2000. MR1770617 [21] G. R. Grimmett, M. Keane, and J. M. Marstrand. On the connectedness of a random graph. Math. Proc. Cambridge Philos. Soc., 96:151–166, 1984. MR743711 [22] G. R. Grimmett and C. M. Newman. Percolation in ∞ + 1 dimensions. In G. R. Grimmett and D. J. A. Welsh, editors, Disorder in Physical Systems, pages 167–190. Oxford University Press, Oxford, 1990. MR1064560 [23] O. Häggström. Uniqueness in two-dimensional rigidity percolation. Math.

Proc. Cambridge Philos. Soc., 130:175–188, 2001. MR1797779 [24] O. Häggström. Uniqueness of the infinite entangled component in threedimensional bond percolation. Ann. Probab., 29:127–136, 2001. MR1825145 [25] O. Häggström. Uniqueness of infinite rigid components in percolation models:

the case of nonplanar lattices. Probab. Theory Related Fields, 127:513–534, 2003. MR2021194 [26] O. Häggström and Y. Peres. Monotonicity of uniqueness for percolation on Cayley graphs: all infinite clusters are born simultaneously. Probab. Theory Related Fields, 113:273–285, 1999. MR1676835 [27] A. E. Holroyd. Existence and uniqueness of infinite components in generic rigidity percolation. Ann. Appl. Probab., 8:944–973, 1998. MR1627815 [28] A. E. Holroyd. Existence of a phase transition for entanglement percolation.

Math. Proc. Cambridge Philos. Soc., 129:231–251, 2000. MR1765912 [29] A. E. Holroyd. Entanglement and rigidity in percolation models. In In and Out of Equilibrium (Mambucaba, 2000), volume 51 of Progr. Probab., pages 299–307. Birkhäuser Boston, 2002. MR1901959 [30] D. J. Jacobs and M. F. Thorpe. Generic rigidity percolation: the pebble game.

Phys. Rev. Lett., 75:4051–4054, 1995.

[31] D. J. Jacobs and M. F. Thorpe. Generic rigidity percolation in two dimensions.

Phys. Rev. E, 53:3682–3693, 1996.

[32] T. Kantor and G. N. Hassold. Topological entanglements in the percolation problem. Phys. Rev. Lett., 60:1457–1460, 1988. MR935098 [33] H. Kesten. Connectivity of certain graphs on halfspaces, quarter spaces, . . . .

In L. H. Y. Chen, K. P. Choi, K. Hu, and J.-H. Lou, editors, Probability Theory, pages 91–104. de Gruyter, Berlin, 1992. MR1188713 [34] C. Kipnis and S. R. S. Varadhan. Central limit theorem for additive functionals of reversible Markov processes and applications to simple exclusion. Comm. Math. Phys., 104:1–19, 1986. MR834478 [35] R. H. Schonmann. Stability of infinite clusters in supercritical percolation.

Probab. Theory Related Fields, 113:287–300, 1999. MR1676831

imsart-lnms ver. 2004/12/29 file: keane.tex date: February 25, 2005