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Preface

Within the menagerie of objects studied in contemporary probability theory, there
are a number of related animals that have attracted great interest amongst proba-
bilists and physicists in recent years. The overall target of these notes is to identify
some of these, and to develop their basic theory. The inspiration for many of these
objects comes from physics, but the mathematical subject has taken on a life of
its own, and many beautiful constructions have emerged. If the two principal
characters in these notes are random walk and percolation, they are only part of
the rich theory of uniform spanning trees, self-avoiding walks, random networks,
models for ferromagnetism and the spread of disease, and motion in random en-
vironments. This is an area that has attracted many fine scientists, by virtue,
perhaps, of its special mixture of modelling and problem-solving. There remain
many open problems. It is the experience of the author that these may be explained
successfully to a graduate audience open to inspiration and provocation.

The material described here may be used as the basis of lecture courses of
between 24 and 48 hours duration. Little is assumed about the mathematical
background of the audience beyond some basic probability theory, but listeners
should be willing to get their hands dirty if they are to profit. Care should be
taken in the setting of examinations, since problems can be unexpectedly diffi-
cult. Successful examinations may be designed, and some help is offered through
the inclusion of exercises at the ends of chapters. As an alternative to a conven-
tional examination, students may be asked to deliver presentations on aspects and
extensions of the work.

Chapter 1 is devoted to the relationship between random walks (on graphs) and
electrical networks. This leads to the Thomson and Rayleigh principles, and thence
to the proof of Pélya’s theorem. In Chapter 2, we describe Wilson’s algorithm for
constructing a uniform spanning tree (UST), and we discuss boundary conditions
and weak limits for UST on a lattice. This chapter includes a brief introduction to
Schramm-Lowner evolutions (SLE).

Percolation theory appears first in Chapter 3, together with a short introduction
to self-avoiding walks. Correlation inequalities and other general techniques are
described in Chapter 4. A special feature of this part of the book is a fairly full
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viii Preface

treatment of influence and sharp-threshold theorems.

We return to percolation in Chapter 5, where the basic theory is summarised.
There is a full account of Smirnov’s proof of Cardy’s formula. This is followed
in Chapter 6 by a study of the contact model on lattices and trees.

Chapter 7 begins with a proof of the equivalence of Gibbs states and Markov
fields, and continues with an introduction to the Ising and Potts models. Chapter
8 is an account of the random-cluster model. The quantum Ising model features
in the next chapter, particularly through its relationship to a continuum random-
cluster model, and the consequent analysis using stochastic geometry.

Interacting particle systems form the basis of Chapter 10. This is a large field in
its own right, and little is done here beyond introductions to the contact, voter, and
exclusion models. The chromatic number of a random graph features in Chapter
11 as an application of Hoeffding’s inequality for the tail of a martingale.

The final Chapter 12 contains that most notorious open problem in stochastic
geometry, the Lorentz model (or Ehrenfest wind—tree model) on the square lattice.

These notes are based in part on courses given by the author within Part 3 of the
Mathematical Tripos at Cambridge University over several years, and have been
prepared in this form for the 2008 PIMS—-UBC Summer School in Probability, and
for the programme on Statistical Mechanics at the Institut Henri Poincaré, Paris,
during the last quarter of 2008. They have been written in part during a visit to the
Mathematics Department at UCLA, to which the author expresses his gratitude
for the warm welcome received there, and in part during programmes at the Isaac
Newton Institute and the Institut Henri Poincaré—Centre Emile Borel.

The author thanks four artists for permission to include their work: Tom
Kennedy (Fig. 2.1), Oded Schramm (Figs 2.2-2.4), Raphaé&l Cerf (Fig. 5.3), and
Julien Dubédat (Fig. 5.19). The section on influence has benefited from a con-
versation with Rob van den Berg. Stanislav Smirnov and Wendelin Werner have
consented to the inclusion of some of their neat arguments, hitherto unpublished.
Several readers have proposed suggestions and corrections. Thank you, everyone!

G.R.G.
Cambridge
January 2009
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Random Walks on Graphs

The theory of electrical networks is a fundamental tool for studying the
recurrence of reversible Markov chains. The Kirchhoff laws and Thomson
principle permit a neat proof of Pélya’s theorem for random walk on a d-
dimensional grid.

1.1 Random walks and reversible Markov chains

Let G = (V, E) be a finite or countably infinite graph, which we assume for
simplicity to have neither loops nor multiple edges. If G is infinite, we shall usually
assume in addition that every vertex-degree is finite. A particle moves around the
vertex-set V. Having arrived at the vertex §, at time n, its next position Sy41 is
chosen uniformly at random from the set of neighbours of S,. The trajectory of
the particle is called a simple randomwalk (SRW) on G.

Two of the basic questions concerning simple random walk are:

1. under what conditions is the walk recurrent, in that it returns (almost surely)
to its starting point?

2. how does the distance between S, and § behave as n — oo?

The above SRW is symmetric in that the jumps are chosen uniformly from
the set of available neighbours. In a more general process, we take a function
w: E — (0, 00), and we jump along the edge e with probability proportional to
We.

Any reversible Markov chain on the set V gives rise to such a walk as follows.
Let Z = (Zn : n > 0) be a Markov chain on V with transition matrix P, and
assume that Z is reversible with respect to some positive function : V — (0, 00),
which is to say that

(L. Ty Pu,v = v Po,u, uveV.
With each distinct pair U, v € V, we associate the weight

(1.2) Wuy,v = TuPu,v>
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2 Random Walks on Graphs [1.1]

noting by (1.1) that wy , = w, y. Then

Wy, v

—_—, uvev,
Wu

(1.3) Pu,v =

where

Wu:Zu)u’v, ueV.
veV

That is, given that Zn = u, the chain jumps to a new vertex v with probability
proportional to wy . This may be set in the context of a random walk on the
graph with the vertex-set V, and with edge-set containing all € = (u, v) such that
Pu,v > 0. With the edge e we associate the weight we = wy, .

In this chapter, we develop the relationship between random walks on G and
electrical networks on G. There are some excellent accounts of this area already,
and the reader is referred to the books of Doyle and Snell [66] and Lyons and Peres
[157], amongst others. The connection between these two topics is made via the
so-called ‘harmonic functions’ of the random walk.

(1.4) Definition. Let U C V, and let Z be a Markov chain on V with transition
matrix P, that is reversible with respect to the positive function 7. The function
f : V — Ris harmonic (for Z) on U if

fuy=>) puuf)., ueU,
veV
or equivalently, if f(u) = E(f(Z;) | Zp = u) foru € U.

From the pair (P, i), one can construct the graph G as above, and the weight
function w as in (1.2). We refer to the pair (G, w) as the weighted graph associated
with (P, ). We shall speak of f as being harmonic (for (G, w)) on U if it is
harmonic for Z on U.

The hitting probabilities are the basic examples of harmonic functions for the
chain Z. Let W € Vands ¢ W. Foru e U = V \ W, let g(u) be the probability
that the chain, started from u, hits S before W, that is,

g(u) = Py(Zn = sfor some n < Ty),

where
Tw =inf{n >0: Z, € W}

is the first passage time to W, and Py(-) = P(- | Zg = u).
(1.5) Theorem. The function g isharmonicon U \ {s}.

Evidently, g(s) = 1, and g(v) = 0 for v € W. We speak of these values of g
as being the ‘boundary conditions’ of the harmonic function g.
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[1.2] Electrical networks 3

Proof. This is an elementary exercise using the Markov property. Foru ¢ WU{s},

g(u) = Z Pu.v Pu(Zn = sforsomen < Ty | Z; = v)
veV

= Puwg),

veV

as required. O

1.2 Electrical networks

Throughout this section, G = (V, E) is a finite graph with neither loops nor
multiple edges, and w : E — (0, 00) is a weight function on the edges. We shall
assume further that G is connected.

We may build an electrical network with diagram G, in which the edge e has
conductance we (or, equivalently, resistance 1/we). Let S,t € V be distinct
vertices termed the source and sink, and suppose we connect a battery across the
pair S, t. It is a physical observation that electrons flow along the wires in the
network. The flow is described by the so-called Kirchhoff laws, as follows.

To each edge € = (u, v), there are associated (directed) quantities ¢y , and iy,
called the potential differencefrom u to v, and the current from u to v, respectively.
These are antisymmetric,

¢u,v = _¢U,Ua iu,v = _iv,u-

(1.6) Kirchhoff’s potential law. The cumulative potential difference around any
cycle X1, X2, ..., Xn, Xn+1 = X1 of G is zero, that is,

(1.7) Y $xx., =0.

i=1

(1.8) Kirchhoff’scurrent law. The total current flowing out of any vertex u € V
other than the source and sink is zero, that is,

(1.9) > iuw =0, u=s,t.

veV

The relationship between resistance/conductance, potential difference, and cur-
rent is given by Ohm’s law.
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4 Random Walks on Graphs [1.2]
(1.10) Ohm’slaw. For any edge e = (u, v),

iu,v = we¢u,v-

Kirchhoff’s potential law is equivalent to the statement that there exists a func-
tion ¢ : V — R, called a potential function, such that

Gupv = () —@(U), (u,v) € E.

Since ¢ is determined up to an additive constant, we are free to pick the potential
of any single vertex. Note the convention that current flows uphill: iy, has the

same sign as ¢y, = ¢ (v) — ¢ (U).

(1.12) Theorem. A potential functionisharmonic onthe set of verticesother than
the source and sink.

Proof. LetU = V \ {s, t}. By Kirchhoff’s current law and Ohm’s law,

D wulp(@) —¢wl=0, ueU,

veV

which is to say that

sy => o), ueu,

W,
veV u

W, = Z Wy,p-

veV

That is, ¢ is harmonic on U. O

where

We can use Ohm’s law to express the potential differences in terms of the
currents, and thus the two Kirchhoff laws may be viewed as concerning the currents
only. Relation (1.7) becomes

(1‘12) ﬂ — ()’
=1 W(x),Xj+1)
valid for any cycle X1, X2, ..., Xn, Xnt+1 = X1. With (1.7) written thus, each law

is linear in the currents, and the superposition principle follows.

(1.13) Theorem. Superposition principle. Ifi!' andi? are solutions of the two
Kirchhoff laws, then soisthe sumi ! +i2.

Next we introduce the concept of a ‘flow’ on the graph.
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[1.2] Electrical networks 5

(1.14) Definition. Let s,t € V, s # t. An s/t-flow | is a vector ] = (juy :
u,v € V, U= v), such that

(1) ju,v = _jv,u,

(i1) ju,» = 0 whenever U ~ v,

(iii) forany u # s, t, we have that ) .\, ju,» = 0.

The vertices S amd t are called the ‘source’ and ‘sink’ of an S/t-flow, and we
usually abbreviate ‘s/t-flow’ to ‘flow’. For any flow |, we write

JU:ZjU,Uv UEU’
veV

noting by (iii) above that J, = 0O for u # s, t. Thus,

Js+Jt=Zju: Z jU,U:% Z(ju,v+jv,u)=0~

ueV u,veV u,veV

Therefore, Js = —J;, and we call |Js| the size of the flow j, denoted |j|. If
|Js| = 1, we call j a unit flow. We shall normally take Js > 0, in which case S is
the source, and t the sink.

(1.15) Theorem. Leti! andi? be two solutions of the Kirchhoff laws with equal
size. Theni! =i2.

Proof. By the superposition principle, j = i ' —i? satisfies the two Kirchhoff laws.
Furthermore, under the flow |, no current enters or leaves the system. Therefore,
J, = Oforallv € V. Suppose jy, u, > 0forsomeedge (Uj, uz). By the Kirchhoff
current law, there exists U3 such that j, y, > 0. By iteration, there exists a cycle
U, Uz, ..., Un, Unt1 = Up such that jy; y,, > Ofor j = 1,2,...,n. By Ohm’s
law, the corresponding potential function satisfies

dUp) <P(U) < --- < @d(Unt1) = p(Uyp),
a contradiction. Therefore, jy , = 0 for all u, v. O

For a given size of input current, there can be no more than one solution to the
two Kirchhoff laws, but is there a solution at all? The answer can be expressed in
terms of counts of spanning trees. Consider first the special case when we = 1
for all e € E. Let N be the number of spanning trees of G. For any edge
(a, by, let TI(S, a, b, t) be the property of spanning trees that: the unique S/t
path in the tree passes along the edge (a, b) in the direction from a to b. Let
N (S, a, b, t) be the set of spanning trees of G with the property T1(s, a, b, t), and
N(s,a,b,t) = |N(s a,b,t)].

(1.16) Theorem. The function
1
(1.17) iab = N[N(s, a,b,t)— N(s,b,a,t)], (a,b) € E,

(© G. R Grimmett 6 February 2009



6 Random Walks on Graphs [1.2]

defines a flow of size 1 that satisfies the Kirchhoff laws.

Let T be a spanning tree of G chosen uniformly at random from the set 7 of
all such spanning trees. By the theorem and the previous discussion, the unique
solution to the Kirchhoff laws with size 1 is given by

lab = P(T has TI(s, a, b, t)) — P(T has TI(s, b, a, t)).

We shall return to uniform spanning trees in Chapter 2.

We prove Theorem 1.16 next. Exactly the same proof is valid in the case of
general conductances we. In that case, we define the weight of a spanning tree T

as
w(T) =[] we,
ecT
and we set
(1.18) N*= )" w(T), N*(s, a, b, t) = > w(T).
TeT T with T1(s,a,b,t)

The conclusion of Theorem 1.16 holds in this setting with

. 1
iab = W[N*(S’ a, b, t) — N*(s, b, a, t)], (a,b) € E,

Proof of Theorem 1.16. We first check the Kirchhoff current law. In every span-
ning tree T, there exists a unique vertex b such that the S/t path of T contains the
edge (s, b), and the path traverses this edge from s to b. Therefore,

Z N(s,s, b, t) = N, N(s, b,s,t)=0forbe V.
beV

By (1.17),

Z is,b =1,

beV

and, by a similar argument, ) .\, ipt = 1.

Let T be a spanning tree of G. The contribution towards the quantity i 5 p, made
by T, depends on the S/t path & of T, and equals

N~ if 7 passes along (a, b) from a to b,

(1.19) —N7' ifx passes along (a, b) from b to a,
0 if w does not contain the edge (a, b).

Letv € V, v # s, t, and write |, = ZweV lyw. If v € 7, the contribution of
T towards i, is N~ — N=! = 0, since 7 arrives at v along some edge of the

(© G. R Grimmett 6 February 2009



[1.3] Flows and energy 7

form (a, v), and departs v along some edge of the form (v, b). If v ¢ 7, then T
contributes 0 to |,,. Summing over T, we obtain that |, = 0 for all v # S, t, as
required.

We next check the Kirchhoff potential law. Let X1, X2, ..., Xn, Xn4+1 = X1 be a
cycle C of G. We shall show that

n
(120) Zin,Xj+1 = O’

=1

and this will confirm (1.12), on recalling that we = 1 for all € € E. It is more
convenient in this context to work with ‘bushes’ than spanning trees. A bush
is defined to be a forest on V containing exactly two trees, one denoted Ts and
containing S, and the other denoted T; and containing t. We write (Ts, T¢) for this
bush. Let € = (a, b), and let B(S, a, b, t) be the set of bushes with a € Tg and
b € Ti. The sets B(s, a, b, t) and N (S, a, b, t) are in one—one correspondence,
since the addition of eto a B € B(S, a, b, t) creates a unique member T = T(B)
of N (S, a, b, t), and vice versa.

By (1.19) and the above, a bush B = (Ts, Tt) makes a contribution to i4  of:

N~' ifBe B(s, a,b,t),
—N7! ifBe B(s b, a,t),

0 otherwise.

Therefore, B makes a contribution towards the sum in (1.20) that is equal to
N~'(F, — F_), where F, (respectively, F_) is the number of pairs Xj, Xj41 of
C,1<j =<n,withX; € Ts, Xj11 € Ty (respectively, Xj+1 € Ts, Xj € Tt). Since
Cisacycle, Fy = F_, whence each bush contributes 0 to the sum, and (1.20) is
proved. U

1.3 Flows and energy
Let G = (V, E) be a connected graph as before, and let S,t € V be distinct

vertices. Let | be an s/t-flow. With we the conductance of the edge e, the
(dissipated) energy of | is defined to be

EGy = Y dis/we=13 D lav/Wu

e=(u,v)ekE u,veV
u~v

The following piece of linear algebra will be useful.
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8 Random Walks on Graphs [1.3]

e

u v

f

[ RS

Figure 1.1. Two edges e and f in parallel and in series.

(1.21) Proposition. Lety : V — R, and let j bean s/t-flow. Then

WO —v©=1 Y W - ¥ Wlju.

u,veV

Proof. By the properties of a flow,

D@ =y Wljuw = Y @(=d) = > Wy

u,veV veV uev
= =2[Y(9)Is + ¥ (1) K]
=2[y () — ¥ (5)]Js,

as required. 0

Let ¢ and i satisfy the Kirchhoff laws. We apply Proposition 1.21 with ¢ = ¢
and ] =i to find by Ohm’s law that

(1.22) E@) =[¢®) —¢O)lis.

That is, the energy of the true current-flow I between S to t equals the energy
dissipated in a single (S, t) edge carrying the same potential difference and total
current. The conductance We¢r of such an edge would satisfy Ohm’s law, that is,

(1.23) is = Weerlop (1) — ¢ (S)],
and we define the effective conductance W, by this equation. The effective
resistance is

1
Wegr

(1.24) Reff =

which, by (1.22)—(1.23), equals E(i)/i § We state this as a lemma.

(1.25) Lemma. The effective resistance R.¢ of the network between vertices s
and t equals the dissipated energy when a unit flow passesfromstot.

It is useful to be able to do calculations. Electrical engineers have devised a
variety of formulaic methods for calculating the effective resistance of a network,
of which the simplest are the series and parallel laws, illustrated in Figure 1.1.

(1.26) Serieslaw. Two resistors of size r; and r; in series may be replaced by a
single resistor of size 1 4+ r.
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[1.3] Flows and energy 9

(1.27) Parallel law. Two resistors of size ry and r, in parallel may be replaced
by a single resistor of size R where R™! = rl_1 + rz_l.

A third such rule, the so-called ‘star-triangle transformation’, may be found in
Exercise 1.5.

(1.28) Theorem. Thomson principle. Let G = (V, E) be a connected graph,
and we, € € E, (strictly positive) conductances. Let s, t € V, s # t. Amongst all
unit flows through G from s to t, the flow that satisfies the Kirchhoff laws is the
unique s/t-flowi that minimizesthe dissipated energy. That is,

E@() = inf{E(j) : ] aunit flow fromstot}.

Proof. Let | be a unit flow from source Sto sink t, and set kK = ] — i where i is
the (unique) unit-flow solution to the Kirchhoff laws. Thus, K is a flow with zero
size. Now, withe = (U, v) and re = 1/we,

2E()) = Z jlivre= Z (ku,v+iu,v)2re

u,veV u,veV
2 2 ;
- Z k3 ,Fe+ Z i3, fe+2 Z iu ok ofe.
u,veV u,veV u,veV

Let ¢ be the potential function corresponding to i. By Ohm’s law and Proposition
1.21,

Y iukuale= ) [() — ¢Wlkuy

u,veV u,veV

=2[p (1) — #(9)]Ks,

which equals zero. Therefore E(j) > E(i), with equality if and only if ] =i. O

The Thomson ‘variational principle’ leads to a proof of the ‘obvious’ fact that
the effective resistance of a network is a non-decreasing function of the resistances
of individual edges.

(1.29) Theorem. Rayleigh principle. Theeffectiveresistance R of the network
is a non-decreasing function of the edge-resistances (re : € € E).

It is left as an exercise to show that Refr is a concave function of the (reg). See
Exercise 1.6.

Proof. Consider two sets (fre : € € E) and (r; : € € E) of edge-resistances such
thatre <r/forall e Leti and i’ denote the corresponding unit flows satisfying
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10 Random Walks on Graphs [1.4]

the Kirchhoff laws. Then, with e =1y ),

i2
E |u,vre
u,veV
u~v

=

Refr =

IA
N—

Z @ (J,U)Zre by the Thomson principle

u,veV
u~v

IA
N[—

Z (i, )% sincere<r

u,veV
u~v

= Réff’

as required. O

1.4 Recurrence and resistance

Let G = (V, E) be an infinite connected graph with finite vertex degrees, and let
(we : € € E) be (strictly positive) conductances. We shall consider a reversible
Markov chain Z = (Z, : n > 0) on V with transition probabilities given by (1.3).
Our purpose is to establish a condition on the pair (G, w) that is equivalent to the
recurrence of Z.

Let O be a distinguished vertex of G, called the ‘origin’, and suppose Zg = 0.
The graph-theoretic distance between two vertices U, v is the number of edges in
the shortest path between u and v, denoted d(u, v). Let

An={ueV:d,v) <n},
aAn:An\An_l :{UGV:d(O,U):n}.

For n > 1, we let Gy, be the graph obtained from G by identifying all vertices in
V \ An—1, and we denote the identified vertex as |,. The resulting finite graph Gp,
may be considered as an electrical network with source 0 and sink I. Let Regr(n)
be the effective resistance of this network. The graph G,, may be obtained from
Gn+1 by identifying all vertices lying in d Ay U d An1, and thus, by the Rayleigh
principle, Rer(N) is non-decreasing in N. Therefore the limit

Retf = lim Regr(n)
n—oo
exists.

(2.30) Theorem. The probability of return by Z to 0 is given by

1

Po(Zn =0 forsomen>1)=1— ,
’ Wo Reft
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-
~

I\

1\

I\

Figure 1.2. This is an infinite binary tree with two parallel edges joining the origin to the root.

When each edge has unit resistance, it is an easy calculation that R.g = %, so the probability

of return to 0 is % If the edge e is removed, this probability becomes %

WhGTEWo = ZUIUNO w(o,v) -

The return probability is non-decreasing if Wy Re¢r is increased. By the Rayleigh
principle, this can be achieved, for example, by removing an edge of E that is not
incident to 0. The removal of an edge incident to 0 can have the opposite effect,
since W decreases while Re¢r increases. See Figure 1.2.

(1.32) Corallary.
(a) Thechain Z isrecurrent if and only if Regr = oo.

(b) The chain Z istransient if and only if there exists a non-zero flow j on G
from 0 to oo (that is, there is no sink) whose energy E(j) = > j2/we
satisfiesE(j) < oo.

It is left as an exercise to extend this to countable graphs G with unbounded
degrees and satisfying W, < oo for every vertex U.

Proof of Theorem 1.30. Let
On(v) = Py (Z hits d Ap before 0), v E An.

By Theorem 1.5, gy, is the unique harmonic function on G, with boundary condi-
tions

gn(o) = 0, gn(v) =1forv e aAn

Therefore, gy, is a potential function on G, viewed as an electrical network with
source 0 and sink Ip.
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12 Random Walks on Graphs [1.4]

By conditioning on the first step of the walk, and using Ohm’s law,

Py(Z returns to 0 before reaching 0Apn) = 1 — Z Po,vGn(v)

v:v~0
=1- 20 “\),3;)” [0n(1) — Gn(0)]
_, o
Wo

where i (n) is the flow of currents in Gp, and |i (n)] is its size. By (1.23)—(1.24),
[i(n)] = 1/Regr(n). The theorem is proved on noting that

Po(Z returns to 0 before reaching d Ap) — Py(Zny = 0 for some n > 1)
as N — oo, by the continuity of probability measures. O

Proof of Corollary 1.31. Part (a) is an immediate consequence of Theorem 1.30,
and we turn to part (b). By Lemma 1.25, there exists a unit flow i (n) in G, with
source 0 and sink d Ap, and with energy E(i (n)) = Reg(n). Leti be a non-zero
0/oco-flow; by normalizing by its size, we may take i to be a unit flow. When
restricted to the edge-set E,, of Ap, i forms a unit flow from 0 to d Ap. By the
Thomson principle, Theorem 1.28,

E(in) < ) ia/we < E(i),

ec En

whence,
E@) > lim E(in) = R
n—o00
Therefore, by (a), E(i) = oo if the chain is transient.

Suppose, conversely, that the chain is recurrent. By diagonal selection, there
exists a subsequence (Nk) along which i (nk) converges to some limiti. Since each
i (Nk) is a unit flow, i is a unit 0/oco-flow. Now,

EG(ng) =) i (3/we

ecE

> ) i(ng/we

ec Em

— Z i(e)z/we ask — oo
eEEm
— E@) as m — oo.

Therefore,
Ed) < klggo Reff(Nk) = Refr < 00,

and i is the required flow. U
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Figure 1.3. The vertex labelled i is a composite vertex obtained by identifying all vertices
with distance i from 0. There are 8i — 4 edges joining vertices i — 1 and i.

1.5 Polya theorem

The following celebrated theorem! can be be proved by estimating effective re-
sistances.

(1.32) Theorem [175]. Symmetric random walk on Z9 is recurrent if d = 1,2
and transientif d > 3.

The advantage of the following proof of Pdlya’s theorem over more standard
arguments is its robustness with respect to the underlying graph. Similar arguments
are valid for graphs that are, in broad terms, comparable to Z9 when viewed as
electrical networks.

Proof. For simplicity, and with only little loss of generality, we shall concentrate
on the cases d = 2, 3. Let d = 2, for which case we aim to show that Reff = 00.
This is achieved by finding an infinite lower bound for Refr, and lower bounds
can be obtained by decreasing individual edge-resistances. The identification of
two vertices of a network amounts to the addition of a resistor with O resistance,
and, by the Rayleigh principle, the effective resistance of the network can only
decrease.

From Z2, we construct a new graph in which, for each k = 1,2, ..., the set
dAk = {v € Z? : d(0, v) = k} is identified as a singleton. This transforms Z>
into the graph shown in Figure 1.3. By the series/parallel laws and the Rayleigh
principle,

whence Reg(n) > clogh — oo as n — oo.

Suppose now that d = 3. There are at least two ways of proceeding. We shall
present one such route from [158], and we shall then sketch the second inspired
by [66]. By the remark after Theorem 1.31, it suffices to construct a non-zero flow
from O with finite energy, and we proceed to do this. Let Sbe the surface of the
unit sphere of R3 with centre at the origin 0. Take u € 73, u # 0, and position a
unit cube Cy in R3 with centre at u; see Figure 1.4. For each neighbour v of u,
the directed edge [u, v) intersects a unique face, denoted Fy ,, of Cy.

For x € R3, x = 0, let I1(X) be the point of intersection with S of the straight
line segment from O to X. Let jy_, be equal in absolute value to the surface measure

! An amusing story is told in [176] about Pélya’s inspiration for this theorem.
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14 Random Walks on Graphs [1.5]

Figure 1.4. The flow along the edge (u, v) is equal to the area of the projection IT(Fy, ;) on
the unit sphere centred at the origin.

of IT(Fy ). The sign of jy, is taken to be positive if and only if the dot product
of %(u + v) and v — u, viewed as vectors in R3, is positive. Let jou = —Juw-
We claim that j is a flow on Z>. Parts (i) and (ii) of Definition 1.14 follow by
construction, and it remains to check (iii).

The surface of Cy has a projection TT(Cy) on S. The sum Jy = Y, juw
is the integral over X € T1(Cy), with respect to surface measure, of the number
of neighbours v of U (counted with sign) for which X € IT(Fy ). Almost every
X € II(Cy) is counted twice, with signs + and —. Thus the integral equals 0,
whence J, = 0 for all u # 0.

It is easily seen that jo # 0, so ] is a non-zero flow. Next we estimate its
energy. By an elementary geometric consideration, there exist Cj < oo such that:

(@) |ju.v] < C1/]uf? for u # 0, where [u| = d(0, u) is the length of the shortest
path from O to U,
(b) the number of u € Z3 with |u| = n is smaller than ¢c;n?.
It follows that

E()) < ZZ J&v < Z6Czn2 (%)2 < 00,
n=1

Uz£0 v~U
as required. 0

Another way of showing Reff < oo is to find a finite upper bound for Re.
Upper bounds can be obtained by increasing individual edge-resistances, or by
removing edges. The idea is to embed a tree with finite resistance in Z>. Consider
abinary tree T, in which the connections between generation N — 1 and generation
N have resistance p", where p > 0. It is an easy exercise using the series/parallel
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laws that the effective resistance between the root and infinity is
o0
Rerr(T)) = Y (0/2)",
n=1

which we make finite by choosing p < 2. We proceed to embed T, in 73 insuch a
way that a connection between generation N — 1 and generation n is a lattice-path
of length order p". There are 2" vertices of T, in generation n, and their lattice-
distance from O has order ZE:1 ,ok, that is, order p". The surface of the k-ball in
R3 has order k?, and thus it is necessary that

c(p")? = 2",

which is to say that p > /2.

Let v/2 < p < 2. Itis now fairly simple to check that Reff < €' Refr(T,). This
method has been used in [102] to prove the transience of the infinite open cluster
of percolation on 73. Tt is related to, but different from, the tree embeddings of
[66].

1.6 Exercises

11 LetG = (V, E) be afinite connected graph with unit edge-weights. Show
that the effective resistance between two nodes S, t of the associated electrical
network may be expressed as B/N, where B is the number of bushes of G, and
N is the number of its spanning trees. (See the proof of Theorem 1.16.)

Extend this result to general positive edge-weights we.

12. Let G = (V, E) be a finite connected graph with positive edge-weights
(we : € € E), and let N* be given by (1.18). Show that

_ 1
iab = m[N”‘(s, a, b, t) — N*(s,b,a,t)]

constitutes a unit flow through G from s to t satisfying Kirchhoff’s laws.

1.3. (continuation) Let G = (V, E) be finite and connected with given con-
ductances (we : € € E), and let (X, : v € V) be reals satisfying >, X, = 0. To
G we append a notional vertex labelled oo, and we join co to each v € V. Show
that there exists a solution i to Kirchhoff’s laws on the expanded graph, viewed
as two laws concerning current flow, such that the current along the edge (v, co)
18 Xy.

1.4. Prove the series and parallel laws for electrical networks.

15. Sar-triangletransformation. The triangle T is replaced by the star Sin
an electrical network, as illustrated in Figure 1.5. Explain the sense in which the
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C C
r3 ri
rp —>
r rs
A r B A B

Figure 1.5. Edge-resistances in the star—triangle transformation. The triangle T on the left is
replaced by the star Son the right, and the corresponding resistances are as marked.

two networks are the same, when the resistances are chosen such thatrjr J/ = cfor
j = 1,2, 3 and some constant C to be determined.

1.6. Let R(r) be the effective resistance between two given vertices of a finite
network with edge-resistancesr = (r (e) : e € E). Show that Ris concave in that

IR + R(2)] < R($(r1 +12)).

1.7. Maximumprinciple. Let G = (V, E) be a finite or infinite network with
associated conductances (we : € € E), and let H = (W, F) be a connected
subgraph of G. Let ¢ : V — [0, co) be harmonic on W, and suppose the
supremum of ¢ on W is achieved and satisfies

sup ¢(w) = ||Plloo := sup ¢(v).

weW veV

Show that ¢ is constant on W U dW, and equals || f || -

1.8. Let G be an infinite connected graph, and let d A, be the set of vertices
distance n from the vertex labelled 0. With E, the number of edges joining d Ap,
to dAn+1, show that random walk on G is recurrent if Y, E; 1 = oo.

1.9. (continuation) Assume that G is ‘spherically symmetric’ in that: for all
n, for all X, y € dAp, there exists a graph automorphism that fixes 0 and maps X
to y. Show that random walk on G is transient if ), E;! < 0.

1.10. Let G be a finite connected network with positive conductances (we : € €
E), and let a, b be distinct vertices. Let ixy denote the current along an edge from
X to Y when a unit current flows from the source vertex a to the sink vertex b. Run
the associated Markov chain, starting at &, until it reaches b for the first time, and
let Uy, y be the mean of the total number of transitions of the chain between X and
y. Transitions from X to Y count positive, and from Y to X negative, so that Uy y is
the mean number of transitions from X to y, minus the mean number from Y to X.
Show that iy y = Uy y.

1.11. Consider Z? as an electrical network with unit resistances, and suppose
we identify all vertices that are distance n or more from the origin. Show that the
resistance between the origin and the composite vertex is at most C log n for some
C < o0.
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2

Uniform Spanning Tree

The Uniform Spanning Tree (UST) measure has a property of negative cor-
relation. A similar property is conjectured for Uniform Forest and Uniform
Connected Subgraph. Wilson’s algorithm is an efficient way to construct a
UST. The UST on the infinite square grid may be defined as the weak limit
of the finite-volume measures, and it converges in a certain manner to SLEg
as the grid size approaches zero.

2.1 Definition

Let G = (V, E) be a finite connected graph, and write 7~ for the set of all spanning
trees of G. Let T be picked uniformly at random from 7. We call T a uniform
spanning tree, abbreviated to UST. It is governed by the uniform measure:

| -

P(T=t) = teT.

R

T

We may think of T either as a random graph, or as a random subset of E. In the
latter case, T may be thought of as a random element of the set 2 = {0, 1}E of
0/1 vectors indexed by E.

It is fundamental that UST has a property of hegative correlation. In it simplest
form, this may be expressed as follows.

(2.1) Theorem. For f,ge E, f #g,
(2.2) P(feT|geT)<P(feT).

The proof makes striking use of the Thomson Principle via the monotonicity of
effective resistance. One obtains the following by a mild extension of the proof.
ForBC Eandge E\ B,

(2.3) PBCT|geT)<P(BCT).
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18 Uniform Spanning Tree [2.1]

Proof. Consider G as an electrical network each of whose edges have resistance
1. Let e = (X, Y), and denote by i = (i, : v, w € V) the current flow in G
when a unit current enters at X and leaves at y. By Theorem 1.16,

P N(X, X, Y,Y)

X,y — N
where N (X, X, Y, ¥) is the number of spanning trees of G whose unique X/y path
passes along the edge e in the direction from X to y, and N = |77|. Therefore,

i x,y = P(e € T). Since (X, Yy) has unit resistance, ix,y equals the potential
difference ¢ (y) — ¢ (X). By (1.22),

(2.4) PeeT)=R%(x ),

the effective resistance of G between X and Y.

Let f, g be distinct edges, and write G.g for the graph obtained from G by
contracting g to a single vertex. There is a one—one correspondence between
spanning trees of G containing g, and spanning trees of G.g. Therefore, P(f €
T | g € T) is simply the proportion of spanning trees of G.g that contain f. By
(2.4),

P(feT|geT)=R3Ix, Y.

By the Rayleigh principle, Theorem 1.29,

G.
R (X y) < R&(x, y),
and the theorem is proved. (

Theorem 2.1 has been extended by Feder and Mihail [78] to more general
‘increasing’ events. Let Q = {0, 1}F, the set of 0/1 vectors indexed by E, and
denote by w = (w(€) : e € E) a typical member of Q2. The partial order < on 2
is the usual pointwise ordering: w < o’ if w(€) < o'(€) forall e € E. A subset
A C Qs called increasing if: for all w, @’ € € satisfying w < ', we have that
@' € A whenever w € A.

For A C Qand F C E, we say that A isdefined on F if A = C x {0, 1} E\F
for some C C {0, 1}':. We refer to F as the ‘base’ of the event A.

(2.5) Theorem [78]. Let F C E, andlet Aand B beincreasing subsetsof 2 such
that: Aisdefinedon F, and B isdefined on E \ F. Then

P(TeA|TeB)<P(TeA).

Theorem 2.1 is retrieved by setting A = {w € Q : w(f) =1} and B = {w €
Q : w(g) = 1}. The original proof of Theorem 2.5 is set in the context of matroid
theory, and a further proof may be found in [29].

Whereas ‘positive correlation’ is well developed and understood as a technique
for studying interacting systems, ‘negative correlation’ possesses some inherent
difficulties. See [173] for further discussion.
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2.2 Wilson algorithm

There are various ways to generate a uniform spanning tree (UST) of the graph
G. The following method, called Wilson's algorithm [213], highlights the close
relationship between UST and random walk.

Take G = (V, E) to be a finite connected graph. We shall perform random
walks on G subject to a process of so-called |oop-erasure that we describe next!.
Let W = (wo, wi, ..., wk) be a walk on G, which is to say that w; ~ wj4 for
0 <i < k(note that the walk may have self-intersections). From ‘W we construct
a non-self-intersecting sub-walk, denoted LE('W), by the removal of loops as they
occur. More precisely, let

J =min{j > 1: wj; = wj forsomei < j},

and let | be the unique value of i satisfying | < J and w; = wyj. Let W =
(wo, W1, ..., W, WJ41, - .., Wk) be the sub-walk of ‘W obtained through the re-
moval of the cycle (w|, w|+1, ..., wy). This operation of single-loop-removal is
iterated until no loops remain, and we denote by LE('W) the surviving path from
wo to wk.

Here is Wilson’s algorithm. First, we order the vertex-set V. = (vy, va, ..., vp)

in an arbitrary manner.

1. Perform a random walk on G beginning at vj, withi; = 1, and stopped at the
first time it visits vn. The outcome is a walk W = (U = vy, Up, ..., Ur =
Un).

2. From W, we obtain the loop-erased path LE(W), joining v; to v, and
containing no loops?. Set T; = LE(W)).

3. Find the earliest vertex, vj, say, of V not belonging to Ty, and perform a
random walk beginning at vj,, and stopped at the first moment it hits some
vertex of Ty. Call the resulting walk W, and loop-erase W, to obtain some
non-self-intersecting path LE(W,) from vj, to T;. Set T, = T; ULE(W5),
the union of two edge-disjoint paths.

4. Iterate the above process, by running and loop-erasing a random walk from
anew vertex vj;,, ¢ Tj until it strikes the set Tj previously constructed.

5. Stop when all vertices have been visited, and set T = Ty, the final value of
the Tj.
Each stage of the above algorithm results in a sub-tree of G. The final such
sub-tree T is spanning since, by assumption, it contains every vertex of V.

(2.6) Theorem [213]. Thegraph T isa uniform spanning tree on G.

Note that the initial ordering of V plays no role in the law of T.

1Graph theorists might prefer to call this cycle-erasure.

2If we run a random walk and then erase its loops, the outcome is called loop-erased random
walk, often abbreviated to LERW.
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20 Uniform Spanning Tree [2.2]

There are of course other ways of generating a UST on G, and we mention
the well-known Aldous—Broder algorithm, [17, 48], that proceeds as follows.
Choose a vertex I of G and perform a random walk on G, starting at r, until every
vertex has been visited. For w € V, w # r, let [v, w) be the directed edge that
is traversed by the walk on its first visit to w. The edges thus obtained, when
undirected, constitute a uniform spanning tree. The Aldous—Broder algorithm is
closely related to the Wilson algorithm via a certain reversal of time, see [178].

We present the proof of Theorem 2.6 in a more general setting than UST. Heavy
use will be made of [157] and the concept of ‘cycle popping’ introduced in the
original paper [213] of David Wilson. Of considerable interest is an analysis of
the run-time of Wilson’s algorithm, see [178].

Consider an irreducible Markov chain with transition matrix P on the finite state
space S. With this chain we may associate a directed graph H = (S, F) much asin
Section 1.1. This graph H has vertex-set S, and edge-set F = {[X, y) : pxy > O}.
We refer to X (respectively, y) as the head (respectively, tail) of the (directed) edge
e = [X, y), written X = e_, Y = €. Since the chain is irreducible, H is connected
in the sense that, for all X, y € S, there exists a directed path from X to y.

Letr € Sbe a distinguished vertex called the root. A spanning arborescence
of H with rootr is a subgraph A with the following properties:

(a) each vertex of Sapart from r is the head of a unique edge of A,
(b) the rootr is the head of no edge of A,
(c) Apossesses no (directed) cycles.
Let X be the set of all spanning arborescences with rootr, and ¥ = |, .g Zr.

It is easily seen that there exists a unique (directed) path in the spanning ar-
borescence A joining any given vertex X to the root. To the spanning arborescence
A we assign the weight

2.7) a(A) =]]Pe e

ecA

and we shall describe a randomized algorithm that selects a given spanning ar-
borescence A with probability proportional to a(A). Since «(A) is independent
of the diagonal elements pz; of P, and each X (5 r) is the head of a unique edge
of A, we may assume that p;; =0 forallze S
Letr € S Wilson’s algorithm is easily adapted in order to sample from ;.
Let vy, va, ..., vp—1 be an ordering of S\ {r}.
1. Letog = {r}.
2. Sample aMarkov chain with transition matrix P beginning at vj, withi; = 1,
and stopped at the first time it hits op. The outcome is a (directed) walk
W; = (U = vy, Uy, ..., Uk, I'). From W| we obtain the loop-erased path
o1 = LE(W)), joining v; to I and containing no loops.
3. Find the earliest vertex, vj, say, of S not belonging to o1, and sample a
Markov chain beginning at vj,, and stopped at the first moment it hits some
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vertex of o7. Call the resulting walk W5, and loop-erase it to obtain some
non-self-intersecting path LE(W5) from vj, to o1. Set 0o = 01 ULE(W)),
the union of o and the directed path LE(W,).

4. Iterate the above process, by loop-erasing the trajectory of a Markov chain
starting at a new vertex vj;,, ¢ oj until it strikes the graph oj previously
constructed.

5. Stop when all vertices have been visited, and set o = o, the final value of
the oj.
(2.8) Theorem [213]. The graph o isa spanning arborescence with root r, and

P(c = A xa(A), Ae .

Since Sis finite and the chain is assumed irreducible, there exists a unique
stationary distribution 7 = (715 : S € S). Suppose that the chain is reversible with
respect to 7 in that

TTx px’y == 7Ty pyﬁx, X, y (S S

As in Section 1.1, to each edge € = [X, Y) we may allocate the weight w(e) =
7x Px,y, noting that the edges [X, y) and [y, X) have equal weight. Let A be a
spanning arborescence with root r. Since each vertex of H other than the root is
the head of a unique edge of the spanning arborescence A, we have by (2.7) that

[TecaTe Pe_e,
[lxes xr 70X

a(A) = —CW(A), Acy,

where C = C; and
W(A) = [ w(e.

ecA

Therefore, for a given root I, the weight functions « and W generate the same
probability measure on X,. The UST measure on G = (V, E) arises through
a consideration of the random walk on G, i.e., by taking px y = 1/deg(X). By
Theorem 2.8, Wilson’s algorithm generates a random spanning arborescence o
with given root on the graph H obtained from G by duplicating and directing the
edges. When we neglect the orientations of the edges of o, and also the identity
of the root, o is transformed into a uniform spanning tree of G.

The remainder of this section is devoted to a proof of Theorem 2.8, and it uses
the beautiful construction presented in [213].

For each x € S\ {r}, we provide ourselves in advance with an infinite set of
‘moves’ from X. Let My(i),i > 1, x € S\ {r}, be independent random variables
with laws

P(Mx(i) =Y) = px,y- yes
For each X, we organize the My (i) into an ordered ‘stack’. We think of an element
My (i) as having ‘colour’ i, where the colours indexed by i are distinct. The

(© G. R Grimmett 6 February 2009



22 Uniform Spanning Tree [2.2]

root I' is given an empty stack. At stages of the following construction, we shall
discard elements of stacks in order of increasing colour, and we shall call the set
of uppermost elements of the stacks the ‘visible moves’.

The visible moves generate a directed subgraph of H termed the ‘visible graph’.
There will generally be directed cycles in the visible graph, and we shall remove
such cycles one by one. Whenever we decide to remove a cycle, the corresponding
visible moves are removed from the stacks, and a new set of moves beneath is
revealed. The visible graph thus changes, and a second cycle may be removed.
This process may be iterated until the earliest time, N say, at which the visible
graph contains no cycle, which is to say that the visible graph is a spanning
arborescence o with rootr. If N < oo, we terminate the procedure and ‘output’
o. The removal of a cycle is called ‘cycle popping’. It would seem that the value
of N and the output o will depend on the order in which we decide to pop cycles,
but the converse turns out to be the case.

The following lemma holds ‘pointwise’: it contains no statement involving
probabilities.

(2.9) Lemma. The order of cycle popping isirrelevant to the outcome, in that
either: for all orderings of cycle popping, N = oo,

or: thetotal number N of popped cycles, and the output o, areindependent
of the order of popping.

Proof. A coloured cycle is a sequence My; (ij), ] =1,2,..., J, that constitutes
a cycle of H. A coloured cycle C is called poppable if there exists a sequence
Ci1,Cy, ..., Cy = Cofcoloured cycles that may be popped in order. We claim the
following for any cycle-popping algorithm. If the algorithm terminates in finite
time, then all poppable cycles are popped, and no others. The lemma follows from
this claim.

Let C be a poppable coloured cycle, and let C;, C,, ..., Cy = C be as above.
It suffices to show the following. Let C’ # C; be a poppable cycle with colour 1,
and suppose we pop C’ at the first stage, rather than C;. Then C is still poppable
after theremoval of C'.

Let V(D) denote the vertex-set of a coloured cycle D. The italicized claim
is evident if V(C") N V(Cx) = @ fork = 1,2, ..., n. Suppose on the contrary
that V(C') N V(Ck) # @ for some k, and let K be the earliest such k. Let
x € V(C') NV (Ck). Since x ¢ V(Cg) for k < K, the visible move at X has
colour 1 even after the popping of Cy, C,, ..., Ck—1. Therefore, the edge of Ck
with head X has the same tail, y say, as that of C’ with head X. This argument may
be applied to y also, and then to all vertices of Ck in order. In conclusion, Ck
has colour 1, and C’ = Ck.

Were we to decide to pop C’ first, then we may choose to pop in the sequence
Ck[=C'],C;,Cy,C5,...,Ck-1,CKkx1, ..., Ch = C, and the claim has been
shown. U
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Proof of Theorem 2.8. 1t is clear by construction that the Wilson algorithm ter-
minates after finite time, with probability 1. It proceeds by popping cycles, and
so, by Lemma 2.9, N < oo almost surely, and the output o is independent of the
choices available in its implementation.

We show next that o has the required law. We may think of the stacks as gen-
erating a pair (C, o), where C = (Cy, C,, ..., Cj) is the ordered set of coloured
cycles that are popped by Wilson’s algorithm, and o is the spanning arborescence
thus revealed. Note that the colours of the moves of o are determined by knowl-
edge of C. Let C be the set of all sequences C that may occur, and IT the set of
all possible pairs (C, o). Certainly I[1 = C x %y, since knowledge of C imparts
no information about o.

The law of (C, o) is simply the probability that the coloured moves are given
appropriately. That is,

P((C.0)=(c. A) = (]‘[]‘[ pe,&)a(A), ceC, AeX.

cec ecC

Since this factorizes in the form f(c)g(A), the random variables C and o are
independent, and P(o = A) is proportional to «(A) as required. O

2.3 Weak limits on lattices

Let L9 = (74, EY) be the d-dimensional hypercubic lattice, with d > 2. Let un
be the UST measure on the box B(n) = [—n, n]d.

(2.10) Theorem[170]. Theweaklimit u = limp_, 5 un existsandisatranglation-
invariant and ergodic’ probability measure. It is supported on the set of forests
in L9 with no bounded component.

Since we are working in the o-field of Q2 generated by the cylinder events, it
suffices for weak convergence4 that un(B € T) — w(B C T) for any finite set
B of edges (see Exercise 2.3). Note that the limit measure © may place strictly
positive probability on the set of forests with two or more components. By a mild
extension of the proof, one obtains that the limit measure x is invariant under the
action of any automorphism of the lattice Ld.

Proof. Let F be a finite set of edges of Ed. By the Rayleigh principle, Theorem
1.29 (as in the proof of Theorem 2.1, see Exercise 2.4),

pun(F € T) = punpi(F S T),

3 is ergodic if any shift-invariant event A has probability either 0 or 1.
4 A brief note about weak convergence can be found at the end of this section.
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for all large n. Therefore, the limit
p(F S T)= lim un(F S T)
n— o0

exists. The domain of x may be extended to all cylinder events, by the inclusion—
exclusion principle, and this in turn specifies a unique probability measure @ on
the infinite grid. Since no tree contains a cycle, and since each cycle is finite and
there are countably many cycles in L9, 1 has support in the set of forests. By a
similar argument, these forests may be taken with no bounded component.

Let 7 be a translation of ZZ, and let F be finite as above. Then

uEF CT)= lim up(zF € T) = lim pun(F S T),
n—o00 n— o0

where iy n is the law of a UST on 7~ 'B(n). There exists r = r () such that
B(n—r) C 7~ 'B(n) € B(n+r) forall large n. By the Rayleigh principle again,

pnr(FCT) S prn(FCST)<unr(FCT)
for all large n. Therefore,
uzn(F S T) = u(F CT),

whence the translation-invariance of . The proof of ergodicity is omitted, and
may be found in [170]. O

This leads immediately to the question of whether or not the support of w is
the set of spanning trees of 1.9,

(2.11) Theorem [170]. Thelimit measure w is supported on the set of spanning
treesof L9 if and only if d < 4.

The above measure ; may be termed ‘free UST measure’. There is another
possible boundary condition giving rise to the so-called ‘wired UST measure’. One
identifies as a single vertex all vertices not in B(n — 1), and chooses a spanning
tree uniformly at random from the resulting (finite) graph. One can pass to the
limit as N — oo in very much the same way as before. It turns out that the
free and wired measures are identical on L9 for all d. The key fact is that Ld
is a so-called amenable graph, which amounts in this context to saying that the
boundary/volume approaches zero in the limit of large boxes,

[0B(n)|/|B(n)] — 0 as N — oo.

See Exercise 2.8 and [29, 157, 170, 171] for further details and discussion.

This section closes with a brief note about weak convergence, for more details
of which the reader is referred to the books [36, 67]. Let E={g : 1 <i < o0}
be a countably infinite set. The product space = {0, 1}F may be viewed as
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the product of copies of the discrete topological space {0, 1} and, as such, €2 is
compact, and is metrisable by

Sw,0)=) 2 w@) @), o
i=1

A subset C of 2 is called a cylinder event (or, simply, a cylinder) if there exists
a finite F C E such that: w € C if and only if o’ € C for all ®’ equal to @ on F.
The product o-algebra F of Q2 is the o-algebra generated by the cylinders. The
Borel o-algebra B of 2 is defined as the minimal o -algebra containing the open
sets. It is standard that B is generated by the cylinders, and therefore ¥ = 8.
We note that every cylinder is both open and closed in the product topology.

Let (un : N > 1) and u be probability measures on (€2, ). We say that un
converges Weakly to w, written upn = u, if

pun(f) = u(f)  asn— oo,

for all bounded continuous functions f : & — R. (As usual, P(f) denotes the
expectation of the function f under the measure P.) Several other definitions of
weak convergence are possible, and the so-called ‘portmanteau theorem’ asserts
that certain of these are equivalent. In particular, the weak convergence of up to
W is equivalent to each of the two following statements:

(1) limsupy,_, o un(C) < u(C) for all closed events C,
(i) liminfp_ o un(C) = w(C) for all open events C.
The matter is simpler in the current setting: since the cylinder events are both

open and closed, and they generate ¥, it is necessary and sufficient for weak
convergence that
(iii) limp— co un(C) = u(C) for all cylinders C.

The following is useful for the construction of infinite-volume measures in the
theory of interacting systems. Since €2 is compact, every family of probability
measures on (2, ¥) is relatively compact. That is to say, for any such family IT =
(wi :1 € 1), every sequence (iun, : K > 1) in IT possesses a weakly convergent
subsequence. Supposenow that (i : N > 1) isasequence of probability measures
on (2, ). If the limits limp_, 5 n(C) exists for every cylinder C, then it is
necessarily the case that y := limp_, ~ (n exists and is a probability measure.
We shall see in Exercises 2.2-2.3 that this holds if and only if limp— o un(C)
exists for all increasing cylinders C. This justifies the argument of the proof of
Theorem 2.10.

2.4 Uniform Forest
We saw in Theorems 2.1 and 2.5 that the UST has a property of negative correlation.
There is evidence that certain related measures have such a property also, but such

claims have resisted proof.
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Let G = (V, E)be afinite graph, which we may as well assume to be connected.
Write F for the set of forests of G (that is, subsets H € E containing no cycles),
and C for the set of connected subgraphs of G (that is, subsets H < E such
that (V, H) is connected). Let F be a uniformly chosen member of &, and C a
uniformly chosen member of €. We refer to F and C as a uniform forest (UF)
and a uniform connected subgraph (USC), respectively.

(2.12) Conjecture. For f,g € E, f # g, the UF and USC satisfy:

(2.13) P(feF|geF)<P(feF),
(2.14) P(feC|geC)<P(f eC).

One may ask whether UF and USC satisfy the stronger conclusion of Theorem
2.5. As positive evidence of Conjecture 2.12, we cite the computer-aided proof of
[111] that the UF on any graph with eight or fewer vertices (or nine vertices and
eighteen or fewer edges) satisfies (2.13).

Discuss general approaches to negative correlation, [131, 173].

2.5 Schramm-Lowner evolutions

There is a beautiful result of Lawler, Schramm, and Werner [147] concerning the
limiting LERW (loop-erased random walk) and UST measures on L.2. This cannot
be described without a detour into the theory of Schramm-Lowner evolutions?
(SLE).

Let H = (—o0, 00) x (0, 00) be the upper half-plane of R?2, with closure
H, viewed as subsets of the complex plane. Consider the (Lowner) ordinary
differential equation

d —
G %@ = ze H\ {0},

0t (2) — b(t)’

subject to the boundary condition go(z) = z, where t € [0, 0c0),and b : R — Ris
termed the ‘driving function’. Randomness in injected into this formula through
setting b(t) = Byt where x > 0 and (By : t > 0) is a standard Brownian motion®.
The solution exists when g (2) is bounded away from B,;. More specifically, for
Z € H, let 7, be the infimum of all times 7 such that 0 is a limit point of gs(zZ) — Bys

in the limit as S 1 7. We let
Hi ={ze H: 1, > t}, Ki={zeH: 1, <t},

3Originally known as ‘stochastic Léwner evolutions, but now often renamed after Schramm,
in recognition of [189].
6See [68] for an interesting and topical account of the history and practice of Brownian motion.
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SLE, 0 SLE4

SLEg 0

Figure 2.1. Simulations of chordal SLE, for x = 2,4, 6, 8. The four pictures are generated
from the same Brownian driving path.

so that H; is open, and Ky is compact. It may now be seen that g; is a conformal
homeomorphism from H; to H. The process may be described via a random
curve y : [0, 00) — H in the sense that H \ K; is the unbounded component of
H \ y[0, t]. The curve y satisfies y(0) = 0 and y(t) — oo ast — oo. See the
illustrations of Figure 2.1.

We call (g; : t > 0) a Schramm-Lowner evolution (SLE) with parameter «,
written SLE,, and we call the K¢ the hulls of the process. There is good reason to
believe that the family K = (K : t > 0) provides the correct scaling limits for a
variety of random spatial processes, with the value of ¥ depending on the process
in question. General properties of SLE,, viewed as a function of «, have been
studied in [182, 208, 209], and a beautiful theory has emerged. For example, the
hulls K form (almost surely) a simple path if and only if «x < 4. If ¥ > 8§, then
SLE, generates (almost surely) a space-filling curve.

The above SLE is termed ‘chordal’. In another version, called ‘radial’ SLE,
the upper half-plane H is replaced by the unit disc U, and a different differential
equation is satisfied. The corresponding curve y satisfies y(t) — O ast — oo,
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a

Figure 2.2. The unique UST path between opposite corners a, b of a square. It has the law of
a LERW between a and b.

and y (0) € dU, say y(0) = 1. Both chordal and radial SLE may be defined on
an arbitrary simply connected domain D with a boundary, by applying a suitable
conformal map ¢ from either H or U to D.

Schramm [189, 190] identified the correct value of x for several different pro-
cesses, and indicated that percolation has scaling limit SLE¢. Full rigorous proofs
are not yet known even for general percolation models. For the special case of site
percolation on the triangular lattice T, Smirnov [196, 197] has proved the very
remarkable result that the crossing probabilities of re-scaled regions of R? satisfy
Cardy’s formula, see Section 5.6.

The theory of SLE is a major piece of contemporary mathematics which
promises to explain phase transitions in an important class of two-dimensional
disordered systems, and to help bridge the gap between probability theory and
conformal field theory. It has in addition provided complete explanations of
conjectures made by mathematicians and physicists concerning the intersection
exponents and fractionality of frontier of two-dimensional Brownian motion, see
[144, 145].

This chapter closes with a brief summary of the results of [147] concerning
SLE limits for LERW and UST on the square lattice L.?. We saw earlier in this
chapter that there is a very close relationship between LERW and UST on a finite
connected graph G. For example, the unique path joining vertices U and v in a
UST of G has the law of a LERW from u to v (see [170] and the description of
Wilson’s algorithm). See Figure 2.2.

Let D be a bounded simply connected subset of C with 0 € D. As remarked
above, we may define radial SLE; on D, and we write v forits law. Let§ > 0, and
let is be the law of LERW on the re-scaled lattice 872, starting at 0 and stopped
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dual UST

Peano UST curve

Figure 2.3. An illustration of the Peano UST path lying between a tree and its dual. The
thinner continuous line depicts the UST, and the dashed line its dual tree. The thicker line is
the Peano UST path.

when it first hits 9 D.
For two parametrizable curves §, y in C, we define the distance between them

by

tel0,1]

p(B,y) = inf[ sup |B(t) — ?(t)@ :

where the infimum is over all parametrizations B\ and y of the curves (see [8]). The
distance function p generates a topology on the space of parametrizable curves,
and hence a notion of weak convergence (denoted ‘=").

(2.15) Theorem [147]. Wehavethat us = v asé§ — 0.

We turn to the convergence of UST to SLEg, and begin with a discussion of
mixed boundary conditions. Let D be a bounded simply connected domain of C
with a smooth (C!) boundary curve 8 D. For distinct points @, b € 3D, we write
a (respectively, f) for the arc of 9D going clockwise from a to b (respectively,
btoa). Let§ > 0 and let G5 be a connected graph that approximates to that
part of 87 lying inside D. We shall construct a UST of G with mixed boundary
conditions, namely a free boundary near « and a wired boundary near 8. To each
tree T of Gs there corresponds a dual tree T9 on the dual graph G¢, namely the
tree comprising edges of Gg that do not intersect those of T. Since G;s has mixed
boundary conditions, so does its dual Gg. With Gs and Gg drawn together, there
is a simple path (T, T9) that winds between T and T9. Let IT be the path thus
constructed between the UST on Gy and its dual tree. The construction of this
‘Peano UST curve’ is illustrated in Figures 2.3 and 2.4.

(2.16) Theorem [147]. Thelaw of IT convergesasé — 0 to that of the image of
chordal SLEg under any conformal map fromH to D mapping 0 to a and oo to b.
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Figure 2.4. An initial segment of the Peano path constructed from a UST on a large square
with mixed boundary conditions.

2.6 Exercises

2.1. [17,48] Aldous-Broder algorithm. Let G = (V, E) be a finite connected
graph, and pick a root r € V. Perform a random walk on G starting from r. For
each v € V, v # 1, let g, be the edge traversed by the random walk just before
it hits v for the first time, and let T be the tree UU e, rooted at r. Show that T,
when viewed as an unrooted tree, is a uniform spanning tree. It may be helpful to
argue as follows.

a. Consider a stationary simple random walk (X, : —00 < n < 00) on G, with
distribution 7, o deg(v), the degree of v. Let T; be the rooted tree obtained
by the above procedure applied to the sub-walk Xj, Xj41,.... Show that
T =(Tj : —o0 < i < 00) is a stationary Markov chain with state space the set
R of rooted spanning trees.

b. Let Q(t,t") = P(Top =t' | T; = t), and let r (t) be the degree of the root of
t € K. Show that:

(i) for givent € R, there are exactly r () trees t’ € R with Q(t,t") = 1/r (1),
and Q(t, t") = 0 for all other t/,
(ii) for givent’ € R, there are exactly r (t’) trees t € R with Q(t,t") = 1/r (1),
and Q(t, t") = O for all other t.
c. Show that
D rmQt. ) =r (), t' € R,

teRr

and deduce that the stationary measure of T is proportional to r (t).

d. Letr € V, and lett be a tree with root r. Show that P(To =t | Xg =) is
independent of the choice of t.

2.2. Let Q = {0, 1}F where F is finite, and let P be a probability measure on
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Q, and A € Q. Show that P(A) may be expressed as a linear combination of
certain P(A;j) where the A; are increasing events.

2.3. (continuation) Let G = (V, E) be an infinite graph with finite vertex-
degrees, and Q = {0, I}E. An event A in the product o-field of €2 is called a
cylinder event if it has the form Ag x {0, 1}F for some Ag C {0, 1}F and some
finite F € E. Show that a sequence () of probability measures converges
weakly if un(A) converges for every increasing cylinder event A.

24. Let G = (V, E) be a finite connected subgraph of the finite connected
graph G’. Let T and T’ be uniform spanning trees on G and G’ respectively. Show
that, for any edge eof G, P(ee T) > P(ee T').

More generally, let B be a subset of E, and show that P(B C T) > P(B C T').

2.5. Let Ty be a UST of the lattice box [—n, n]¢ of Z9. Show that the limit
A(€) = limp_, o P(e € Tp) exists.

More generally, show that the weak limit of Ty exists as n — oo.

2.6. Adaptthe conclusions of the last two examples to the ‘wired’ UST measure
w™ onlLd,

2.7. Let F be the set of forests of LY with no bounded component, and let ©
be an automorphism-invariant probability measure with support . Show that the
mean degree of every vertex is 2.

2.8. [170] Let A be an increasing cylinder event in {0, 1}]Ed. Using the Feder—
Mihail Theorem 2.5 or otherwise, show that the free and wired UST measures on
Ld satisfy wuf(A) > uY(A). Deduce by the last exercise and Strassen’s theorem,
or otherwise, that u!f = V.

2.9. Consider the square lattice L7 as an infinite electrical network with unit
edge-resistances. Show that the effective resistance between two neighbouring
vertices is 2.

2.10. Let G = (V, E) be finite and connected, and let W C V. Let F be the
set of forests of G comprising exactly |W| trees with respective roots the members
of W. Explain how Wilson’s algorithm may be adapted to sample uniformly from
Fw.
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Percolation and Self-Avoiding Walk

The central feature of the percolation model is the phase transition. The
existence of the point of transition is proved by path-counting and planar
duality. Basic facts about self-avoiding walks, oriented percolation, and the
coupling of models are reviewed.

3.1 Phase transition

Percolation is the fundamental stochastic model for spatial disorder. In its sim-
plest form introduced in [47]!, it inhabits a (crystalline) lattice and possesses the
maximum of (statistical) independence. We shall consider mostly percolation on
the (hyper)cubic lattice Ld = (Zd, Ed) in d > 2 dimensions, but much of the
following may be adapted to an arbitrary lattice.

Percolation comes in two forms, ‘bond’ and ‘site’, and we concentrate here
on the bond model. Let p € [0, 1]. Each edge e € E9 is designated either open
with probability p, or closed otherwise, different edges receiving independent
designations. We think of an open edge as being open to the passage of some
material such as disease, liquid, or infection; closed edges are closed to such
passage. Suppose we remove all closed edges, and consider the remaining open
subgraph of the lattice. Percolation theory is concerned with the geometry of this
open graph. Of particular interest are such quantites as the size of the open cluster
Cx containing a given vertex X, and particularly the probability that Cy is infinite.

The sample space is the set 2 = {0, 1}IEd of 0/1-vectors w indexed by the edge-
set; here, 1 represents ‘open’, and 0 ‘closed’. As o-field we take that generated
by the finite-dimensional cylinder sets, and the relevant probability measure is
product measure [Pp with density p.

For X,y € 79, we write X <>y if there exists an open path joining X and y.
The open cluster Cy at X is the set of all vertices reachable along open paths from

ISee also [214].
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the vertex X:
CX:{yeZd:x<—>y}.

The origin of 79 is denoted 0, and we write C = Cy. The principal object of study
is the percolation probability 6 (p) given by

6(p) = Pp(|C| = 00).
The critical probability is defined as

3.1) pe = pe(LY) = sup{p: 6(p) = 0}.

It is fairly clear (and we will spell this out soon) that 6 is non-decreasing in p, and

thus

—0 ifp< pe.
e(p){ PP
>0 ifp> p..

It is fundamental that 0 < p. < 1, and we state this as a theorem. It is easy to see
that p. = 1 for the corresponding one-dimensional process.

(3.2) Theorem. Ford > 2, wehavethat 0 < p. < 1.

It is an important open problem to prove the following conjecture. The con-
clusion is known only ford = 2 and d > 19.

(3.3) Conjecture. For d > 2, we havethat 6(p;) = 0.

Itis the edges (or ‘bonds’) of the lattice that are declared open/closed above. If,
instead, we designate the vertices (or ‘sites’) to be open/closed, the ensuing model
is termed Site percolation. Subject to minor changes, the theory of site percolation
may be developed just as that of bond percolation.

Proof of Theorem3.2. This proof introduces two basic methods, namely the count-
ing of paths and the use of planar duality. We show first by counting paths that
pc. > 0.

A self-avoiding walk (SAW) is a lattice path that visits no vertex more than
once. Let oy be the number of SAWs with length n beginning at the origin, and
let N, be the number of such SAWs all of whose edges are open. Then

6(p) = Pp(Np > 1 foralln > 1)
= lim Pp(Ny > 1).
n—oo

Now,

(34) Pp(Nn > 1) < Pp(Np) = p"on.
A a crude upper bound for oy, we have that

3.5) op <2d2d-D"'  n>1,
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Figure 3.1. Part of the square lattice > and its dual.

since the first step of a SAW from the origin can be to any of its 2d neighbours,
and there are no more than 2d — 1 choices for each subsequent step. Thus

6(p) < lim 2d2d — H""1p",
n—oo

which equals 0 whenever p(2d — 1) < 1. Therefore,

1
2d —1°

Pc =

We turn now to the proof that p. < 1. The first step is to observe that
(3.6) ) = pe @, d=2.

This follows immediately by the observation that Ld may be embedded in L9+ in
such a way that the origin lies in an infinite open cluster of L9t! whenever it lies
in an infinite open cluster of the smaller lattice LY. By (3.6), it suffices to show
that

(3.7) pe(L?) < 1,

and to this end we shall use planar duality. The square lattice has a special property,
namely that of self-duality. Planar duality arises as follows. Let G be a planar
graph, drawn in the plane. The planar dual of G is the graph constructed in the
following way. We place a vertex in every face of G (including the infinite face if
it exists) and we join two such vertices by an edge if and only if the corresponding
faces of G share a boundary edge. It is easy to see that the dual of the square lattice
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0---0

o---0-
--0

Figure 3.2. A finite open cluster of the primal lattice lies ‘just inside’ an closed cycle of the
dual lattice.

1% is a copy of L%, and we refer therefore to the square lattice as being self-dual.
See Figure 3.1.

There is a natural one—one correspondence between the edge-set of the dual
lattice IL,(Z1 and that of the primal L2, and this gives rise to a percolation model on
IL,(z1 by: for an edge e € E? and it dual edge €y, we declare €; to be open if and
only if eis open. As illustrated in Figure 3.2, each finite open cluster of L2 lies in
the interior of a closed cycle of Lé.

We use a ‘Peierls argument’ to obtain (3.7)%. Let Mp, be the number of closed
circuits of the dual lattice, having length n and containing O in their interior. Note
that |C| < oo if and only if Mp > 1 for some n. Therefore,

(3.8) 1-0(p) =Py(IC| < oo):Pp<Z M, > 1)
=< ]P’p(z Mn)
=Y Pp(Mn) < > _(nd"(1 — p)",
n=4

n=4

where we have used the facts that the shortest dual circuit containing 0 has length
4, and that the total number of dual circuits, having length n and surrounding the
origin, is no greater than N4". The final sum may be made strictly smaller than 1
by choosing p sufficiently close to 1, say p > 1 — € where € > 0. This implies
that pc (L?) < 1—¢€as required for (3.7). O

2This method was used by Peierls [169] to prove phase transition for the two-dimensional
Ising model.
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3.2 Self-avoiding walks

How many self-avoiding walks of length n exist, starting from the origin? What
is the ‘shape’ of a SAW chosen at random from this set? In particular, what is
the distance between its endpoints? These and related questions have attracted a
great deal of attention since the publication in 1954 of the pioneering paper [116]
of Hammersley and Morton, and never more so than in recent years. It is believed
but not proved that a typical SAW on L2, starting at the origin, converges in a
suitable manner as N — oo to a SLEg/3 curve, and the proof of this statement is
an open problem of outstanding interest. See Section 2.5, in particular Figure 2.1,
and [159, 190, 198].

The use of subadditivity was one of the several stimulating ideas of [116], and
it has proved extremely fruitful in many contexts since. Consider the lattice LY,
and let 4, be the set of SAWs with length n starting at the origin, and o, = |4p|
as before.

(3.9  Lemma. We havethat omin < omon, for m, n > 0.

Proof. Let 7 and 7z’ be finite SAWs starting at the origin, and denote by 7 * 77’ the
walk obtained by following 7 from O to its other endpoint X, and then following
the translated walk 7/ 4+ X. Every v € $m4n may be written in a unique way as
v =1 x 7’ for some w € 8y and 7’ € 8,. The claim of the lemma follows. [

(3.10) Theorem [116]. The limit x = limp_, o (on)!/" exists and satisfiesd <
Kk <2d—1.

This is in essence a consequence of the ‘sub-multiplicative’ inequality of
Lemma 3.9, see Exercise 3.1. The constant « is called the connective constant of
the lattice. The exact value of k = « (LL9) is unknown for every d > 2, see Section
7.2 of [126], pp. 481-483. It is conjectured that the connective constant of the

‘hexagonal’ (or ‘honeycomb’) lattice, illustrated in Figure 5.9, equals v/2 + +/2.

B

Proof. By Lemma 3.9, Xy = log o, satisfies the ‘subadditive inequality
(3.1D) Xm+n =< Xm + Xn.
The existence of the limit
1

n—oo | n
follows immediately, and A = infm{Xm/m} € [—00, 00). By (3.5), k = € <
2d — 1. Finally, oy is at least the number of ‘stiff” walks every step of which is
in the direction of an increasing coordinate. The number of such walks is d", and

therefore k > d. O

The bounds of Theorem 3.2 may be improved as follows.

(© G. R Grimmett 6 February 2009



[3.3] Sdlf-avoiding walks 37

(3.12) Theorem. The critical probability of bond percolation on LY, withd > 2,
satisfies

where « (d) denotes the connective constant of LY.

Proof. Asin (3.4),
6(p) < lim p"on.
n—oo

Now, on = k (d)1T0IN 50 that 6(p) = 0if pr(d) < 1.

For the upper bound, we elaborate on the proof of the corresponding part of
Theorem 3.2. Let Fry, be the event that there exists a closed cycle of the dual lattice
]Lg containing the primal box B(m) = [—m, m)? in its interior, and let G, be the
event that all edges of B(m) are open. These two events are independent, since
they are defined in terms of disjoint sets of edges. As in (3.8),

(3.13) Pp(Fm) < Pp< > My > 1)

n=4m

< Y nl—pon

n=4m

Recall that on, = «(2)(11°UDN "and choose p such that (1 — p)k(2) < 1. By
(3.13), we may find m such that Pp(Fm) < % Then,

0(p) = Pp(Fm N Gm) = Pp(Fm)Pp(Gm) = 3Pp(Gm) > 0.

The upper bound on p, follows. O

There are some extraordinary conjectures concerning SAWSs in two dimensions.
We mention the conjecture that

on ~ An!'1/32n whend = 2,
expected to hold for any lattice in two dimensions, with an appropriate choice
of constant A depending on the choice of lattice. It is known in contrast that no
polynomial correction is necessary when d > 5,

on ~ Ax" whend > 5,

for the cubic lattice at least. See [159, 190, 198] for further details of these and
other conjectures and results.
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3.3 Coupled percolation

The use of coupling in probability theory goes back at least as far as the beautiful
proof by Doeblin of the ergodic theorem for Markov chains, [65]. In percolation,
we couple together the bond models with different values of p as follows. Let Ug,
ec EY, be independent random variables with the uniform distribution on [0, 1].
For p € [0, 1], let

1 ifUe<p,
np<e>={ ¢

Thus the configuration np (€ 2) has law IPp, and in addition

0 otherwise.

(3.14) Theorem. For any increasing non-negative randomvariable f : Q@ — ,
the function g(p) = Pp( ) is non-decreasing.

Proof. Forp <r,

g(p) =P(f(np) = P(f(mr)) = 9g(r),

as required, where P denotes ‘generic probability’. U

3.4 Oriented percolation

The ‘north—east’ lattice L9 obtained by orienting each edge of L9 in the direction
of increasing coordinate-value (see Figure 3.3 for a two-dimensional illustration).
There are many parallels between results for oriented percolation and those for
ordinary percolation; on the other hand the corresponding proofs often differ,
largely because the existence of one-way streets restricts the degree of spatial
freedom of the traffic.

Let p € [0, 1]. We declare an edge of LY to be open with probability p and
otherwise closed. The states of different edges are taken to be independent. We
now supply fluid at the origin, and allow it to travel along open edges in the
directions of their orientations only. Let C be the set of vertices that may be
reached from the origin along open directed paths. The percolation probability is
(3.15) 6(p) = Pp(IC| = o0),
and the critical probability p.(d) by

(3.16) Pe(d) = sup{p : 6(p) = 0}.
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e

*—r—

Figure 3.3. Part of the two-dimensional ‘north—east’ lattice in which each edge has been
deleted with probability 1 — p, independently of all other edges.

(3.17) Theorem. For d > 2, we havethat 0 < p.(d) < 1.

Proof. Since an oriented path is also a path, it is immediate that g (p) < 6(p),
whence Pc(d) > pc. As in the proof of Theorem 3.2, it suffices for the converse
to show that P, = pc(2) < 1.

Let d = 2. The cluster C comprises the endvertices of open edges that are
oriented northwards/eastwards. Assume |é| < 00. Surrounding C one may draw
a cycle A of the dual in the manner illustrated in Figure 3.4. As we traverse A
in the clockwise direction, we traverse edges each of which is oriented in one of
the four compass directions. Any edge of A that is oriented either eastwards or
southwards crosses a primal edge that is closed. Exactly one half of the edges of
A are oriented thus, so that, as in (3.8),

Pp(ICl < 00) < Y 4-3"2(1 — p)z"~!

n>4

In particular, g (p) > 0if 1 — pis sufficiently small and positive. U

The process is understood quite well when d = 2, see [70]. By looking at
the set An of wet vertices on the diagonal {X € Z? : X + X = n} of L2,
one may reformulate two-dimensional oriented percolation as a one-dimensional
contact process in discrete time (see [148], Chapter 6)). It turns out that P.(2)
may be characterized in terms of the velocity of the rightwards edge of a contact
process on Z whose initial distribution places infectives to the left of the origin and
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Figure 3.4. As we trace the dual cycle A, we traverse edges exactly one half of which cross
closed boundary edges of the cluster C at the origin.

susceptibles to the right. With the support of arguments from branching processes
and ordinary percolation, one may prove such results as the exponential decay of
the cluster size distribution when p < P.(2), and its sub-exponential decay when
P > Pc(2): there exist a(p), B(P) > O such that

(3.18) e PV <p,(n<|Cl<oo)<ePVN ifp(2)<p<l.

There is a close relationship between oriented percolation and the contact model
(see Chapter 6), and methods developed for the latter model may often be applied
to the former. It has been shown in particular that 6 (Pc) = O for general d > 2,
see [100].

We close this section with an open problem of a different sort. Suppose that
each edge of 12 is oriented in a random direction, horizontal edges being oriented
eastwards with probability p and westwards otherwise, and vertical edges being
oriented northwards with probability p and southwards otherwise. Let n(p) be
the probability that there exists an infinite oriented path starting at the origin. It is
not hard to show that n(%) = 0 (see Exercise 3.9. We ask whether or not n(p) > 0

if p# % Partial results in this direction may be found in [97].

3.5 Exercises
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3.1. Subadditive inequality. Let (X, : N > 1) be a real sequence satisfying
Xm+n < Xm + Xp for m, n > 1. Show that the limit A = limp_, o {Xn/N} exists
and satisfies A = infy{Xy/k}.

3.2. (continuation) Find reasonable conditions on the sequence (o) such that:
the generalized inequality

Xm+nfxm+xn+am» manzl7

implies the existence of the limit A = limp_, oo {Xn/N}?

3.3. [108] Bond/site critical probabilities. Let G be an infinite connected
graph with maximal vertex degree A. Show that the critical probabilities for bond
and site percolation on G satisfy

bond

pC < pzite < 1 — [1 _ p(t;)Ond]A‘

The second inequality is in fact valid with A replaced by A — 1.

3.4. Show that bond percolation on a graph G may be reformulated in terms
of site percolation on a graph derived suitably from G.

3.5. Show that the connective constant of 2 lies strictly between 2 and 3.

3.6. One-dimensional percolation. Each edge of the one-dimensional lattice
Z is declared open with probability p. Fork € Z, letr (K) = max{u : k <> k4 u},
and Lp = max{r(k) : 1 <k < n}. Show that Pp(Ln > u) < np", and deduce
that, for ¢ > 0,

p ( (14+€)logn
P log1/p)

[This is the famous problem of the longest run of heads in n tosses of a coin.]

)—)O as N — oo.

3.7. (continuation) Show that, for € > 0,

Pp<Ln<w>—>O asn — oo.
log(1/p)

By suitable refinements of the error estimates above, show that

I —e€)logn 1 logn
Pp(( Ologn | _(I+elog

n , for all but finitely many n) =1.
log(1/p) log(1/p)

3.8.  Show the strict inequality p.(d) < p.(d) for the critical probabilities of
unoriented and oriented percolation on L9 with d > 2.

3.9. [97] Each edge of the square lattice L.? is oriented in a random direc-
tion, horizontal edges being oriented eastwards with probability p and westwards
otherwise, and vertical edges being oriented northwards with probability p and
southwards otherwise. Let n(p) be the probability that there exists an infinite
oriented path starting at the origin. Show that n(%) =0.
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3.10. The vertex (i, j) of L? is called even if i + j is even, and odd otherwise.
Vertical edges are oriented from the even endpoint to the odd, and horizontal edges
vice versa. Each edge is declared open with probability p, and closed otherwise
(independently between edges). Show that, for p sufficiently close to 1, there
is strictly positive probability that the origin is the endpoint of an infinite open
oriented path.

3.11. A word is an element of the set {0, 1} of singly-infinite 0/1 sequences.
Let p € (0,1)and M > 1. Consider oriented site percolation on 72, in which the
colour w(X) of a vertex X equals 1 with probability p, and O otherwise. A word
w = (wy, wy,...) is said to be M-seen if there exists an infinite oriented path

Xo = 0, X1, X2, ... of vertices such that w (X)) = wj and d(Xj—_1, %) < M for
i > 1. [Here, as usual, d denotes graph-theoretic distance.]
Calculate the probability that the square {1, 2, ..., k}2 contains botha 0 and a

1. Deduce? by a block argument that
VYp(M) = Pp(all words are M-seen)

satisfies Yp(M) > 0 for M > M(p), and determine an upper bound on the
required M (p).

3This provides a short proof of the main result of [152].
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4

Correlation and Concentration

Correlation-type inequalities have played a significant role in the theory of
disordered spatial systems. The Holley inequality provides a sufficient con-
dition for the stochastic ordering of two measures, and also a route to a proof
of the famous FKG inequality. For product measures, the complementary
BK inequality involves the concept of ‘disjoint occurrence’. Two concepts
of concentration are considered here. The Hoeffding inequality provides a
bound on the tail of a martingale with bounded differences. Another concept
of ‘influence’ proved by Kahn, Kalai, and Linial leads to sharp-threshold
theorems for increasing events under either product or FKG measures.

4.1 Holley inequality

We review the stochastic ordering of probability measures on a discrete space. Let
E be a non-empty finite set, and Q = {0, 1}E. The sample space Q is partially
ordered by:

w; <wy if wi(e) <wy(e)forallee E.

A non-empty subset A C  is called increasing if:
weA w<o = oeA
The subset A is decreasing if its complement A = Q \ A is increasing.

(4.1) Definition. Given two probability measures uj, i = 1,2, on 2, we write

w1 <gt g2 if
w1 (A) < ua(A) for all increasing events A.

Equivalently, u; <y w2 if and only if u1(f) < wo(f) for all increasing
functions f : 2 — R. There is an important and useful result, often termed
Strassen’s theorem, that asserts that measures satisfying ;11 <g @2 may be coupled
in a ‘pointwise monotone’ manner. Such a statement is valid for very general
spaces (see [153]), but we restrict ourselves here to the current context. The proof
is omitted, and may be found in many places including [157].
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(4.2) Theorem [201]. Let 1 and o beprobability measureson 2. Thefollowing
two statements are equivalent.

(1) pr <st pu2.
(ii) Thereexistsa probabilitymeasurev on Q2 suchthat v({(7, w) : 7 < w}) =
1, and whose marginal measures are 1 and ..

For wy, wy € 2, we define the (pointwise) maximum and minimum configu-
rations by

w1 V @2(8) = max{w (e), w2(e)},

4.3 .

*- w1 A w2(6) = min{wn (&), w2 (©)).

for e € E. A probability measure p on 2 is called positive if u(w) > 0 for all
w € Q.

(4.4) Holley inequality [125]. Let u; and u, be positive probability measures
on  satisfying

4.5) wa(w1 Vo) (wr A wz) > (o) (w2), w1, w2 € Q.

Then p <g pa.

Proof. The main step is the proof that ;1 and wy can be ‘coupled’ in such a way
that the component with marginal measure w, lies above (in the sense of sample
realizations) that with marginal measure . This is achieved by constructing a
certain Markov chain with the coupled measure as unique invariant measure.

Here is a preliminary calculation. Let u be a positive probability measure on €2.
We can construct a time-reversible Markov chain with state space €2 and unique
invariant measure @ by choosing a suitable generator G satisfying the detailed
balance equations. The dynamics of the chain involve the ‘switching on or off” of
components of the current state.

For w €  and e € E, we define the configurations @€, we by

w(f) iff£e w(f) iff£e
4.6 e(f) = f) =
e Wb {1 iffoe “M {0 iff=e
LetG:QzE—HRbegivenby
“.7) G(we.0® =1, G(0fwe) = 12
wu(@w®)

forallw € Q, e € E. Set G(w, w') = 0 for all other pairs w, o’ with w # o'.
The diagonal elements are chosen in such a way that

Y G, o) =0, w € Q.

w'eR
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It is elementary that
p(@)G(w, ) = w@HG', w), o 0 e,

and therefore G generates a time-reversible Markov chain on the state space 2.
This chain is irreducible (using (4.7)), and therefore possesses a unique invariant
measure i (see [109], Theorem 6.5.4).

We next follow a similar route for pairs of configurations. Let p; and o
satisfy the hypotheses of the theorem, and let S be the set of all pairs (7, w) of
configurations in €2 satisfying 7 < w. We define H : Sx S — R by

(4.8) H (e, w; 7°, ) = 1,
4.9) Hr, o e, wg) = P24%9)
w2 (@®)

_ pi(me) _ w2 (we)

e pa(e®)’

for all (7, w) € Sand e € E; all other off-diagonal values of H are set to 0. The
diagonal terms are chosen in such a way that

Y H(r, w7, ) =0, (r,w) € S.

',

(4.10) H (€, v me, ©)

Equation (4.8) specifies that, for 7 € Q and e € E, the edge e is acquired by
(if it does not already contain it) at rate 1; any edge so acquired is added also to w
if it does not already contain it. (Here, we speak of a configuration ¥ containing
an edge eif ¥ (e) = 1.) Equation (4.9) specifies that, for v € Q and e € E with
w(e) = 1, the edge e is removed from w (and also from = if 7 (€) = 1) at the rate
given in (4.9). For e with w(e) = 1, there is an additional rate given in (4.10) at
which e is removed from 7 but not from w. We need to check that this additional
rate is indeed non-negative, and the required inequality,

(@)1 (e) = i (T pu2(we), 7 < w
follows from assumption (4.5).

Let (Xt, Yt)t>0 be a Markov chain on Swith generator H, and set (Xo, Yp) =
(0, 1), where 0 (respectively, 1) is the state of all 0’s (respectively, 1’s). By
examination of (4.8)—(4.10) we see that X = (Xt)t>0 is a Markov chain with
generator given by (4.7) with 4 = 1, and that Y = (Y;)t>0 arises similarly with
= 2.

Let « be an invariant measure for the paired chain (X¢, Yt)t>¢. Since X and Y
have (respective) unique invariant measures (1 and (2, the marginals of « are u]
and 2. We have by construction that « (S) = 1, and « is the required ‘coupling’
of w1 and po.

Let (77, w) € Sbe chosen according to the measure «. Then

() =k (f(w) <k (f(m)) = pa(f),

for any increasing function f. Therefore | <g ©o2. O
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4.2 FKG inequality

The FKG inequality for product measures was discovered by Harris [121], and is
often named now after the authors of [83] who proved the more general version
that is the subject of this section. See the appendix of [98] for a historical account.
Let E be a finite set, and 2 = {0, I}E as usual.

(4.11) Theorem. FK G inequality [83]. Let u be a positive probability measure
on 2 such that

(4.12) n(wr Vo) (o) Awz) = p(o)p(wr), wy, ) € Q.
Then p is*positively associated’ in that

(4.13) p(fg) = u(f)u(9)

for all increasing randomvariables f,g: Q@ — R.

It is explained in [83] how the condition of (strict) positivity can be removed.
Condition (4.12) is called the ‘FKG lattice condition’.

Proof. Assume that u satisfies (4.12), and let f and g be increasing functions. By
adding a constant to the function g, we see that it suffices to prove (4.13) under
the additional hypothesis that g is strictly positive. We assume this holds. Define
positive probability measures (1 and @y on 2 by w1 = p and

() = Y@@

= , Q.
R

Since gis increasing, (4.5) follows from (4.12). By the Holley inequality, Theorem
4.4,

w1 (f) < pa(f),

which is to say that

2o F@)g@)u()
2w 9@ ()

> Y fon)

as required. O
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4.3 BK inequality

In the special case of product measure on €2, there is a type of converse inequality
to the FKG inequality, named the BK inequality after the authors of [32]. This is
based on a concept of ‘disjoint occurrence’ that we make more precise as follows.

For w € Q2 and F € E we define the cylinder event C(w, F) generated by w
on F by

Cl,F)={0 eQ:d(e) =w(e) foralle e F}
= (w(e):ee F) x {0, F\F.
We define the event A [] B as the set of all w € Q2 for which there exists a set
F C E such that C(w, F) € Aand C(w, E\ F) € B. Thus, A B is the
set of configurations w for which there exist disjoint sets F, G of indices with
the property that: knowledge of w restricted to F (respectively, G) implies that

o € A (respectively, w € B). In the special case when A and B are increasing,
C(w, F) € Aifand only if og € A, where

w(e) foree F,
0 fore ¢ F.

Thus, in this case, ALJ B = Ao B where

wF(€) ={

Ao B = {a) : there exists F C E such that wp € A, wg\F € B}.

The set F is permitted to depend on the choice of configuration w.

Note that AL] B € AN B. Furthermore, if A and B are increasing, then so is
AOB (= Ao B).

Let P be the product measure on €2 with local densities pe, € € E, that is

PZHMe,

ecE
where 1e(0) = 1 — pe and pe(l) = Pe.

(4.14) Theorem. BK inequality [32]. For increasing subsets A, B of 2,
(4.15) P(Ao B) < P(A)P(B).

It is not known for what non-product measures (4.15) holds. It seems reason-
able, for example, to conjecture that (4.15) holds for the measure Py that selects
a K-subset of E uniformly at random. It would be very useful to show that the
random-cluster measure ¢p g on €2 satisfies (4.15) whenever 0 < g < 1, although
we may have to survive with rather less. See Chapter 8, and Section 3.9 of [98].

The conclusion of the BK inequality is in fact valid for all pairs A, B of events,
regardless of whether or not they are increasing. This is much harder to prove, and
has not yet been as valuable as originally expected in the analysis of disordered
systems.
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(4.16) Theorem. Reimer inequality [181]. For A, B € Q,
P(AOB) < P(AP(B).

One can see that AL B = AN B if Ais increasing and B is decreasing. By
applying Reimer’s inequality to the events Aand B, where Aand B are increasing,
we obtain that P(AN B) > P(A)P(B). Therefore, Reimer’s inequality includes
both the FKG and BK inequalities for the product measure P.

Proof of Theorem 4.14. We present the ‘simple’ proof of [30], see also [95, 210].
Those who prefer proofs by induction are directed to [44]. Let 1,2,..., N be
an ordering of E. We shall consider the duplicated sample space Q x Q' where
Q = @ = {0, 1}E, with which we associate the product measure P = P x P.
Elements of  (respectively, ') are written as w (respectively, o’). Let A and
B be increasing subsets of {0, 1}E. For j > 1 and (w, ) €  x ', define the
N-vector wj by

wj = (1), 2),..., 0 (j = 1), 0(j), ..., 0(N)),
and the events Kj, BofQ x Q' by
A = {(w, o) wj € Al B={(w, o):oc B}

Note that:
(a) A; = Ax Q and B = B x €/, so that P(A; o B) = P(Ao B),
b) KN+ 1 and B are defined in terms of disjoint subsets of E, so that

P(Ant1 0 B) = P(An41)P(B) = P(A)P(B).
It thus suffices to show that
(4.17) P(AjoB)<P(Aj;10B), 1=<j<N,

and this we do, for given j, by conditioning on the values of the w (i), »'(i) for all
I # j. Suppose these values are given, and classify them as follows. There are
three cases.

1. Kj o B does not occur when w(j)=d'(j)=1.

2. KJ o B occurs when w(j) = &'(j) = 0, in which case 70\\] 410 B occurs also.

3. Neither of the two cases above hold.
Consider the third case. Since ;0\\1 o B does not depend on the value o'(j), we
have in this case that A\J o B occurs if and only if w(j) = 1, and therefore the
conditional probability of ,’A\J o Bis Pj. When w(j) = 1, edge | is ‘contributing’
to either Kj or B but not both. Replacing »(j) by (), we find similarly that
the conditional probability of A\j+1 o B s at least p;j .

In each of the three cases above, the conditional probability of A\J o Bisno
greater than that of Aj; o B, and (4.17) follows. 0
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4.4 Hoeffding inequality

Let (Yn, #1), 1 > 0, be a martingale. One can obtain bounds for the tail of Yy in
terms of the sizes of the martingale differences Dy = Yk — Yk—1. These bounds
are surprisingly tight, and they have had substantial impact in various areas of
application, especially those with a combinatorial structure. We describe such a
bound in this section for the case when the Dy are bounded random variables.

(4.18) Theorem. Hoeffding inequality. Let (Yn, #4), n > 0, be a martingale
suchthat |Yx — Yk_1| < Kk (a.s.) for all k and some real sequence (Kk). Then

P(Yn— Yo = X) < exp(—1x%/Ln), X > 0.
where Ln = Y1, KZ.

Since Yy is a martingale, so is —Yy, and thus the same bound is valid for
P(Yn — Yo < —X). Such inequalities are often named after Azuma [21] and
Hoeffding [124]. See [161] for a review of the so-called ‘method of bounded
differences’, and [109, Sect. 12.2], for some applications.

Theorem 4.18 is one of a family of inequalities much used in probabilistic
combinatorics, in what is termed the ‘method of bounded differences’. See the
discussion in [161]. Its applications are of the following general form. Suppose
that we are given N random variables X, Xz, ..., XN, and we wish to study
the behaviour of some function Z = Z(Xy, Xy, ..., XN). For example, the X
might be the sizes of objects to be packed in bins, and Z the minimum number
of bins required to pack them. Let £, = o(Xy, Xo, ..., X}), and define the
martingale Yy = E(Z | #n). Thus, Yo = E(Z) and Yy = Z. If the martingale
differences are bounded, Theorem 4.18 provides a bound for the tail probability
P(|Z — E(Z)| = X). We shall see an application of this type at Theorem 11.13,
which deals with the chromatic number of random graphs.

Proof. The function g(d) = e¥9 is convex for ¥ > 0, and therefore
(4.19) Vi <la-de? +1a+de Id| < 1.

Applying this to a random variable D having mean 0 and satisfying P(|D| < 1) =
1, we obtain

(4.20) EEP) <le?V+e)<e?’,  y=o

where the final inequality follows by a comparison of the coefficients of the 12",
By Markov’s inequality,

(4.21) P(Yn— Yo > x) < e XE@M—Y0)), 6 > 0.
Wlth Dn == Yn - Yn_l,

E(eQ(Y”_YO)) — E(eQ(Yn—1—Yo)e9 Dn).
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Since Yn_1 — Y is F_1-measurable,
(4.22) E@"Y0) | F_p) = 1Y) EPn | 7, _y)
< 1Y) exp(167K2),

where we have applied (4.20) to the random variable Dy /K, at the last step. We
take expectations of (4.22) and iterate to obtain

E@nY0) < (@) exp(307K7) < exp(56°Ln).
Therefore, by (4.21),
P(Yn — Yo > X) < exp(—6X + 10%Lp), 6 > 0.
Let X > 0, and set & = X/L, (this is the value that minimizes the exponent). Then
P(Yn— Yo = X) < exp(—3x%/Ln), X > 0,

as required. O

4.5 Influence for product measures

LetN >1and E = {1, 2, ..., N}, and write 2 = {0, 1}E. Let u be a probability
measure on €2, and A an event (that is, a subset of 2). Two ways of defining the
‘influence’ of a member € € E on the event A come to mind. The (conditional)
influenceis defined to be

(4.23) Ja@) = u(Alw© =1) — n(Alw(e =0).
The absolute influenceis
4.24) Ia(e) = n(1a(w®) # 1a(we)),

where 14 is the indicator function of A, and w®, we are the configurations given
by (4.3). In a voting analogy, each of N voters has 1 vote, and A is the set of
vote-vectors that result in a given outcome. Then [ a(€) is the probability that
voter € can influence the outcome.

We make two remarks concerning the above definitions. First, if Aisincreasing,

(4.25) Ia(€) = 1(A®) — (Ae),
where
A={weQ:0°cA, Ac={weQ:weeA.
If, in addition, p is a product measure, then | o(€) = Ja(e). Note that influences
depend on the underlying measure.
Let ¢p be product measure with density p on €2, and write ¢ = ¢ 1, the uniform
measure. All logarithms are taken to base 2 until further notice.

There has been extensive study of the largest (absolute) influence, maxe | o(€),
when p is a product measure, and this has been used to obtain ‘sharp threshold’
theorems for the probability ¢p(A) of an increasing event A viewed as a function
of p.
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(4.26) Theorem (Influence) [130]. There exists a constant ¢ € (0, oo) such that
thefollowing holds. Let N > 1, let E bea finite set with |E| = N, and let Abea
subset of Q = {0, 1}E with ¢ (A) € (0, 1). Then

(4.27) Z la(€) = c¢ (A1 — ¢ (A)) log[1/ max a(E)],
ecE
where the reference measureis ¢ = d)%. Thereexistse € E such that
log N
N

(4.28) IA(€) = cp (A1 — @(A))

Note that
(A —¢(A) = %min{qﬁ(A), 1 —¢(A)}.

We indicate at this stage the reason why (4.27) implies (4.28). We may assume
that m = maxe | a(€) satisfies m > 0, since otherwise ¢ (A)(1 — ¢(A)) = 0.
Since

> la® < Nm,

ecE

we have by (4.27) that

m__ cpAd-¢A)
log(1/m) — N ’

Inequality (4.28) follows with an amended value of C, by the monotonicity of

m/ log(1/m) or otherwise!.

Such results have applications to several topics including random graphs, ran-
dom walks, and percolation, see [132]. We summarize two such applications next,
and we defer until Section 5.8 a complete application to site percolation on the
triangular lattice.

I. First-passage percolation is concerned with passage times on a graph whose
edges have random ‘travel-times’. Suppose we assign to each edge e of the d-
dimensional cubic lattice L9 a random travel-time Te, the Te being non-negative
and independent with a common distribution function F. The passage time of a
path 7 is the sum of the travel-times of its edges. Given two vertices U, v, the
passage time Ty, is defined as the infimum of the passage times of the set of
paths joining U to v. The main question is to understand the asymptotic properties
of Tp.» as [v] — oo. This model for the time-dependent flow of material was
introduced in [117], and has been studied extensively since.

Itis a consequence of the subadditive ergodic theorem that, subject to a suitable
moment condition, the (deterministic) limit

o1
py = lim ETO,nv

n—oo

IWhen N = 1, there is nothing to prove. This is left as an exercise when N > 2.
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exists almost surely. Indeed, the subadditive ergodic theorem was conceived
explicitly in order to prove such a statement for first-passage percolation. The
constant ju, is called the time constant in direction v. One of the open problems
is to understand the asymptotic behaviour of var(Tp,,) as |[v| — oo. Various
relevant results are known, and one of the best uses an influence theorem due to
Talagrand [204], and related to Theorem 4.26. Specifically, it is proved in [28]
that var(Tp ) < Clv|/log|v| for some constant C = C(a, b, d), in the situation
when each Te is equally likely to take either of the two positive values a, b. It has
been predicted that var(Tp ) ~ |v |2/3 whend = 2. This work has been continued
in [26].

II. The Voronoi percolation model is a continuum model that we construct as
follows in R?. Let IT be a Poisson process of intensity 1 in R?. With any u € II,
we associate the ‘tile’

Tu={XxeR?:|x—u| <|x—v|forall v e II}.

Two points U, v € IT are declared adjacent, written u ~ v, if Ty and T, share a
boundary segment. We now consider site percolation on the graph IT with this
adjacency relation. It was long believed that the critical percolation probability of
this model is % (almost surely, with respect to the Poisson measure), and this was
proved recently by Bollobés and Riordan [42] using the threshold Theorem 4.78
that is consequent on Theorem 4.26.

Bollobas and Riordan showed also in [43] that a similar argument leads to an
approach to the proof that the critical probability of bond percolation on Z? equals
%. They used Theorem 4.78 in place of Kesten’s explicit proof of sharp threshold
for this model, see [135, 136]. A “shorter” version of [43] is presented in Section
5.8 for the case of site percolation on the triangular lattice.

We return to the influence theorem and its ramifications. There are several
useful references concerning influence for product measures, see [84, 85, 130,
132] and their bibliographies?. The order of magnitude N~!log N is the best
possible in (4.28), as shown by the following ‘tribes’ example taken from [27]. A
population of N individuals comprises t ‘tribes’ each of cardinality S = log N —
loglog N + «. Each individual votes 1 with probability % and otherwise 0, and
different individuals vote independently of one another. Let A be the event that
there exists a tribe all of whose members vote 1. It is easily seen that

1 t
1—P(A):<1—§)

o at/25  a—1/2%

’

2The treatment presented here makes heavy use of the work of the ‘Israeli’ school. The earlier
paper of Russo [188] must not be overlooked, and there are several important papers of Talagrand
[203, 204, 205, 206]. Later approaches to Theorem 4.26 can be found in [77, 183, 184].
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and, for all i,

I\
IA(i)=(1—§> =

« log N
—1/2% Ha—1
~ @ 2 ,
N

The ‘basic’ Theorem 4.26 on the discrete cube Q = {0, 1}E can be extended
to the ‘continuum’ cube K = [0, l]E, and hence to other product spaces. We
state the result for K next. Let A be uniform (Lebesgue) measure on K. For
a measurable subset A C K, it is usual (see, for example, [46]) to define the
influence of e € E on A as

La(e) = ANn_i ({a) € K : 1a(w) is a non-constant function ofa)(e)}).

That is, La(€) is the (N — 1)-dimensional Lebesgue measure of the set of all
¥ € [0, 115\® with the property that: both A and its complement A intersect the
“fibre’

Fy =¥} x[0,1]={w e K:o(f)=y(f), f#£e}
It is more natural to consider elements v for which AN Fy, has Lebesgue measure
strictly between O and 1, and thus we define the influence in these notes by
(4.29) la(® = An—1({¥ € [0, 11EM® 10 < A (AN Fy) < 1}).
Here and later, we write Ak for k-dimensional Lebesgue measure. Note that
la(e) < La(e).

(4.30) Theorem [46]. There exists a constant ¢ € (0, co) such that the following
holds. Let N > 1, let E be afinite set with |E| = N, and let A be an increasing
subset of the cube K = [0, 11E with A(A) € (0, 1). Then

(4.31) > 1a(@) = cA(A) (1 — A(A)) log[1/(2m)],

ecE

where m = maxe | a(€), and the reference measure on K is Lebesgue measure A.
There exists e € E such that

log N
4.32) Ia(e) = cA(A(1 — A(A))T.

We shall see in Theorem 4.35 that the condition of monotonicity of A can
be removed. The factor ‘2’ in (4.31) is innocent in the following regard. The
inequality is important only when m is small, and, for m < % say, one may
remove the ‘2’ and replace C by a larger constant.
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Results similar to those of Theorems 4.26 and 4.30 have been proved in [89]
for certain non-product measures, and all increasing events. Let u be a positive
probability measure on the discrete space €2 = {0, 1}F satisfying the FKG lattice
condition (4.12). For any increasing subset A of  with u(A) € (0, 1), we have
that

(4.33) Z Ja(® = cu(A) (1 — u(A)) log[1/(2m)],
ecE
where m = maxe Ja(€). Furthermore, as above, there exists € € E such that

log N
(4.34) Ja(® = cu (A — w(A) gN :
Note the use of conditional influence Ja(€), with reference measure p. Indeed,
(4.34) can fail for all e when Ja is replaced by | o. The proof of (4.33) makes use

of Theorem 4.30, and is omitted here, see [89, 90].

The domain of Theorem 4.30 can be extended to powers of an arbitrary prob-
ability space, that is with ([0, 1], A1) replaced by a general probability space. Let
|IE| = N and let X = (X, #, P) be a probability space. We write XF for the
product space of X. Let A € = F be measurable. The influence of e € E is given
as in (4.29) by

la(® = P({y e 2F\® 10 < P(ANFy) < 1)),

with P = PEand Fy, = (¢} x =, the ‘fibre’ of allw € XE suchthatw(f) = ¢ (f)
for f #£e

The following theorem contains two statements: that the influence inequalities
are valid for general product spaces, and that they hold for non-increasing events.
We shall require a condition on X = (X, ¥, P) for the first of these, and we
state this next>. The pair (¥, P) generates a measure ring (see [113, §40] for the
relevant definitions). We call this measure ring separable if it is separable when
viewed as a metric space with metric p(B, B’) = P(B A B’).

(4.35) Theorem [46]. Let X = (X, ¥, P) be a probability space whose non-
atomic partis separable. Let N > 1, let E be a finite set with |[E| = N, and let
A C X F be measurable in the product space XE, with P(A) € (0, 1) . There
exists an absolute constant ¢ € (0, oo) such that:
(4.36) > " 1a(@) = cP(A)(1 — P(A)) log[1/2m)],
ecE

wherem = maxe | A(€), and thereference measureis P = PE. Thereexistse € E
with
log N

N
Of especial interest is the case when X = {0, 1} and P is Bernoulli measure

with density p. Note that the atomic part of X is always separable, since there can
be at most countably many atoms.

(4.37) la(e) = cP(A)(1 — P(A))

3This condition is omitted from [46].
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4.6 Proofs of influence theorems

This section contains the proofs of the theorems of the last.

Proof of Theorem 4.26. We use a Fourier analysis of functions f : @ — R.
Define the inner product by

(f.9) =o¢(fg), f,g: Q@ —>R,

where ¢ = d)%, so that the L2-norm of f is given by

Il = /o (f2) = /(f, f).

We call f Boolean if it takes values in the set {0, 1}. Boolean functions are in
one—one correspondence with the power set of E via the relation f = 15 < A.
If f is Boolean, say f = 14, then

(4.38) 113 =¢(f%) =o(f) = ¢(A).
For F C E, let

Ur(@) = [[(=D"® = (=DZ=r® weq.

ecF

It can be checked that the functions U, F € E, form an orthonormal basis for
the function space. Thus, for f : Q@ — R,

f = j{: f(F)ug,

FCE
where the so-called Fourier—Walsh coefficients of f are given by
f(F) = (f,ug), FCE.
In particular,

f(@) =¢(f),

and

(f.oy=>Y_ f(FAaF).

FCE

and the latter yields the Parseval relation

(4.39) Hf13= "> f(F)*

FCE
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Fourier analysis operates harmoniously with influences as follows. For f = 1
and e € E, let
fe(w) = f(w) — flkew),

where kew is the configuration w with the state of e flipped. Since fe takes values
inthe set {—1, 0, +1}, we have that | fo| = fez. The Fourier—Walsh coefficients of
fe are given by

R 1
fe(F) = (fe.up) = > Z—N[f(a» — f(cew) ] (= 1)!PF!

we

weQ

where B = n(w) := {e € E : w(e) = 1} is the set of w-open indices. Now,

0 ife¢F,
_\/BNFI _ (_[yI(BA ()N :{
(=D =1 ] 2(=DIBFl = 2up (w) ifee F,
so that
(4.40) fo(F) = { 0 ife¢ F,
' ST 2f(F) ifeeF.

The influence | (€) = | ao(€) is the mean of | fe| = f2 whence, by (4.39),
(4.41) e =lflz=4 Y f(F)7,
F:ecF

and the total influence is

(4.42) Yl =4> |FIf(F)

ecE FCE

We propose to find an upper bound for the sum ¢(A) = > f(F)2. From
(4.42) we will extract an upper bound for the contributions to this sum from
the f(F)? for large |F|. This will be combined with a corresponding estimate
for small |F| that will be obtained as follows by considering a re-weighted sum
> E f(F)2p2Flfor0 < p < 1.

For w € [1, 00), we define the L*-norm

Igllw = o9, g:Q— R,

recalling that ||g||,, is non-decreasing in w. For p € R, let T, g be the function

T,9= Y G(F)plur

FCE
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so that

IT,9l5 =Y G(F)*pF.
FCE

When p € [—1, 1], T,g has a probabilistic interpretation. For w € £, let
¥ = (W(e) : e € E) be a random vector such that: the W(e), e € E, are
independent, and

e with probability 4 (1 ,
lI,(e>={w() p y 5(1+p)

1 —w(e) otherwise.

We claim that

(4.43) Tp9(w) = E(9(V)),

thus explaining why T, is sometimes called the ‘noise operator’. Equation (4.43)
is proved as follows. First, for F C E,

E(up (V) = E(]‘[(—l)““e’)

ecF
= [[D@[30+p) = 51— p)]
ecF

= p'Flug ().

Now, g = > ¢ §(F)uF, so that

E(Q(W)) = Y G(F)E(Ur (W)

FCE

= > 9(F)pFlup () = T,9(),
FCE

as claimed at (4.43).

The next proposition is pivotal for the proof of the theorem. It is sometimes
referred to as the ‘hypercontractivity’ lemma, and it is related to the log-Sobolev
inequality. It is commonly attributed to subsets of Bonami [45], Gross [112],
Beckner [24], each of whom has worked on estimates of this type. The proof is
omitted.

(4.44) Proposition. Forg: 2 — Rand p > 0,

ITo9ll2 = I9ll14p2-
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LetO0 < p < 1. Set g = fe where f = 14, noting that g takes the values 0,
41 only. Then,

Y af(F)? =3 fo(F)?p?lF by (4.40)

F:ecF FCE

=T, fell3

< fe||%+p2 = [¢( fe|1+p2)]2/(1+p ) by Proposition 4.44

2

= || fel3/1TPD = | (/147" by (4.41).
Therefore,
(4.45) Z | (e)Z/(H-,OQ) > 4 Z IF| fA(F)ZpZ\F\'

ecE FCE

Lett = ¢(A) = f(2). By (4.45),

(4.46) Y 1@+ > 40 N f(F)?
ecE 0<|F|<b
- 4p2b( PRI tz),
IF|<b

where b € (0, co) will be chosen later. By (4.42),

Y@ =4b Y f(F)?

ecE |F|>b

which we add to (4.46) to obtain

2 1 ~
—2b 2/(1 ) 2 2
447) p P (@Y +B§ @) =4 f(F)* -4t
ecE ecE FCE
=4t(1 —1t) by (4.39).

We are now ready to prove (4.27). Let m = maxe | (€), noting that m > 0 since
¢(A) # 0, 1. The claim is trivial if m = 1, and we assume that m < 1. Then

Y e =m'B Y 1),

ecE ecE

whence, by (4.47) and the choice p? = %,
1

(4.48) (me1/3 + —) > (e =4t —t).
b ecE
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We choose b such that 2°m!/3 = b~!, and it is an easy exercise that b >
Alog(1/m) for some absolute constant A > 0. With this choice of b, (4.27)
follows from (4.48) with ¢ = 2 A. Inequality (4.32) follows, as explained after the
statement of the theorem. [

Proof of Theorem 4.30. We follow [84]. The idea of the proof is to ‘discretize’
the cube K and the increasing event A, and to apply Theorem 4.26.

Letk € {1,2, ...} to be chosen later, and subdivide the N-cube K = [0, 1] E

into 2KN disjoint smaller cubes each of side-length 27K These small cubes are of
the form
(4.49) B() =[] lle.le+27%),
ecE
where | = (le : € € E) and each lg is a ‘binary decimal’ of the form le =

O.leile2 - -lek with each lgj € {0, 1}. There is a special case. When le =
0.11---1, we put the closed interval [lg, le + 27K] into the product of (4.49).
Lebesgue measure A on K induces product measure ¢ with density % on the space
Q = {0, 1}kN of 0/1-vectors (lej : j =1,2,...,Kk, e € E). Wecall each B(l) a
‘small cube’.

We claim that it suffices to considerAevents A that are the unions of small cubes.
For a measurable subset A C K, let A be the subset of K that ‘approximates’ to
A, given by A = [ ;4 B(l) where

A={eQ:BlNA#g).

Note that + is an increasing subset of the discrete KN-cube ©2. We write | 4 (e, |)
for the influence of the index (e, j) on the subset A C 2 under the measure ¢.
The next task is to show that, when replacing A by A, the measure and influences
of A are not greatly changed.

(4.50) Lemma [46]. In the above notation,
. N

(4.51) 0<A(A) —AA = 2K

2N
(4.52) [14(e) —I1a(e)] < oK ec E.
Proof. Clearly A C A, whence MA) < A(A). Let u : K — K be the projection
mapping that maps (Xf : f € E) to (Xf —m: f € E) where m = mingeg Xg.
We have that
(4.53) AA) — A(A) < |R27KN,

where Ris the set of small cubes that intersect both A and its complement A. Since
A is increasing, R cannot contain two distinct elements r, r’ with w(r) = u(r’).
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Therefore, |R| is no larger than the number of faces of small cubes lying in the
‘hyperfaces’ of K, that is,

(4.54) K < N2K(N=D,

Inequality (4.51) follows by (4.53).

Lete e E, and let ue : K — [0, 11EM® be the projection that sends (Xs : f €
E)to (Xs : f € E\ {€}). The face ue(K) is the union of ‘small faces’ of small
cubes. Each small face F corresponds to a ‘tube’ T (F) of small cubes, based on
that face with axis parallel to the eth direction. See Figure 4.1. Such a tube has
‘“first’ face F and ‘last’ face L = T(F) N{w € K : w(e) = 1}, and we write Bg
(respectively, B ) for the (unique) small cube with face F (respectively, L).

It is easily seen that F contributes 0 to | ;(€) — 1 a(€) if 14 is constant on both
Be and By (it is not important that 1 5o should take the same value on the initial
small cube as on the final). Therefore,

(4.55) 114(8) — 1a(®)] < [N U N_[27KN=D,

where Ng (respectively, N| ) is the set of initial (respectively, final) small cubes on
which 14 is non-constant. By restricting 14 to the ‘fattened hyperface’ | J{BF :
F € ue(K)} and applying the argument leading to (4.54) within this region, we
find as there that

INE| < (N = D2KN=2,

The same inequality holds with N in place of N, and inequality (4.52) follows
by (4.55). O

Let A be an increasing subset of K, assume 0 < t = A(A) < 1, and let
M = maxe | o(€). We may assume that 0 < m < %, since otherwise (4.31) is a
triviality. With A given as above for some value of K to be chosen soon, we write
f= A(A) and M = maxe | A(€). We shall prove below that

(4.56) > 4@ = cfd — D logll/ )],
ecE

for some absolute constant ¢ > 0. Let kK = k(N, A) be sufficiently large that the
following inequalities hold:

(4.57) N oL {t(l _y), Mmiogll/@m] 1 m},

2k =2 2 4+ log[1/(2m)] " 2
2NZ 1
(4.58) — < ot —t)log[1/(2m)].
2 8
By Lemma 4.50,
. N . 2N
(4.59) [t —1] < K’ Im—m| < K
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w(e)

Figure 4.1. The small boxes B = B(r, S) form the tube T (r). The region A is shaded.

whence, by (4.57)—(4.58),

(4.60) .
t—fl<ita-v, m<i T oarem.
— 2 2 mA m 2
By Lemma 4.50 again,
NZ
PO O
ecA ecA
By (4.56), (4.58), and (4.60),
> e = cftd —t) — [t — f]] | log[1/(2m)] m— M7 _ 2N
A & mA m 2k

ecA

> tet(1 —t)log[1/(2m)]

as required.

It thus suffices to prove (4.56), and we shall henceforth assume that A is a
union of small cubes.

(4.61) Lemma[46, 84]. For e € E,

k
D late j) <21ae).
j=1
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Proof. Let e € E. For a fixed vector r = (r1,fa,...,rn_1) € ({0, 1}<)E\e},
consider the ‘tube’ T (r) comprising the union of the small cubes B(r, S) over the
2K possible values in s € {0, 1}X. One sees after a little thought (see Figure 4.1)
that

late ) =Y ONTK@, ),
r

where K (r, j) is the number of unordered pairs S = B(r,s), S' = B(r,s') of
small cubes of T(r) suchthat: SC A, S € A,and |s— S| =27). Since Ais an
increasing subset of K, one can see that

K(r,j) <27, j=1,2,....k

whence

2
Z'A(e D= sz TIN = e N
yhere Jn is the number of tubes T (r) that intersect both A and its complement
A. Now,
1
la(e) = WJN,
and the lemma is proved. O]

We return to the proof of (4.56). The c; that follow are absolute positive
constants. Assume that m = maxe I po(€) < % By Lemma 4.61,

l4(e J) <2m foralle, j.

By (4.27) applied to the event 4 of the KN-cube €2,

D 1l ) = et (1 —tylog[1/(2m)],

N

where t = A(A). By Lemma 4.61 again,

D 1a(®) = 3ot (1 —t)logl1/(2m)],

ecE
as required at (4.56). [

Proof of Theorem 4.35. We prove this in two steps.
I. In the notation of the theorem, there exists a Lebesgue-measurable subset
B of K = [0, 1]F such that: P(A) = A(B), and Ia(e) > Ig(e) for all e,
where the influences are calculated according to the appropriate probability
measures.

II. There exists an increasing subset C of K such that A(B) = A(C), and
Ig(e) > Ic(e) forall e
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The claims of the theorem follow via Theorem 4.30 from these two facts.

A version of Claim I was stated in [46] without proof. We use the measure-
space isomorphism theorem*, Theorem B of [113, p. 173] (see also [1, p. 3] or
[174, p. 16]). Let X, X2, ... be an ordering of the atoms of X, and let |; be the
sub-interval [qi, (i) of [0, 1], where

i—1
g =Y _ Pdx.
j=1

The non-atomic part of X has sample space ¥’ = ¥ \ {Xj, X2, ...}, and total
measure 1 — (oo. By the isomorphism theorem, there exists a measure-preserving
map u from the o-algebra £’ of X’ to the Borel o -algebra of the interval [Qoo, 1]
endowed with Lebesgue measure A1, satisfying

(AL Ag) Z AL\ Ay,

@] @]
M(U An) 2 Jnran
n=1 n=1

(4.62)

for Ay € F/, where A 2 B means that M (A A B) = 0. We extend the domain
of u to F by setting w({Xj}) = lj. In summary, there exists u : ¥ — B[0, 1]
such that P(A) = A (¢ A) for A € £, and (4.62) holds for A, € F.

The product o-algebra F E of XE is generated by the class R of ‘rectangles’
of the form R = [[o.g Ae for Ac € . Forsuch R € RE, let

/,LE R= 1_[ wAe.
We extend the domain of 1 to the class U of finite unions of rectangles by

m m
WE(UR) =Untr.
i=1 i=1
It can be checked that
(4.63) P(R) = AF(uER),

for any such union R.

Let A € FE. We can find an increasing sequence (Up : n > 1) of elements
of U, each being a union of rectangles with strictly positive measure, such that
P(A A U,) - 0asn — oo, and hence

(4.64) PUn\ A) =0.

4Tom Liggett kindly proposed the use of the isomorphism theorem.
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Let Vi, = uFUp and B = limp_ o Vh. Since Vj is non-decreasing in n, by (4.63),
AE(B) = lim AF(u"Up) = lim P(Un) = P(A).

We turn now to the influences. Let e € E, and
3 =PE\E((y e 2B\ . P(ANFy) = a)), a=0,1,

where Fy, = {/} x X is the ‘fibre’ at /. We define JS similarly, with P replaced
by A and Fy replaced by the fibre {1/} x [0, 1] of K. Thus,

(4.65) la(e) = 1—J% — JA,
and we claim that
(4.66) Je < 3.

By replacing A by its complement A, we obtain that J ,1« < Jé, and it follows by
(4.65)—(4.66) that 1p(e) > Ig(e), as required. We write Uy, as the finite union
Un = |U; Fi x Gj where each F (respectively, G;j) is a rectangle of » E\e
(respectively, ). By Fubini’s theorem and (4.64),

R=<I =1- PE\{e}(U Fi)
i
_ | _E\@ (UME\{e} Fi) 3.
i

by (4.63) with E replaced by E \ {e}.
Finally, we show that J) — Jg as N — oo, and (4.66) will follow. For

v € =, we write proj(y) for the projection of ¥ onto the sub-space X E\e},
Since the V;, are unions of rectangles of [0, 1]1E with strictly positive measure,

J8n = A5V (proj V).

Now, Vi, 1 B, so that proj Vi, | proj B, whence J\(}n — AE\®(proj B). Using the
factthaty € Bifandonlyify € Vjforsomen, we have that A E\{e} (proj B) = Jg,
and (4.66) follows. Claim I is proved.

Claim Il is proved by an elaboration of the method laid outin [27, 46]. Let B C
K be a non-increasing event. For e € E and ¥ = (w(Q) : g # €) € [0, 1]E\e}]
we define the fibre Fy as usual by Fy = {y/} x [0, 1]. We replace BN Fy, by the
set

(4.67) B, = { {y}x A -y, 1] ify>0,

1%} ify=0,
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Figure 4.2. In the e/ f -plane, we push every B N Fy, as far rightwards along the fibre Fy, as
possible.

where

(4.68) y=Yy®) =x2(BNFy).

Thus By is obtained from B by ‘pushing B N Fy, up the fibre’ in a measure-
preserving manner. See Figure 4.2. Clearly, MeB = Uw By is increasing® in the
direction e and, by Fubini’s theorem,

(4.69) A(MeB) = A(B).

We order E in an arbitrary manner, and let

C= (H Me> B,

ecE

where the product is constructed in the given order. By (4.69), A(C) = A(B). We
show that C is increasing by proving that: if B is increasing in direction f € E
where f # e, then sois MgB. It is enough to work with the reduced sample space
K’ = [0, 1]}, as illustrated in Figure 4.2. Suppose that w, v’ € K’ are such
that w(€) = &’(€) and w(f) < o' (f). Then

1 ifo@E >1-vy,

(4.70) IMeB(®@) = { 0 ifo@ <1y,

where y = y(w(f)) is given according to (4.68), with a similar expression with
o and Y replaced by " and y’. Since B is assumed increasing in w( ), we have
that y < y'. By (4.70), if w € MgB, then o’ € MgB, which is to say that MeB is
increasing in direction f.

Finally, we show that
4.71) Imee(f) < 1g(f), f € E,

SExercise: Show that MeB is Lebesgue-measurable.
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whence Ic(f) < Ig(f) and the theorem is proved. First, by construction,
Im.B(€) = IB(€). Let f # €. By conditioning on w(Q) forg # e, f,

Ivea(f) = AE\{e’f}<kl({w(e) 0 <A (MeBNF,) < 1}))
where v = (w(Q) : g # f) and F, = {v} x [0, 1]. We shall show that
4.72)
M(fo© 0 <A (MeBNF) < 1}) <A (fw(® : 0 <A (BNF,) < 1}),
and the claim will follow. Inequality (4.72) depends only on w(€), w( f), and thus

we shall make no further reference to the remaining coordinates w(g), g # e, f.
Henceforth, we write w for w(€) and v for w(f).

With the aid of Figure 4.2, we see that the left side of (4.72) equals w — w,
where

473 w =sup{w: A (MecBNF,) < 1},
(4.73) w = inf{w : A\{(MeBN F,) > 0}.
Let € be positive and small, and let

4.74) Ac={¥: M(BNFy) >1—o—e).

Since A1 (BNFy) = A1 (MeBNFy), A1 (Ac) > 0by (4.73). Let A, = [0, 1] x A..
We estimate the two-dimensional Lebesgue measure A»(B N A) in two ways:

MmBNA) > A1 —w—€) by @474,
M(BNA) <A (Adr (o M(BNF,) > 0)),

whence C = {w : A1 (BN F,) > 0} satisfies

MO >1lim[l —w—¢€]=1—w.
€l0

By a similar argument, D = {w : 1 (B N F,) = 1} satisfies
A(D) <1 -w.
Forwe C\ D,0 <A1 (BNF,) <1, sothat
I(€) =11 (C\ D) =z —w,

and (4.71) follows. O
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4.7 Russo formula, and sharp thresholds

Let ¢p denote product measure with density p on the finite product space 2 =
{0, 1}E. The influence 1 A(€), of € € E on an event A, is given in (4.25).

(4.75) Theorem. Russo formula. For any event A C €,

d
apPe M = D lpp(A%) —p(A)] = D 1a(e.

ecE ecE

This formula, or its equivalent, has been discovered by a number of authors.
See, for example, [23, 160, 187]. The element € € E is called pivotal for the
event Aif the occurrence or not of A depends on the state of e, that s, if 1 A(we) #
1a(w®). If Ais increasing, Russo’s formula states that ¢§)(A) equals the mean
number of pivotal elements of E.

Proof. This is standard, see for example [95]. It is elementary that

d
(4.76) apfe(A = > ) 1a(@)¢p(),

we2

(In(w)l N —=In)]
p l1—p

where n(w) = {e€ E: w(e) = 1} and N = |E|. Setting A = 2, we find that

1
0= ——— — pN),
Syl — PN

whence

d
P = P) g5 @a(A) = dp(llnl = PNILA) = @o(lnl = PN)gp(1a)
= pp(Inl1a) — dp(nDgp(la)
= [¢p(leln) — pp(le)pp(1n)].

ecE

where 1¢ is the indicator function that € is open. The summand equals

Ppp(A®) — p[Pep(A%) + (1 — P)¢p(Ae)]-
and the formula is proved. O
Let Abe anincreasing eventin Q = {0, 1} E that is non-trivial in that A #*+ , Q.

The function f (p) = ¢p(A) is non-decreasing with f(0) = O0and f (1) = 1. The
next theorem is an immediate consequence of Theorems 4.35 and 4.75.
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(4.77) Theorem [204]. There exists a constant ¢ > 0 such that the following
holds. Let A be anincreasing subset of Q with A # @, Q. Then, for p € (0, 1),

d
d—p¢p(A) = Cop(A)(1 — ¢p(A)) log[1/(2max 1a(e)],

where I a(e) istheinfluence of e on A with respect to the measure ¢p,.

Theorem 4.77 takes an especially simple form when A has a certain property
of symmetry. In such a case, the following sharp-threshold theorem implies that
f(p) = ¢p(A) increases from (near) 0 to (near) 1 over an interval of p-values
with length of order not exceeding 1/log N.

Let IT be the group of permutations of E. Any & € IT acts on Q2 by 7w =
(w(me) : € € E). We say that a subgroup « of IT actstransitively on E if, for all
pairs |, K € E, there exists a € + with oj = k.

Let +A be a subgroup of I1. A probability measure ¢ on (€2, ) is called #A-
invariant if ¢ (w) = ¢(aw) forall « € A. Anevent A € F is called A-invariant
if A= aAforalla € A. Itis easily seen that, for any subgroup 4, ¢p is
A-invariant.

(4.78) Theorem (Sharp threshold) [85]. There exists a constant ¢ satisfying
¢ € (0, o0) such that the following holds. Let N = |[E| > 1. Let A € ¥ bean
increasing event, and suppose there exists a subgroup 4 of IT acting transitively
on E such that Ais A-invariant. Then

d
(4.79) d—p¢p(A) > Cop(A)(L — ¢p(A)) log N, pe 0, D.

Let € € (0, %) and let A be increasing and non-trivial (in the above sense).
Under the conditions of the theorem, ¢p(A) increases from € to 1 — € over an
interval of values of phaving length of order not exceeding 1/ log N. This amounts
to a quantification of the so-called S-shape results described and cited in [95, Sect.
2.5]. An early step in the direction of sharp thresholds was taken by Russo [188]
(see also [204]), but without the quantification of log N.

Essentially the same conclusions hold for a family {up : p € (0, 1)} of prob-
ability measures given as follows in terms of a positive measure u satisfying the
FKG lattice condition. For p € (0, 1), let p be given by

(4.80) pp(@) = %(]‘[ P - p)l‘”<e>)u<w), weQ,
p

ecE

where Zp is chosen in such a way that pp is a probability measure. It is easy to
check that each wp satisfies the FKG lattice condition. It turns out that, for an
increasing event A # &, Q,

C%-p
Pl —p)
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where
§p = min[j1p(@(®) = Dpw(e) = 0)].

The proof uses inequality (4.33) and proceeds as in [89]. This extension of Theo-
rem 4.77 does not appear to have been noted before. It may be used in the studies
of the random-cluster model, and of the Ising model with external field (see [90]).

A slight variant of Theorem 4.78 is valid for measures ¢, given by (4.80),
with the positive probability measure p satisfying: w satisfies the FKG lattice
condition, and p is #A-invariant. See (4.81) and [89, 98].

From amongst the issues arising from the sharp-threshold Theorem 4.78, we
identify two. First, to what degree is information about the group + relevant to
the sharpness of the threshold. Secondly, what can be said when p = py tends
to 0 as N — oo. The reader is referred to [132] for answers to these questions.

Proof of Theorem 4.78. We show first that the influences | o(€) are constant for
ec E. Lete, f € E, and find @ € + such that e = f. Under the given
conditions,

Pp(A 1t =1)= > ¢p@)lt(@) =Y _ ¢plaw)le(aw)

weA weA
= 3 9p(@)1e(@) = dp(A, 1o = 1),
w'eA

where 14 is the indicator function that w(g) = 1. On setting A = €2, we deduce
that pp(1f = 1) = ¢p(le = 1). On dividing, we obtain that ¢pp(A | 1f = 1) =
¢p(A | 1¢ = 1). A similar equality holds with 1 replaced by 0, and therefore
la(e) = 1a(f).
It follows that
> 1a(f) = Nia@).

feE

By Theorem 4.35 applied to the product space (2, F, ¢p), the right side is at least
Cop(A)(1 — ¢pp(A)) log N, and (4.79) is a consequence of Theorem 4.75. ]

4.8 Exercises

4.1. Let Xp, Yy € L2(2, #, P) be such that X, — X, Y, — Y in L2. Show
that XpYn — XY in L!. [Reminder: LP is the set of random variables Z with
E(ZIP) < o0, and Zn — Zin LPif E(|Z, — Z|P) — 0. You may use any
standard fact such as the Cauchy—Schwarz inequality.]

4.2. [121] Let Py be a product measure on the space {0, 1}" with density p.
Show by induction on n that IPp satisfies the Harris—FKG inequality, which is to
say that Pp(AN B) > Pp(A)Pp(B) for any pair A, B of increasing events.
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4.3. (continuation) Consider bond percolation on the square lattice Z2. Let X
and Y be increasing functions on the sample space, such that IP’p(Xz), ]Pp(YZ) <
oo. Show that X and Y are positively associated.

4.4. Coupling. (a) Take 2 = [0, 1], with the Borel o-field and Lebesgue
measure P. For any distribution function F, define a random variable Zg on Q2 by

Zr(w) = inf{z: w < F(2)}, w € Q.

Prove that
P(Zr < 2) =P([0, F(2)]) = F(2),
whence Zf has distribution function F.

(b) For real-valued random variables X, Y, we write X <y Y if P(X < u) >
P(Y < u) for all u. Show that X < Y if and only if there exist random
variables X', Y on 2, with the same respective distributions as X and Y, such
that P(X' <Y’) = 1.

4.5. [98] Let u be a positive probability measure on the finite product Q2 =
{0, 1}E. Show that it satisfies the FKG lattice condition

m(wr Vao)u(wr Awy) > (o) u(wr), wy, ) € 2,

if and only if this inequality holds for all pairs w;, w> that differ on exactly two
elements of E.

4.6. [98] Let u1, 12 be positive probability measures on the finite product
= {0, 1}E. Assume that they satisfy

wa(wi V) () A @) > i (wr) o (ws),

for all pairs w1, wy € Q that differ on either one or two elements of E, and in
addition that | satisfies the FKG lattice condition. Show that 1o > (1.

4.7. Let X1, Xz, ... beindependent Bernoulli random variables with parame-
ter p,and §, = X;+ X3+ - -+ Xp. Show by Hoeffding’s inequality or otherwise
that

P(ISh — npl > x4/n) < 2exp(—ix*/m), X >0,
where m = min{p, 1 — p}.
4.8. Let Gp p be the random graph with vertex set V = {1, 2, ..., n} obtained

by joining each pair of distinct vertices by an edge with probability p (different
pairs are joined independently). Show that the chromatic number xn p satisfies

P(Ixn.p — Exn.pl = X) < 2exp(—1x?/n), x> 0.

4.9. Russo'sformula. Let X be a random variable on the finite sample space
= {0, 1}E. Show that

—Pp(X> > PpdeX)

ecE
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where §e X (w) = X(w®) — X(we), and w® (respectively, we) is the configuration
obtained from w by replacing w(€) by 1 (respectively, 0).

Let A be an increasing event, with indicator function 1 5. An edge eis called
pivotal for the event A in the configuration w if Sela(w) = 1. Show that the
derivative of Pp(A) equals the mean number of pivotal edges for A. Find a related
formula for the second derivative of Pp(A).

What can you show for the third derivative, and so on?

4.10. [89] Show that every increasing subset of the cube [0, 1] N s Lebesgue-
measurable.

4.11. Heads turn up with probability p on each of N coin flips. Let A be
an increasing event, and suppose there exists a subgroup + of permutations of
{1, 2, ..., N} acting transitively, such that A is #A-invariant. Let p; be the value
of p such that Pp(A) = % Show that there exists a constant C > 0 such that

Pp(A) = 1 — gN"¢P=P) - p>p,
with a similar inequality for p < p..

4.12. Let u be a positive measure on 2 = {0, 1}F satisfying the FKG lattice
condition. For p € (0, 1), let £p be the probability measure given by

1 (0} —w
pp(@) = Z—p(]‘[ p*© - p)' (e))u(w), weQ.

ecE

Let A be an increasing event. Show that
pp (A1 = pap, (A) < ABP7PY 0 < pp < pp < 1,

where

B= _inf {&} £ = min[p(@(©) = Dip(w(©) = 0)],
pe(p:.p2) | P(1 — p) ecE

and A satisfies

2max Ja(e) < A, ec E, pe(p1, p2).
ecE
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Further Percolation

The subcritical and supercritical phases of percolation are characterized re-
spectively by the absence and presence of an infinite open cluster. Connec-
tion probabilities decay exponentially when p < p¢, and there is a unique
infinite cluster when p > p.. The power-law singularity at the phase tran-
sition is summarized. It is shown that p. = 1 for bond percolation on the
square lattice. The Russo—Seymour—Welsh (RSW) method is described for
site percolation on the triangular lattice, and this leads to a statement and
proof of Cardy’s formula.

5.1 Subcritical phase

In language borrowed from the theory of branching processes, a percolation pro-
cess is termed subcritical if p < pc, and supercritical if p > pc.

In the subcritical phase, all open clusters are (almost surely) finite. The chance
of along-range connection is small, and it approaches zero as the distance between
the endpoints diverges. The process is considered to be ‘disordered’, and the
probabilities of long-range connectivities tend to zero exponentially in the distance.
Exponential decay may be proved by elementary means for sufficiently small
p, as in the proof of Theorem 3.2, for example. It is quite another matter to
prove exponential decay for all p < p., and this was achieved for percolation by
Aizenman and Barsky [6] and Menshikov [164, 165] around 1986. The principal
result is the following therem, in which B(n) = [—n, n]9 and 9B(n) = B(n) \
B(n—1).

(5.1) Theorem [6, 164]. There exists v (p), satisfying v (p) > Owhen0 < p <
pc, such that

(5.2) Pp(0 <> 9B(n)) < e (P, n> 1.

The reader is referred to [95] for a full account of this important theorem.
The two proofs of Aizenman—Barsky and Menshikov have some interesting sim-
ilarities, while differing in fundamental ways. An outline of Menshikov’s proof
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is presented later in this section. The Aizenman—Barsky proof proceeds via an
intermediate result, namely the following of Hammersley [114].

(5.3) Theorem [114]. Supposethat x (p) = Ep|C| < oo. Thereexistso (p) > 0
such that

(5.4) Pp(0 <> dB(n)) < e (P, n>1.

Seen in the light of Theorem 5.1, one may take the condition x (p) < oo
as a characterization of the subcritical phase. It is not difficult to see, using
subadditivity, that the limit of n~! log Pp(0 < 0B(n)) existsas N — oo. See [95,
Thm 6.10].

Proof. Let X € dB(n), and let 7p(0, X) = Pp(0 <> X) be the probability that there
exists an open path of L9 joining the origin to X. Let Ny, be the number of vertices
X € 9 B(n) with this property, so that the mean value of Ny is

(5.5) Ep(Nn) = > 7p(0, ).
xedB(n)
Note that
(5.6) ZEp(Nn) = Z > 1p(0.%)
n=0 x€d B(n)
=) 7p(0.%)
xezd

= Ep|ix € 29:0 < x}| = x(p).

If there exists an open path from the origin to some vertex of d B(m+ k), then
there exists a vertex X in d B(m) that is connected by disjoint open paths both to
the origin and to a vertex on the surface of the translate d B(k, X) = X + B(K), see
Figure 5.1. By the BK inequality,

(5.7)  Pp(0 < dB(M+K)) < Z Pp(0 <> X)Pp(X <> X + aB(K))
xedB(m)

= Y (0, x)Py(0 < 3B(K))
xedB(m)

by translation-invariance. Thus

The BK inequality makes this calculation simple, Hammersley [114] employed a
more elaborate argument.
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aB(m+ k)

““““ | 9B(m)

o 0;\\\\\\

y

Figure 5.1. The vertex X is joined by disjoint open paths to the origin and to the surface of
the translate B(k, X) = X + B(k), indicated by the dashed lines.

Let p be such that x (p) < oo, so that Y . 4 Ep(Nm) < oo from (5.6). Then
Ep(Nm) — 0as m — oo, and we may choose msuch that n = Ep(Nm) satisfies
n < 1. Let n be a positive integer and write N = mr 4+ s where r and S are
non-negative integers and 0 < S < m. Then

Pp(0 < 9B(n)) < Pp(0 < 9B(mr)) since N > mr
< by iteration of (5.8)
< 77_1+n/m sincen < m(r + 1),

which provides an exponentially decaying bound of the form of (5.4), valid for
n > m. It is left as an exercise to extend the inequality to n < m. O

Outline proof of Theorem 5.1. The full proof can be found in [94, 95, 165, 210].
Let S(n) be the ‘diamond’ S(n) = {x € Z9 : d(0, x) < n} containing all points
within graph-theoretic distance n of the origin, and write A, = {0 <> 3S(n)}. We
are concerned with the probabilities gp(n) = Pp(An).

By Russo’s formula, Theorem 4.75,

(5.9) gj(n) = Ep(Np)
where Np, is the number of pivotal edges for Ap, that is, the number of edges e for
which 1 aA(w®) # 1a(we). By a simple calculation

1 1
(5.10) g/p(n) = EEp(anAn) = EEp(Nn | An)gp(n),
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which may be integrated to obtain

A
(5.11) 0o (N) = gp(N) exp (—/ D Ep(Nn | An)dp)
B
< gg(n)exp (‘/ Ep(Nn | An)dp),

where 0 < o < B < 1. The vast majority of the work in the proof is devoted
to showing that Ep(Np | An) grows at least linearly in n when p < pc, and the
conclusion of the theorem then follows immediately.

The rough argument is as follows. Let p < P, so that Pp(An) — Oasn — oo.
In calculating Ep(Nn | An), we are conditioning on an event of diminishing prob-
ability, and thus it is feasible that there are many pivotal edges of A,. This will be
proved by bounding (above) the mean distance between consecutive pivotal edges,
and then applying a version of Wald’s equation. The BK inequality, Theorem 4.14,
plays an important role.

Suppose that A occurs, and denote by €1, €, ..., ey the pivotal edges for
Ap, in the order in which they are encountered when building the cluster from
the origin. It is easily seen that all open paths from the origin to d S(n) traverse
every €. Furthermore, as illustrated in Figure 5.2, there must exist at least two
edge-disjoint paths from the second endpoint of each €; (in the above ordering) to
the first of 4.

Let M = max{k : Ak occurs}, so that
Po(M > K) = gp(k) = 0 as kK — oo.

The key inequality states that
(5.12) Po(Nn >k | Ap) > P(M; + My + -+ -+ Mg < n—K),
where the M; are independent copies of M. This is proved using the BK inequality,
using the above observation concerning disjoint paths between consecutive pivotal
edges. The proof is omitted here. By (5.12),
(5.13) Ppo(Nn > k| An) > P(M{ + Mj + -+ + My < n),
where M/ = 1 + min{M;, n}. Summing (5.13) over K, we obtain

[e¢)
(5.14) Ep(Nn | An) = > P(M{ + M)+ - + M <)

k=1

=Y Pp(K =k+1)=E(K) -1,
k=1
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Figure5.2. Assume that 0 <> 3S(n). Forany consecutive pair €], €y of pivotal edges, taken
in the order of traversal from 0 to d S(n), there must exist at least two edge-disjoint open paths
joining the second vertex of €j and the first of € .

where K = min{k : M{ + M} + --- + M; > n}. By Wald’s equation,
n < E(S) = E(K)E(MY),

whence
n n n

E(K = = .
()= E(M) 1+ E@min{M;,n) Y ;0p()

In summary, this shows that

(5.15) Ep(Nn | An) > 0<p<l.

_n
Yo%

Inequality (5.15) may be fed into (5.10) to obtain a differential inequality for the
9p(K). By a careful analysis of the latter inequality, one obtains that Ep(Np | An)
grows at least linearly with n whenever p satisfies 0 < p < pc. This step is
neither short nor easy, but it is conceptually straightforward, and it completes the
proof. U

(© G. R Grimmett 6 February 2009



[5.2] Supercritical phase 77
5.2 Supercritical phase

The critical value p, is the value of p at which the percolation probability 6 (p)
becomes strictly positive. It is widely believed that 6 (p.) = 0, and this is perhaps
the major conjecture of the subject.

(5.16) Conjecture. For percolation on LY withd > 2, we have that 6(p.) = 0.

It is known that 6 (p.) = 0 when either d = 2 (by results of [121], see Theorem
5.33) or d > 19 (by the lace expansion of [118, 119]). The claim is believed to
be canonical of percolation models on all lattices and in all dimensions.

Suppose now that p > P, sothatf(p) > 0. What can be said about the number
N of infinite open clusters? Since the event {N > 1} is translation-invariant, it is
trivial under the product measure Pp. However, Pp(N > 1) > 6(p) > 0, whence

Po(N>1) =1, p> pc.

We shall see in the forthcoming Theorem 5.22 that Pp(N = 1) = 1 whenever
6(p) > 0, whichis to say that there exists a unique infinite open cluster throughout
the supercritical phase.

A supercritical percolation process in two dimensions may be studied in either
of two ways. The first of these is by duality. Consider bond percolation on L2
with density p. The dual process (as in the proof of the upper bound of Theorem
3.2) is bond percolation with density 1 — p. We shall see in Theorem 5.33 that the
self-dual point p = % is also the critical point. Thus, the dual of a supercritical
process is subcritical, and this enables a study of supercritical percolation on L.
A similar argument is valid for certain other lattices, although it is clear that the

square lattice is special in that it is a self-dual graph.

While duality is the technique for studying supercritical percolation in two
dimensions, the process may also be studied by the block argument that follows.
The block method was devised expressly for three and more dimensions in the
hope that, amongst other things, it would imply the claim of Conjecture 5.16.
Block arguments are a work-horse of the theory of general interacting systems.

We assume henceforth that d > 3 and that p is such that 6(p) > 0; under
this hypothesis, we wish to gain some control of the (a.s.) unique open cluster.
The main result is the following, of which an outline proof is included later in
the section. Let A € Z9, and write pc (A) for the critical probability of bond
percolation on the subgraph of 79 induced by A. Thus, for example, p. = pc Z%).
Recall that B(k) = [—k, k]9.

(5.17) Theorem [103]. Letd > 3. If F isaninfinite connected subset of Z9 with
p.(F) < 1, thenfor each n > 0 there exists an integer k such that

Pe2KF + B(K)) < pc + 1.

That is, for any set F sufficiently large that p.(F) < 1, one may ‘fatten’ F to a
set having critical probability as close to p. as required. One particular application
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of this theorem is to the limit of slab critical probabilities, and we elaborate on
this next.

Many results have been proved for subcritical percolation under the ‘finite
susceptibility’ hypothesis that x (p) < oco. The validity of this hypothesis for
p < pc is implied by Theorem 5.1. Similarly, several important results for
supercritical percolation have been proved under the hypothesis that ‘percolation
occurs in slabs’. The two-dimensional slab Fi of thickness 2K is the set

Fr = 22 x [k, k1972 = (2% x {0}972) + B(k),

with critical probability p.(Fk). Since Fx € Fxy1 C 79, the decreasing limit
pc(F) = limk_ oo Pc(Fk) exists and satisfies p.(F) > p.. The hypothesis of
‘percolation in slabs’ is that p > p.(F). By Theorem 5.17,

(5.18) lim pc(Fx) = Pe,
k— 00

On of the best examples of the use of ‘slab percolation’ is the following estimate
of the extent of a finite open cluster.

(5.19) Theorem [60]. The limit
1
o(p) = lim {——log Pp(0 < aB(n), |C| < oo)}
n—o00 n

exists. Furthermoreo (p) > 0if p > pc.

This theorem asserts the exponential decay of a ‘truncated’ connectivity func-
tion when d > 3. A similar result may be proved by duality for d = 2.

We turn briefly to a discussion of the so-called ‘Wulff crystal’. Much attention
has been paid to the sizes and shapes of clusters formed in models of statistical
mechanics. When a cluster C is infinite with a strictly positive probability, but is
constrained to have some large finitesize n, then C is said to form a large ‘droplet’.
The asymptotic shape of such a droplet as N — oo is prescribed in general terms
by the theory of the so-called Wulff crystal, see the original paper [216] of Wulff.
Specializing to percolation, we ask for properties of the open cluster C at the
origin, conditioned on the event {|C| = n}.

The study of the Wulff crystal is bound up with the law of the volume of a finite
cluster. This has a tail that is ‘quenched exponential’:

(5.20) Po(IC| = n) ~ exp(—pn@~1/9),

where p = p(p) € (0,00) for p > P, and = is to be interpreted in terms of
exponential asymptotics. The explanation for the curious exponent is as follows.
The ‘most economic’ way to create a large finite cluster is to find a region R
containing a connected component D of size n, satisfying D <> oo, and then
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[5.2] Supercritical phase 79

Figure 5.3. Images of the Wulff crystal for the two-dimensional Ising model at two distinct
temperatures, produced by simulation in time. The simulations were for finite time, and the

images are therefore only approximations to the true crystals. The pictures are 1024 pixels

square, and the inverse-temperatures are g = %, %. The corresponding random-cluster

models haveq =2and p=1— e 43 1 — e 10/11

to cut all connections leaving R. Since p > pc, such regions R exist with |R|
(respectively, |0 R|) having order n (respectively, n@=1/d) ‘and the ‘cost’ of the
construction is exponential in |9 R)|.

The above argument yields a lower bound for Pp(|C| = n) of the quenched-
exponential type, but considerably more work is required to show the exact asymp-
totic of (5.20), and indeed one obtains more. The (conditional) shape of Cn~1/d
converges as N — oo to the solution of a certain variational problem, and the
asymptotic region is termed the “Wulff crystal’ for the model. This is not too hard
to make rigorous when d = 2, since the external boundary of C is then a closed
curve. Serious technical difficulties arise when pursuing this programme when
d > 3. See [55] for an account and a bibliography.

Ouitline proof of Theorem 5.19. The existence of the limit is an exercise in sub-
additivity of a standard type, although with some complications in this case (see
[59, 95]). We sketch here a proof of the important estimate o (p) > 0.

Let S be the (d — 1)-dimensional slab
S = [0, k] x z91.

Since p > pc, we have by Theorem 5.17 that p > p.(S&) for some K, and we
choose k accordingly. Let Hp be the hyperplane of vertices X of L9 with x; = n.
It suffices to prove that

(5.21) Pp(0 < Hp, |C| <o0) <e 7"
for some y = y(p) > 0. Define the slabs
Ti={xezd:(i—-Dk<x <ikl, 1<i<[n/k].
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\ Hsk
D
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ey

Figure 5.4. All paths from the origin to Hsk traverse the regions Tj, i = 1, 2, 3.

Any path from O to Hp, traverses each T;. Since p > p.(&), each slab contains
(a.s.) an infinite open cluster. See Figure 5.4. If 0 « Hj and |C| < oo, then all
paths from O to H,, must evade all such clusters. There are |[n/k] slabs to traverse,
and a price is paid for each. Modulo a touch of rigour, this implies that

Po(0 <> Hn, |C| < 00) < [1 — 6k(p)]"K

where
Ok(p) = Pp(0 < oc0in &) > 0.

The inequality o (p) > 0 is proved. O

Outline proof of Theorem 5.17. The full proof can be found in [95, 103]. For
simplicity, we shall take F = Z2 x {0}9-2, so that 2kF 4+ B(k) = 7% x [—k, k]9-2.
There are two main steps in the proof. In the first, we show the existence of long
finite paths. In the second, we show how to take such finite paths and build an
infinite cluster in a slab. The principal parts of the first step are as follows. Let p
be such that 8(p) > O.

1. Lete > 0. Since 8(p) > 0, there exists m such that
Pp(B(M) <> c0) > 1 —e.

[This holds since there exists, almost surely, an infinite open cluster .]

2. Let n > 2m, say, and let K > 1. We may choose n sufficiently large that,
with probability at least 1 — 2¢, B(m) is joined to at least K points in d B(n).
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Figure5.5. An illustration of the event that the block centred at the origin is open. Each black
square is a seed.

[If, for some k, this fails for unbounded n, then there exists N such that
B(m) <5 24\ B(N).]

3. By choosing k sufficiently large, we may ensure that, with probability at least
1 —3e€, B(m) is joined to some point of d B(n), which is itself connected to a
copy of B(m), lying ‘on’ the surface d B(n) and every edge of which is open.
[We may choose k sufficiently large that there are many non-overlapping
copies of B(m) in the correct positions, indeed sufficiently many that, with
high probability, oneis totally open.]

4. The open copy of B(m), constructed above, may be used as a ‘seed’ for
iterating the above construction. When doing this, we shall need some
control over where the seed is placed. It may be shown that every face of
d B(n) contains (with large probability) a point adjacent to some seed, and
indeed many such points. See Figure 5.5. [There is sufficient symmetry to
deduce this by the FKG inequality.]

Above is the scheme for constructing long finite paths, and we turn to the second

step.

5. This construction is now iterated. At each stage there is a certain (small)
probability of failure. In order that there be a strictly positive probability
of an infinite sequence of successes, we iterate ‘in two independent direc-
tions’. With care, one may show that the construction dominates a certain
supercritical site percolation process on 2.

6. We wish to deduce that an infinite sequence of successes entails an infinite
open path of LY within the corresponding slab. There are two difficulties
with this. First, since we do not have total control of the positions of the
seeds, the actual path in Ld may leave every slab. This may be overcome
by a process of ‘steering’, in which, at each stage, we choose a seed in such
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a position as to compensate for any earlier deviation in space.

7. A greater problem is that, in iterating the construction, we carry with us a
mixture of ‘positive’ and ‘negative’ information (of the form that ‘certain
paths exist’ and ‘others donot’). In combining events we cannot use the FKG
inequality. The practical difficulty is that, although we may have an infinite
sequence of successes, there will generally be breaks in any corresponding
open route to co. This is overcome by sprinkling down a few more open
edges, that is, by working at edge-density p + § where § > 0, rather than at
density p.

In conclusion, we find that, if 6(p) > 0 and § > 0, then there exists, with large

probability, an infinite ( p+§)-open path in a slice of the form Ty = 72 x[—k, k]9-2
for sufficiently large K. The claim of the theorem follows.

There are many details to be considered in carrying out the above programme,
and these are omitted here. O

5.3 Uniqueness of the infinite cluster

The principal result of this section is the following: for any value of p for which
6(p) > 0, there exists (a.s.) a unique infinite open cluster. Let N = N(w) be the
number of infinite open clusters.

(5.22) Theorem [12]. If6(p) > 0,then Po(N = 1) = 1.

A similar conclusion holds for more general probability measures. The two
principal ingredients of the generalization are the translation-invariance of the
measure, and the so-called ‘finite-energy property’, that states that, conditional
on the states of all edges except €, say, the state of e is 0 (respectively, 1) with a
strictly positive (conditional) probability.

Proof. We follow [50]. The claim is trivial if p = 0, 1, and we assume henceforth
that 0 < p < 1. Let S= S(n) be the ‘diamond’ S(n) = {x € Z9 : d(0, X) < n},
and let Eg be the set of edges of Ld joining pairs of vertices in S. We write Ng(0)
(respectively Ns(1)) for the total number of infinite open clusters when all edges in
Es are declared to be closed (respectively open). Finally, Mg denotes the number
of infinite open clusters that intersect S.

d. . .

The sample space 2 = {0, 1}¥" is a product space with a natural family of
translations, and Pp is a product measure on £2. Since N is a translation-invariant
function on €2, it is almost surely constant, which is to say that

(5.23) there exists k = k(p) € {0, 1,2, ...} U {oo} such that P,(N = k) = 1.

Next we show that the K in (5.23) necessarily satisfies k € {0, 1, co}. Suppose
that (5.23) holds with kK < oo. Since every configuration on Eg has a strictly
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positive probability, it follows by the almost sure constantness of N that
Pp(Ns(0) = Ns(1) = k) = 1.

Now Ns(0) = Ng(1) if and only if Sintersects at most one infinite open cluster
(this is where we use the assumption that K < 00), and therefore

Pp(Ms > 2) =0.

Clearly, Ms is non-decreasing in S = S(n), and Mgy — N asn — oo.
Therefore,

(5.24) 0 = Pp(Mgny > 2) — Pp(N > 2),

which is to say that k < 1.

It remains to rule out the case K = co. Suppose that k = co. We will derive a
contradiction by using a geometrical argument. We call a vertex X a trifurcation
if:

(a) X lies in an infinite open cluster,
(b) there exist exactly three open edges incident to X, and

(c) the deletion of X and its three incident open edges splits this infinite cluster
into exactly three disjoint infinite clusters and no finite clusters;

Let Tx be the event that X is a trifurcation. By translation-invariance, Pp(Tx) is
constant for all X, and therefore

1
5.25 ——E 1 = Pp(To).
(5.25) S p(xgm TX) p(To)

It will be useful to know that the quantity Pp(To) is strictly positive, and it is here
that we use the assumed infinity of infinite clusters. Let Mg(0) be the number of
infinite open clusters that intersect S when all edges of Eg are declared closed.
Since Mg(0) > Mg, by the remarks around (5.24),

Po(Msn)(0) > 3) > Pp(Mgn) > 3) —» Pp(N >3) =1 as n — oo.
Therefore, there exists m such that
Pp(Msm)(0) > 3) > 3,

and we set S = S(m). Note that:
(a) the event {Mg(0) > 3} is independent of the states of edges in Esg,

(b) if the event {Msg(0) > 3} occurs, there exist X, Y, z € 9S lying in distinct
infinite open clusters of Ed \ Es.
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Figure 5.6. Take a diamond S that intersects at least three distinct infinite open clusters,
and then alter the configuration inside S in order to create a configuration in which 0 is a
trifurcation.

Let w € {Ms(0) > 3}, and pick X = X(w), ¥ = Y(w), Z = zZ(w) according to
(b). If there is more than one possible such triple, we pick such a triple according
to some predetermined rule. It is a minor geometrical exercise (see Figure 5.6) to
verify that there exist in Eg three paths joining the origin to (respectively) X, YV,
and z, and that these paths may be chosen in such a way that:

(i) the origin is the unique vertex common to any two of them, and
(i1) each touches exactly one vertex lying in 9S.

Let Jx y z be the event that all the edges in these paths are open, and that all other
edges in Eg are closed.

Since Sis finite,
. R
Po(Jx.y.z | Ms(0) > 3) > [min{p, 1 — p}]" > 0,
where R = |Eg|. Now,

Pp(0 is a trifurcation) > Pp(Jx,y.z | Ms(0) > 3) Pp(Ms(0) > 3)
> Lmin{p, 1 — p}]" > 0,

which is to say that Pp(Tp) > 0 in (5.25).

It follows from (5.25) that the mean number of trifurcations inside S = S(n)
grows in the manner of | S| as N — oco. On the other hand, we shall see next that the
number of trifurcations inside Scan be no larger than the size of the boundary of S,
and this provides the necessary contradiction. This final step must be performed
properly (see [50, 95]), but the following rough argument is appealing and may
be made rigorous. Select a trifurcation (t;, say) of S, and choose some vertex
y1 € dSsuch thatt; <> y; in S. We now select a new trifurcation t; € S. It may
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be seen, using the definition of the term ‘trifurcation’, that there exists y, € 9S
such that y; # ¥y, and t; <> Yy in S. We continue similarly, at each stage picking
a new trifurcation tx € Sand a new vertex Yk € dS. If there are t trifurcations in
S, then we obtain 7 distinct vertices Yk of dS. Therefore 0S| > t. However, by
the remarks above, Ep(7) is comparable to S. This is a contradiction for large n,
since |d S| grows in the manner of nd—1 and || grows in the manner of nd. O

5.4 Phase transition

Macroscopic functions, such as the percolation probability 6(p) = Pp(|C| = 00)
and the mean cluster size x (p) = Ep|C]|, have singularities at p = p., and there
is overwhelming evidence that these are of ‘power law’ type. A great deal of effort
has been invested by physicists and mathematicians in understanding the nature of
the percolation phase-transition. The picture is now fairly clear whend = 2, owing
to the very significant progress in recent years in relating critical percolation to
the stochastic (Schramm-)Lowner curve SLEg. There remain however substantial
difficulties to be overcome before this chapter of percolation theory can be declared
written, even when d = 2. The case of large d (currently, d > 19) is also well
understood, through work based on the so-called ‘lace expansion’. Most problems
remain open in the obvious case d = 3, and ambitious and brave students are
directed thus, with caution.

The nature of the percolation singularity is supposed to be canonical, in that it
is expected to have certain general features in common with phase transitions of
other models of statistical mechanics. These features are sometimes referred to
as ‘scaling theory’ and they relate to ‘critical exponents’. There are two sets of
critical exponents, arising firstly in the limit as p — P, and secondly in the limit
over increasing distances when p = p.. We summarize the notation in Table 5.8.

The asymptotic relation & should be interpreted loosely (perhaps via logarith-
mic asymptotics'). The radius of C is defined by

rad(C) = max{n: 0 <> 9[—n, n]d}.

The limitas p — P, should be interpreted in a manner appropriate for the function
in question (for example, as p | p; for 6(p), butas p — p. for x(P)).

There are eight critical exponents listed in Table 5.8, denoted «, 8, y, 6, v,
n, p, A, but there is no general proof of the existence of any of these exponents
for arbitrary d. In general, the eight critical exponents may be defined for phase
transitions in a quite large family of physical systems. However, it is not believed

Iwe say that f (X) is logarithmically asymptotic to g(X) as X — 0 (respectively, X — 00) if
log f (X)/logg(x) — 1. This is often written as f (X) ~ g(X).
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Function Behaviour Exponent
percolation
probability 6(p) = Pp(IC| = 00) 0(p) ~ (p— pe)? B
truncated
mean cluster size Xf(p) = Ep(ICl; IC| < o0) xf(p) ~|p— pel™” y
number of
clusters per vertex k(p) = Ep(|C|—1) K" (p) ~ |p— pc|—1—a o
f k X|£+1 (p)
cluster moments | x, (p) = Ep(IC[; [C| < 00) | —F — ~|p— pel=2, k> 1 A
xk(P)
correlation length &(p) E(p)~ |p— pel™” v
cluster volume Pp.(IC| =) ~ n—1-1/8 s
cluster radius Pp. (rad(C) = n) ~ n—1=1/p 0
connectivity function Pp. (0 < X) ~ [|x||2=d=" 1

Table 5.8. Eight functions and their critical exponents.

that they are independent variables, but rather that they satisfy the scaling relations:
2—a=y+28=p6+1D,

A =4p,
y =v(2—n),
and, when d is not too large, the hyperscaling relations:
do=6+1,
2 —a =dv.

The upper critical dimension is the largest value d. such that the hyperscaling
relations hold for d < d.. It is believed that d. = 6 for percolation. There is no
general proof of the validity of the scaling and hyperscaling relations, although
quite a lot is known when d = 2 and for large d.

In the context of percolation, there is an analytical rationale behind the scaling
relations, namely the ‘scaling hypotheses’ that

Po(ICl =n) ~n~7 f(n/&(p)7)
Pp(0 <> X, |C| < 00) ~ [IXI>~9"g(lIxl /& (p))
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in the double limit as p — p;, N — 00, and for some constants o, 7, n and
functions f, g. Playing loose with rigorous mathematics, the scaling relations
may be derived from these hypotheses. Similarly, the hyperscaling relations may
be shown to be not too unreasonable, at least when d is not too large. For further
discussion, see [95].

We note some further points.

Universality. It is believed that the numerical values of critical exponents depend
only on the value of d, and are independent of the particular percolation model.

Two dimensions. When d = 2, perhaps

~

__2 pg_5 . _4 ¢_09
a=-5 =% rv=50=3..

[ee]

See (5.41).

Large dimension. When d is sufficiently large (actually, d > d.) it is believed
that the critical exponents are the same as those for percolation on a tree (the
‘mean-field model’), namely § =2,y =1, v = %, p = %, and so on (the other
exponents are found to satisfy the scaling relations). Using the first hyperscaling
relation, this supports the contention that d. = 6. Such statements are known to
hold for d > 19, see [118, 119] and the remarks later in this section.

Open challenges include to prove:

— the existence of critical exponents,
— universality,

— the scaling relations,

— the conjectured values when d = 2,
— the conjectured values when d > 6.

Progress towards these goals has been positive. For sufficiently large d, exact
values are known for many exponents, namely the values from percolation on a
regular tree. There has been remarkable progress in recent years when d = 2,
inspired largely by work of Schramm [189], enacted by Smirnov [196], and con-
firmed by the programme pursued by Lawler, Schramm, and Werner to understand
SLE curves. See Section 5.6.

We close this section with some further remarks on the case of large d. The
expression ‘mean-field’ permits several interpretations depending on context. A
narrow interpretation of the term ‘mean-field theory’ for percolation involves trees
rather than lattices. For percolation on a regular tree, it is quite easy to perform
exact calculations of many quantities, including the numerical values of critical
exponents. Thatis,d =2,y =1,v = %, p = %, and other exponents are given
according to the scaling relations, see [95].

Turning to percolation on LY, it is known as remarked above that the critical
exponents agree with those of a regular tree when d is sufficiently large. In fact,
this is believed to hold if and only if d > 6, but progress so far assumes that
d > 19. In the following theorem, we write f(X) =~ g(X) if there exist positive
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constants Cy, C; such that ¢; f (X) < g(Xx) < ¢ f(X) for all X close to a limiting
value.

(5.26) Theorem [119]. For d > 19,

(P~ (p—p)'  aspl pe
x(P~(p.—p~' asptpe.
E(P) = (p—P)F aspt p

—— ~(p.—p > asptpefork=1.

Xk (P)

Note the strong form of the asymptotic relation ~~, and the identification of the

critical exponents 8, v, A, v. The proof of Theorem 5.26 centres on a property
known as the ‘triangle condition’. Define

(5.27) T(P) = Y. Pp(0 < X)Pp(x < y)Pp(y < 0),

x,yezd
and consider the triangle condition:
T(pc) < oo.

The triangle condition was introduced by Aizenman and Newman [15], who
showed that it implied that x (p) ~ (p. — P)~! as p + p.. Subsequently other
authors showed that the triangle condition implied similar asymptotics for other
quantities. It was Takashi Hara and Gordon Slade [118] who verified the triangle
condition for large d, exploiting a technique known as the ‘lace expansion’.

5.5 Open paths in annuli

There is a very useful technique for building open paths with certain geometry in
two dimensions. It leads to a proof that the chance of an open circuit within an
annulus [—3n, 3n]2 \ [—n, n]? is at least f (8), where § is the chance of an open
crossing of the square [—n, n]?, and f is a strictly positive function. This result
was useful in some of the original proofs concerning the critical probability of
bond percolation on L2 (see [95, Sect. 11.7]), and has re-emerged more recently
as central to estimates that permit the proof of the Cardy formula and conformal
invariance. It is commonly named after Russo [186] and Seymour—Welsh [195].
The RSW lemma will be stated and proved in this section, and utilized in the next
three. Since our application in the Section 5.7 will be to site percolation on the
triangular lattice, we shall phrase the RSW lemma in that context. It is left to the
reader to adapt and develop the arguments of this section for bond percolation on
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Figure 5.9. The triangular lattice T and the (dual) hexagonal lattice H.

the square lattice (see Exercise 5.5). The triangular lattice T is drawn in Figure
5.9, together with its dual hexagonal lattice H.

RSW theory is presented in [95, Sect. 11.7] for the square lattice I.? and general
bond-density p. We could follow the same route here for the triangular lattice, but
for the sake of variation (and with an eye to the applications in Section 5.7) we
shall restrict ourselves to the case p = % and shall give a shortened proof due to
Stanislav Smirnov. The more conventional approach may be found in [211], see
also [210], and [42] for a variant on the square lattice. Thus, in this section we
restrict ourselves to site percolation on T with density % Each site of T is coloured
black with probability %, and whiteotherwise, and the relevant probability measure
is denoted as P.

The triangular lattice is embedded in R? with vertex-set {mi+nj : (m, n) € Z?}
where i = (1,0) and ] = %(1, V/3). Write Ry for the subgraph induced by
vertices in the rectangle [0, a] x [0, b], and we shall restrict ourselves always to
integers a and integer multiples b of %ﬁ . Let Ha p be the event that there exists a
black path that traverses Ry from its left side to its right side. The ‘engine room’
of the RSW method is the following lemma.

(5.28) Lemma. P(Haap) > 2P (Hap)?.
By iteration,
1 2k
(5.29) P(Hykap) > 4[Z P(Ha,b)] , k> 0.
As ‘input’ to this inequality, we prove the following.

(5.30) Lemma. Wehavethat P(H, , ) = 3.

Let Am be the set of vertices in T at graph-theoretic distance m or less from the
origin 0, and define the annulus Ay = Asn \ Apn—;. Let Oy be the event that A,
contains a black circuit C such that 0 lies in the bounded component of R? \ C.
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Figure 5.10. The crossing g and its reflection pg in the box Rya . The events Bg and Wyq
are illustrated by the two lower paths, and exactly one of these events occurs.

(5.31) Theorem (RSW). Thereexistso > 0 suchthat P(Oy) > o forall n > 1.

Proof of Lemma5.28. We follow an unpublished argument of Stanislav Smirnov?2.

Let g be a path that traverses Ry p from left to right. Let p denote reflection in
the line X = a, so that pg connects the left and right sides of [a, 2a] x [0, b].
See Figure 5.10. Assume for the moment that g does not intersect the X-axis,
and let Ug be the connected subgraph of Ry p lying on or ‘beneath’ g. Let Jg
(respectively, Jp) be the part of the boundary dUg (respectively, Ra p) lying on
either the X-axis or y-axis, and let p Jg (respectively, p Jp) be its reflection.

Let By be the event that there exists a black path of Ug U pUg joining some
vertex of g to some vertex of pJg. If By does not occur, then the event W,g, that
there exists a white path of Ug U pUg from pg to Jg, must occur. The events By,
W,g are mutually exclusive with the same probability, and therefore

(5.32) P(Bg) = P(W,g) = 1.

The same relation holds if g touches the X-axis, with Jg suitably adapted.
Let L be the left side of Rya p and R its right side. By the FKG inequality,

A%

P(Hzab) > P(L < pJp, R < Jp)

P(L < pJ)PR < Jp) = P(L < pp)?,

Y%

where < denotes connection by a black path.

Let y be the ‘highest’ black path from the left to the right sides of Ry p, if such
a path exists. Conditional on the event {y = g}, the states of sites beneath g are

2See also [209].
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Figure 5.11. If each of six long rectangles are traversed in the long direction by black paths,
then the intersection of these paths contains a black cycle within the annulus Ap.

independent Bernoulli variables, whence, in particular, the events Bg and {y = g}
are independent. By (5.32),

P(L < pJp) = Y P(y =9, By =) P(ByP(y =0
9 9

=3 Y Py =0) = }P(Hap),
g

and the lemma is proved. O

Proof of Lemma 5.30. This is similar to the argument leading to (5.32). Consider
the rhombus R of T comprising all vertices of the form mi+nj for0 < m, n < 2a.
Let B be the event that R is traversed from left to right by a black path, and W
the event that it is traversed from top to bottom by a white path. These two events
are mutually exclusive with the same probability, and one or the other necessarily

occurs. Therefore P(B) = % On B, there exists a left-right crossing of the

(sub-)rectangle [a, 2a] x [0, aﬁ], and the claim follows. O
Proof of Theorem 5.31. By (5.29) and Lemma 5.30, there exists & > 0 such that
P(HSn,nﬁ) > a, n>1.

We may represent the annulus Ap as the pairwise-intersection of six copies of
Rgn.ny3 Obtained by translation and rotation, as illustrated in Figure 5.11. If each
of these is traversed by a black path in its long direction, than the event Oy, occurs.
By the FKG inequality,

P(On) > a®,

and the theorem is proved. O
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5.6 The critical probability in two dimensions

We revert to bond percolation on the square lattice in this section. The square
lattice has a property of self-duality, illustrated in Figure 3.1. ‘Percolation of open
edges on the primal lattice’ is dual to ‘percolation of closed edges on the dual
lattice’. The self-dual value of p is thus p = %, and it was long been believed
by physicists that the self-dual point is also the critical point p.. Theodore Harris
[121] proved by a geometric construction that 9(%) = 0, whence p, (7% > %
Harry Kesten [135] proved the complementary inequality.

(5.33) Theorem [121, 135]. The critical probability of bond percolation on the
square lattice equals . Furthermore, 6(3) = 0.

Before giving a proof, we make some comments on the original proof. Harris
[121] showed that, if 0(%) > 0, then one can construct closed dual circuits around
the origin. Such circuits prevent the cluster C from being infinite, and therefore
0(%) = 0, a contradiction. Similar ‘path-construction’ arguments were developed
by Russo [186] and Seymour—Welsh [195] in a proof that p > p. if and only if
x (1 —p) < oo. This so-called ‘RSW method’ has acquired prominence in recent
work on SLE (see Sections 5.5 and 5.7).

1

The complementary inequality p.(Z?) < 5 was proved by Kesten in [135].
More specifically, he showed that, for p < %, the probability of an open left—

right crossing of the rectangle [0, 2"] x [0, 2k+1] tends to zero as K — oo. With
the benefit of hindsight, one may view his argument as establishing a type of
sharp-threshold theorem for the event in question.

The arguments that prove Theorem 5.33 may be adapted to certain other situ-
ations. For example, Wierman [211] has proved similarly that the critical proba-
bilities of bond percolation on the hexagonal/triangular pair of lattices (see Figure
5.9) are the dual pair of values satisfying the star—triangle transformation. Russo
[187] adapted the arguments to site percolation on the square lattice. It is easily
seen by the same arguments? that site percolation on the triangular lattice has
critical probability 3.

The proof of Theorem 5.33 is broken into two parts.

Proof of Theorem 5.33: 6(3) = 0, and hence p. > 3. Zhang discovered a
beautiful proof of this, using only the uniqueness of the infinite cluster, see [95].
Set p= % Let T(n) =[O0, n]?, and find N sufficiently large that

P@T(M) < o00) >1-(p*  n=N.

Wesetn = N+1. Let Al, A", At, AP be the (respective) events that the left, right,

3See also Section 5.8.
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Figure 5.12. The left and right sides of the box T (n) are joined to infinity by open paths of
the primal lattice, and the top and bottom sides of the dual box T (n)4 are joined to infinity by
closed dual paths. Using the uniqueness of the infinite open cluster, the two open paths must
be joined by an open path. This forces the existence of two disjoint infinite closed clusters in
the dual.

top, bottom sides of T (n) are joined to co off T (n). By the FKG inequality,

P1(T(n) < o0) P%(Emﬁmﬁmﬁ)

v

P1 (A)P(AT)P(A)P(AY)
= P1(A®)*

by symmetry, for g = 1,1, t,b. Therefore

PL(A®) > 1—[1 = Py(T(m) < o00)]'* > 1.

We consider next the dual box, with vertex set T(n)q = [0,n — 1]? + (%, %).
Let AL, A(ri, Afj, Ag denote the (respective) events that the left, right, top, bottom
sides of T (n)q4 are joined to oo by a closed dual path off T (n)4. Since each edge
of the dual is closed with probability %

P%(Aﬁ) > 1, g=1rtb.

Consider the event A = AlN AN Afi N Ag, illustrated in Figure 5.12. Clearly,

P% (A) < %, so that P% (A > % However, on A, either L2 has two infinite
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Figureb.13. If there is no open left-right crossing of S(n), there must exist a closed top—bottom
crossing in the dual.

open clusters, or its dual has two infinite closed clusters. By Theorem 5.22, each
event has probability 0, a contradiction. We deduce that 9(%) = 0, implying in

particular that p, > % O

Proof of Theorem 5.33: p. < % We give two proofs. The first uses the general
exponential-decay Theorem 5.1. The second is previously unpublished work of
Stanislav Smirnov, and is close in spirit to Kesten’s original proof.

Proof A. Suppose instead that p. > % By Theorem 5.1, there exists y > 0 such
that

(5.34) P1(0 < a[—n, nP) <e ", n> 1.

Let S(n) be the graph with vertex set [0, n+ 1] x [0, n] and edge set containing all
edges inherited from L2 except those in either the left side or the right side of S(n).
Let A be the event that there exists an open path joining the left side and right
side of S(n). If A does not occur, then the top side of the dual of S(n) is joined
to the bottom side by a closed dual path. Since the dual of S(n) is isomorphic to
S(n), and since p = %, it follows that P% (A) = % See Figure 5.13. However, by
(5.34),
Pi(A) < (n+ e ",

a contradiction for large n. We deduce that p, < %

Proof B. Let Ay = [T, r]2, and Ay = A3 \ Ay be an ‘annulus’. The principal
ingredient is an estimate that follows from the square-lattice version* of the RSW

4See Exercise 5.5.
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Theorem 5.31. There exist ¢’ logr disjoint annuli Ak within [—r, r12, and each
of these contains a dual closed circuit with probability at least o > 0. Therefore,
a(r) = P% (0 <> 9 Ay) satisfies

(5.35) gr) < (1 —o)Cloer ==,

where ¢/, o > 0.

There is a variety of ways of implementing the basic argument of this proof,
of which we choose the following. Let Ry = [0, 2n] x [0, n] where n > 1, and
let H, be the event that Ry is traversed by an open path from left to right. In the
above notation, P% (A = % and hence, by Lemma 5.28 rewritten for the square
lattice, there exists ¥ > 0 such that

(5.36) P%(Hn) zZY n=1.

We take p > % and work with the dual model. Let S, be the dual box (%, %) +
[0,2n — 1] x [0, n + 1], and let V, be the event that §, is traversed from top to
bottom by a closed dual path. Let Ny be the number of pivotal edges for the event
Vh, and let IT be the event that N, > 1 and all pivotal edges are closed (in the
dual). We claim that

(5.37) Po(Nn=k—1]T) <kg((n—ky/k), 1<k<in,

of which the proof follows.

For any top—bottom path | of V,,, we write L(I) (respectively, R(l) for the set
of edges of S, lying to the ‘left’ (respectively, ‘right’) of I. On II, there exists
a closed top—bottom path of §,, and from amongst such paths we may pick the
leftmost, denoted A. As in the proof of Lemma 5.28, A is measurable on the states
of edges in and to the left of A; that is to say, for any admissible |, the event {A = |}
depends only on the states of edges in| U L(I). Suppose that A = I, so that every
pivotal edge for Vy, necessarily lies in |. We now take a walk along | from bottom

to top, encountering in order the edges of I. Let f, 5, ..., fix be the pivotal edges
thus encountered, with fi = (X, i), and let yg be the initial vertex of | and Xk
the last. Fori = 0,1, ..., kK, there exists a closed path of R(l) from y; to Xji.

See Figure 5.14.

Suppose Ny = k — 1 for some k < %n. As we move along |, we progressively
reveal the closed clusters C; of the y;. That is, we first observe Cy, a cluster that
contains an open path of R(l) joining Yy to X;. Then we observe Ci, a cluster
containing a path of R(l) from y; to X;, and so on. There exists j such that
the L°°-distance between Yy;j and X;j1 is at least (N — K)/K. Therefore, in this
sequence of observations, there exists | such that Cj contains a path of R(l) from
Yj to ¥j + dA(n—k)/k- Conditional on the history of the process up to step j, the
chance of this is no greater than g((n — K)/k). Inequality (5.37) follows.
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L()

R()

Yo
Figure 5.14. Between any two successive pivotal edges of the top-bottom crossing |, there
exists a closed path joining their endpoints and (otherwise) lying entirely in R(l). There are

three pivotal edges fj in this illustration, and the dashed lines are the closed connections of
R(l) joining successive fj.

By (5.37) and (5.35),

Ep(Np | TT) > k- Pp(Nn > k| II)

(12559

We choose k = %nﬂ where 0 < 8 < /(2 + @), to obtain that

(5.38) Ep(Nn | IT) > cn?, n>1,

where € > 0 is an absolute constant.
We prove next that

(5.39) Pp(IT) = Pp(Hn) Pp(Vh).

Suppose Vjy occurs, with A = |, and let W, be the event that there exists € € | with
the following property: the dual edge € = (u, v) has an endpoint, v say, that is
joined to the right side of R, by an open primal path of edges dual to edges in
R(). By the definition of leftmost crossing, it is automatically the case that the
other endpoint U is joined to the left side of R, by a primal open path of edges
dual to members of L(I). Since Pp(W | A =1) > Pp(Hn),

Pp(Hn)Pp(Vn) < > Pp(A = Py(W [ A =1) = Py(IT).
|
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\J\/

Figure 5.15. The boxes with aspect ratio 2 are arranged in such a way that, if all but finitely
many are traversed in the long direction, then there must exist an infinite cluster

Since Pp(Hn) =1 — Pp(Vh), by (5.38) and Russo’s formula (Theorem 4.75),

d
ap p(Hn) = Ep(No) = cn’Pp(Ho)[l — Pp(Hn)],  p> 1.

The resulting differential inequality

[ Lo ! }EP(H)>cn/3
Po(Hn) 1 —Pp(Hy) Jdp P =

may be integrated over the interval [%, p] to obtain® via (5.36) that
1
1 = Pp(Hn) < ;exp{—cm— Hnfl.

from which we extract the fact that

o0

(5.40) > [1 = Pp(Hn)] < oo,

n=1

©
\%
| —

‘We now use a block argument6 that was published in [58]. Consider the nested
rectangles

Bor_1 =[0,2%"]x[0,2271], By =[0,2%]1x[0,2"*!],  r=>1,

illustrated in Figure 5.15. Let Kor_1 (respectively, Ky ) be the event that By _;
(respectively, Byy) is traversed from left to right (respectively, top to bottom) by an
open path, so that Pp(Kk) = Pp(Hx). By (5.40) and the Borel-Cantelli lemma,
all but finitely many of the Ky occur, Pp-almost surely. By Figure 5.15 again, this
entails the existence of an infinite open cluster, whence 8(p) > 0 and p; < % O

5The same point may be reached using the theory of influence, as in Exercise 5.4.
6 An alternative block argument may be found in Section 5.8.
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5.7 Cardy formula

There is a rich physical theory of phase transitions in theoretical physics, and
critical percolation is at the heart of this theory. The case of two dimensions
is very special, in that methods of conformality and complex analysis, linked to
predictions of conformal field theory, have given rise to a beautiful and universal
vision for the nature of such singularities. This vision is both analytical and
geometrical. Its proof has been one of the principal targets of probability theory
and theoretical physics over recent decades. The “road-map” to the proof is now
widely accepted, and many key ingredients have become clear. There remain
some significant problems.

The principal ingredient of the theory is the SLE process introduced in Section
2.5. In a classical theorem of Lowner [155], one sees that a growing curve y in R?
may be encoded via conformal maps g in terms of a so-called ‘driving function’
b: [0, 00) - R. Oded Schramm [189] predicted that a variety of scaling limits
of stochastic process in R? may be formulated thus, with b chosen as a Brownian
motion with an appropriate variance parameter k. He gave a partial proof that
LERW on 72, suitably re-scaled, has limit SLE;, and he indicated that UST has
limit SLEg and percolation SLEg.

These observations did not come out of the blue. There was considerable earlier
speculation around the idea of conformality, and we highlight the statement by
John Cardy of his formula [54], and the discussions of Michael Aizenman and
others concerning possible invariance under conformal maps (see, for example,
[4, 5, 141]).

Much has been achieved since Schramm’s paper [189]. Stanislav Smirnov
[196, 197] has proved that critical site percolation on the triangular lattice satisfies
Cardy’s formula, and his route to ‘complete conformality’ and SLE¢ has been
verified, see [51, 52] and [209]. Many of the critical exponents for the model have
now been calculated rigorously, namely

(5.41) =2 yv=8v=%p=%

together with the ‘two-arm’ exponent %, see [146, 200]. On the other hand, it has
not yet been possible to extend such results to other principal percolation models
such as bond or site percolation on the square lattice (some extensions have proved
possible, see [61] for example).

On arelated front, Smirnov [198, 199] has proved convergence of the re-scaled
cluster boundaries of the critical Ising model (respectively, the associated random-
cluster model) on 72 to SLE; (respectively, SLE6/3). This will be extended in [62]
to the Ising model on any so-called isoradial graph, that is, a graph embeddable
in R? in such a way that the vertices of any face lie on the circumference of some
circle of given radius .

The theory of SLE will soon constitute a book in its own right’, and similarly
for the theory of the several scaling limits that have now been proved. These

7See [143].
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_ a7i/3
X b C=¢

Figure 5.16. The conformal map ¢ is a bijection from D to the interior of T, and extends
uniquely to the boundaries.

general topics are beyond the scope of the current work. We restrict ourselves
here to the statement and proof of Cardy’s formula for critical site percolation on
the triangular lattice, and we make use of the accounts to be found in [209, 210].
See also [25, 44, 180].

We consider site percolation on the triangular lattice T, with density p = % of
open (or ‘black’) vertices. It may be proved very much as in Theorem 5.33 that
P. = + for this process, but this fact does not appear to be directly relevant to the
material that follows. It is, rather, the ‘self-duality’ or ‘self-matching’ property
that counts.

Let D (# C) be an open simply connected domain in R?; for simplicity we
shall assume that its boundary 9 D is a Jordan curve. Let a, b, ¢ be distinct points
of 9D, taken in anticlockwise order around d D. There exists a conformal map
¢ from D to the interior of the equilateral triangle T of C with vertices A = 0,
B=1,C=¢€" i/ 3 and such ¢ can be extended to the boundary d D in such a way
that it becomes a homeomorphism from D U 9 D (respectively, d D) to the closed
triangle T (respectively, dT). There exists a unique such ¢ that maps a, b, cto A,
B, C, respectively. With ¢ chosen accordingly, the image X = ¢ (X) of a fourth
point X € 9D, taken for example on the arc from b to c, lies on the arc BC of T.
See Figure 5.16.

The triangular lattice T is re-scaled to have mesh-size §, and we ask about the
probability Ps(ac <> bx in D) of an open path joining the arc ac to the arc bx,
in an approximation to the intersection (§T) N D of the re-scaled lattice with D.
It is a standard application of the RSW method of the last section to show that
Ps(ac <> bxin D) is uniformly bounded away from O and 1 as § — 0. It thus
seems reasonable that this probability should converge as § — 0, and Cardy’s
formula (together with conformality) tells us the value of the limit.

(5.42) Theorem. Cardy formula [54, 196, 197]. In the notation introduced
above,

(5.43) Ps(ac <> bxin D) — [BX|  asé — 0.

Some history: In [54], John Cardy stated the limit of Ps(ac <> bx in D) as
a hypergeometric function of a certain cross-ratio. His derivation was based on
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A:A1 B:A‘L’

Figure 5.17. An illustration of the event E?(Z), that z is separated from A; A 2 by a black
path joining A; A; and Ay AT,

arguments from conformal field theory, and was widely accepted as an inspired
piece of physics. Lennart Carleson recognised the hypergeometric function in
terms of the conformal map from a rectangle to a triangle, and was led to conjecture
the simple form of (5.43). The limit was proved in 2001 by Stanislav Smirnov
[196, 197]. The proof utilizes the three-way symmetry of the triangular lattice in
a somewhat mysterious way.

The Cardy formula is, in a sense, only the beginning of the story of the scaling
limit of critical two-dimensional percolation. It leads naturally to a full picture
of the scaling limits of open paths, within the context of the Schramm-Lowner
evolution SLEg. One explicit application is towards the calculation of critical
exponents [146, 200], but SLE¢ presents a much fuller picture than this. Further
details may be found in [52, 53, 197, 209]. The principal open problem at the time
of writing is to extend the scaling limit beyond site triangular model to either the
bond or site model on another major lattice.

We prove Theorem 5.42 in the remainder of this section. This will be done
first with D = T, the unit equilateral triangle, followed by the general case.
Assume then that D = T with T given as above. The vertices of T are A = 0,
B=1C= e7/3, We take § = 1/n, and shall later let n — oco. Consider site
percolation on T = (N~!T) N T. One may draw either Ty, or its dual graph H,
which comprises hexagons with centres at the vertices of Tp,. Each vertex of Ty,
(or equivalently, each face of Hy,) is declared black with probability %, and white
otherwise. For ease of notation later, we write A = A|, B = A;,C = A,2, where

——a

For vertices V, W of T we write VW for the arc of the boundary of T from V to
W.
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Let z be the centre of a face of Ty, (or equivalently, Z € V (H,), the vertex-set
of the dual graph H,). The events to be studied are as follows. Let E?(Z) be
the event that there exists a self-avoiding black path from A; A; to Aj A2 that
separates Z from A; A;2. Let EN(2), E?Q (2) be given similarly after rotating the
triangle clockwise by 7 and 72, respectively. The event E?(Z) is illustrated in
Figure 5.17. We write

H'@ =PE @), j=1r1.71%

(5.44) Lemma. Thefunctions HJ-”, j =1, 1, 2, areuniformly Holder on V (Hp),
in that there exist absolute constantsc € (0, 00), € € (0, 1) such that

(5.45) IH (2 — H'@)| < clz—Z|%, z,Z € V(Hy),
(5.46) 1— Hj”(z) <clz— A, ze V(Hp).

where Aj isinterpreted as the complex number at the vertex A;.

The domain of the H j” may be extended as follows: the set V (Hj) may be
viewed as the vertex-set of a triangulation of a region slightly smaller than T,
on each triangle of which H j” may be defined by linear interpolation between its
values at the three vertices. Finally, the H j” may be extended up to the boundary
of T in such a way that the resulting functions satisfy (5.45) for all z, Z’ € T, and

(5.47) Hi(A) =1, =117 7%

Proof. It suffices to prove (5.45) for small |z — Z'|. Suppose that |z — Z/| < ﬁ,
say, and let F be the event that there exist both a black and a white circuit of the
entire re-scaled triangular lattice T/n, each of diameter smaller that %, and each
having both z and Z in the bounded component of its complement. If F occurs,
then either both or neither of the events Ej” (2), Ejn (Z') occur, whence

IH'@ — H'(@)| < 1 - P(F).

When z and Z are a ‘reasonable’ distance from Aj, the white circuit prevents the
occurrence of one of these events without the other. The black circuit is needed
when z, 7 are close to A.

There exists C > 0 such that one may find log(C/|z — Z|) vertex-disjoint
annuli, each containing z, Z' in their central ‘hole’, and each within distance é
of both z and Z’ (the definition of annulus precedes Theorem 5.31). By Theorem
5.31, the chance that no such annulus contains a black (respectively, white) circuit

is no greater than
(11— 0)10g(C/IZ—Z/|)

whence 1 — P(F) < c|z — Z|€ for suitable C and €. Inequality (5.46) follows
similarly with Z/ = Aj. [l
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A:A1 B:A‘L’

Figure5.18. An illustration of the event E{'(z;) \ E{'(2). The path |} is white, and |, |3 are
black.

It is convenient to work in the space of uniformly Holder functions on the
closed triangle T satisfying (5.45)—(5.46). By the Arzela—Ascoli theorem (see, for
example, [67, Sect. 2.4]), this space is relatively compact. Therefore, the sequence
of triples (H]', H', H}) possesses subsequential limits in the sense of uniform
convergence, and we shall see that any such limit is of the form (H;, H;, H;2)
where the H; are harmonic with certain boundary conditions, and satisfy (5.45)—
(5.46). The boundary conditions guarantee the uniqueness of the Hj, and it will
follow that Hjn — Hj asn — oo.

We shall see in particular that
He2 () = Z 3@,

the normalized imaginary part of z. The values of H; and H; are found by rotation.
The claim of the theorem will follow by letting z — X € BC.

Let (Hy, Hy, H;2) be a subsequential limit as above. That the H;j are harmonic
will follow from the fact that the functions

(5.48) G;=H; + H; + Hy2, Gy = H; + tH; + t°Hye,

are analytic, and this analyticity will be implied by Morera’s theorem on checking
that the contour integrals of G|, G, around triangles of a certain form are zero.
The integration step amounts to summing the H;(2) over certain Z and using a
cancellation property that follows from the next lemma.

Let z be the centre of a face of T\, and let z|, z,, Z3 be the centres of the
neighbouring faces ordered anticlockwise around z. See Figure 5.18.
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C=Ap

o
;

A=A B=A;

Figure 5.19. The exploration path nn, started at the top vertex A, 2 and stopped when it hits
the bottom side A A; of the triangle.

(5.49) Lemma. Wk have that
PIE](z1) \ ET'(@] = P[E} () \ E} (2] = P[E}»(z3) \ E}»(2)].

Before proving this, we introduce the exploration processillustrated in Figure
5.19. Suppose that all vertices ‘just outside’ the arc A A;2 (respectively, A; A;2)
of Ty, are black (respectively, white). The exploration path is defined to be the
unique path 5y on the edges of the dual (hexagonal) graph, beginning immediately
above A2 and descending to A;A; such that: as one traverses nn from top to
bottom, the vertex immediately on one’s left (respectively, right), looking along
the path from A2, is white (respectively, black). When traversing ny thus, there
is a white path on one’s left and a black path on one’s right.

Proof. The event E?(Zl) \ E{‘(Z) occurs if and only if there exist disjoint paths
I, 12, 15 of Ty such that:
(i) 11 is white and joins Sy to A; A2,
(ii) I, is black and joins S to Aj A2,
(iii) |3 is black and joins S3 to Aj A;.
See Figure 5.18 for an explanation of the notation. On this event, the exploration
path nn of Figure 5.19 passes through z and arrives at z along the edge (z3, z)
of Hy. Furthermore, up to the time at which it hits z, it lies in the region of Hp,
between | and |;. Indeed we may take |, (respectively, |;) to be the maximal
black path (respectively, white path) of Ty, lying on the right side (respectively,
left side) of npn up to this point.
Conditional on the event above, and with || and |, given in terms of 1, accord-
ingly, the states of vertices of Ty, lying below | U |, are independent Bernoulli

(© G. R Grimmett 6 February 2009



104 Further Percolation [5.7]

variables. Thus the conditional probability of a black path |3 satisfying (iii) is the
same as that of a white path. We make this measure-preserving change, and then
we interchange the colours white/black to conclude that: E?(Zl) \ E?(Z) has the
same probability as the event that there exist disjoint paths |1, |», I3 of Tp, such
that:

(i) |y is black and joins S; to A; A;2,
(ii) I, is white and joins S, to A A;2,
(iii) I3 is black and joins S3 to Aj A;.
This is precisely the event E!'(z) \ E}(2), and the lemma is proved. O

We use Morera’s theorem in order to show the necessary analyticity. This
theorem states that: if f : R — C is continuous on the open region R, and
55), f dz = 0 for all closed curves y in R, then f is analytic. It is standard (see
[185, p. 208]) that it suffices to consider triangles y in R. One may in fact restrict
oneself to equilateral triangles with one side parallel to the X-axis. This may
be seen either by an approximation argument, or by an argument based on the
threefold Cauchy—Riemann equations

of  10f 1 of

5.50 ot 1ot 139t
(5-50) 91 tor 12072

where 9/0] means the derivative in the direction of the complex number j.

(5.51) Lemma. Let " be an equilateral triangle contained in the interior of T
with sides parallel to those of T. Then

f Hi'(z)dz= 55 [H(2)/71dz+ O(n~°)
r r

= 7§ [H,(2)/72]dz+ O(n~°).
r

Proof. Every triangular facet of Ty, (that is, a triangular union of faces) points
either upwards (in that its horizontal side is at its bottom) or downwards. Let I" be
an equilateral triangle contained in the interior of T with sides parallel to those of
T, and assume that I" points upwards (the same argument works for downward-
pointing triangles). Let I'" be the subgraph of T, lying within I, so that I'jy is a
triangular facet of Tyy. Let D" be the set of downward-pointing faces of I'". Let
1 be a vector of R? such that: if z is the centre of a face of Dy, then z + 1 is the
centre of a neighbouring face, thatis 5 € {i, it,i7t%}/(nv/3). Write

h'(z n) = PIEMz+ ) \ EN@)].
By Lemma 5.49,

H'(z+n) — H'(@ =h{(z n) —hl'@z+n, —n)
=h}(z, nt) — h}(z+n, —n1).
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Now,
H(z+ nt) — H(2) = hl(z, nt) — hY(z+ 5T, —n1),

and so there is a cancellation in

(552)  17= Y [HzZ+n - H@]- ) [HZ+n1) - H@)]

zep" zeD"

of all terms except those of the form h?(Z', —nt) for certain Z' lying in faces of
Ty that abut 9T, There are O(n) such Z/, and therefore, by Lemma 5.44,

(5.53) 1M <0 ™).
Consider the sum
1
=AM+l 21Ny,

where | j” is an abbreviation for Ij”/n v in (5.52). The terms of the form H J-n(z) in

(5.52) contribute 0 to J", since each is multiplied by (1 + 7 + 2)n~! = 0. The
remaining terms of the form H J-” (z+n),H J-” (z+ nt) mostly disappear also, and

one is left only with terms H j” () for certain Z' at the centre of upwards-pointing

faces of T" abutting dT'". For example, the contribution from Z’ if its face is at the
bottom (but not the corner) of I'" is

1 1
ﬁ[(r +HHNZ) - (1 + )H] ()] = —H[H{‘(z/) — HM2)/71.

When Z' is at the right (respectively, left) edge of I'", one obtains the same term
multiplied by © (respectively, 72). In summary,

(5.54) f [H'(2) — H'(2)/1]dz= —J" 4+ O(n¢) = O(n~°),
Fn

by (5.53), where the first O(n™¢) term covers the fact that the z in (5.54) is a
continuous rather than discrete variable. Since I' and I'" differ only around their
boundaries, and the H{" are uniformly Holder,

(5.55) 7§[H{‘(z) — H2)/r1dz=0(n"°)
r
and, by a similar argument,
(5.56) %[H{‘(Z) — HT”2 (Z)/‘L'z] dz=0(n"°).
r

The lemma is proved. 0
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As remarked after the proof of Lemma (5.45), the sequence (H[', H!, H',)
possesses subsequential limits, and it suffices for convergence to show that all such
limits are equal. Let (H, H;, H;2) be such asubsequential limit. By Lemma 5.51,
the contour integrals of H;, H; /7, Hy2/7? around any I" are equal. Therefore,
the contour integrals of the Gj in (5.48) around any I" equal zero. By Morera’s
theorem [2, 185], G| and G, are analytic on the interior of T, and furthermore
they may be extended by continuity to the boundary of T. In particular, G is
analytic and real-valued, whence G| is a constant. By (5.46), G;(z) — 1 as
z — 0, whence

H +H;+H,;2=1 onT.

Therefore, the real part of G, satisfies

(5.57) Re(G2) = Hi — 3(H: + Hp2) = 3GH; — 1),
and similarly

(5.58) 2Re(Gy/1) =3H, — 1, 2Re(Gy/t?) =3H.2 — 1.

Since the Hj are the real parts of analytic functions, they are harmonic. It remains
to verify the relevant boundary conditions, and we will concentrate on the func-
tion H;2. There are two ways of doing this, of which the first specifies certain
derivatives of the H; along the boundary of T.

By continuity, H;2(C) = 1 and H,;2 = 0 on AB. We claim that the horizontal
derivative, dH,2 /91, is 0 on AC U BC. Once this is proved, it follows that H;2(2)
is the unique harmonic function on T satisfying these boundary conditions, namely
the function 2|3(2)|/+/3. The remaining claim is proved as follows. Since G, is
analytic, it satisfies the threefold Cauchy—Riemann equations (5.50). By (5.57)—
(5.58),

oH- 2 2 1 0G 2 1 0G oH
(5.59) ”_fRe =222 ) = ZRe( =222 ) = 2L
o1 3 2 91 3 3 9t T

Now, H; = 0 on BC, and BC has gradient t, whence the right side of (5.59)8
equals 0 on BC. The same argument holds on AC with H; replaced by H;.

The alternative is slightly simpler, see [25]. For z € T, G3(2) is a convex
combination of 1, 7, 72, and thus maps T to the complex triangle T’ with these
three vertices. Furthermore, G, mapsdT todT’, and G2(A) = jforj =1,1, 72,
Since G; is analytic on the interior of T, it is conformal, and there is a unique
such conformal map with this boundary behaviour, namely that composed of a
suitable dilation, rotation, and translation of T. This identifies G, uniquely, and

the functions Hj also by (5.57)—(5.58).

This concludes the proof of the Cardy formula when the domain D is an equi-
lateral triangle. The proof for general D is essentially the same, on noting that

8We need also that G, may be continued analytically beyond the boundary of T, see [210].
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a conformal image of a harmonic function is harmonic. First, one approximates
to the boundary of D by a cycle of the triangular lattice with mesh §. That G
(= 1) and G; are analytic is proved as before, and hence the corresponding limit
functions Hj, H;, H;2 are each harmonic with appropriate boundary conditions.
We now apply conformal invariance. By the Riemann mapping theorem, there
exists a conformal map ¢ from the inside of D to the inside of T that may be
extended uniquely to their boundaries, and that maps a (respectively, b, €) to A
(respectively, B, C). The triple (H; o qb_l, H; o qb_l, H.2 0 ¢—1) solves the cor-
responding problem on T. We have seen that there is a unique such triple on T,
given as above, and equation (5.43) is proved.

5.8 The critical probability via the sharp-threshold theorem

We use the sharp-threshold Theorem 4.77 to prove the following.

(5.60) Theorem [211]. The critical probability of site percolation on the trian-

gular lattice satisfies p. = 1.

This may be proved in the same manner as Theorem 5.33, but we choose here
to use the sharp-threshold theorem. This theorem provides a convenient ‘package’
for obtaining the steepness of a box-crossing probability, viewed as a function of
p. Other means, more elementary and discovered earlier, may be used instead.
These include: Kesten’s original proof [135] for bond percolation on the square
lattice, Russo’s ‘approximate zero—one law’ [188], and, most recently, the proof of
Smirnov presented in Section 5.6. Sharp-thresholds were first used in [42] in the
current context, and later in [43, 89, 90]. The present proof may appear somewhat
shorter than that of [42].

Proof. Let 6(p) denote the percolation probability on the triangular lattice T. We
have that 0(%) = 0, just as in the proof of the corresponding lower bound for
the critical probability p. (L?) in Theorem 5.33, and we say no more about this.
Therefore, p. > %

Two steps remain. First, we shall use the sharp-threshold theorem to deduce
that, when p > %, long rectangles are traversed with high probability in the long
direction. Then we shall use that fact, within a block argument, to show that
o(p) > 0.

Each vertex is declared black (or open) with probability p, and white otherwise.
In the notation introduced just prior to Lemma 5.28, let Hn = H4, , /3 be the
event that the rectangle Ry = R¢, | /3 is traversed by a black path in the long
direction. By Lemmas 5.28-5.30, there exists T > 0 such that

(5.61) ¢%(Hn) > 1, n>1.
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e

o P
X
(]

o’

Figure 5.20. The vertex X is pivotal for Hp, if and only if: there is left-right black crossing of
Rn when X is black, and a top—bottom white crossing when X is white.

Let X be a vertex of R, and write I p(X) for the influence of X on the event
Hn under the measure ¢p, see (4.24). Now, X is pivotal for Hp, if and only if:

(i) the two vertical sides of R, are connected by an open black path when X is
black,

(ii) the two horizontal sides of R, are connected by an open white path when X
is white.

This event is illustrated in Figure 5.20.

Let % <p< %, say. By (ii),

(I = p)ln,p(€) < ¢1_p(rad(Cp) > n),

where
rad(Cp) = max{|X| : 0 <> X}

is the radius of the cluster at the origin. (Here, |X| denotes the graph-theoretic
distance from X to the origin.) Since 9(%) =0,

¢1-p(rad(Cp) > n) < nn
where

(5.62) Nn = ¢%(rad(C0) >n)—0 as N — oo.

We have used the fact that 9(%) = 0 here.
By (5.61) and Theorem 4.77, for large n,

¢p(Hn) = ct(l — ¢p(Hn)) logl1/Bnn)l,  pel3. 3],
which may be integrated to give
(5.63) 1 —¢p(Hn) < (1 = D8P, pell, 3]
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Figure5.21. A block is declared ‘red’ if it contains open paths that: (i) traverse it in the long
direction, and (ii) traverse it in the short direction within the 3n x nv/3 region at each end of
the block. The shorter crossings exist if the inclined blocks are traversed in the long direction.

Let p > 1. By (5.62)-(5.63),

(5.64) ¢p(Hn) — 1 as n — oo.

We turn to the required block argument, which differs from that of Section 5.6 in
that we shall use no explicit estimate of ¢p(Hpn). Roughly speaking, copies of the
rectangle R, are distributed about T in such a way that each copy corresponds to an
edge of are-scaled copy of T. The detailed construction of this ‘renormalized block
lattice’ is omitted from these notes, and we rely on Figure 5.22 for explanation.
The ‘blocks’ (that is, the copies of Ry) are in one—one correspondence with the
edges of T, and thus we may label the blocks as Be, € € Er. Each block intersects
just ten other blocks.

Next we define a ‘block event’, that is, a certain event defined on the config-
uration within a block. The first requirement for this event is that the block be
traversed by an open path in the long direction. We shall require some further
paths in order that, when two such blocks intersect, their union contains a single
component that traverses each in its long direction. In specific, we require open
paths traversing the block in the short direction, within each of the two extremal
3n x N+/3 regions of the block. A block is coloured red if the above paths exist
within it. See Figure 5.21. If two red blocks, Be and By say, are such that e and
f share a vertex, then their union possesses a single open component containing
paths traversing each of Be and By.

If the block R, fails to be red, then one or more of the blocks in Figure 5.21 is
not traversed by an open path in the long direction. Therefore, pn := ¢p(Rn is red)
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Figure 5.22. Each block is red with probability pn. There is an infinite cluster of red blocks
with strictly positive probability, and any such cluster contains an infinite open cluster of the
original lattice.

satisfies
(5.65) 1 —pn <3[1 —¢p(H)]— 0 as N — oo,

by (5.64).

The states of different blocks are dependent random variables, but any collection
of disjoint blocks have independent states. We shall count paths in the dual, as in
(3.8), to obtain that there exists, with strictly positive probability, an infinite path
in T comprising edges € such that every such Bg is red. This implies the existence
of a infinite open cluster in the original lattice.

If the red cluster at the origin of the block lattice is finite, there exists a path in
the dual lattice (a copy of the hexagonal lattice) that crosses only non-red blocks
(as in Figure 3.2). Within any dual path of length m, there exists a set of [m/12]
or more edges such that the corresponding blocks are pairwise disjoint. Therefore,
the probability that the origin of the block lattice lies in a finite cluster only of red
blocks is no greater than

oo
m=6

By (5.65), this may be made smaller than % by choosing n sufficiently large.
Therefore, 8(p) > 0 for p > % and the theorem is proved. O
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5.9 Exercises

5.1. [32] Consider bond percolation on Z? with p = %, and define the radius

of the open cluster C at the origin by rad(C) = max{n :0 < 9[—n, n]z}. Use
the BK inequality to show that

Pi(rad(C) > n) > L

2yn

5.2. Let Dy, be the largest diameter (in the sense of graph theory) of the open
clusters of bond percolation on 79 that intersect the box [—n, n]d. Show when
p < pc that Dp/logn — a(p) almost surely and in L P, for some a(p) € (0, 00).

5.3. Consider bond percolation on > with density p. Let T, be the box
[0, n]2 with periodic boundary conditions, that is, we identify any pair (U, v),
(X, y) satisfying: eitheru = 0, Xx =n,v = y,orv =0,y = n, u = X. For
given m < n, let A be the event that some translate of [0, m]? in T}, is crossed by
an open path either from top to bottom, or from left to right. Using the theory of
influence or otherwise, show that

1
2

Pp(A) > 1—Im=P-2  p>

N —

5.4. Consider site percolation on the triangular lattice T, and let B(n) be the
ball of radius n centred at the origin. Use the RSW theorem to show that

P% (0 < dB(n)) >cn™

for constants C, @ > 0.
Using the coupling of Section 3.3 or otherwise, deduce that 6(p) < ¢/(p— %)ﬁ
for p > % and constants ¢, 8 > 0.

5.5. By adapting the arguments of Section 5.5 or otherwise, develop an RSW
theory for bond percolation on Z?.

5.6. Let D be an open simply connected domain in R? whose boundary 8D
is a Jordan curve. Let a, b, X, ¢ be distinct points on d D taken in anticlockwise
order. Let Ps(ac <> bx) be the probability that, in site percolation on the re-scaled
triangular lattice §T with density % there exists an open path within DU 9 D from
some point on the arc acto some point on bx. Show that Ps(ac <> bx) is uniformly
bounded away from 0 and 1 as § — O.

57. Let f : D — C where D is an open simply-connected region of the
complex plane. If f is C! and satisfies the threefold Cauchy—Riemann equations
(5.50), show that f is analytic.
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Contact Model

The contact process is a model for the spread of disease about the vertices
of a graph. It has a property of duality that arises through the reversal of
time. For a vertex-transitive graph such as the d-dimensional lattice, there is
a multiplicity of invariant measures if and only if there is a strictly positive
probability of an unbounded path of infection in space—time starting from a
given vertex. This observation permits the use of methodology developed
for the study of oriented percolation. When the underlying graph is a tree,
the model has three distinct phases, termed extinction, weak survival, and
strong survival. There is a continuous-time percolation model that differs
from the contact model in that the time axis is undirected.

6.1 Stochastic epidemics

One of the simplest stochastic models for the spread of an epidemic is as follows.
Consider a population of constant size N + 1 that is suffering from an infectious
disease. We can model the spread of the disease as a Markov process. Let X(t)
be the number of healthy individuals at time t and suppose that X(0) = N. We
assume that, if X (t) = n, then the probability of a new infection during (t, t 4+ h)
is proportional to the number of possible encounters between ill folk and healthy
folk. That is,

P(Xt+h)y=n—1|X®) =n)=an(N+1—-nh+oth) ash|O0.

In the simplest situation, we assume that nobody recovers. It is easy to show that

N
G(s, t) = Es*W) = Zs”[@(xa) —n)

n=0
satisfies
G G 3°G
— =A(1-8){ N— —5—
ot RIS 0s?
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with G(s, 0) = sN. There is no simple way of solving this equation, though a lot
of information is available about approximate solutions.

This epidemic model is over-simplistic through the assumptions that:
— the process is Markovian,
— there are only two states and no recovery,

— there is total mixing, in that the rate of spread is proportional to the product of
the numbers of infectives and susceptibles.

In ‘practice’ (computer viruses apart), one infects only individuals in one’s im-
mediate (bounded) vicinity. The introduction of spatial relationships into such
a model adds a major complication, and is achieved through so-called ‘contact
model’ of Harris [122].

Let G = (V, E) be a (finite or infinite) graph with bounded vertex-degrees.
The contact model on G is a continuous-time Markov process on the state space
¥ = {0,1}V. A state is therefore a 0/1 vector & = (£(x) : X € V), where
0 represents the healthy state and 1 the ill state. There are two parameters: an
infection rate A and a recovery rate §. Transition-rates are given informally as
follows. Suppose that the state at time t is £ € X, and let X € V. Then

P@Eh(x) =01 & = §) = sh +o(h), if&(x) =1,
PEh(X) =11& =§) = AN:(0Oh+o(h),  if§(x) =0,

where N (X) is the number of neighbours of X that are infected in &:

NeO) = [{y € V iy ~x, &(y) = 1)].

Thus, each ill vertex recovers at rate §, and in the meantime infects any given
neighbour at rate A.

Care is needed when specifying a Markov process through its transition rates,
especially when G is infinite, since then ¥ is uncountable. We shall see in the
next section that the contact model can be constructed via a countably infinite
collection of Poisson processes. More general approaches to the construction of
interacting particle processes are described in [148] and summarized in Section
10.1.

6.2 Coupling and duality

The contact model can be constructed in terms of families of Poisson processes.
This representation is both informative and useful for what follows. For each
X € V we draw a ‘time-line’ [0, o). On the time-line {X} x [0, co) we place
a Poisson point process Dy with intensity §. For each ordered pair X,y € V
of neighbours, we let By y be a Poisson point process with intensity A. These
processes are taken to be independent of each other, and we can assume without
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time

space

0

Figure6.1. The so called ‘graphical representation’ of the contact process on the line L. The
horizontal line represents ‘space’, and the vertical line above a point X is the time-line at X.
The marks o are the points of cure, and the arrows are the arrows of infection. Suppose we are
told that, at time 0, the origin is the unique infected point. In this picture, the initial infective
is marked 0, and the bold lines indicate the portions of space—time which are infected.

loss of generality that the times occurring in the processes are distinct. Points
in each Dy are called ‘points of cure’, and points in By y are called ‘arrows of
infection” from X to y. The appropriate probability measure is denoted by P; 5.

The situation is illustrated in Figure 6.1 with G = L. Let (X,S), (Y,t) €
V x [0, 00) where s < t. We define a (directed) path from (X, S) to (y, t) to be a
sequence (X, S) = (Xo, to), (X0, t1), (X1, t1), (X1, 2), ..., (Xn, thg1) = (Y, t) with
to <t <--- <tph41, such that:

1. eachinterval {X;} x [tj, ti+1] contains no points of Dy,

2.t e By, x fori=1,2,...,n
We write (X, S) — (Y, t) if there exists such a directed path.

We think of a point (X, U) of cure as meaning that an infection at X just prior to
time U is cured at time U. A arrow of infection from X to Yy at time U means that an
infection at X just prior to U is passed at time U to y. Thus, (X, S) — (Y, t) means
that y is infected at time t if X is infected at time S.

Let & € ¥ = {0, 1}V, and define & € X, t € [0, 00), by &(y) = 1 if and
only if there exists X € V such that £&y(X) = 1 and (X, 0) — (Y, t). Itis clear that
(&t : t € [0, 00)) is a contact model with parameters A and §.

The above ‘graphical representation’ has several uses. First, it is a geometrical
picture of the spread of infection that provides a coupling of contact models with
all possible initial configurations &y. Secondly, it provides couplings of contact
models with different A and &, as follows. Let A1 < A, and §; > &5, and consider
the above representation with (A,8) = (A2, 81). If we remove each point of
cure with probability 6, /31 (respectively, each arrow of infection with probability
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A1/X2), we obtain a representation of a contact model with parameters (13, §2)
(respectively, parameters (11, 61)). We obtain thus that the passage of infection is
non-increasing in § and non-decreasing in A.

There is a natural one—one correspondence between ¥ and the power set 2V
of the vertex-set, given by § < lg = {x € V : §(X) = 1}. We shall frequently
regard vectors & as sets |z. For§ € ¥ and A C V, we write StA for the value of
the contact model at time t starting at time O from the set A of infectives. It is
immediate by the rules of the above coupling that:

(a) the coupling is monotonein that £* < £B if A C B,
(b) the coupling is additive in that V8 = gA U gB.

(6.1) Theorem. Duality relation. For A, B C V,
(6.2) Ps(ENB#2) =P, 55N A+ D).
Equation (6.2) can be written in the form
A _ _ B _
P56t =00n B) =Py 55t = 0on A).

Proof. This hinges on the fact that a Poisson process remains a Poisson process
when time is run backwards. The event on the left side of (6.2) is the union over
a € Aand b € B of the event that (a, 0) — (b, t). If we reverse the direction of
time, and the directions of the arrows of infection, the probability of this event is
unchanged and it corresponds now to the event on the right side of (6.2). O

6.3 Invariant measures and percolation

In this and the next section, we consider the contact model & = (&; : t > 0)
when the underlying graph is the d-dimensional cubic lattice L9, with d > 1.
Thus, & is a Markov process on the state space ¥ = {0, I}Zd. Let 4 be the
set of invariant measures of &, that is, the set of probability measures p on X
such that u§ = u, where S = (§ : t > 0) is the transition semigroup of the
process. It is elementary that J is a convex set of measures: if ¢, ¢ € J, then
apr + (1 —a)pr € J fora € [0, 1]. Therefore, 4 is determined by knowledge of
the set 4 of extremal invariant measures. A further discussion of the transition
semigroup and its relationship to invariant measures can be found in Section 10.1.

The partial order on X induces a partial order on probability measures on X in
the usual way, and we denote this by <. It turns out that { possesses a ‘minimal’
and ‘maximal’ element, with respect to <y . The minimal measure (or ‘lower
invariant measure’) is the measure that places probability 1 on the empty set,
denoted é4. It is called ‘lower’ because 6o <g u for all measures & on X.
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The maximal measure (or ‘upper invariant measure’) is constructed as the weak
limit of the contact model beginning with the set &y = 79. Let us denote the law
of £2°. Since £2° < 79,

H0Ss = ks st KO-
By the monotonicity of the coupling,
Ustt = L0SS = UsS st Mt
whence the limit
lim g (f)
t—o00

exists for any bounded increasing function f : ¥ — R. Using the compactness
of (¥, ¥) and a result from measure theory, the weak limit

V= lim ut
t—o00
exists, and is called the upper invariant measure. It is clear by the method of its
construction that v is invariant under the action of any translation of LY.
(6.3) Proposition. We havethat 5 < v <y« v for every v € J.

Proof. Let v € J. The first inequality is trivial. Clearly, v <g o, since wg is
concentrated on the maximal set Z9. By the monotonicity of the coupling,

V=1v§ <gt L0 = M, t>0.
Lett — oo to obtain that v < V. U

By Proposition 6.3, there exists a unique invariant measure if and only if v = § 5.
In order to understand when this is so, we deviate briefly to consider a percolation-
type question. Suppose we begin the process at a singleton, the origin say, and
ask whether the probability of survival for all time is strictly positive. That is, we
work with the percolation-type probability

(6.4) O(r,8) =P, 5(&) # @ forall t > 0),

where Eto = St{O}. By a re-scaling of time, 8(A, ) = 6(A/§, 1), and we assume
henceforth in his section that § = 1, and we write P, = P j.

(6.5) Proposition. The density of ill vertices under v equals6 (). That is,

o) =7({o € T :ox = 1), x e 79,

Proof. The event that STO nzd # @ is non-increasing in T, whence
0(0) = lim P (62 NZY # ).
T—o0
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By Proposition 6.1,

P2 NZ8 #£ @) = Py (2 (0) = 1),

and by weak convergence,
d
P (52 (0) = 1) — v({o € T :0p = 1}).

The claim follows by the translation-invariance of v. (]

We define the critical value of the process by
Ac = Ae(d) = sup{r : (1) = 0}.
The function 6 (4) is non-decreasing, so that

=0 ifl <A,

o (1) { .
>0 ifd> A
By Proposition 6.5,
_{ =38y ifA <A,
v

£8y il A > Ac.

The case A = A is delicate, especially when d > 2, and it has been shown in [33],
using a slab argument related to that of the proof of Theorem 5.17, that 8 (A;) = 0
ford > 1.

(6.6) Theorem [33]. Consider the contact model on L9 withd > 1. The set 4 of
invariant measures comprisesa singletonifandonlyif A < A.. Thatis, 4 = {65}
ifandonly if A < Ac.

There are further consequences of the arguments of [33] of which we mention
one. The geometrical constructions of [33] enable a proof of the equivalent for
the contact model of the ‘slab’ percolation Theorem 5.17. This in turn completes
the proof, initiated in [69, 73], that the set of extremal invariant measures of the
contact model on L9 is exactly e = {6, V}. See [71] also.

6.4 The critical value

This section is devoted to the following theorem!. Recall that the rate of cure is
taken as 6 = 1.

IThere are physical reasons to suppose that A.(1) = 1.6494..., see the discussion of the
so-called reggeon spin model in [91, 148].
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(6.7) Theorem [122]. For d > 1, we havethat (2d)~! < A.(d) < oo.

The lower bound is easily improved to A.(d) > (2d — 1)~!. The upper bound
may be refined to A.(d) < d~'A.(1) < 1, as indicated in Exercise 6.2. See the
accounts of the contact model in the two Liggett volumes [148, 150].

Proof. The lower bound is obtained by a random walk argument. The integer-
valued process Ny = |§t0| decreases by 1 at rate N;. It increases by 1 at rate ATy
where Ty is the number of edges of LY exactly one of whose endvertices X satisfies
Sto(x) = 1. Now, Ty < 2dNt, and so the jump-chain of N; is bounded above by
a simple random walk R = (R, : n > 0) on {0, 1, 2, ...}, with absorption at 0,
and that moves to the right with probability

_2da
P= 1+ 2da

at each step. It is elementary that
P(Ry=0forsomen>0)=1 if p< %’

and it follows that |
6 =0 if A< —.
(A) i <34

Just as in the case of percolation (Theorem 3.2) the upper bound on A requires
more work. Since Z9 may be embedded in Z, it is elementary that A.(d) < Ac(1).
We show by a discretization argument that A.(1) < oco. Let A > 0, and let
m,n € Z be such that m 4+ n is even. We shall define independent random
variables Xm n taking the values O and 1. We declare Xmn = 1, and call (m, n)
open, if and only if, in the graphical representation of the contact model, the
following two events occur:

(a) there is no point of cure in the interval {m} x ((n — DA, (n+ 1)A],
(b) there exist left and right pointing arrows of infection from the interval {m} x
(nA, (n+ DA].
It is immediate that the Xy, n are independent, and

p=pA) = ]P)»(Xm,n =1)= e_ZA(1 _ e—)»A)Z‘

We choose A to maximize p(A), which is to say that

and
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Figure 6.2. Part of the binary tree T.

Consider the Xm n as giving rise to a directed site percolation model on the first
quadrant of a rotated copy of Z2. It can be seen that Sr? A = Bn, where B, is the
set of vertices of the form (m, n) that are reached from (0, 0) along open paths of
the percolation process. Now,

P,(IBnl =ocoforalln>0) >0 if p> pite
where B is the critical probability of the percolation model. By (6.8),

A2 i
s Rsite
00y >0 it A > P

Since? 521&: < 1, the final inequality is valid for sufficiently large A, and we have

proved that A.(1) < oo. ]

6.5 The contact model on a tree

Let d > 2 and let Ty be the homogeneous (infinite) labelled tree in which every
vertex has degree d + 1, illustrated in Figure 6.2. We identify a distinguished
vertex, called the origin and denoted 0. Let & = (& : t > 0) be a contact model
on Ty with infection rate A and initial state & = {0}, and take § = 1.
With
0(\) =P, (& # @ forallt),

the process is said to die out if #(A) = 0, and to surviveif 6(1) > 0. It is said to
survive strongly if

P;.(£(0) = 1 for unbounded times t) > 0,

2Exercise.
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and to survive weakly if it survives but it does not survive strongly. A process that
survives weakly has the property that (with strictly positive probability) the illness
exists for all time, but that (almost surely) there is a final time at which any given
vertex is infected. It can be shown that weak survival never occurs on a lattice Ld,
see [150]. The picture is quite different on a tree.

The properties of survival and strong survival are evidently non-decreasing in
A, whence there exist values A¢, Agg satisfying A < Ay such that the process

diesout if A < A,
survives weakly if i. < A < Ag,

survives strongly if A > Ag.

When is it the case that A; < Ag? The next theorems indicate that this occurs
on Ty if d > 6. It was further proved in [171] that strict inequality holds whenever
d > 3, and this was extended in [149] to d > 2. See [150, Chap. 1.4] and the
references therein.

(6.9) Theorem [171]. For the contact model on thetree Tq withd > 2,

(6.10) Theorem [171]. For the contact model on the tree Tgq withd > 2,

1
Aee > ———
W

Proof of Theorem 6.9. Let p € (0, 1), and v,(A) = p!A for any finite subset
A of the vertex-set V of Tgq. We shall observe the process v, (§t). Let gA(t) =
Ef(vp (&t)). Itis an easy calculation that

(6.11) g’ t) = |Alt [ ] + ANt[pv, (A)]
+ (1 — |Alt — ANV, (A) + o(t),

Vp(A)
0

ast | 0, where
N=|[{(x,y):xe A y¢Al

is the number of edges of Ty with exactly one endvertex in A. Now,
(6.12) N> (d+ DIAl = 2(JAl = 1),
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since there are no more than |A| — 1 edges having both endvertices in A. By
(6.11),

613 Sgrw| =a-p (@ - AN) Vo (A)
dt (=0 P
< (1= p)vp(A) {'%(1 —ipd—1)) - 2){|
< —21(1 = p)v,y(A) <0,
whenever
(6.14) rp(d—1) > 1.

Assume that (6.14) holds. By (6.13) and the Markov property,

)=
t=0/
implying that g”(u) is non-increasing in u.

With A = {0}, we have that g(0) = p < 1, and therefore lim¢_, o, g(t) < p.
On the other hand, if the process dies out, then (almost surely) & = & for all large
t, so that, by the bounded convergence theorm, g(t) — 1 ast — oo. From this
contradiction, we deduce that the process survives whenever there exists p € (0, 1)
such that (6.14) holds. The theorem is proved. ]

dt

A agy — Al 9
(6.15) dug (U)—E)\< g=u(t)

Proof of Theorem 6.10. Once again, take p € (0, 1). We draw the tree in the
manner of Figure 6.3, and we let | (X) be the generation number of the vertex X in
this representation. For a finite subset A of V, let

w,O(A) = Zpl(X)s
xeA

with the convention that an empty summation equals 0.
Asin (6.13), hA(t) = EM(w, (&)) satisfies

=0 xeA yeV: y~x,
YEA
< —w,(A+1Y_ pPdp+p7"]
XeA
= (dp + 207" = Dw,(A).
Set
(6.17) — L A= L
| SV WK
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Figure 6.3. The binary tree T, ‘suspended’ from a given doubly-infinite path, with the gener-
ation numbers as marked.

so that Adp +Ap~! — 1 = 0. By (6.16), w, (&) is a positive supermartingale. By
the martingale convergence theorem, the limit

(6.18) M = lim w, (&),

exists Pf—almost surely. See Section 12.3 of [109] for an account of the conver-
gence of martingales.

On the event | = {&(0) = 1 for unbounded times t}, the process w, (&)
changes its value (almost surely) by p = 1 on an unbounded set of times t,
in contradiction of (6.18). Therefore, IF’f(I ) = 0, and the process does not con-
verge strongly under (6.17). The theorem is proved. U

6.6 Space—time percolation

The percolation models of Chapters 2 and 5 are discrete in that they inhabit a
discrete graph G = (V, E). There are a variety of continuum models of interest
(see [99] for a summary) of which we distinguish the continuum model on V x
R. One can consider this as the contact model with undirected time. We will
encounter the related continuum random-cluster model in Chapter 9, together
with its application to the quantum Ising model.

Let G = (V, E) be afinite graph. The percolation model of this section inhabits
the space V x R, which we refer to as space—time, and we think of V x R as being
obtained by attaching a ‘time-line’ (—o00, 00) to each vertex X € V.
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Let A, 6 € (0, c0). The continuum percolation model on V x R is constructed
via processes of ‘cuts’ and ‘bridges’ as follows. For each X € V, we select a
Poisson process Dy of points in {X} x R with intensity §; the processes {Dy :
X € V} are independent, and the points in the Dy are termed ‘cuts’. For each
e = (X, Yy) € E, we select a Poisson process Be of points in {€} x R with intensity
A; the processes {Be : € € E} are independent of each other and of the Dy. Let
@5 denote the probability measure associated with the family of such Poisson
processes indexed by V U E.

For each e = (X,y) € E and (e, t) € B, we think of (e,t) as an edge
joining the endpoints (X, t) and (Y, t), and we refer to this edge as a ‘bridge’.
For (X, 9), (y,1) € V x R, we write (X, S) < (Y, t) if there exists a path & with
endpoints (X, S), (Y, t) such that:  is a union of cut-free sub-intervals of V x R
and bridges. For A, A C V x R, we write A <> A ifthereexista € Aandb € A
such that a <> b.

For (X,S) € V x R, let Cy s be the set of all points (Y, t) such that (X, S) <
(Y, t). The clusters Cy s have been studied in [34], where the case G = 79 was
considered in some detail. Let 0 denote the origin (0, 0) € 79 x R,andletC = C
denote the cluster at the origin. Noting that C is a union of line-segments, we write
|C]| for its Lebesgue measure. The radiusrad(C) of C is given by

rad(C) = sup{lIx|| + [t| : (x,t) € C},

where

d
[IX]l = sup [, X = (X1, X2, ..., Xd) € Z",
|

is the supremum norm on Z9.

The critical point of the process is defined by
Ac(8) = supfr : O(&, 8) = 0},

where
O(r,8) =P, 5(IC| = 00).

It is immediate by re-scaling time that 6 (A, §) = 6(1/§, 1), and we shall use the
abbreviations A = Ac(1) and (1) = 0(A, 1).

(6.19) Theorem [34]. Let G = L% whered > 1, and consider continuum perco-
lation on Z9 x R.

(a) Let A, 8 € (0,00). Thereexist y, v satisfying y, v > 0 for /8 < A such
that:

P, s(ICl >k <e % k>0,
P.s(rad(C) > k) <e™k k> 0.
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(b) Whend = 1,1, =1andé(1) =0.

There is a natural duality in 1 4+ 1 dimensions (that is, when the underlying
graph is the line L), and it is easily seen in this case that the process is self-dual
when A = §. Part (b) identifies this self-dual point as the critical point. For
general d > 1, the continuum percolation model on L9 x R has exponential decay
of connectivity when A/§ < A.. The theorem is proved by an adaptation to the
continuum of the methods used for L9*!. Theorem 6.19 will be useful for the
study of the quantum Ising model in Section 9.4.

There has been considerable interest in the behaviour of the continuum per-
colation model on a graph G when the environment is itself chosen at random,
that is, we take the A = e, § = 8y to be random variables. More precisely,
suppose that the Poisson process of cuts at a vertex X € V has some intensity
dx, and that of bridges parallel to the edge € = (X, y) € E has some intensity
Ae. Suppose further that the dx, X € V, are independent, identically distributed
random variables, and the Ae, € € E also. Write A and A for independent random
variables having the respective distributions, and P for the probability measure
governing the environment. [As before, P, s denotes the measure associated with
the percolation model in the given environment. The above use of the letters A,
A to denote random variables is temporary only.] The problem of understanding
the behaviour of the system is now much harder, because of the fluctuations in
intensities about G.

If there exist A’, 8" € (0, 00) such that A'/§" < A, and
P(A<))=PA=d)=1,

then the process is almost surely dominated by the subcritical percolation process
with parameters A’, 8, whence there is (almost sure) exponential decay in the sense
of Theorem 6.19(i). This can fail in an interesting way if there is no such almost-
sure domination, in that (under certain conditions) one can prove exponential
decay in the space-direction but only a weaker decay in the time-direction. The
problem arises since there will generally be regions of space that are favourable
to the existence of large clusters, and other regions that are unfavourable. In a
favourable region, there may be unnaturally long connections between two points
with similar values for their time-coordinates.

For (X, 9), (y,1) € 79 x R and g > 1, we define
dg(x, s; Y, t) = max{||x — y|, [log(1 + |s — t]9}.
(6.20) Theorem [137, 138]. Let G = L9 whered > 1. Suppose that
K = max { P([log(1 + A)1F), P([log(1 + A—l)]ﬂ)} < 00,

for some B > 2d*(1 + v/1+d-! + (2d)7!). Thereexists Q = Q(d, B) > 1
such that the following holds. For q € [1, Q) and m > 0, there exists e =
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e(d, B, K,m q) >0andn = n(d, B,q) > 0suchthat: if
P([log(1 + (a/a))") <,

there exist identically distributed random variables Dy € L"(P), X € 74, such
that

Py.s((X, ) < (v,1)) <exp[—-mdg(x,s;y.t)]  ifdgq(x,s:y,t) > Dy,

for (x, s), (y,t) € 29 x R.

This version of the theorem of Klein can be found with explanation in [106].
It is proved by a so-called multiscale analysis.

Mention related results for contact models etc.

6.7 Exercises

6.1. Show that the critical probability of oriented site percolation on L2 satisfies
5site <1

> .

6.2. Letd>2,andT1:7Z9 — Zbe given by

d
TI(X1, X, - Xd) = D Xi.
i=1

Let A; denote a contact model on Z9 with parameter A and starting at the origin.
Show that one can couple A with a contact model C on Z, with parameter Ad and
starting at the origin, in such a way that I[T(A;) D C; for all t.
Deduce that the critical point A (d) of the contact model on L9 satisfies Ac d) <

d=1xr.(1).

6.3. [34] By adapting the corresponding argument for bond percolation on
1.2, or otherwise, show that the percolation probability of unoriented space-time
percolation on Z x R satisfies 8 (A, A) = 0 for A > 0.
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Gibbs States

Brook’s theorem states that a positive probability measure on a finite product
may be decomposed into factors indexed by the cliques of its dependency
graph. Closely related to this is the well known fact that a positive measure
is a spatial Markov field if and only if it is a Gibbs state. The Ising and Potts
models are introduced, and the n-vector model is mentioned.

7.1 Dependency graphs

Let X = (X1, Xy, ..., Xp) be a family of random variables on a given probability
space. Fori, j e V ={1,2,...,n} withi # |, wewritei L j if: Xj and Xj are
independent conditional on (Xk : K # i, j). The relation L is thus symmetric,
and it gives rise to a graph G with vertex set V and edge-set E = {(i, ) : 1 L j},
called the dependency graph of X (or of its law). We shall see that the law of X
may be expressed as a product over terms corresponding to complete subgraphs
of G. A complete subgraph of G is called a clique, and we write K for the set of
all cliques of G. For notational simplicity later, we designate the empty subset of
V to be a clique, and thus & € K. A clique is maximal if no strict superset is a
clique, and we write M for the set of maximal cliques of G.

We assume for simplicity that the Xj take values in some countable subset Sof

the reals R. The law of X gives rise to a probability mass function 7 on S given
by
7(X) = P(Xj =X fori e V), X = (X1, X2, ..., %n) € S".

It is easily seen by the definition of independence thati L j if and only if 7 may
be factorized in the form

7(x) = f(xi,U)g(x, V), xe S,

for some functions f and g, where U = (X : K #1, j). ForK € X andx € S",
we write Xk = (Xj : 1 € K). We call = positiveif 7 (x) > 0 forall x € S".
In the following, each function fx acts on SK.
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(7.1) Theorem [49]. Let 7 be a positive probability mass function on S". There
exist functions fx : SX — [0, 00), K € M, such that

(7.2) )= ] fkxx). x e 9.
KeM

In the simplest non-trivial example, let us assume thati | j whenever|i — j| >
2. The maximal cliques are the pairs (i, i + 1), and the mass function 7 may be
expressed in the form

n—1
700 =[] fici.x41),  xeS,

so that X is a Markov chain, whatever the direction of time.

Proof. We shall show that 7 may be expressed in the form

(1.3) 7)) =[] fkxx). xeS
KeX

for suitable fi. Representation (7.2) follows from (7.3) by associating each fg
with some maximal clique K’ that contains the clique K as a subset.

A representation of 7 in the form

7o) =[]0

is said to separatei and j if every f; is a constant function of either X; or Xj, that
is, no f; depends non-trivially on both X; and X;j. Let

(74) () = ] faxa)

AeA

be a factorization of 7 for some family + of subsets of V, and suppose that i, |
satisfies: i L j, buti and j are not separated in (7.4). We shall construct from
(7.4) a factorization that separates every pair I, S that is separated in (7.4), and
in addition separates I, j. Continuing by iteration, we obtain a factorization that
separates every pair i, j satisfyingi L j, and this has the required form (7.3).

Since i L j, 7 may be expressed in the form
(7.5) r(x) = f(x,U)g(xj,U)

for some f, g, where U = (Xx : j # i, ]). Fix s € S and write h|S for the
function h(x) evaluated with X; = S. By (7.4),

(7.6) (%) :”(X)‘s:(g? <H fa(xa)] ) ”(())()!
AcA

and, by (7.5),

() g(xj.U)

T 9 U)
is independent of X;. Equation (7.6) is thus the required representation, and the
claim is proved. 0
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7.2 Markov fields and Gibbs states

Let G = (V, E) be a finite graph, taken for simplicity without loops or multiple
edges. Within statistics and statistical mechanics, there has been a great deal of
interest in probability measures having a type of ‘spatial Markov property’ given in
terms of the neighbour relation of G. We shall restrict ourselves here to measures
on the sample space = = {0, 1}V, while noting that the following results may
extended without material difficulty to a larger product S¥ where S is finite or
countably infinite.

The vector o € ¥ may be placed in one—one correspondence with the subset
n(o) ={v eV :o0, =1} of V, and we shall use this correspondence freely. For
any W C V, we define the external boundary

AW ={veV:v¢W, v~ wforsome w € W}.

Fors = (s, : v € V) € X, we write Sy for the sub-vector (S, : w € W). We
refer to the configuration of vertices in W as the ‘state’ of W.

(7.7) Definition. A probability measure v on X is said to be positiveif 7 (o) > 0
for all o € X. It is called a Markov field if it is positive and: for all W C V,
conditional on the state of V \ W, the law of the state of W depends only on the
state of AW. That is, 7 satisfies the global Markov property:

(7.3) 7(ow = sw |oviw = Sv\w) = 7 (ow = Sw | caw = Saw),
forallse ¥,and W C V.

In the language of the previous section, 7 is a Markov field if and only if it is
positive and its dependency graph is a subgraph of G. The key result about such
measures is their representation in terms of a ‘potential function’ ¢, in a form
known as a ‘Gibbs state’. Recall the set J of cliques of the graph G.

(7.9) Definition. A probability measure 7w on X is called a Gibbs state if there
exists a ‘potential” function ¢ : 2V — R, satisfying ¢c = 0if C ¢ K, such that

(7.10) n(B):exp(Z ¢K), BCV.

K<cB

We allow the empty set in the above summation, so that log 7 (@) = ¢ 5.

Gibbs states are thus named after Josiah Willard Gibbs, whose volume [87]
made available the foundations of statistical mechanics. A simplistic motivation
for the form of (7.10) is as follows. Suppose that each state ¢ has an energy E,,
and a probability 7 (0'). We constrain the average energy E = ) E,7(0) to be
fixed, and we maximize the entropy

n(r) = — Z (o) log, m(o).

[A=D>
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With the aid of a Lagrange multiplier 8, we find that
n(o) x e PEs, o€Ex.

The theory of thermodynamics leads to the expression § = 1/(KT) where K is
Boltzmann’s constant and T is (absolute) temperature. Formula (7.10) arises when
the energy E, may be expressed as the sum of the energies of the sub-systems
indexed by cliques.

(7.11) Theorem. A positive probability measure 7 on X isa Markov field if and
only if it isa Gibbs state. The potential function ¢ corresponding to the Markov
field 7 isgiven by

¢k = Y (=DM og (L), KeX.
LSk

A positive probability measure 7 is said to have the local Markov property if
it satisfies the global property (7.8) for all singleton sets W and all S € X. The
global property evidently implies the local property, and it turns out that the two
properties are equivalent. For notational convenience, we denote a singleton set
{w} as w.

(7.12) Proposition. Let 7 be a positive probability measure on 3. The following
three statements are equivalent:

(i) 7 satisfiesthe global Markov property,
(ii) 7 satisfiesthe local Markov property,
(iii) for all AC V andany pair u,v € V withu ¢ A,v € Aandu ~ v,

n(AUU)  w(AUu\v)
(A a(A\v)

(7.13)

Proof. First, assume (i), so that (ii) is implied trivially. Letu ¢ A, v € A, and
u ~ v. Applying (7.8) with W = {u} and, for w # U, s, = 1 if and only if
w € A, we find that

(7.14)
T(AUU)
7(A) +r(AUU)

=7T(Uu=1|(7V\u=A)

=ma(oy=1]0oay = AN AU)

=n(oy=1]|ov\u=A\v) since v ¢ AU
T(AUU\ v)

~ 2(A\v) +7(AUU\ D)’

Equation (7.14) is equivalent to (7.13), whence (ii) and (iii) are equivalent under

@).
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It remains to show that the local property implies the global property. The proof
requires a short calculation, and may be done either by Theorem 7.1 or within the
proof of Theorem 7.11. We follow the first route here. Assume that 77 is positive
and satisfies the local Markov property. Then u L v forall U, v € V with u ~ v.
By Theorem 7.1, there exist functions fx, K € M, such that

(7.15) T(A) = ]_[ fk (AN K), ACV.
KeM
Let W C V. By (7.15),for ACWand C C V\W,

HKGM fk (AUC)NK)
> Bew [Tken TK((BUC)NK)

Any clique K with K "W = & makes the same contribution fx (C N K) to both
numerator and denominator, and may be cancelled. The remaining cliques are
subsets of W = W U AW, so that

m(ow =A|loyw =C) =

[Tken kew fK((AUC)NK)
> Bew [ kea kew fk((BUC)N K)’

m(ow = Aloyw =C) =

The right side does not depend on o, \W whence
JT(O’W:A|O’V\W=C)=n(dw=A|UAWZCﬂAW)

as required for the global Markov property. O

Proof of Theorem 7.11. Assume first that 77 is a positive Markov field, and let

(7.16) ¢c =Y (=D ogm(L), CcCV.
LCC

By the inclusion—exclusion principle,

logn(B)= Y ¢c. BCV,
CcB

and we need only show that ¢c = 0 for C ¢ K. Suppose U,v € C and U » v.
By (7.16),

— _\IC\L| m(LUuUv) (L Uv)
gc= > (=D 1og( TRV o )

LCC\{u,v}

which equals zero by the local Markov property and Proposition 7.12. Therefore,
7 is a Gibbs state with potential function ¢.

(© G. R Grimmett 6 February 2009



[7.3] Ising and Potts models 131

Conversely, suppose that 7 is a Gibbs state with potential function ¢. Evidently,
7 is positive. Let AC V,and U ¢ A, v € Awith u ~ v. By (7.10),

(A) KCAUu, uekK
= Z ok since U~ vand K € KX
KCAUU\v, ueK

1 <n(AUu\v)>
BT OA

The claim follows by Proposition 7.12. U

We close this section with some notes on the history of Theorem 7.11. It may
be derived from Brook’s theorem, Theorem 7.1, but it is perhaps more informative
to prove it directly as above via the inclusion—exclusion principle. It is normally
attributed to Hammersley and Clifford, and it was circulated (with a more com-
plicated formulation and proof) in an unpublished note of 1971, [115] (see [63]).
Versions of the theorem may be found in the later work of several authors. The
above proof is taken from [92], the author’s earliest published paper and part of
his 1972 MSc dissertation at Oxford University. The assumption of positivity is
important, and complications arise for non-positive measures, see [166].

For applications of the Gibbs/Markov equivalence in statistics, see, for example,
[142].

7.3 Ising and Potts models

In a famous experiment, a piece of iron is exposed to a magnetic field. The field is
increased from zero to a maximum, and then diminished to zero. If the temperature
is sufficiently low, the iron retains some residual magnetization, otherwise it does
not. There is a critical temperature for this phenomenon, often named the Curie
point after Pierre Curie, who reported this discovery in his 1895 thesis. The
famous (Lenz—)Ising model for such ferromagnetism, [127], may be summarized
as follows. Let particles be positioned at the points of some lattice in Euclidean
space. Each particle may be in either of two states, representing the physical states
of ‘spin-up’ and ‘spin-down’. Spin-values are chosen at random according to a
Gibbs state governed by interactions between neighbouring particles, and given
in the following way.

Let G = (V, E) be a finite graph representing part of the lattice. Each vertex
X € V is considered as being occupied by a particle that has a random spin. Spins
are assumed to come in two basic types (‘up’ and ‘down’), and thus we take the set
¥ = {—1, +1}V as the sample space. The appropriate probability mass function
Ag,3,h on X has three parameters satisfying 8, J € [0, oo) and h € R, and is given
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by
I —BH©)

(7.17) Agah(0) = ?e , o€ X,
I

where the ‘Hamiltonian” H : ¥ — R and the ‘partition function’ Zj are given by

(7.18)  H@)=-J > oxoy—h) ox, Z=) efH®

e=(x,y)eE xeV oET

The physical interpretation of 8 is as the reciprocal 1/ T of temperature, of J as
the strength of interaction between neighbours, and of h as the external magnetic
field. We shall consider here only the case of zero external-field, and we assume
henceforth that h = 0.

Each edge has equal interaction strength J in the above formulation. Since
and J occur only as a product 8J, the measure Ag j o has effectively only a single
parameter 8J. In a more complicated measure not studied here, different edges e
are permitted to have different interaction strengths Je. In the meantime we shall
set J =1, and write Ag = Ag,1,0

Whereas the Ising model permits only two possible spin-values at each vertex,
the so-called (Domb-)Potts model [177] has a general number > 2, and is
governed by the following probability measure.

Let g be an integer satisfying q > 2, and take as sample space the set of vectors
¥ ={1,2,...,q}V. Thus each vertex of G may be in any of q states. For an edge
e = (X, y) and a configuration 0 = (0x : X € V) € X, we write 8e(0) = Joy.0y
where §; j is the Kronecker delta. The relevant probability measure is given by

1 ,
(7.19) mp.q(0) = Z—e*ﬂH ©), cEY,
P

where Zp = Zp(B, Q) is the appropriate partition function (or normalizing con-
stant) and the Hamiltonian H’ is given by

(7.20) H() == Y Se0).

e=(X,y)eE

In the special case q = 2,
(7.21) S0y = 5(1 +0x0y), ox, 0y € {—1,+1},

It is easy to see in this case that the ensuing Potts model is simply the Ising model
with an adjusted value of B, in that g > is the measure obtained from Ag,> by
re-labelling the local states.

We mention one further generalization of the Ising model, namely the so-called
n-vector or O(N) model. Let n € {1,2, ...} and let S"~! be the set of vectors of

(© G. R Grimmett 6 February 2009



[7.4] Exercises 133

R" with unit length, that is, the (n — 1)-sphere. A ‘model’ is said to have O(n)
symmetry if its Hamiltonian is invariant under the operation on S"~! of n x n
orthonormal matrices. One such model is the n-vector model on G = (V, E),
with Hamiltonian

Hn(S) = — Z Sx - Sy, s=(s,:veV)e (S HY,

e=(x,y)eE

where Sy - Sy denotes the dot product. When n = 1, this is simply the Ising model.
It is called the X/Y model when n = 2, and the Heisenberg model when n = 3.

The Ising and Potts models have very rich theories, and are amongst the most
intensively studied of models of statistical mechanics. In ‘classical’ work, they are
studied via cluster expansions and correlation inequalities. The so-called ‘random-
cluster model’, developed by Fortuin and Kasteleyn around 1960, provides a single
framework that incorporates the percolation, Ising, and Potts models, as well as
electrical networks, uniform spanning trees and forests. It enables a representation
of the two-point correlation function of a Potts model as a connection probability
of an appropriate model of stochastic geometry, and this in turn allows the use of
geometrical techniques already refined in the case of percolation. The random-
cluster model is defined and described in Chapter 8, see also [98].

The g = 2 Potts model is of course the Ising model, and special features of
the number 2 allow a special analysis for the Ising model not yet replicated for
general Potts models. This method is termed the ‘random-current representation’,
and it has been especially fruitful in the study of the phase transition of the Ising
model on LY. See [3, 7, 10] and [98, Chap. 9].

7.4 Exercises

7.1. [166] Investigate the Gibbs/Markov equivalence for probability measures
that have zeroes.

7.2. Isingmoddl. Let G = (V, E) be a finite graph, and let A be the probability
measure on ¥ = {—1, +1}V given by

k(o)aexp(ﬂ Z oiaj), o€ X,

e=(i,])

where 8 > 0. Thinking of X as a partially ordered set (where o < ¢ if and only
if oj < of for all i), show that:

(@) forve V,A( oy = —1) <st A <q (- | 0y = +1),

(b) A satisfies the FKG lattice condition, and hence is positively associated.
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Random-Cluster Model

The basic properties of the model are summarized, and its relationship to
the Ising and Potts models described. The phase transition is defined in
terms of the infinite-volume measures. After an account of a number of
areas meritorious of further research, there is a section devoted to planar
duality and the conjectured value of the critical point on the square lattice.
The random-cluster model is linked in more than one way to the study of a
random even subgraph of a graph.

8.1 The random-cluster and Ising/Potts models

Let G = (V, E) be a finite graph, and write 2 = {0, 1}E. For w € Q, we write
n(w) = {e € E : w(e) = 1} for the set of open edges, and K(w) for the number of
connected componentsl, or ‘clusters’, of the subgraph (V, n(w)). The random-
cluster measure on €2, with parameters p € [0, 1], g € (0, co) is the probability
measure given by

(8.1) ¢p.qlw) = % {l—[ pw(E)(l _ p)l—w(e)}qk(w)’ we Q,

ecE

where Z = Zg p q is the normalizing constant.

Some history. This measure was introduced by Fortuin and Kasteleyn in a
series of papers dated around 1970. They sought a unification of the theory of
electrical networks, percolation, Ising, and Potts models, and were motivated
by the observation that each of these systems satisfies a certain series/parallel
law. Percolation is evidently retrieved by setting g = 1, and it turns out that
electrical networks arise via the UST limit obtained on taking the limit p, g — 0
in such a way that q/p — 0. The relationship to Ising/Potts models is more
interesting in that it involves a transformation of measures described next. In brief,
connection probabilities for the random-cluster measure correspond to correlations

11t is important to include isolated vertices in this count.
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for ferromagnetic Ising/Potts models, and this allows a geometrical interpretation
of their correlation structure.

A fuller account of the random-cluster model and its history and associations
may be found in [98]. When the emphasis is upon its connection to Ising/Potts
models, the random-cluster model is often called the ‘FK representation’.

In the remainder of this section, we summarize the relationship between a
Potts model on G = (V, E) with an integer number  of local states, and the
random-cluster measure ¢p q. As configuration space for the Potts model, we
take © = {1,2,...,q}VY. Let F be the subset of the product space ¥ x
containing all pairs (o, w) such that: for every edgee = (X, y) € E,if w(e) = 1
then ox = oy. That is, F contains all pairs (o, w) such that o is constant on each
cluster of w.

Let ¢p = ¢p,1 be product measure on w with density p, and let u be the
probability measure on ¥ x 2 given by

(8.2) (o, ) X gp(w) 1k (o, w), (o,w) € ¥ x 2,

where 1 is the indicator function of F.

Four calculations are now required, in order to determine the two marginal
measures of © and the two conditional measures. It turns out that the two marginals
are exactly the g-state Potts measure on X (with suitable pair-interaction) and the
random-cluster measure ¢p g.

Marginal on . When we sum (o, ) over w € €2, we have a free choice except
in that w(€) = 0 whenever ox # oy. Thatis, if ox = oy, there is no constraint
on the local state w(e) of the edge € = (X, Yy); the sum for this edge is simply
p+ (1 — p) = 1. We are left with edges e with ox # oy, and therefore

(8.3) wio, ) =) o, w) o [ [ —p)' %@,

we ecE

where 8¢(0) is the Kronecker delta
8.4) 8e(0) = doy.0y e=(Xx,y) e E.

Otherwise expressed,

u(o, -)ocexp{,BZ(Se(a)}, o€,

ecE

where
(8.5) p=1-—e?.

This is the Potts measure 7g g of (7.19). Note that 8 > 0, which is to say that the
model is ferromagnetic.
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Marginal on 2. For given w, the constraint on o is that it be constant on open
clusters. There are qk(w) such spin configurations, and (o, w) is constant on this
set. Therefore,

i) =) (o, w) o {1‘[ P - p)l—w<e>}qk<”>

oex ecE
O(¢p7q((/l)), w € Q.

The conditional measures. Given w, the conditional measure on ¥ is obtained
by putting (uniformly) random spins on entire clusters of w, constant on given
clusters, and independent between clusters. Given o, the conditional measure on
2 is obtained by setting w(e) = 0 if de(c) = 0, and otherwise w(e) = 1 with
probability p (independently of other edges).

The ‘two-point correlation function’ of the Potts measure 7g.q on G = (V, E)
is the function g q given by

1
18,q(X, YY) = mg qlox = oy) — T X,yeV.

The ‘two-point connectivity function’ of the random-cluster measure ¢p q is the
probability ¢p q(X <> Y) of an open path from X to y. It turns out that these
‘two-point functions’ are (except for a constant factor) the same.

(8.6) Theorem [133]. Forq e {2,3,...},>0,andp=1—¢e7#,

59X, Y) = (1 —q Nepq(X < y).

Proof. We work with the conditional measure (o | w) thus:

500 = Y [l @) — 4 (0. 0)
= 2¢p,q(w) Y 10 | @)[joy=oy) (@) —q7"]
= Z¢p,q(a))[(1 — 4 D lxoy (@) + 0 Lixgpy)(@)]
= (1 —q Dpgx < ),

and the claim is proved. O
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8.2 Basic properties

We list some of the fundamental properties of random-cluster measures in this
section.

(8.7) Theorem. The measure ¢p, o satisfies the FKG lattice condition if g > 1,
and is thus positively associated.

Proof. If p = 0, 1, the conclusion is obvious. Assume 0 < p < 1, and check the
FKG lattice condition (4.12), which amounts to the assertion that

k(w Vv o) + k(o A o) > k(o) + k(o), w, o € Q.

This is left as a graph-theoretic exercise for the reader. U

(8.8) Theorem. Comparison inequalities [81]. We have that

89  ¢Ypq <sdpgq If P<p.ad=>q4q9=>1,

p' P
8.10) g >s >
( ) ¢p,q st ¢p7q q/(l _ p/) q(l _ p)

,q>q,q9>1.

Proof. This follows by the Holley inequality, Theorem 4.4, on checking condition
4.5). O

In the next theorem, the role of the graph G is emphasized in the use of the
notation ¢G, p,q. The graph G\e (respectively, G.€) is obtained from G by deleting
(respectively, contracting) the edge e.

(8.11) Theorem [81]. Letec E.
(a) Conditional on w(e) = 0, the measure obtained from ¢ p q IS¢G\e, p,q-
(b) Conditional on w(e) = 1, the measure obtained from ¢ p,q IS¢G.e p.q-

Proof. This is an elementary calculation of conditional probabilities. U

Maybe mention UST, and negative association/disjoint occurrence.

8.3 Infinite-volume limits and phase transition

Letd > 2, and Q = {0, I}Ed. The appropriate o-field of 2 is the o-field ¥
generated by the finite-dimensional sets. Let A be a finite box in 79. Forb € {0, 1}
define

R ={weQ:wE =bfore¢E,},
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where E 5 is the set of edges of Ld joining pairs of vertices belonging to A. On
QE’\ we define a random-cluster measure qbf’\’p’q as follows. For p € [0, 1] and
g € (0, 00), let

(8.12) ¢ pq(@) = [T r@a-p'- ‘“<e>}q"(‘“’”, w e Qf,
A p.q ecEp

where k(w, A) is the number of clusters of (Z9, n(w)) that intersect A (here, as
before, n(w) = {e € EY : w(e) = 1} is the set of open edges). The boundary
condition b = 0 (respectively, b = 1) is sometimes termed ‘free’ (respectively,
‘wired’).

(8.13) Theorem [93]. Let g > 1. The weak limits

¢pq_ hm ¢qu, b=0,1,

exist, and are translation-invariant and ergodic.

Proof. Let A be an increasing cylinder event defined in terms of the edges lying
in some finite set S. If A € A’ and A includes the ‘base’ Sof the cylinder A,

¢11\7p’q(A) = qbll\,’p’q(A | all edges in Ep/\ A are open) > qbll\,’p,q(A),

where we have used Theorem 8.11 and the FKG inequality. Therefore, the limit
lim, _, ;d ¢}\7 D, q(A) exists by monotonicity. Since £ is generated by such events

A, the weak limit qﬁé, q exists. A similar argument is valid in the case b = 0.

Translation-invariance holds in very much the same way as in the proof of
Theorem 2.10. The proof of ergodicity is deferred to Exercises 8.9-8.10. 0

The measures d)g’q and qb’l)’q are called ‘random-cluster measures’ on LY with
parameters P and ¢, and they are extremal in the following sense. One may
generate ostensibly larger families of infinite-volume random-cluster measures
by either of two routes. In the first, one considers measures ¢i’ p.q O EA with
more general boundary conditions &, in order to construct a set Wp q of ‘weak-
limit random-cluster measures’. The second uses a type of Dobrushin—Lanford—
Ruelle (DLR) formalism rather than weak limits (see [93] and [98, Chap. 4]).
More precisely, one considers measures p on (€2, ¥) whose measure on any box
A, conditional on the state & off A, is the conditional random-cluster measure
¢i7 D.q" Such a p is called a ‘DLR random-cluster measure’, and we write Rp g
for the set of DLR measures. The relationship between Wp q and Rp q is not
fully understood, and we make one remark about this. Any element u of the
closed convex hull of ‘Wp ¢ with the so-called ‘0/1-infinite-cluster property’ (that
is, u(l € {0, 1}) = 1 where | is the number of infinite open clusters) belongs to
Rp,q. see [98, Sect. 4.4]. The standard way of showing the 0/1-infinite-cluster
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property is via the Burton—Keane argument used in the proof of Theorem 5.22.
One may show, in particular, that (bgq, d)l{l),q € Rpg-

Henceforth we assume that > 1. The measures ¢8,q and ¢g)’ q are extremal
in the sense that

(8.14) ¢g,q <st $p,q Sst ‘l’é),q» $p.qg € WpqU Rpq;

whence there exists aunique random-cluster measure (in either of the above senses)
if and only if ¢8,q = qﬁéyq. It is a general fact that such extremal measures are
invariably ergodic, see [86, 98].

Turning to the question of phase transition, and remembering percolation, we
define the percolation probabilities

(8.15) 60°(p.a) = ¢ q(0 < 00),  b=0,1,

that is, the probability that 0 belongs to an infinite open cluster. The corresponding
critical values are given by

(8.16) p2(@) =sup{p:6°(p,q) =0}, b=0,1.

Faced possibly with two (or more) distinct critical values, we present the following
result.

(8.17) Theorem [9, 93]. Letd > 2 and g > 1. We have that:
(i) ¢pq=dpqife'(p.q) =0,
(ii) there exists a countable subset Dg q of [0, 1], possibly empty, such that
Pp.q = Ppqifandonlyif p ¢ Dy q.

Sketch proof. The argument for (i) is as follows. Clearly,

(8.18) 0'(p.q) = lim ¢, ,(0 < dA).
Atzd 7

Suppose 0!(p, q) = 0, and consider a large box A with O in its interior. On
building the clusters that intersect the boundary d A, with high probability we do
not reach 0. That is, with high probability, there exists a ‘cut-surface’ Sbetween
0 and 9 A that comprises only closed edges. The position of Smay be taken to be
measurable on its exterior, whence the conditional measure on the interior of Sis
a free random-cluster measure. Passing to the limit as A 1 Zd, we find that the
free and wired measures are equal.

The argument for (ii) is based on a classical method of statistical mechanics
using convexity. Let Zg p q be the partition function of the random-cluster model
on a graph G = (V, E), and set

YG,pgq = (1— p)—IElzG’p’q — Z e”‘”(“”'qk(w),
we{O,l}E
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where m = log[p/(1 — p)]. Itis easily seen that log Yg, p q is a convex function
of . By a standard method based on the negligibility of the boundary of a large
box A compared with its volume, the limit ‘pressure function’

1
: &
I, q) = lim logY
( q) ATZd { |]EA| £ A,p,q}

exists and is independent of the boundary configuration & € 2. Since IT is the
limit of convex functions of m, it is convex, and hence differentiable except on
some countable set D of values of w. Furthermore, for m ¢ D, the derivative of
[Exl~!log Yi’ p,q converges to that of 1. The former derivative may be interpreted
in terms of the edge-density of the measures, and therefore the limits of the last
are independent of & for any 7 at which I1(r, Q) is differentiable.> Uniqueness
of random-cluster measures follows by (8.14) and stochastic ordering: if w1, uo
are probability measures on (2, ) with | <g w2 and satisfying

ui1(eisopen) = us(eis open), eck,

then® 1 = wo. [l

By Theorem 8.17,0°(p, q) = 61(p, q) for p ¢ Dy q, whence p(q) = pl(a).
Henceforth we refer to the critical value as p. = pc(q). The following is an
important conjecture.

(8.19) Conjecture. Thereexists Q = Q(d) such that:
(i) ifq < Q(d), then8'(pe, q) =0 and Dy q = 2,
(i) ifq > Q(d), then8'(pc, g) > 0 and Dy.q = {Pc}-

Reference physics literature for q > 4, d = 2.

In the physical vernacular, there is conjectured a critical value of g beneath
which the phase transition is continuous (‘second order’) and above which it
is discontinuous (‘first order’). Following work of Roman Kotecky and Senya
Shlosman [139], it was proved in [140] that there is a first-order transition for
large q, see [98, Sects 6.4, 7.5]. It is expected that

4 ifd=2,

Q(d):{z ifd > 6.

This may be contrasted with the best current estimate in two dimensions, namely
Q) < 25.72, see [98, Sect. 6.4].

It is a basic fact that p.(qQ) is non-trivial.

2Expand
3Exercise. Recall Strassen’s Theorem 4.2.
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(8.20) Theorem [9]. Ifd >2andq > 1then0 < p.(Q) < 1.

It is an open problem to find a satisfactory definition of p.(q) for q < 1,
although it may be shown by the comparison inequalities (Theorem 8.8) that there
is no infinite cluster for g € (0, 1) and small p, and conversely there is an infinite
cluster for g € (0, 1) and large p.

Proof. Let @ > 1. By Theorem 8.8, qﬁé,J <st ¢E,,q <st ¢p,1, where p’ =
p/[p + q(1 — p)]. We apply this inequality to the increasing event {0 <> dA},
and let A 1 Z9 to obtain via (8.22) that

qpc(l)
I+ @—-Dpe(D)’

where 0 < pc.(1) < 1 by Theorem 3.2. O

(8.21) Pe(l) = pe(@) =

q=1,

Finally, we review the relationship between the random-cluster and Potts phase
transitions. The ‘order parameter’ of the Potts model is the ‘magnetization’ given
by

1
M(B,q) = lim {7, 400 =1 __},
(B.9) A%d{ Ap0=1 -
where n}\’ 8 is the Potts measure on A ‘with boundary condition 1°. We may think
of M(B, Q) as a measure of the degree to which the boundary condition ‘1’ is

noticed at the origin after taking the infinite-volume limit. By an application of
Theorem 8.6 to a suitable graph obtained from A,

1
Tpqloo=1)— g= (- 9 DA p g0 < dA)

where p = 1 — e #. It may be deduced* that

(8.22) 0'(p,a) = lim ¢, , 40 < IA).
A1zd

Therefore

M(@B.a) = (1—q™") lim ¢} a0 < dA)
A—7
= (1 —q7He'(p.q),

by (8.22). That is, M(B, q) and 8! (p, q) differ by the factor I — q~".

4Exercise 8.8.
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8.4 Open problems

Many questions remain at least partly unanswered for the random-cluster model,
and we list a few of these here. Further details may be found in [98].

A. Thecaseq < 1. Less is known when g < 1 owing to the failure of the FKG
inequality. A possibly optimistic conjecture is that some version of negative asso-
ciation holds when g < 1, and this might imply the existence of infinite-volume
limits. One may use comparison arguments to study infinite-volume random-
cluster measures for sufficiently small or large p, but there is no proof of the
existence of a unique point of phase transition. A certain amount is known in the
limit as g — 0, depending on how p behaves in this limit.

BK?

The case g < 1 is of more mathematical than physical interest, although the
various limits as g — 0 are relevant to the theory of algorithms and complexity.

Henceforth, we assume q > 1.

B. Exponential decay. Prove that
¢pq(0 < o[-n,n?) <e",  nx>1,

for some o = a(p, q) satisfying « > 0 when p < pc(q). This has been proved
for sufficiently small values of p, but no proof is known (for general q and any
given d > 2) right up to the critical point.

The case = 2 is special, since this corresponds to the Ising model, for which
the random-current representation has allowed a rich theory, see [98, Sect. 9.3].
Exponential decay is proved to hold for general d, when q = 2, and also for
sufficiently large q (see D below).

C. Uniquenessof random-cluster measures. Prove all or part of Conjecture 8.19.
That is, show that ¢8,q = ¢l1),q for p # pc(Q). And, furthermore, that uniqueness
holds when p = p.(q) if and only if q is sufficiently small.

These statements are trivial when = 1, and uniqueness is proved when g = 2
and p # pc(2), using the theory of the Ising model alluded to above. The situation
is curious when q = 2 and p = pPc(2), in that uniqueness is proved so long as
d # 3, see [98, Sect. 9.4].

When q is sufficiently large, it is known as in D below that there is a unique
random-cluster measure when p # p.(q) and a multiplicity of such measures

when p = pc(Q).

D. First/second order phase transition. Much interest in Potts and random-
cluster measures is focussed on the fact that nature of the phase transition depends
on whether ( is small or large, see for example Conjecture 8.19. For small g, the
singularity is expected to be continuous and of power type. For large g, there is a
discontinuity in the order parameter 8! (-, ), and a ‘mass gap’ at the critical point
(thatis, when p = p.(q), the q§87q -probability of a long path decays exponentially,

while the ¢é7q—probability is bounded away from 0).
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Of the possible questions, we ask for a proof of the existence of a value Q =
Q(d) separating the second- from the first-order transition.

E. Sab critical point. It was important for supercritical percolation in three
and more dimensions to show that percolation in Ld implies percolation in a
sufficiently fat ‘slab’, see Theorem 5.17. A version of the corresponding problem
for the random-cluster model is as follows. Let q > 1 and d > 3, and write
S(L, n) for the ‘slab’

S(L,n) =[0,L —1] x [—n, n]9"".

Let YL npq = ¢>g(|_ n).p.q ¢ the random-cluster measure on S(L, n) with pa-
rameters P, (, and free boundary conditions. Write I1(p, L) for the property
that:

Jo > O such that: Vn > 1, ¥x € S(L,Nn), ¥ np,q(0 < X) > «a.

It is not hard to see that TT(p, L) = TI(p/, L) if p< p’and L < L’, and it is
thus natural to define

(8.23) Pe(q, L) =inf{p: II(p, L) occurs}, Pe(q) = I_li_)moo Pe(q, L).

> Clearly, p.(q) < P(q) < 1. It is believed that equality holds in that P.(q) =
p:(d), and it is a major open problem to prove this. A positive resolution would
have implications for the exponential decay of truncated cluster-sizes, and for the
existence of a Wulff crystal for all p > p.(q) and g > 1. See Figure 5.3 and [55,
56, 57].

F.  Roughening transition. While it is believed that there is a unique random-
cluster measure except possibly at the critical point, there can exist a multitude
of random-cluster-type measures with the striking property of non-translation-
invariance. Take a box A = [—n, n]OI in d > 3 dimensions (the following
construction fails in 2 dimensions). We may think of d A, as comprising a northern
and southern hemisphere, with the ‘equator’ {X € d A : X4 = 0} as interface. Let
En, p,q be the random-cluster measure on A with a wired boundary condition on
the northern (respectively, southern) hemisphere and conditioned on the event that
no open path joins a point of the northern to a point of the southern hemisphere.
By the compactness of €2, the sequence @n,p,q : N > 1) possesses weak limits.

Let $p7q be such a weak limit.

It is a geometrical fact that, in any configuration w on Ap, there exists an
interface | (w) separating the points joined to the northern hemisphere from those
joined to the southern hemisphere. This interface passes around the equator, and
its closest point to the origin is at some distance Hy, say. It may be shown that, for
g > 1 and sufficiently large p, the laws of the Hy, are tight, whence the weak limit

SUse FKG, explain
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ap’q is not translation-invariant. Such measures are termed ‘Dobrushin measures’
after their discovery for the Ising model in [64].

There remain two important questions. Firstly, ford > 3 and q > 1, does there
exist a value P(q) such that Dobrushin measures exist for p > p(q) and not for
p < P(q)? And secondly, for what dimensions d do Dobrushin measures exist
forall p > p:(q)? A fuller account may be found in [98, Chap. 7].

G. Intwo dimensions. There remain some intriguing conjectures in the play-
ground of the square lattice .2, and some of these are described in the next section.

8.5 In two dimensions

Consider the special case of the square lattice 2. Random-cluster measures on L2
have a property of self-duality that generalizes that of bond percolation. (We recall
the discussion of duality after equation (3.7).) The most provocative conjecture is
that the critical point equals the so-called self-dual point.

(8.24) Conjecture. Ford =2andq > 1,

Ja
1+.9

This formula is proved rigorously when q = 1 (percolation), when q = 2
(Ising model), and for sufficiently large values of g (namely q > 25.72).

pc(q) =

The conjecture is motivated as follows. Let G = (V, E) be a finite planar
graph, and Gg = (Vq, Eg) its dual graph. To each w € Q = {0, I}E, there
corresponds the dual configuration wg € Q4 = {0, 1}E4, given by

wi(&) =1 —w(e), ecE.

(Note that this definition of the dual configuration differs from that used in Chapter
3 for percolation.) By drawing a picture, one may become convinced that every
face of (V, n(w)) contains a unique component of (Vq, n(wq)), and therefore the
number f (w) of faces (including the infinite face) of (V, n(w)) satisfies

(8.25) f(w) = k(wyg).

The random-cluster measure on G satisfies

p n(w)]
¢G,p,q(w) x (—1 — p) q'““’).

Using (8.25), Euler’s formula,

(8.26) k(@) = VI = In(@)] + f(o) -1,
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and the fact that |n(w)| + [n(wq)| = |E|, we have that

1 — [n(wa)l
$G.p.q(@) (Cl(—pp)) qk(a)d)’

which is to say that

(8.27) G, p.q(@) = ¢G4, ps,q(@wd), w e 2,
where
(8.28) Pa_ _ q(l — p)'

1 — pa p

The unique fixed point of the mapping p = pq is given by p = «xq where « is the
‘self-dual point’
Va

Turning to the square lattice, let G = A = [0, n]?, with dual graph Gg = Aq
obtained from the box [—1, n]? + (%, %) by identifying all boundary vertices. By
(8.27),

(8.29) D .0.q(@) = B, prq(@)

for configurations @ on A (and with a small ‘fix” on the boundary of Aq4). Letting
N — oo, we obtain that

(8.30) Pp.q(A) = dp, q(Ad)

for all cylinder events A, where Ag = {wq : w € A}.

The duality relation (8.30) is useful, especially if p = pg = kq. In particular,
the proof that 9(%) = 0 for percolation (see Theorem 5.33) may be adapted to
obtain

(8.31) 0°(kq, @) =0,
whence

Va
8.32 e > 1.
(8.32) Pc(qQ) = [+ 3 q

In order to obtain the formula of Conjecture 8.24, it would be enough to show
that,

A
¢>37q(0 < 3[-n,n]?) < = n>1,

where A= A(p, q) < oo for p < kq. See [89, 98].

The case = 2 is very special, because itis related to the Ising model, for which
there is a rich and exact theory going back to Onsager [168]. As an illustration of
this connection in action, we include a proof that the wired random-cluster measure
has no infinite cluster at the self-dual point. The corresponding conclusion in
believed to hold if and only if q < 4, but a full proof is elusive.
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(8.33) Theorem. Ford =2,0!(k,2) = 0.

Proof. Of the several proofs of this statement, we summarise the recent simple
proof of Werner [210]. Let q = 2, and write ¢b = qb'; @0

Let w € €2 be a configuration of the random-cluster model sampled according
to ¢°. To each open cluster of @ we allocate the spin +1 with probability % and
—1 otherwise. Thus, spins are constant within clusters, and independent between
clusters. Let o be the resulting spin configuration, and let 1.0 be its law. We do
the same with w sampled from ¢!, with the difference that any infinite cluster
is allocated the spin +1. It is not hard to see® that the resulting measure ' is
the infinite-volume Ising measure with boundary condition +1. The spin-space
Y={-1,+1 }Z2 is a partially ordered set, and it may be checked using the Holley
inequality’, Theorem 4.4, and passing to an infinite-volume limit that

(8.34) 1l <q .

We shall be interested in two notions of connectivity in 72, the first of which is
the usual one, denoted <. If we add both diagonals to each face of 72, we obtain
a new graph with so-called x-connectivity relation denoted <>,. A cycle in this
new graph is called a x-cycle.

Each o € X amounts to a partition of Z? into maximal clusters with constant
spin. A cluster labelled +1 (respectively, —1) is called a (+)-cluster (respectively,
(—)-cluster). Let Nt (o) (respectively, N~ (o)) be the number of infinite (+)-
clusters (respectively, (—)-clusters).

By (8.31), ¢0(0 < 00) = 0, whence, by Exercise 8.14, MO is ergodic. One
may apply the Burton—Keane argument of Section 5.3 to deduce that:

either p'(Nt =D =1 or u'(NT=0)=1.

One may now use Zhang’s argument (as in the proof of (8.31) and Theorem 5.33),
and the fact that N™ and N~ have the same law, to deduce that

(8.35) WONtT=0) =" N~ =0)=1.

Let Abe an increasing cylinder event of X defined in terms of states of vertices
in some box A. By (8.35), there are (1%-a.s.) no infinite (—)-clusters intersecting
A, so that A lies in the interior of some *x-cycle labelled +1. let Ay = [—n, nJ?
with n large, and let Dy, be the event that A, contains a x-cycle labelled +1 with
A in its interior. By the above, ,uO(Dn) — las N — oo. The event Dy, is an
increasing subset of 3, whence, by (8.34),

,ul(Dn)—> 1 as n — oo.

6This is formalized in [98, Sect. 4.6]; see also Exercise 8.14.
7See Exercise 7.2.
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On Dy, we find the ‘outermost’ x-cycle H labelled +1; this may be constructed
explicitly via the boundaries of the (—)-clusters intersecting d An. Since H is out-
ermost, the conditional measure of Ml (given Dp), restricted to A, is stochastically
smaller than °. On letting N — o0, we obtain ul(A) < u®(A), which is to say
that ! <g u°. By (8.34), u® = ul.

By (8.35), u! (Nt = 0) = 1, so that 8! (k», 2) = 0 as claimed. O

Last, but definitely not least, we turn towards SLE and random-cluster/Ising
models. Stanislav Smirnov has recently proved the convergence of re-scaled
boundaries of large clusters of the critical random-cluster model on L2 to SLE /3
The corresponding critical Ising model has spin-cluster boundaries converging to
SLE3. These results are having major impact on our understanding of the Ising
model.

This® section ends with two open problems concerning exponential decay
and/or SLE. Each Ising spin-configurationo € {—1, +1}V onagraph G = (V, E)
gives rise to a subgraph G° = (V, E?) of G where

(8.36) E’ ={e=(X,y) € E:ox =0ay}.

If G is planar, the boundary of any connected component of G? corresponds to
a cycle in the dual graph Gq, and the union of all such cycles is a (random) even
subgraph of G4 (see the next section).

We shall consider the Ising model on the square and triangular lattices, with
inverse-temperature § satisfying 0 < 8 < B, where B is the critical value. By
8.5),

e 2P =1 - p.(2).

We begin with the square lattice L%, for which p.(2) = v2/(1 + +/2). When

B = 0, the model amounts to site percolation with density % . Since this percolation

process has critical point satisfying pﬁi‘e > %, each spin-cluster of the 8 = 0 Ising
model is subcritical, and in particular has an exponentially-decaying tail. More

. . + . . .
specifically, write X <— Y if there exists a path of > from X to y with constant
spin-value, and let

S ={yeV:x <>y}

be the spin-cluster at X, and S = §. By the above, there exists « > 0 such that
(8.37) r(S >n+1) <e n>1,

where Ag denotes the infinite-volume Ising measure. It is standard (and follows
from Theorem 8.17(a)) that there is a unique Gibbs measure for the Ising model
when 8 < B, and this may be extended to the critical case 8 = B (see [101] for
example).

8 rewrite
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The exponential decay of (8.37) extends throughout the subcritical phase in the
following sense. Yasunari Higuchi [123] has proved that

(8.38) A(ISI=n+1) <e™, n>1,

where o = () satisfies @ > 0 when 8 < B.. There is a more recent proof of this
(and more) by Rob van den Berg [31, Thm 2.4], using the sharp-threshold theorem,
Theorem 4.77. Note that (8.38) implies the weaker (and known) statement that the
clusters of the g = 2 random-cluster model on L? have exponentially-decaying
tail.”

Inequality (8.38) fails in an interesting manner when the square lattice is re-
placed by the triangular lattice T. Since pS®(T) = %, the B = 0 Ising model is
critical. In particular, the tail of || is of power-type and, by Smirnov’s theorem
for percolation, the scaling limit of the spin-cluster boundaries is SLE¢. Further-
more, the process is, in the following sense, critical for all 8 € [0, Bc]. Since
there is a unique Gibbs state for 8 < B¢, Ag is invariant under the interchange of
spin-values —1 < +1. Let R, be a thombus of the lattice with side-lengths n
and axes parallel to the horizontal and one of the diagonal lattice directions, and
let A be the event that Ry, is traversed from left to right by a + path (i.e., a path
v satisfying oy = +1 forall y € v). Itis easily seen that the complement of Ap
is the event that R, is crossed from top to bottom by a — path (see Figure 5.13
for an illustration of the analogous case of bond percolation on the square lattice).
Therefore,

(8.39) (A =1, 0<p<g.
Let S be the spin-cluster containing X as before, and define
rad(S¢) = max{|z— X| : z € &},

where |y| is the graph-theoretic distance from 0 to y. By (8.39), there exists a
vertex X such that Ag(rad(S,) > n) > (2n)~!. By the translation-invariance of
A,

hp(rad(S) = ) = % 0<p <p..

In conclusion, the tail of rad(S) is of power-type for all 8 € [0, B¢).'°
It is believed that the SLEg¢ cluster-boundary limit ‘propagates’ from g8 = 0 all
the way to 8 < B.. When 8 = B, the corresponding limit is the same as that for

the square lattice, namely SLE3, see [62].

9Mention Graham-Grimmett
10Mention Balint-Camia-Meester

(© G. R Grimmett 6 February 2009



[8.6] Random even graphs 149

8.6 Random even graphs

We call a subset F of the edge-set of G = (V, E) even if each vertex x € V is
incident to an even number of elements of F, and we write & for the set of even
subsets F. The subgraph (V, F) of G is even if F is even. It is standard that
every even set F may be decomposed as an edge-disjoint union of cycles. Let
p € [0, 1). The random even subgraph of G with parameter p is that with law

(8.40) np(F) = Zip'F'u -pEVFl Fee,

where

Z.=Y pFl(1—plE\FL
Fe&

When p = %, we talk of a uniform random even subgraph.
We may express 1p in the following way. Let ¢p = ¢p 1 be product measure

with density pon € = {0, 1}E. Forw € €, let dw denote the set of vertices X € V
that are incident to an odd number of w-open edges. Then

¢p(a)F)

ﬂp(F) = m,

Feeg,

where wf is the edge-configuration whose open set is F. In other words, ¢p
describes the random subgraph of G obtained by randomly and independently
deleting each edge with probability 1 — p, and np is the law of this random
subgraph conditioned on its being even.

Let Ag be the Ising measure on a graph H with inverse temperature g > 0,
presented in the form

1
(8.41)  Ap(0) = —exp<,3 > dey>, o= (ox:xeV)ex,
Z;
e=(x.y)eE

with © = {—1, +1}V. See (7.17) and (7.19). A spin configuration ¢ gives rise
to a subgraph G° = (V, E?) of G with E? given in (8.36) as the set of edges
whose endpoints have like spin. When G is planar, the boundary of any connected
component of G° corresponds to a cycle in the dual graph Gq, and the union of
all such cycles is a (random) even subgraph of G4. A glance at (8.3) informs us
that the law of this even graph is n, where

Note thatr < % Thus, one way of generating a random even subgraph of a planar

graph G = (V, E) with parameter r € [0, %] is to take the dual of the graph G°
with o is chosen with law (8.41), and with 8 = B(r) chosen suitably.
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The above recipe may be cast in terms of the random-cluster model on the planar
graph G. First, we sample w according to the random-cluster measure ¢p q with
p = 1—e 2# and q = 2. Toeach open cluster of @ we allocate a random spin taken
uniformly from {—1, 4+1}. These spins are constant on clusters and independent
between clusters. By the discussion of Section 8.1, the resulting spin-configuration
o has law Ag. The boundaries of the spin-clusters may be constructed as follows
from w. Let Cy, C,, ..., C¢ be the external boundaries of the open clusters of w,
and let £1, &, ..., & be independent Bernoulli random variables with parameter
%. The sum ) ; & C;, with addition interpreted as symmetric difference, has law
Nr-

It turns out that one may generate a random even subgraph of a graph G from
the random-cluster model on G, for an arbitrary, possibly non-planar, graph G.
We consider first the uniform case of np with p = %

We identify the family of all spanning subgraphs of G = (V, E) with the family
of all subsets of E (the word ‘spanning’ indicates that these subgraphs have the
original vertex-set V). This family can further be identified with Q = {0, 1} E =
ZzE, and is thus a vector space over Zjy; the operation + of addition is component-
wise addition modulo 2, which translates into taking the symmetric difference of
edge-sets: F1 + F, = F; A F; for F, F, C E.

The family € of even subgraphs of G forms a subspace of the vector space ZF,
since F1 A F; is even if F; and F; are even. In particular, the number of even
subgraphs of G equals 2¢©) where c(G) = dim(€). The quantity c(G) is thus
the number of independent cycles in G, and, as is well known,

(8.42) c(G) = |[E| — |V|+ k(G).

Cf. (8.26).

(8.43) Theorem [101]. Let Cy, Cy, ..., Cc bea maximal set of independent cy-
clesin G. Let &, &, ..., & be independent Bernoulli random variables with

parameter % Then ) ; & C; isa uniformrandom even subgraph of G.

Proof. Since every linear combination Zi YiCi, ¥ € {0, 1}¢, is even, and since
every even graph may be expressed uniquely in this form, the uniform measure
on {0, 1}€ generates the uniform measure on &. Il

One standard way of choosing such a set Cy, Cs, ..., C¢, when G is planar,
is given as above by the external boundaries of the finite faces. Another is as
follows. Let (V, F) be a spanning subforest of G, that is, the union of a spanning
tree from each component of G. It is well known, and easy to check, that each
edge § € E \ F can be completed by edges in F to a unique cycle Cj. These
cycles form a basis of & By Theorem 8.43, we may therefore find a random
uniform subset of the Cj by choosing a random uniform subset of E \ F.

We show next how to couple the g = 2 random-cluster model and the random
even subgraph of G. Let p € [0, %], and let w be a realization of the random-
cluster model on G with parameters 2p and g = 2. Let R = (V, y) be a uniform
random even subgraph of (V, n(w)).
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(8.44) Theorem [101]. Thegraph R = (V, y) isarandom even subgraph of G
with parameter p.

This recipe for random even subgraphs provides a neat method for their simu-
lation, provided p < % One may sample from the random-cluster measure by the
method of coupling from the past (see [178]), and then sample a uniform random
even subgraph from the outcome, as above. If G itself is even, we can further
sample from np for p > % by first sampling a subgraph (V, E) from ny—p and
then taking the complement (V, E \ IE), which has the distribution 77p. One may
adapt this argument to obtain an efficient method for sampling from 7 for p > %
and general G (see Exercise 8.16). When G is planar, this amounts to sampling
from an antiferromagnetic Ising model on its dual graph.

There is a converse to Theorem 8.44. Take a random even subgraph (V, F) of
G = (V, E) with parameter p < % To each e ¢ F, we assign an independent
random colour, blue with probability p/(1 — p) and red otherwise. Let B be
obtained from F by adding in all blue edges. It is left as an exercise to show that
the graph (V, B) has law ¢ >.

Proof of Theorem 8.44. Let g C E be even, and let w be a sample configuration
of the random-cluster model on G. By the above,

27¢@)if g C n(w),

0 otherwise,

P(nglw)z{

where C(w) = c(V, n(w)) is the number of independent cycles in the w-open
subgraph. Therefore,

Py=g = Y. 2.

: gCn(w)
By (8.42),
P(y = g) Z (2p)"’(“’)|(1 _ 2p)|E\n(w)|2k(w)(%)|77(w)|*|v\+k(w)
: gCn(w)
o« S @i —2p)Ewe)
®: gCn(w)
=[p+(1-2p)=9p
=p9a-pF9, gcE
The claim follows. ]

The above account of even subgraphs would be gravely incomplete without
a reminder of the so-called ‘random-current representation’ of the Ising model.
This is a representation of the Ising measure in terms of a random field of loops
and lines, and it has enabled a rigorous analysis of the Ising model. See [3, 7,
10] and [98, Chap. 9]. The random-current representation is closely related to the
study of random even subgraphs.
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8.7 Exercises

8.1. [107] Let ¢p q be a random-cluster measure on a finite graph G = (V, E)
with parameters p and q. Prove that

d
gpleah = bpa(M1a) = p.q(M)tp.q(A)}

!
I-p
for any event A, where M = |n(w)| is the number of open edges of a configuration

w and 1 a is the indicator function of the event A.

8.2. (continuation) Show that ¢p ¢ satisfies the FKG inequality if ¢ > 1, in
that ¢pq(AN B) > ¢p q(A)dp,q(B) for increasing events A, B, but does not
generally have this property when q < 1.

8.3. Show that the conditional random-cluster measure on G given that the
edge eis closed (respectively, open) is that of ¢G\e, p,q (respectively, ¢G e p,q)-

8.4.  Show that random-cluster measures ¢p q do not generally satisfy the BK
inequality if g > 1. That is, find a finite graph G and increasing events A, B such
that ¢p q(Ao B) > ¢p q(A)dp,q(B).

8.5. (Important research problem, hard if true) Prove that random-cluster mea-
sures satisfy the BK inequality if q < 1.

8.6. Let ¢p q be the random-cluster measure on a finite connected graph G =
(V, E). Show, in the limit as p, @ — 0 in such way that g/p — 0, that ¢p q
converges weakly to the uniform spanning tree measure UST on G. Identify the
corresponding limit as p,q — 0 with p = . Explain the relevance of these
limits to the previous question.

8.7. [81] Comparison inequalities. Use the Holley inequality to prove the
following ‘comparison inequalities’ for a random-cluster measure ¢p g on a finite
graph:

b <stPpq ifd'=q,q =1 p <p,

/

p P
qgad—-p) " qd—-p

dp.q =st Pp.g ifqg">q, g >1,

8.8. [9] Show that the wired percolation probability 6! (p, q) on L9 equals the
limit of the finite-volume probabilities, in that, for q > 1,

0'(p,q) = Alin%d DA pq0 < IA).

8.9. [98, 156] Mixing. A translation T of L9 induces a translation of given
by T(w)(e) = w(t71(e)). Let A and B be cylinder events of 2. Show, forq > 1
and b =0, 1, that

90.q(ANT"B) = ¢8 ((A)PR4(B)  asn— co.
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The following may help when b = 0, with a similar argument when b = 1.

a. Assume Ais increasing. Let A be defined on the box A, and let A be a larger
box with t" B defined on A \ A. Use positive association to show that

62 pq(ANT"B) = 62 5 (AP} .q(T"B).
b. Let A 1 Zd’ and then n — oo and A 1 Zd, to obtain

liminf ¢p ,(ANT"B) > 9 ((A)gp (B).

n—o0
By applying this to the complement B also, deduce that qbg,q(A Nt"B) —
0 b
30 4 (AR, (B).
8.10. Ergodicity. Deduce from the result of the previous exercise that the qbqu

are ergodic.

8.11. Use the comparison inequalities to prove that the critical point p.(q) of
the random-cluster model on Z9 satisfies

qpc(1)
cl_ c = , _1.
p()<p(Q)<1+(q_1)pc(1) q=

In particular, 0 < p.(q) < 1ifq > 1andd > 2.

8.12. Let u be the ‘usual’ coupling of the Potts measure and the random-cluster
measure on a finite graph G. Derive the conditional measures of the first compo-
nent given the second, and of the second given the first.

8.13. Letq e {2,3,...},and let G = (V, E) be a finite graph. Let W C V,
and let 1,00 € {1,2, ..., q}W. Starting from the random-cluster measure ¢\r§\,/q
on G with members of W identified as a single point, explain how to couple the
associated Potts measures 7 (- | ow = oj), fori = 1, 2, in such a way that: any
vertex X not joined to W in the random-cluster configuration has the same spin in
each of the two Potts configurations.

Let BC {1,2,...,q} where Y € V \ W. Show that

(B |ow = 01) — (B | ow = 02)| < ¢pg(W < Y).

8.14. lsing mixing and ergodicity. Let d)B’ q be a random-cluster measure on Ld
with b € {0,1} and q € {1,2,...}. If b = 0, we assign a uniformly random
element of Q = {1,2, ..., d} to each open cluster, constant within clusters and
independent between. We do similarly if b = 1 with the difference that any
infinite cluster receives spin 1. Show that the ensuing spin-measures 7P are the
infinite-volume Potts measures with free and 1 boundary conditions, respectively.

Using the results of the previous exercise, or otherwise, show that bis mixing,
and hence ergodic, if ¢g7q(0 < 00) =0.
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8.15. [93] Show for the random-cluster model on L2 that Pc(qQ) > kg, where
kq = /q/(1 + ,/qQ) is the self-dual point.

8.16. [101] Make a proposal for generating a random even subgraph of the graph
G = (V, E) with parameter p satisfying p > %

You may find it useful to prove the following first. Let u, v be distinct vertices
in the same component of G, and let 7 be a path from U to v. Let  be the set of
even subsets of E, and F' the set of subsets F such that degr (X) is even if and
only if X # u, v. [Here, degg (X) is the number of elements of F incident to X.]
Then F and £V are put in one—one correspondence by F < F A 7.

8.17. [101] Let (V, F) be a random even subgraph of G = (V, E) with law
np where p < % Each e ¢ F is coloured blue with probability p/(1 — p),
independently of all other edges. Let B be the union of F with the blue edges.

Show that (V, B) has law ¢;p .
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9

Quantum Ising Model

The quantum Ising model on a finite graph G may be transformed into a
continuum random-cluster model on the set obtained by attaching a copy of
the real line to each vertex of G. The ensuing representation of the Gibbs
operator is susceptible to probabilistic analysis. One application is to an
estimate of entanglement in the one-dimensional system.

9.1 The model

The quantum Ising model is defined as follows on the finite graph G = (V, E).
To each vertex X € V is associated a quantum spin—% with local Hilbert space C2.
The configuration space J# for the system is the tensor product! # = Xyev C2.
As basis for the copy of C? labelled by X € V, we take the two eigenvectors,

denoted as
1 0
|+>X:(O>5 |_>X:(1>’
1 0
o= 2)

at the site X, with corresponding eigenvalues £1. The other two Pauli matrices
with respect to this basis are:

0 1 0 —i
Ox(l):(l 0)’ O'X(z):(i 0)'

In the following, |¢) denotes a vector and (¢| its adjoint (or conjugate transpose).

Let D be the set of 2!V! basis vectors |n) for # of the form |n) = @), |£)x.
There is a natural one—one correspondence between D and the space ¥ = Ly =

of the Pauli matrix

The tensor product U ® V of two vector spaces over F is the dual space of the set of bilinear
functionals on U x V. Ref?
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{—1, +1}V. We may speak of members of ¥ as basis vectors, and of H# as the
Hilbert space generated by X.

LetX, 6 € [0, co). The Hamiltonian of the quantum Ising model with transverse
field is the matrix (or ‘operator’)

9.1) H=-1 Y o —5) o,
e=(X,y)eE xeV

Here, X is the spin-coupling and § is the transverse-field intensity. The matrix
H operates on vectors (elements of #) through the operation of each oy on the
component of the vector at X.

Let 8 € [0, 0co) be the parameter known as ‘inverse temperature’. The Hamil-
tonian H generates the matrix e #H, and we are concerned with the operation of
this matrix on elements of #. We normalize e #H by its trace, that is, we define
the so-called ‘density matrix’

1
9.2 - —BH’
9.2) pe(f) = 7€
where
9.3) Za(B) =tr(€ Py = "(nle P |n).
nex

It turns out that the matrix elements of pg(f) may be expressed in terms of a
type of ‘path integral’ with respect to the continuum random-cluster model on
V x [0, B] with parameters A, § and = 2. We explain this in the following two
sections.

The Hamiltonian H has a unique pure ground state |g) defined at zero-
temperature (that is, in the limit as 8 — o0) as the eigenvector corresponding
to the lowest eigenvalue of H.

9.2 Continuum percolation and random-cluster models

The finite graph G = (V, E) may be used as a base for a family of probabilistic
models that live not on the vertex-set V but on the ‘continuum’ space V x R. The
simplest of these models is continuum percolation, see Section 6.6. We consider
here a related model called the continuum random-cluster model. Let 8 € (0, c0),
and let A be the ‘box’ A =V x [0, B]. In the notation of Section 6.6, let ¢ s
denote the probability measure associated with the Poisson processes Dy, X € V,
and Be, € = (X, y) € E. As sample space we take the set €2, comprising all finite
sets of cuts and bridges in A, and we may assume without loss of generality that
no cut is the endpoint of any bridge. For w € 2, we write B(w) and D(w) for
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the sets of bridges and cuts, respectively, of w. The appropriate o-field ¥, is that
generated by the open sets in the associated Skorohod topology, see [34, 76].

For a given configuration w € Q4, let K(w) be the number of its clusters under
the connection relation <>. Let € (0, 00), and define the ‘continuum random-
cluster’ probability measure ¢4 ;. 5,q by

1
(9.4) dga z.6,q(@) = zqk(w)dfﬁA,,\,a(w), w € Qa,

for an appropriate normalizing constant, or ‘partition function’, Z = Z, (4, 8, ).
The continuum random-cluster model may be studied in very much the same way
as the random-cluster model on a lattice, see Chapter 8.

The space €2 5 is a partially ordered space with order relation given by: w1 < w»
if B(w1) € B(w») and D(w1) 2 D(wy). A random variable X : Qx — R is
called increasing if X(w) < X(w') whenever o < . An event A € Fj is
called increasing if its indicator function 1 A is increasing. Given two probability
measures (L1, (2 on a measurable pair (25, Fa), we write (] <g 2 if u1(X) <
w2 (X) for all bounded increasing continuous random variables X : Q4 — R.

The measures ¢ ;. 5,q have certain properties of stochastic ordering as the
parameters A, A, §, q vary. The basic theory will be assumed here, and the
reader is referred to [37] for further details. In rough terms, the ¢ » s q inherit
the properties of stochastic ordering and positive association enjoyed by their
counterparts on discrete graphs. Of particular value in Section 9.5 is the stochastic
inequality

9.5) OA25, Sst PAS q=>1

We note that the thermodynamic limit may be taken in much the same manner
as it was for the discrete random-cluster model, whenever > 1, and for certain
boundary conditions 7. Suppose, forexample, that V is a finite connected subgraph
of the lattice G = Z9, and assign to the box A =V x [0, 8] a suitable boundary
condition. As described in [98] for the discrete case, if the boundary condition
is chosen in such a way that the measures ¢f\’ 3.8,q are monotonic as V 4 79, then
the weak limit ¢ 5,0, = 1My 474 P 5,q €xists. One may similarly allow the
limit as 8 — oo to obtain a measure d’i,a,q = limg_ o0 ‘ﬁ,a,q,ﬁ-

Let G = 79, Restricting ourselves for convenience to the case of free boundary
conditions, we define the percolation probability by

8()" 8’ q) = ¢A,8,q(|C| = 00)7

where C is the cluster at the origin (0, 0), and |C| denotes the aggregate (one-
dimensional) Lebesgue measure of the time intervals comprising C. The critical
point is defined by

Ae(Z9,q) = sup{r : 0(%, 1, Q) = 0}.

In the special case d = 1, the random-cluster model has a property of self-duality
that leads to the following conjecture.
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(9.6) Conjecture. The continuum random-cluster model on Z x R with cluster-
weighting factor satisfying q > 1 hascritical value A.(Z, q) = q.

It may be proved by standard means that A.(Z, q) > . See (8.32) and [98,
Sect. 6.2] for the corresponding result on the discrete lattice Z2. Thecasesq = 1, 2
are special. The statement A.(Z, 1) = 1 is part of Theorem 6.19(b). When q = 2,
the method of so-called ‘random currents’ may be adapted to the quantum model
with several consequences, of which we highlight the fact that A.(Z, 2) = 2; see
[38].

The continuum Potts model on V x R is given as follows. Let q € {2, 3, ...}.
To each cluster of the random-cluster model with cluster-weighting factor q is
assigned a ‘spin’ from the space ¥ = {1, 2, ..., q}, different clusters receiving
independent spins. The outcome is a function o : V x R — %, and this is the
spin-vector of a ‘continuum (-state Potts model” with parameters A and §. When
g = 2, we refer to the model as a continuum Ising model.

It is not hard to see that the law PP of the above spin model on A = V x [0, 8]
is given by

dP(o) = %e“(“) doas(Do),

where D, is the set of (X, S) € V x [0, B] such that o (X, S—) # o (X, S+), da s 1S
the law of a family of independent Poisson processes on the time-lines {X} x [0, £],
X € V, with intensity §, and

B
Le)y= ) / Lo x.w=o(y.w) du
0

(x,y)eEv

is the aggregate Lebesgue measure of those subsets of pairs of adjacent time-lines
on which the spins are equal. As usual, Z is an appropriate constant.

9.3 Quantum Ising via random-cluster

In this section we describe the relationship between the quantum Ising model on a
finite graph G = (V, E) and the continuum random-cluster model on G x [0, 8]
with g = 2. We shall see that the density matrix pg () may be expressed in terms
of ratios of probabilities given in terms of the random-cluster model. The roots
of the following argument lie in the work of Campanino, von Dreyfus, Klein, and
Perez, and the reader is referred to [13] for the final form. Similar geometrical
transformations can be made for other certain quantum models, see [14, 167].

First, some notation. Let A = V x [0, 8], and let 25 be the configuration
space of the continuum random-cluster model on A. For given A, §, and q = 2, let
¢G,p denote the corresponding continuum random-cluster measure on 2, (with
free boundary conditions). Thus, for economy of notation we suppress reference
to A and §.
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We next introduce a coupling of edge and spin configurations as in Section 8.1.
Forw € Q,,let S(w) denote the space of all functions s : V x [0, 8] — {—1, +1}
that are constant on the clusters of w, and let S be the union of the S(w) over
o € Q2x. Given w, we may pick an element of S(w) uniformly at random, and
we denote this random element as o. We shall abuse notation by using ¢g g to
denote the ensuing probability measure on the coupled space Q2 x S. Forse S
and W C V, we write Sy,o (respectively, Sw, g) for the vector (S(x, 0) : x € W)
(respectively, (S(X, B) : X € W)). We abbreviate Sy o and Sy,g to S and Sg,
respectively.

(9.7) Theorem [13]. The elements of the density matrix pg (8) satisfy

¢G,p(00 =n, 0g =1)
oG, p(00 = op)

9-8) (n'lpc (B)In) = , n.n €X.

Proof. We use the notation of Section 9.1. By (9.1) with v = % Z(x,y) Aland I
the identity matrix?,

9.9) e BHHY) _ gBU+V)

where

U==5Y0o, V==t 3 aePe® -0
xeV e=(x,y)eE

Although these two matrices do not commute, we may use the so-called Lie—Trotter
formula (see, for example, [193]) to express e AUV in terms of single-site and
two-site contributions due to U and V, respectively. By the Lie-Trotter formula,

e~ (UHVIAL _ o-UAtg=VAt | g(At2),

We divide the interval [0, 8] into N parts each of length At = 1/N, so that

e PUTY) — Jiy (e UAtg—VAtyp/AL
At—0

Now expand the exponential, neglecting terms of order o(At), to obtain

(9.10)
e BH+Y) _

B/ At
lim (]‘[[(1—5At)ﬂ+ampxl] ]_[ [(I—AAt)HAAtPf,y]) ;
At—0 X e=(x.y)

where P} = ol +Tand P}, = %(0)53)0353) 4.

ZNote that (n’|e?tC|n) = e®(5’|e?|n), so the introduction of v into the exponent is harmless.
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As noted earlier, we think of members of £ = {—1, +1}V as basis vectors of
F, and of # as the Hilbert space generated by ¥. The product (9.10) contains
a collection of operators acting on sites X and on neighbouring pairs (X, y). We
partition the time interval [0, 8] into N time-segments labelled Aty, Aty, ..., Aty,
each of length At. On neglecting terms of order o(At), we may see that each
given time-segment arising in (9.10) contains exactly one of: the identity matrix
I; a matrix of the form PX1 ; a matrix of the form P)iy- Each such matrix occurs in
the time-segment with a certain weight.

Let us consider the actions of these matrices on the states |n) for each time
interval Atj,i € {1,2, ..., N}. The matrix elements of the single-site operator at
X are given by

9.11) ('loY + 1) = 1.

This is easily checked by exhaustion. When this matrix occurs in some time-
segment Atj, we place a mark in the interval {X} x Atj, and we call this mark a
cut. Such a cut has a corresponding weight § At + o(At).

The matrix element involving the neighbouring pair (X, Y) yields, as above,

1ifnx =ny =y =y,
012 J0lodo +1n) = { 0 otorie
When this occurs in some time-segment At;, we place a bridge between the in-
tervals {X} x Atj and {y} x Atj. Such a bridge has a corresponding weight
AAL 4 o(Al).

In the limit At — 0, the spin operators generate thus a Poisson process with
intensity 6 of cuts in each time-line {x} x [0, 8], and a Poisson process with
intensity A of bridges between each pair {X} x [0, 8], {y} x [0, 8] of time-lines,
for neighbouring X and y. This is an independent family of Poisson processes. We
write Dy for the set of cuts at the site X, and Be for the set of bridges corresponding
to an edge e = (X, Y¥). The configuration space is the set 25 containing all finite
sets of cuts and bridges, and we may assume without loss of generality that no cut
is the endpoint of any bridge.

For two points (X, S), (Y, 1) € A, we write (X, S) < (Y, t) if there exists a cut-
free path from the first to the second that traverses time-lines and bridges. A cluster
is a maximal subset C of A such that (X, S) <> (y,t) for all (X, s), (y,t) € C.
Thus the connection relation <> generates a continuum percolation process on
A, and we write ¢, , s for the probability measure corresponding to the weight
function on the configuration space 2. Thatis, ¢4 s is the measure governing
a family of independent Poisson processes of cuts (with intensity §) and of bridges
(with intensity A). The ensuing percolation process has appeared in Section 6.6.

Equations (9.11)—(9.12) are to be interpreted in the following way. In calculat-
ing the operator € #(H+Y) one averages over contributions from realizations of
the Poisson processes, on the basis that the quantum spins are constant on every

(© G. R Grimmett 6 February 2009



[9.3] Quantum Ising via random-cluster 161

! | N

| o i iiio T

. oo =

| o i T r o

| 0 S AR B

| : o Lo

| oL R T :

| O :;|:|__ ;

[ | N .

: fl:l_ O::icl): :

o oo ! — ol io |

N T 5

IR Qe 5

'|:OO : O

R :

[ T . : ! :

e S e B ! 0
L R | . : I
A A |

ol io 0 0 —

& TR T Lo

: S-S ro |
OB R A o

Q@ i1 0

.:?iiii' Do

Figure 9.1. An example of a space-time configuration contributing to the Poisson integral
(9.18). The cuts are shown as circles and the distinct connected clusters are indicated with
different line-types.

cluster of the corresponding percolation process, and each such spin-function is
equiprobable.

More explicitly,

9.13) e P = f d¢A,A,a(w)(7

[T Ao ] Px?iya/)),

x,t)eD «(x,y),theB

where 7 denotes the time-ordering of the terms in the products, and B (respec-
tively, D) is the set of all bridges (respectively, cuts) of the configuration w € 4.

Let w € Q4. Let u,, be the counting measure on the space S(w) of functions
s:V x [0, 8] — {—1, +1} that are constant on the clusters of w. Let K (w) be the
time-ordered product of operators in (9.13). We may evaluate the matrix elements
of K (w) by inserting the ‘resolution of the identity’

(9.14) > Il =1

nex

between any two factors in the product, obtaining thus that

9.15) (n'|K(@)[n) = Z Lisy=n} Lisg=n'} n,n €X.
seS(w)
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This is the number of spin-allocations to the clusters of w with given spin-vectors
at times 0 and .

The matrix elements of pg () are therefore given by

9.16) (n'lpc(B)In) = / Lisy=n} Liss=n'} Ao (S) dpa 1.5 (@),

ZG,p
forn,n’ € X, where
9.17) Zg p = tr(ePH),

Forn,n" € %, let |,, ,y be the indicator function of the event (in €2, ) that, for all
X,yevV,

if (X, 0) < (Y, 0), then nyx = ny,
if (x, B) <> (¥, B), then n} = n{,
if (X, 0) < (v, B), then nx = ng,.

This is the event that the pair (n, ') of initial and final spin-vectors is ‘compatible’
with the random-cluster configuration. We have that

1
©18)  lps(B)in = 5 / dérss@ Y lsenligpmr)
G.p SeX (@)

1 /‘ K k(w)
= | oK@tkl) (DD gy (W)
ZG’ﬂ 7],7] (2) 1%

= %%,5(00 =n,0p=n). 00 €,
G.B
where K(w) is the number of clusters of @ containing no point of the form (v, 0)
or (v, B), for v € V, and k(w) = k(w) — k() is the number remaining. See
Figure 9.1 for an illustration of the space—time configurations contributing to the
Poisson integral (9.18).
On setting n = n’ in (9.18) and summing over n € X, we find that

9.19) ZG,p = ¢G,p(00 = 0p),
as required. O

This section closes with an alternative expression for the formula of Theorem
9.7. We consider ‘periodic’ boundary conditions on A obtained by, for each
X € V, identifying (X, 0) and (X, B). Let kP*"(w) be the number of open clusters
of w with periodic boundary conditions, and gbge,rﬂ be the corresponding random-
cluster measure. By (9.18),

1P (B)ln) = —— / KON A s ().

ZG,p
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By setting " = 1 and summing,

920) 1= (lpcB)ln) =

f KO dg 5 5(@),
nex

VAY

whence Zg g equals the normalizing constant for the periodic random-cluster
measure qbgerﬁ.

9.4 Long-range order

The two-point connectivity function

6,506 Y) = 86 5((X,0) < (y.0)), X, yeV,

for the periodic random-cluster measure turns out to be a natural measure of long-
range order in the quantum Ising model, with the order parameter of the latter
given as in the next theorem.

(9.21) Theorem [13]. We have that

65X, Y) = tr(pc(B)oyay)). X,y eV.

Proof. The argument leading to (9.18) is easily adapted to obtain

1 —
)y (3) k(w)
(o (B) - 3(0x70y” +D) = 7 — f 2 < 2.

n:Nx=ny

In,n) d¢A,A,8 (w).

Now, Kk
Z I { 2kPer () —K() if (x,0) < (y,0),
nn =

P (@) R@)—1
n: nx=ny AR if (X, 0) <> (y, 0),

whence, by the remark at the end of the last section,

tr(pc(B) - 3(0x" 0 + 1) = 168X ¥) + 3(1 — 16,4(X, ),
and the claim follows. O

Expand discussion of critical point?

The infinite-volume limits of the quantum Ising model on G are obtained in the
‘ground state’ as B — 00, and in the spatial limit as |V | — oo. The paraphernalia
of the discrete random-cluster model may be adapted to the current continuous
setting in order to understand the issues of existence and uniqueness of these limits.
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We do not investigate that here. Instead, we point out that the behaviour of the two-
point connectivity function, after taking the limits 8 — oo, |V| — oo, depends
pivotally on the existence or not of an unbounded cluster in the random-cluster
model. Let ¢, s be the infinite-volume measure, and let

O(%, 8) = ¢y 5(Cp is unbounded)

be the percolation probability. Then 7 s(X,y) — 0 as [X — Y| — oo, when
6(X, §) = 0. On the other hand, by the FKG inequality and the (a.s.) uniqueness
of the unbounded cluster,

05X y) = 0(x, 8)%,

implying that 7;_5(X, Y) is bounded uniformly away from 0 when (1, §) > 0.

A more detailed investigation of the infinite-volume limits and their implica-
tions for the quantum Ising model may be found in [13]. As pointed out there,
the situation is more interesting in the ‘disordered’ setting, when the A and Jx are
themselves random variables.

9.5 Entanglement in one dimension

Itis shown next how the random-cluster analysis of the last section enables progress
with the problem of so-called entanglement in one dimension. The principle
reference for the work of this section is [106].

Let G = (V, E) be a finite graph, and let W € V. A considerable effort
has been spent on understanding the so-called ‘entanglement’ of the spins in W
relative to those of V \ W, in the (ground state) limit as § — oo. This is already
a hard problem when G is a finite subgraph of the line Z. Various methods have
been used in this case, and a variety of results, some rigorous, obtained.

The first step in the definition of entanglement is to define the reduced density
matrix

P& (B) = trv\w(pc(B)),

where the trace is taken over the Hilbert space #v\w = @yev\w C? of spins of
vertices of V \ W. An analysis (omitted here) exactly parallel to that leading to
Theorem 9.7 allows the following representation of the matrix elements of ,oév (B).

(9.22) Theorem [106]. The elements of the reduced density matrix ,o}’;"(ﬁ) satisfy

/

=n, = E

©023) (1o = eplowo=mowp =0 18 s
¢G,p(00 =0p | E)

where E isthe event that ov\w,0 = ov\w,s-

Let Dy be the set of 2!W! vectors |5) of the form |n) = Qxew I£)x, and write
Ftw for the Hilbert space generated by Dyy. Just as before, there is a natural
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one—one correspondence between Dy and the space Sw = {—1, +1}W, and we
shall thus regard F\y as the Hilbert space generated by Xyy.

We may write
pG = lim pc(B) = V) (VG
B—o00

for the density matrix corresponding to the ground state of the system, and similarly
(9.24) g =tviw(ve)(Yel) = lim og(h).
B—00

The entanglement of the spins in W may be defined as follows.

(9.25) Définition. The entanglement of the vertex-set W relative to its comple-
ment V \ W is the entropy

(9.26) S\év = —tr(p(\év log, p(\év).

The behaviour of Sév , for general G and W, is not understood at present. We
specialize here to the case of a finite subset of the one-dimensional lattice Z. Let
m, L > 0andtakeV = [—-m, m+L]and W = [0, L], viewed as subsets of Z. We
obtain G from V by adding edges between each pair X, y € V with |[X —y| = 1.
We write pm(B) for pg(8), and Sr';] (respectively, ,or';]) for S(\év (respectively, p(\év ).
A key step in the study of Slﬁ for large m is a bound on the norm of the difference
ok — pt. The operator norm of a Hermitian matrix> A is given by

IAIl= sup [(¥|Alp)|,
lvl=1

where the supremum is over all vectors v with L?-norm 1.

(9.27) Theorem [106]. Let 1,8 € (0, 00) and write® = A/3. There exist con-
stants C, «, y depending on 6 and satisfying y > 0 when # < 1 such that:

9.28)  llpgm — pEll < min{2, CL*e™"™}, 2<m<n<oo, L>1.

One would expect that y may be taken in such a manner that y > 0 under
the weaker assumption A/§ < 2, but this has not yet quite been proved (cf.
Conjecture 9.6). The constant y is, apart from a constant factor, the reciprocal of
the correlation length of the associated random-cluster model.

Proved, no?

Inequality (9.28) is proved by the following route. Consider the continuum
random-cluster model with g = 2 on the space—time graph A =V x [0, 8] with
‘partial periodic top/bottom boundary conditions’; that is, for each X € V \ W,

3 A matrix is called Hermitian if it equals its conjugate transpose.
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we identify the two vertices (X, 0) and (X, 8). Let ¢£l 8 denote the associated
random-cluster measure on 2. To each cluster of w € Q2 we assign a random
spin from {—1, 41} in the usual manner, and we abuse notation by using ¢ﬁ1 g to
denote the measure governing both the random-cluster configuration and the spin
configuration. Let
— 4P —
am.g = Pm p(oW.0 = ow,p),

noting that
am,g = ¢m,p(o0 =op | E)

as in (9.23).
By Theorem 9.22,
(9.29)

oh s(Clow0)Clow p)) @b s(Clow,0)Clow,p))
Legy _ oL _ Pmp _¥np :
(WlomB) — oy (B)IY) y o ,

where c: {—1, +1}W — C and

V= Z c(mn € Hw.

neXw

The random-cluster property of ratio weak-mixing is used in the derivation of
(9.28) from (9.29). This may be stated roughly as follows. Let A and B be events
in the continuum random-cluster model that are defined on regions Ra and Rg of
space, respectively. What can be said about the difference ¢ (AN B) — ¢ (A)¢ (B)
when the distance d(Ra, Rp) between Ra and Rp is large? It is not hard to show
that this difference is exponentially small in the distance, so long as the random-
cluster model has exponentially-decaying connectivities, and such a property is
called ‘weak mixing’. It is harder to show a similar bound for the difference
¢(A | B) — ¢(A), and such a bound is termed ‘ratio weak-mixing’. The ratio
weak-mixing property of random-cluster model has been investigated in [18, 19]
for the discrete case and in [106] for the continuum model.

At the final step of the proof of Theorem 9.27, the random-cluster model is
compared via (9.5) with the continuum percolation model of Section 6.6, and
the exponential decay of Theorem 9.27 follows by Theorem 6.19. A logarithmic
bound on the entanglement entropy follows for sufficiently small A /8.

(9.30) Theorem [106]. Let A,§ € (0,00) and write & = A/§. There exists
6y € (0, 00) such that: for 8 < 6, thereexists K = K () < oo such that

S, <Klog, L, m=>0,Lz>2.

Discuss: spectra are close, so...

A stronger result is expected, namely that the entanglement S,'ﬁ is bounded
above, uniformly in L, whenever 0 is sufficiently small, and perhaps forall 6 < 6,
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where 0. = 2 is the critical point. It is not clear whether this is provable by the
methods of this chapter. See Conjecture 9.6 above, and the references in [106].

There is no rigorous picture known of the behaviour of S,';] for large 6, or of
the corresponding quantity in dimensions d > 2, although Theorem 9.27 has
a counterpart in this setting. Theorem 9.30 may be extended to the disordered
system in which the intensities A, § are independent random variables indexed by
the vertices and edges of the underlying graph, subject to certain conditions on
these variables (cf. Theorem 6.20 and the preceding discussion).

9.6 Exercises

9.1. Explain in what manner the continuum random-cluster measure ¢, 1,q on
Z x Ris ‘self-dual’ when A = qand q > 1.
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Interacting Particle Systems

The contact, voter, and exclusion models are examples of so-called inter-
acting particle systems. Each is a Markov process in continuous time, with
state space {0, l}V for some countable set V. In the voter model, each el-
ement of V may be in either of two states, and its state flips at a rate that
is a weighted average of the states of the other elements. When V = Z4,
the analysis of the voter model hinges on the recurrence or transience of an
associated Markov chain. When d = 2 and the model is generated by simple
random walk, the only invariant measures are the two point masses on the
(two) states representing unanimity. The picture is more complicated when
d > 2, owing to the transience of the random walk. In the exclusion model,
a set of particles moves about V according to a ‘symmetric’ Markov chain,
subject to exclusion. We shall assume that V = 79, and that the Markov
chain is translation-invariant. It turns out that the product measures are in-
variant for this process, and furthermore that these are exactly the extremal
invariant measures.

10.1 Introductory remarks

There are many beautiful problems of physical type that may be modelled as
Markov processes on the compact state space £ = {0, 1}V for some countable
set V. Amongst the most studied to date by probabilists are the contact, voter,
and exclusion models'. This significant branch of modern probability theory had
its nascence around 1970 in the work of Roland Dobrushin, Frank Spitzer, and
others, and has been brought to maturity through the work of Thomas Liggett and
colleagues. The basic references are Liggett’s two volumes [148, 150], see also
[151].

The general theory of Markov processes, with its intrinsic complexities, is
avoided here. The three processes of this chapter may be constructed via ‘graphical
representations’ involving independent random walks. There is a general approach

I'We say nothing about the stochastic Ising model here.
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to such important matters as existence, for an account of which the reader is referred
to [148]. The two observations of note are that the state space X is compact, and
that the Markov processes (1t : t > 0) of this section are Feller processes, which
is to say that the transition measures are weakly continuous functions of the initial
state?.

For a given Markov process, the two main questions are to identify the set of
invariant measures, and to identify the ‘basin of attraction’ of a given invariant
measure. The processes of this chapter will always possess a non-empty set J of
invariant measures, although it is not always possible to describe all members of
this set explicitly. Since { is a convex set of measures, it suffices to describe its
extremal elements. We shall see that, in certain circumstances, |{| = 1, and this
may be interpreted as the absence of long-range order.

Since V is infinite, ¥ is uncountable. We normally specify the transition
operators of a Markov chain on such X by specifying its generator. This is an
operator G acting on an appropriate dense subset of C(X), the space of continuous
functions on X endowed with the product topology and the supremum norm. It is
determined by its values on the space C(X) of cylinder functions, being the set of
functions that depend on only finitely many coordinates in . For f € C(X), we
write Gf in the form

(10.1) Gf =) conmfa)—fml, nex,

n'ex

for some function c. For  # n’, we think of c(n, n’) as being the rate at which
the process, when in state 1, jumps to state n’.

The processes 1t possesses a transition semigroup (§ : t > 0) acting on C(X)
and given by

(10.2) St =E"(f (), nex,

where E" denotes expectation under the assumption 79 = n. Under certain
conditions on the process, the transition semigroup is related to the generator by
the formula

(10.3) S =exp(tG),

suitably interpreted according to the Hille—Yosida theorem, see [148, Sect. 1.2].
The semigroup acts on probability measures by

(104 nS A = [ P e A dtn.
z
2Let C(X) denote the space of continuous functions on £ endowed with the product topology

and the supremum norm. The process nt is Feller if: for f € C(X), fi(n) = E"(f (nt)) defines
a function belonging to C(X). Here, E" denotes expectation with initial state 7.
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A probability measure u on X is called invariant for the process nt if u§ = u
for all t. Under suitable conditions, w is invariant if and only if

(10.5) /Gf du =0 forall f € C(2).

In the remainder of this chapter we shall encounter certain constructions of
Markov processes on ¥, and all such constructions will satisfy the conditions
alluded to above.

10.2 Contact model

Let G = (V, E) be a connected graph with bounded vertex-degrees. The state
space is & = {0, 1}V, where the local state 1 (respectively, 0) represents ‘ill’
(respectively, ‘healthy’). 11l vertices recover at rate §, and healthy vertices become
ill at a rate that is linear in the number of ill neighbours. See Chapter 6.

One proceeds more formally as follows. For n € X and X € V, let nx denote
the state obtained from 7 by flipping the local state of X. That is,

()_{l—n(x) ify =x,
) = n(y) otherwise.
We let the function c of (10.1) be given by
) ifn(x) =1,
c(n, nx) = { .
Ay ~xin(y) =1} if n(x) =0,

where A and § are strictly positive constants. If ” = ny forno x € V, and n" # n,
we setc(n,n’) = 0.

We saw in Chapter 6 that the point mass on the empty set, v = § 4, is the minimal
invariant measure of the process, and that there exists a maximal invariant measure
v obtained as the weak limit of the process with initial state V. As remarked at the
end of Section 6.3, when G = ]Ld, the set of extremal invariant measures is exactly
de = {85, v}, and 65 = V if and only if there is no percolation in the associated
oriented percolation model in continuous time. Of especial use in proving these
facts was the coupling of contact models in terms of Poisson processes of cuts and
(directed) bridges.

We revisit duality briefly, see Theorem 6.1. Forn € ¥ and A C V, let
{ 1 ifn(xX) =0forall X € A,

0 otherwise.

106)  H®m, A =[] —n001=

XeA

The conclusion of Theorem 6.1 may be expressed more generally as:
EA(H (A B)) = EB(H(A, BY).

where A; (respectively, B) denotes the contact model with initial state Ag = A
(respectively, By = B). This may seem a strange way to express the duality
relation, but its relevance may become clearer soon.
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10.3 Voter model

Let V be a countable set, and let P = (px,y : X,y € V) be the transition matrix
of a Markov chain on V. The associated voter model is given by choosing

(10.7) cmmd)= Y. Pxy
y:n(y)#n(X)

in (10.1). The meaning of this is as follows. Each member of V is an individual in
a population, and may have either of two opinions at any given time. Let X € V.
Attimes of a rate-1 Poisson process, X selects a random Y according to the measure
Px,y, and adopts the opinion of y. It turns out that the behaviour of this model
is closely related to the transience/recurrence of the chain with transition matrix
matrix P, and of properties of its harmonic functions.

The voter model has two absorbing states, namely all 0 and all 1, and we denote
by &p and §; the point masses on these states. Any convex combination of p and
81 is invariant also, and thus one asks for conditions under which every invariant
measure is of this form. A duality relation will enable us to answer this question.

It is helpful to draw the graphical representation of the process. With each
X € V is associated a ‘time-line’ [0, 00), and on each such time-line is marked
the set of epochs of a Poisson process Poy with intensity 1. Different time-lines
possess independent Poisson processes. Associated with each epoch of the Poisson
process at X is a vertex Y chosen at random according to the transition matrix P.
The meaning of Y is as above.

Consider the state of vertex X at time t. We imagine a particle that is at position
X at time t, and we write Xyx(0) = X. When we follow the time-line X x [0, t]
backwards in time, that is, from (X, t) to (X, 0), we encounter a first point (first in
this reversed ordering of time) in Poy. Atthis time the particle jumps to the selected
neighbour of X. Continuing likewise, the particle performs a simple random walk
about V. Writing X (t) for its position at time 0, the (voter) state of X at time t is
precisely that of Xy(t) at time 0.

Suppose we proceed likewise starting from two vertices X and Yy at time t. Trac-
ing the states of X and y backwards, each follows a Markov chain with transition
matrix P, denoted Xx and Xy respectively. These chains are independent until
the first time (if ever) at which they meet. When they meet, they ‘coalesce’: if
they ever occupy the same vertex at any given time, then they follow the same
trajectory subsequently.

We state this as follows. The presentation here is somewhat informal, and may
be made more complete as in [148]. We write (1t : t > 0) for the voter process,
and 4 for the set of finite subsets of V.

(10.8) Theorem. Let A e 8,n € X,andlet (A; : t > 0) beasystemof coalescing
random walks beginning on the set Ag = A. Then,

P'"(n; = lon A) = PA(n = 1 on Ay, t>0.
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This may be expressed in the form
E"(H (g, A) = EAH @0, A)),

with
Hm. A =[] n.

XeA

Proof. Each side of the equation is the measure of the complement of the event
that, in the graphical representation, there is a path from (X, 0) to (a, t) for some
X with n(X) = 0 and some a € A. O

For simplicity, we restrict ourselves henceforth to a case of special interest,
namely with V the vertex-set 79 of the d-dimensional lattice withd > 1, and with
Px,y = P(X —Y) for some function p. In the special case of simple random walk,
where

1
(10.9) p(2) = %, |z| =1,

we have that n(X) flips at a rate equal to the proportion of neighbours of X whose
states disagree with the current value n(X). The case of general P is treated in
[148].

Let Xt and V; be independent random walks on 79 with rate-1 exponential
holding times, and jump distribution px y = pP(y — X). The difference X; — V; is
a Markov chain also. If X; — Y; is recurrent, we say that we are in the recurrent
case, otherwise the transient case. The analysis of the voter model is fairly simple
in the recurrent case.

(10.10) Theorem. Assume we are in the recurrent case.
1. fe = {b0, 81}
2. If pisa probability measure on X with u(n(x) = 1) = a for all x € zZ4,
then uS = (1 — a@)dy + ad; ast — oo.

The situation is quite different in the transient case. We may construct a family
of distinct invariant measures v, indexed by o € [0, 1], and we do this as follows.
Let ¢, be product measure on ¥ with density . We shall show the existence
of the weak limits v, = limi_, o ¢, and it turns out that the v, are exactly
the extremal invariant measures. A partial proof of the next theorem is provided
below.

(10.11) Theorem. Assume we arein thetransient case.
1. Theweak limitsv, = lim¢_, o0 o § EXiSt.
2. The, aretrandation-invariant and ergodic?, with density
Ve (n(X) =1) = a.

3A probability measure p on ¥ is ergodic if any shift-invariant event has u-probability either
Oor 1. Itis standard that the ergodic measures are extremal within the class of translation-invariant
measures, see [86] for example.
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3. e ={vy : @ € [0, 1]}.

We return briefly to the voter model corresponding to simple random walk on
79, see (10.9). It is an elementary consequence of Pdlya’s theorem, Theorem
1.32, that we are in the recurrent case if and only d < 2.

Proof of Theorem 10.10. By assumption, we are in the recurrent case. Let X, y €
79. By duality, Theorem 10.8, and recurrence,

(10.12) P(nt(X) # ni(y) < P(Xx(u) # Xy(u) for0 < u <t)
— 0 ast — oo.

For Ae 8, A# o,
P(n; is non-constant on A) < PA(|A| > 1),

and, by (10.12),

(10.13) ]PA(lAtl >1) < Z P(Xx(u) # Xy(u) for0 <u < t)
X,yeA
-0 ast — oo.

It follows that, for any extremal invariant measure u, the w-measure of the set of
constant configurations is 1. Only the convex combinations of §o and &; have this
property.

Let u be a probability measure with density o, as in the statement of the theorem,
and let A € 4, A # @. By Theorem 10.8 again,

uS((n:n=1onA) = fIP’”(m — 1on A) u(dn)
_ f PA( = 1 on Ay u(dn)

= fPA(n = 1lon A, [At] > 1) u(dn)

+ > PAA = {(yhu(y) = 1),

yezd

whence
[uS(n:n=Ton A}) —a| < 2PA(A| > D).

By (10.13), u§ = (1 — @)8p + ' as claimed. O
Partial proof of Theorem 10.11. For A€ §, A # &,

(10.14) PaS(nt =1o0n A) = fIP"’(nt = 1on A) ¢ (dn)

= /IP’A(n = 1on A) ¢ (dn)

= EA(a!A)).
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The last expectation converges ast — 0o, since | At| is non-increasing int. Using
the inclusion—exclusion principle, we deduce that the © & -measure of any cylinder
event has a limit, and therefore the weak limit v, exists (see the discussion of weak
convergence in Section 2.3). Since the initial state ¢,, is translation-invariant, so
is vy. We omit the proof of ergodicity, which may be found in [148, 151]. By
(10.14) with A = {X}, o S(n(X) = 1) = « for all t.

It may be shown that Jf is exactly the convex hull of the set {v, : @ € [0, 1]}.
Since the v, are ergodic, they are extremal within the class of translation-invariant
measures, and therefore

(10.15) Je D {vg 1 € [0, 1]}

Conversely, take v € {.. By the remark above, v is a mixture of the v,. Since v
is extremal, it equals one of the v,, whence equality holds in (10.15). The proof
of the main statement above is omitted, and may be found in [148, 151]. O

10.4 Exclusion model

In this model for a lattice gas, particles jump around the countable set V, subject
to the excluded-volume constraint that no more than one particle may occupy any
given vertex at any given time. The state space is & = {0, 1}V, where the local
state 1 represents occupancy by a particle. The dynamics are assumed to proceed
as follows. Let P = (px,y : X, Yy € V) be the transition matrix of a Markov chain
on V. In order to guarantee the existence of the corresponding exclusion process,
we shall assume that

sup Z px,y < OQ.
YeVxev

If the current state is n € X, and n(X) = 1, the particle at X waits an expo-
nentially distributed time, parameter 1, before it attempts to jump. At the end of
this holding time, it chooses a vertex Yy according to the probabilities py y. If,
at this instant, Y is empty then this particle jumps to y. If y is occupied, the
jump is suppressed, and the particle remains at X. Particles are deemed to be
indistinguishable.

The generator G of the Markov process is given by

Gfm= > pxylfOxy — O,

X,yeV:
n(x)=1, n(y)=0

for cylinder functions f, where 7y y is the state obtained from by interchanging
the local states of X and Y, that is,

nx) ifz=y,
nx,y(2) =1 nly) ifz=x,
n(z) otherwise.
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We may construct the process via a graphical representation, as in Section 10.3.
For each X € V, we let Poyx be a Poisson process with rate 1; these are the times
at which a particle at X (if, indeed, X is occupied at the relevant time) attempts to
move away from X. With each ‘time’ T € Poy, we associate a vertex Y chosen
according to the mass function py y, y € V. If X is occupied by a particle at time
T, this particle attempts to jump at this instant of time to the new position Y. The
jump is successful if Y is empty at time T, otherwise the move is suppressed.

It is immediate that the two Dirac measures §g and §; are invariant. We shall
see below that the family of invariant measures is generally much richer than this.
The theory is substantially simpler in the Symmetric case, and thus we assume
henceforth that

(1016) px’y = py,x, X, y S V

See [148, Chap. VIII] and [151] for bibliographies for the asymmetric case. If V
is the vertex-set of a graph G = (V, E), and P is the transition matrix of simple
random walk on G, then (10.16) amounts to the assumption that G be regular.

Mention TASEP etc.

Duality plays once again a central role in the analysis of the symmetric process.
We shall see that the model is self-dual, in the sense of the following Theorem
10.17. Note first that the graphical representation of a symmetric model may be
expressed in a slightly simplified manner. For each unordered pair X, y € V, let
Poy y be a Poisson process with intensity px y [= Py x]. Foreach T € Poy y,
we interchange the states of X and Yy at time T. That is, any particle at X moves
to Yy, and vice versa. It is easily seen that the corresponding particle system is
the exclusion model. For every X € V, a particle at X at time 0 would pursue a
trajectory through V that is determined by the graphical representation, and we
denote this trajectory by Ry(t), t > 0, noting that Rx(0) = X. The processes
Rx(+), X € V, are of course dependent.

The family (Ry(-) : X € V) is time-reversible in the following sense. Let
t > O be given. For each y € V, one may trace the trajectory arriving at (Y, t)
backwards in time, and we denote the resulting path by By {(v), 0 < v < t, with
By,:(0) = y. Itis clear by the properties of a Poisson process that the families
(Rx(u) : u € [0,t], x € V) and (By(v) : v € [0,1], y € V) have the same
laws.

Let (1 : t > 0) denote the exclusion model. We distinguish the general model
from one that possesses only finitely many particles. Let § be the set of finite
subsets of V, and write (A; : t > 0) for an exclusion process with initial state
Ay € 4. We think of n; as a random 0/1-vector, and of A; as a random subset of
the vertex-set V.

(10.17) Theorem. Consider a symmetric exclusonmodel onV. For everyn € &
and A € 4,

(10.18) P'"(n; = 1on A) = PA(n = 1 on Ay, t > 0.
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Proof. The left side of (10.18) equals the probability that, in the graphical repre-
sentation: for every y € Athere exists X € V with n(X) = 1 such that Ry (t) = .
By the remarks above, this equals the probability that n(Ry(t)) = 1 for every
yeA U

(10.19) Corollary. Consider a symmetric exclusion model on V. For each o €
[0, 1], the product measure ¢, on X isinvariant.

Refs here and elsewhere.

Proof. Let n be sampled from X according to the product measure ¢,. We have
that
PA(p=1o0n A) = oAl =l A,

By Theorem 10.17, if no has law ¢,,, then so does 5 for all t. That is, ¢, is an
invariant measure. O

The question thus arises of determining the circumstances under which the set
of invariant extremal measures is exactly the set of product measures.

Assume for simplicity that: V = Z9, that the transition probabilities are sym-
metric and translation-invariant in that

Px,y = Py,x = P(Y — X), X,yeZd,

for some function p, and that the associated Markov chain is irreducible. It can
be shown in this case (see [148, 151]) that {. = {¢y : o € [0, 1]}, and that

nS = dq ast — oo,

for any translation-invariant and spatially ergodic probability measure p with
a = unn0) =1).

In the more general symmetric non-translation-invariant case on an arbitrary
countable set V, the constants « are replaced by the set # of functions o : V —
[0, 1] satisfying

(10.20) a(¥) =Y pxya(y), X eV,
yeV

that is, the bounded harmonic functions, re-scaled if necessary to take values in
[0, 1]. [Recall that an irreducible symmetric translation-invariant Markov chain
on Z9 has only constant bounded harmonic functions®.] Let 1, be the product
measure on X with py (n(X) = 1) = a(X). It turns out that the weak limit

Vo = lim oS
t—o0

4Exercise: Prove this statement. It is an easy consequence of the optional stopping theorem
for bounded martingales, whenever the chain is recurrent. See [148, pp. 67-70] for a discussion
of the general case.
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exists, and that e = {v, : @ € F}. It may be shown that: v, is a product measure
if and only if « is a constant function. See [148, 151].

One may find examples for which the set # is large. Let P = (px,y) be the
transition matrix of simple random walk on a binary tree T (each of whose vertices
has degree 3, see Figure 6.2). Let 0 be a given vertex of the tree, and think of
0 as the root of three disjoint sub-trees of T. Any solution (&, : N > 0) to the
difference equation

(10.21) 2ap41 —3ap +an-1 =0, nx=1,

defines a harmonic function « on a given such sub-tree, by a(X) = an where n is
the distance between 0 and X. The general solution to (10.21) is

an = A+ B()",

where A and B are arbitrary constants. The three pairs (A, B), corresponding
to the three sub-trees at O, may be chosen in an arbitrary manner, subject to the
condition that ag = A + B is constant between sub-trees. Furthermore, the
composite harmonic function on T takes values in [0, 1] if and only if each pair
(A, B) satisfies A, A+ B < [0, 1]. There is thus a continuum of admissible
non-constant solutions to (10.20), and therefore a continuum of corresponding
extremal invariant measures of the associated exclusion model.

10.5 Exercises

10.1. [212] Biased voter model. Each point of the square lattice is occupied,
at each time t, by either a benign or a malignant cell. Benign cells invade their
neighbours, each neighbour being invaded at rate 8, and similarly malignant cells
invade their neighbours at rate ;. Suppose there is exactly one malignant cell
at time O, and let « = w/B > 1. Show that the malignant cells die out with
probability k!

What happens on Z9 with d > 2?2

10.2. Sochastic Ising model. Let & = {—1, +1}V be the state space of a
Markov process on the finite graph G = (V, E) in which the state at X € V
changes value at rate C(X, o) when the state overall is o. Show that the flip rates

c(X,o0) = exp(— Z GxGy),

yeax
1

1+ exp(Zyeax ZGXGY) ’

give rise to time-reversible dynamics with respect to the Ising measure with the
same value of 8 and zero external-field.

cd(X,0) =
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10.3. A probability measure i on {0, 1} is called exchangeableif the quantity
uw({n : n = lon A}), as A ranges over the set of finite subsets of Z, depends
only on the cardinality of A. Show that every exchangeable  is invariant for a
symmetric exclusion model on Z.
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Random Graphs

In the Erd6s—Rényi random graph Gp, p, each pair of vertices is connected
by an edge with probability p. We describe the emergence of the giant
component when pn = 1, and identify the density of this component as
the survival probability of a Poisson branching process. The Hoeffding
inequality may be used to show that, for constant p, the chromatic number

of Gp, p is asymptotic to %n/log” nwherer =1/(1 — p).

11.1 Erd6s—Rényi graphs

LetV ={1,2,...,n},and let (Xjj : 1 <i < | < n) be independent Bernoulli
random variables with parameter p. For each pairi < | we place an undirected
edge (i, j) between vertices i and | if and only if Xj j = 1. The resulting random
graph is named after Erd6s and Rényi [75]', and it is commonly denoted G, p-
The density p of edges may vary with n, for example, p = A/n where A € (0, 00),
and one commonly considers the structure of Gp p in the limit as n — oo.

The original motivation for studying Gp p was to understand the properties of
‘typical’ graphs. This is in contrast to the study of ‘extremal’ graphs, although it
may be noted that random graphs have on occasion manifested properties more
extreme than graphs obtained by more constructive means.

Random graphs have proved an important tool in the study of the ‘typical’
runtime of algorithms. Consider a computational problem associated with graphs,
such as the travelling salesman problem. In assessing the speed of an algorithm
for this problem, one may find that, in the worst situation, the algorithm is very
slow. On the other hand, the typical runtime may be much less than the worst-case
runtime. The measurement of ‘typical’ runtime requires a probability measure
on the space of graphs, and it is in this regard that Gp, p has risen to prominence
within this subfield of theoretical computer science. While Gp, p is, in a sense,
the obvious candidate for such a probability measure, it suffers from the weakness

ISee also [88].
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that the ‘mother graph’ Ky, has a large automorphism group; it is a poor candidate
in situations in which pairs of vertices may have differing relationships to one
another.

The random graph Gp p has received a very great deal of attention, largely
within the community working on probabilistic combinatorics. The theory is
based on a mix of combinatorial and probabilistic techniques, and has become
very refined.

One may think of Gp p as a percolation model on the complete graph Kip.
The parallel with percolation is weak in the sense that the theory of Gp p is
largely combinatorial rather than geometrical. There is however a sense in which
random graph theory has enriched percolation. The major difficulty in the study
of physical systems arises out of the geometry of RY; points are related to one
another in ways that depend greatly on their relative positions in RY. In a so-
called ‘mean-field theory’, the geometrical component is removed through the
assumption that points interact with all other points equally. Mean-field theory
leads to a approximate picture of the model in question, and this approximation
improves in the limit as d — oco. The Erd6s—Rényi random graph may be seen
as a mean-field approximation to percolation. Mean-field models based on Gp p
have proved of value for Ising and Potts models also, see [41, 215].

The two principal references for the theory of Gp p are the earlier book [40] by
Bollobas, and the more recent work [129] of Janson, Luzcak and Rucinski. We
say nothing here about recent developments in random-graph theory involving
models for the so-called small world. See [72] for example.

11.2 Giant component

Consider the random graph Gp, , /n Where A € (0, 00) is a constant. We may build
the component containing a given vertex v as follows. The vertex v is adjacent to a
certain number N of vertices, where N has the bin(n—1, A /n) distribution. Each of
these vertices is joined to a random number of vertices, distributed approximately
as N, and such that, with probability 1 — o(1), these new vertex-sets are disjoint.
Since the bin(n — 1, A/n) distribution is ‘nearly’ Poisson Po(}), the component at
v grows very much like a branching process with family-size distribution Po(}.).
The branching-process approximation becomes less good as the component grows,
and in particular when its size becomes of order n. The mean family-size equals
A, and thus the process with A < 1 is very different from that with A > 1.

Suppose that A < 1. In this case, the branching process is (almost surely)
extinct, and possesses a finite number of vertices. Having built the component at
v, one picks another vertex w and acts similarly. By iteration, one obtains that
Gn, p is the union of clusters each with exponentially decaying tail. The largest
component has order log n.

When A > 1, the branching process grows beyond limits with strictly positive
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probability. This corresponds to the existence in Gp p of a component of size
having order n. We make this more formal as follows. Let X,; be the number of
vertices in a largest component of Gp p. We write Zn = 0p(Yn) if Zn/Yyn — Oin
probability as n — co. An event Ay, is said to occur asymptotically almost surely
(abbreviated as a.a.s.) if P(Ap) — 1l ash — oo.

(11.1) Theorem [75]. We have that

1xn:{op(1) ifa<l,

n a1 +op(1)) ifa>1,

where o (1) isthe survival probability of a branching process with a single pro-
genitor and family-size distribution Po().).

It is standard (see [109, Sect. 5.4], for example) that the extinction probability
n(A) = 1 — a(A) of such a branching process is the smallest non-negative root of
the equation S = G(S) where G(s) = e =D 1t is left as an exercise? to check
that

100 k—1 ik
A) = — —— (e )",
n) Ak§—1 k!(e )

Proof. Since the distribution of X, is non-decreasing in A, and since o (1) = 0,
it suffices to consider the case A > 1, and we assume this henceforth. We follow
[129, Sect. 5.2], and use a branching-process argument. (See also [20].) Choose

a vertex v. At the first step we find all neighbours of v, say vy, vo, ..., v, and
we mark v as dead. At the second step, we generate all neighbours of v in
V \ {v, vy, v2,...,vr}, and we mark v as dead. This process is iterated until

the entire component of G p containing v has been generated. Any vertex thus
discovered in the component of v, but not yet dead, is said to be live. Stepi is said
to be complete when there are exactly i dead vertices.

Conditional on the history of the process up to and including the (i — 1)th step,
the number N; of vertices added at step i is distributed as bin(n — m, p) where m
is the number of vertices already generated.

Let L6
= ——logn, =n*3,
G128 Ky

In this section, all logarithms are natural. Consider the above process started at
v, and let A, be the event that: either the process terminates after fewer than k_

2Here is one way that resonates with random graphs. Let pi be the probability that vertex 1
lies in a component that is a tree of size K. By enumerating the possibilities,

. k—1 k(n—k)+(K)—k+1
o L O I ()
k—1 n n

Simplify and sum over k.
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steps, or, for every K satisfying K_ < k < k., there are at least %()\ — DKk live
vertices after step K. If A, does not occur, there exists k € [k_, k;] such that:
step K takes place and, after its completion, fewer than

M=K+ 1 —Dk= 1+ Dk
vertices have been discovered in all. Thus, on A,, and with such a choice for Kk,
(Nl’ NZ’ ey Nk) zst (Yl’ YZ? ceey Yk)

where the Yj are independent random variables distributed as bin(n— % A+DKkK, p).

Therefore,
k.

1—-P(A) < )
k=k_

where, by the Chernoff bound for the tail of the binomial distribution, for k_ <
k < k4 and large n,

k
(11.2) Tk = P(ZYi <lo+ 1)k)

i=1

— 1)2k2 _1)\2

— O(n~16/9),

Therefore, 1 — P(A,) < k. O(n~1%/%) = o(n~1), and this proves that

P(ﬂ Av) >1-> [1=PA)—>1 asn— oo

veV veV

In particular, a.a.s., no component of Gp, ; /n has size between K_ and k.

We show next that, a.a.s., there do not exist more than two components with size
exceeding k. Assume that (1), A, occurs, and let v’, v” be distinct vertices lying
in components with size exceeding k. We run the above process beginning at v’
for the first k. steps, and we finish with a set L’ containing at least %(A — Dk live
vertices. We do the same for the process from v”. Either the growing component
at v” intersects the current component v’ by step K, or not. If the latter, then, we
finish with a set L”, containing at least %(k — 1)k live vertices, and disjoint from
L’. The chance (conditional on arriving at this stage) that there exists no edge
between L’ and L” is bounded above by

(1— Pl <exp(—1a( — D?n!3) = o(n72).
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Therefore, the probability that there exist two distinct vertices belonging to distinct
components of size exceeding K- is no greater than

1— P(ﬂ Av) + n%o(n~2) = o(1).

veV

In summary, a.a.s., every component is either ‘small’ (smaller than k_) or
‘large’ (larger than k), and there can be no more than one large component.
In order to estimate the size of any such large component, we use Chebyshev’s
inequality to estimate the aggregate sizes of small components. Let v € V. The
chance 0 = o (n, p) that v is in a small component satisfies

(11.3) n-—o(l) <o =ny,

where n4 (respectively, n_) is the extinction probability of a branching process
with family-size distribution bin(n—Kk_, p) (respectively, bin(n, p)), and the o(1)
term bounds the probability that the latter branching process terminates after K_
or more steps. It is an easy exercise to show that n_, n. — n as n — oo where
n(A) = 1 — a(}) is the extinction probability of a Po(A) branching process.

The number S of vertices in small components satisfies
E(S) =on=(1+o(1))nn.
Furthermore, by an argument similar to that above,
E(S(S—1) <no[k_ +no(n—k_, p)] = (1 +o(1))(ES)?,

whence, by Chebyshev’s inequality, G, p possesses (17 +o0p(1))n vertices in small
components. This leaves just N — (n+o0p(1))N = (a +0p(1))N vertices remaining
for the large component, and the theorem is proved. U

A further analysis yields the size Xp of the largest subcritical component, and
the size Yy, of the second largest supercritical component.

(11.4) Theorem.
(a) Wheni < 1,
logn
Xnp=( )y)————.
n = (14 0p( ))k—l—logk
(b) When i > 1,
Yo = (1 + op(1) —20
= (0] _—
5 PN — 1 —log !

where A’ = A(1 — a(})).

If A > 1, and we remove the largest component, we are left with a random graph
on N — X ~ n(l — a(A)) vertices. The mean vertex-degree of this subgraph is
approximately

% (1 —a()) =21 —a() = 1.
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It may be checked that this is strictly smaller than 1, implying that the remaining
subgraph behaves as a subcritical random graph on n — X vertices. Theorem
11.4(b) now follows from part (a).

The picture is more interesting when A &~ 1, for which there is a detailed
combinatorial study of [128]. Rather than describing this here, we deviate to the
work of David Aldous [16], who has demonstrated a link, via the multiplicative
coalescent, to Brownian motion. We set

1t
P=n T i

where t € R, and we write Cﬁ(l) > Cﬁ] (2) > - - - for the component sizes of G p
in decreasing order. We shall explore the weak limit (as n — o0) of the sequence
n=2/3(Ct(1), CL(2),...).

Let W = (W(S) : s > 0) be a standard Brownian motion, and

Wi(s) = W(s) +ts— 1s*,  s>0,
a Brownian motion with drift t — S at time S. Write

Bl(s) = Wi(s) — inf W!(S)
0<s'<s

for a reflecting inhomogenous Brownian motion with drift.

(11.5) Theorem [16]. Asn — oo,
n~23(Cl(1),Cl2),...) = (C'(1),C'2),...),

where C!(j) isthe length of the jth largest excursion of B!,

We think of the sequences of Theorem 11.5 as being chosen at random from
the space of decreasing non-negative sequences X = (X1, Xp, . .. ), with metric

doy) = D (% — i)
i

As t increases, two components of sizes X;, Xj ‘coalesce’ at a rate proportional to
the product X; Xj. Theorem 11.5 identifies the scaling limit of this process as that
of the evolving excursion-lengths of W' reflected at zero. This observation has
contributed to the construction of the so-called ‘multiplicative coalescent’.

In summary, the largest component of the subcritical random graph (when
A < 1) has order logn, and of the supercritical graph (when A > 1) order n.
When A = 1, the largest component has order n?/3, with a multiplicative constant
that is a random variable. The discontinuity at A = 1 is sometimes referred to as
the ‘Erd6s—Rényi double jump’.
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11.3 Independence and colouring

Our second random-graph exercise concerns the chromatic number of Gp p for
constant p. The chromatic number x (G) of a graph G is the least number of
colours with the property that: there exists an allocation of colours to vertices
such that no two neighbours have the same colour. Let p € (0, 1), and write xn, p
for the chromatic number of Gp, p.

A subset W of V is called independent if no pair of vertices in W are adjacent,
that is, if Xjj = O foralli, ] € W. Any colouring of Gp p partitions V into
independent sets, and therefore the chromatic number is related to the size I p of
the largest independent set of Gp_p.

(11.6) Theorem [104]. We have that
In,p = (1 +0p(1))2lo0g, N.

where the base 7 of thelogarithmisgivenby 7 = 1/(1 — p).

The proof follows a standard route: the upper bound follows by an estimate of
an expectation, and the lower by an estimate of a second moment. When performed
with greater care, such calculations yield much more accurate estimates of In p
than those presented here, see, for example, [40], [129, Sect. 7.1], and [161, Sect.
2]. Specifically, there exists an integer-valued function r = r (n, p) such that

(11.7) Pr—1=<lyp=<r)y—1 as N — oo.

Proof. Let N be the number of independent subsets of V with cardinality k. Then

(11.8) P(np > k) = P(Ng > 1) < E(Ny).
Now,
(11.9) E(Ny) = (E)(l —p®,

With € > 0, set k = 2(1 + €) log,, n, and use the fact that

n\ nk ‘
(k) < K < (ne/K)",

to obtain
log, E(Nk) < —(1+4o(1))kelog, n — —oo as N — oo.

By (11.8), P(ln,p = k) — 0 as n — oco. This is an example of the use of the
so-called ‘first-moment method’.
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A lower bound for I p is obtained by the ‘second-moment method’ as follows.
By Chebyshev’s inequality,

P(Nx = 0) < P(INk — EN¢| = ENg) <

whence, since N takes values in the non-negative integers,

E(ND)

(11.10) P(Ng>1)>2— ST

Lete > 0 and k = 2(1 — €) log,, n. By (11.10), it suffices to show that

E(N?)

(11.11) EN

— 1 as N — oo.

By an elementary counting argument,

k .
E(ND) = (E)u _pBY (f) (';: :<>(1 -0,
i=0

After a minor analysis using (11.8) and (11.11), we deduce that P(In p > k) — 1
as N — oo. The theorem is proved. 0

We turn now to the chromatic number xn, p. Since the size of any set of vertices
of given colour is no larger than I p, one has trivially that

n n
(11.12) xnp = 7 —=(1+0p(1)5——

B In,p Ognn‘

The sharpness of this inequality was proved by Béla Bollobds [39].
(11.13) Theorem [39]. We have that

n
=(1 1)—.
xn,p = (1 +0p( ))210gﬂ n
The term op(1) may be estimated quite precisely by a more detailed analysis
than that presented here, see [39, 162] and [129, Sect. 7.3]. Specifically, one has,

a.a.s., that
n

~ 2log, n — 2log, log, N+ Op(1)’

Xn,p

where Zp = Op(Yn) means P(|Zn/yn| > M) < g(M) - 0as M — oo.

Proof. The lower bound follows as in (11.12), and so we concentrate on finding
an upper bound for yp p. Let 0 < € < }—P and write K = [2(1 — €) log, n|. We
claim that, with probability 1 — o(1), every subset of V with cardinality at least
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m = [n/(log, n)? | possesses an independent subset of size at least k. The required
bound on xn, p follows from this claim, as follows. We find an independent set
of size Kk, and we colour its vertices with colour 1. From the remaining set of
n — Kk vertices, we find an independent set of size k, and we colour it with colour
2. This process may be iterated until there remains a set S of size smaller than
Ln/(log,, n)2]. We colour the vertices of S ‘greedily’, with |§| different colours.
The total number of colours used is no larger than

n n n
k  (log, n)?’

which, for large n, is smaller than %(1 + 2¢)n/log, n.

(11.14) Lemma. The probability that Gy, p contains no independent set of size k
islessthan exp(—nz 2+ /).
There are (r?]) (< 2") subsets of {1, 2, ..., n} with cardinality m. The proba-

bility that some such subset fails to contain an independent set of size K is, by the
lemma, no larger than

2" exp(—nz 2t ym2)y — o(1).

We turn to the proof of Lemma 11.14, for which we shall use the Hoeffding
inequality, Theorem 4.18.

For M > k, we write

F(M, k) = (Z')(l —p®,

We shall require M to be such that F (M, k) grows in the manner of a power of n,
and to that end we set

(11.15) M = [(Ck/e)n' €],

where

has been chosen in such a way that
(11.16) F(M, k) = ni—eto),

Let (r) be the set of independent subsets of {1, 2, ..., r} with size k. We write
Nk = |L(m)|, and Nlé for the number of elements | of 4(m) with the property that
[ N1 <1foralll” € 4(m), |” # |. Note that
(11.17) Nk > Ny.
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We order as (e, e, ..., e(r;)) the edges of the complete graph on the vertex-
set {1,2,...,m}. Let ¥s be the o-field generated by the states of the edges
€,6e,...,6, and let Yg = E(Nﬁ | Fs). It is elementary that the sequence

(Ys, F5),0 <s < (';), is a martingale (see [109, Example 7.9.24]). The addition
or removal of an edge may change N, by no more than 1, so the martingale
differences satisfy |Ysy1 — Ys| < 1. Since Yo = E(Ny) and Y(r;) = Ny,

(11.18) P(Nk =0) < P(Ny =0)
= P(Ng — E(Np) < —E(Np)

sl e 1)

§exp( 2E(Ny )2 /m

by (11.17) and Theorem 4.18. We now require a lower bound for E(Né).

Let M be as in (11.15). Let Mk = |4(M)], and let I\/I{( be the number of
elements | € £(M) suchthat [| N1’| < 1forall I” € £(M), I” # |. Clearly

(11.19) Ny > My,

and we shall bound E(Mi/() below. Let K = {1, 2, ..., Kk}, and let A be the event
that K is an independent set. Let Z be the number of elements of {(M), other
than K, that intersect K in two or more vertices. Then

(11.20) E(M)) = (Z')P(Am{zzon

= (l\l:l)P(A)P(Z =0| A
=FM,KP(Z=0]|A).
We bound P(Z =0 | A) by
(11.21) PZ=0|A=1-P(Z=>1]|A

>1-EZ|A
k—1
K\ /M —k Ky ot
1 — -G
20 (0] (E I
t=2
k—1
=1—ZFt, say
t=2
Fort > 2,
C(M=2k+2)! (k=21 2 L)
(11.22) F/F = M2k 0! -<(k_t)!> ( P)

201 _ -+ ]2
- k(1 - p) '
- M — 2k
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For2 <t < ik,

log, [(1— p) 2] < Lk+ 1) < L+ 11— e)log, n,
so (1 — p)~ D — o(n3). By (11.22),

> R=+o0)F.

1
2<t<3k

K\ (M — K\ (1 — p)zKk+t=2)k-t=1)
Ft/Fk—1=(t><k_t) e

< [kn(1 — pyz k=271,

Similarly,

For %k <t <k — 1, we have as above that

(1-p:* <1 -pik<ns

whence
Y FR=(+o0)F .
%k<t§k—1
In summary,
k—1
(11.23) Y F=(1+0(1)(F2+ Fx1).

t:
By (11.16),
k4

F
2230 -pM—K
=nitero = o),

SF(M, k)

and similarly
Fie1 = k(M —K)(1 = p)*! = o(D).

By (11.23) and (11.20)—(11.21),
E(Mp) = (1 +o(1)F(M, k) = ni=etoh),
Returning to the martingale bound (11.18), it follows by (11.19) that
P(Nk = 0) < exp(—n2 > /m?)

as required.
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11.4 Exercises

11.1. Let n()) be the extinction probability of a branching process whose
family-sizes are distributed as Po(A). Show that

k-1

KT Lk
n(k)—AkX:; TRAIE

11.2. [129] Chernoff bounds. Let X be distributed as bin(n, p) and A = np.
Show that

t2
P(X > E(X)+t) < e?®U/M <exp (—m) t>0,

t2
P(X < E(X) —t) <e UM <exp (_7) , t>0,

where (1+x)log(1 +x) —x ifx>—1
o — 1 —1,
$(x) = { L -

if X < —1.

11.3. Consider a branching process with family-size distribution bin(n, A/n).
Show that the extinction probability converges to n(A) as N — oo, where n(A) is
the extinction probability of a Po()) branching process.

11.4. [40] Show that the size of the largest independent set of Gn p is, a.a.s.,
eitherr — 1 or r, for some deterministic functionr =r(n, p).
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Lorentz Gas

A small particle is fired through an environment of large particles, and is
subjected to reflections on impact. Little is known about the trajectory of the
small particle when the larger ones are distributed at random. The notorious
problem on the square lattice is summarized, and open questions are posed
for the case of a continuum of needle-like mirrors in the plane.

12.1 Lorentz model

In a famous sequence [154] of papers of 1906, Hendrik Lorentz introduced the
following problem. Large (heavy) particles are distributed about RY. A small
(light) particle is fired through RY, with a trajectory comprising straight-line seg-
ments between the points of interaction with the heavy particles. When the small
particle hits a heavy particle, the small particle is reflected, and the large particle
remains motionless. See Figure 12.1 for an illustration.

We may think of the heavy particles as objects bounded by reflecting surfaces,
and the light particle as a photon. The problem is to say something non-trivial
about how the trajectory of the photon depends on the ‘environment’ of heavy
particles. Conditional on the enviroment, the photon pursues a deterministic path
about which the natural questions include:

1. is the path unbounded?
2. how distant is the photon from its starting point after the elapse of time t?

For simplicity, we assume henceforth that the large particles are identical to one
another, and the small particle is of negligible volume.

Probability may be injected naturally into this model through the assumption
that the heavy particles are distributed at random around RY according to some
probability measure u. The questions above may be rephrased, and made more
precise, in the language of probability theory. Let Xt denote the position of the
photon at time t, assuming constant velocity. Under what conditions on u:

L. is there strictly positive probability that the function X is unbounded?

(© G. R Grimmett 6 February 2009



192 Lorentz Gas [12.2]

(0

N

Figure12.1. The trajectory of the photon comprises straight-line segments between the points
of reflection.

II. does Xt converge to a Brownian motion, after suitable re-scaling?
For a wide choice of measures u, these questions are currently unanswered.

The Lorentz gas is very challenging to mathematicians, and little is known
rigorously in answer to the questions above. The reason is that, as the photon
moves around space, it gathers information about the random environment, and it
carries this information with it for ever more.

The Lorentz gas was developed by Paul Ehrenfest [74]. For the relevant refer-
ences in the mathematics and physics journals, the reader is referred to [95, 96].
Many references may be found in [202].

12.2 The square Lorentz gas

Probably the most provocative version of the Lorentz gas for probabilists arises
when the light ray is confined to the square lattice L2. At each vertex v of L2,
we place a ‘reflector’ with probability p, and nothing otherwise (the occupancies
of different vertices are independent). Reflectors come in two types: ‘NW’ and
‘NE’. A NW reflector deflects incoming rays heading northwards (respectively,
southwards) to the west (respectively, east) and vice versa. NE reflectors behave
similarly with east and west interchanged. See Figure 12.2. Think of a reflector
as being a two-sided mirror placed at 45° to the axes, so that an incoming light
ray is reflected along an axis perpendicular to its direction of arrival. Now, for
each vertex X, with probability p we place a reflector at X, and otherwise we place
nothing at X. This is done independently for different X. If a reflector is placed at
X, then we specify that it is equally likely to be NW as NE.

We shine a torch northwards from the origin. The light is reflected by the
mirrors, and we ask whether or not the light ray returns to the origin. Letting

n(p) = Pp(the light ray returns to the origin),

we ask when is it the the case that n(p) = 1. It is reasonable to conjecture that n
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NW NE

A 4

Figure 12.2. An illustration of the effects of NW and NE reflectors on the light ray.

is non-decreasing in p. Certainly 7(0) = 0, and it is well known! that 5(1) = 1.
(12.1) Theorem. We havethat n(1) = 1.

We invite the reader to consider whether or not n(p) = 1 for some p € (0, 1).
A variety of related conjectures, not entirely self-consistent, may be found in the
physics literature. There are almost no mathematical results about this process
beyond Theorem 12.1. We mention the paper [179], where it is proved that the
number N (p) of unbounded light rays on Z? is almost surely constant, and is equal
to one of 0, 1, co. Furthermore, if there exist unbounded light trajectories, then
they self-intersect infinitely often. If N(p) = oo, the position X, of the photon
at time N, when following an unbounded trajectory, is superdiffusive in the sense
that E(|Xn|?)/n is unbounded as N — oco. The principal method of [179] is to

observe the environment of mirrors as viewed from the moving photon.

In a variant of the standard random walk, termed the ‘burn-your-bridges’ ran-
dom walk by Omer Angel, an edge is destroyed immediately after it is traversed
for the first time. When p = %, the photon follows a burn-your-bridges random

walk on IL2.

Proof. We construct an ancillary lattice £ as follows. Let
A= {(m+ %,n—i— %) : m—l—niseven}.

Let ~ be the adjacency relation on A given by(m + %, n+ %) ~ (T + %, s+ %)
if and only if M —r| = |n — S| = 1. We obtain thus a graph /£ on A that is
isomorphic to 2. See Figure 12.3.

We declare the edge of £ joining (M — %, n-— %) to (M + %, n -+ %) to be
open if there is a NE mirror at (m, n); similarly we declare the edge joining
(m— In+ %) to (M + %, n— %) to be open if there is a NW mirror at (m, n).
Edges that are not open are designated closed. This defines a bond percolation
process in which north-easterly and north-westerly edges are open with probability
%. Since p.(L?) = %, the process is critical. See Section 5.5.

ISee the historical remark in [94].
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Figure 12.3. (a) The heavy lines form the lattice £, and the central point is the origin of L2.
(b) An open circuit in £ constitutes a barrier of mirrors through which no light may penetrate.

Let N be the number of open circuits in &£ with the origin in their interiors. By
the remarks prior to Theorem 5.33, we have that P(N > 1) = 1, where P is the
appropriate probability measure. Such an open circuit corresponds to a barrier of
mirrors surrounding the origin (see Figure 12.3), from which no light can escape.
Therefore n(1) = 1. ]

The problem above may be stated for other lattices such as LY, see [94] for
example. It is much simplified if one allows the photon to flip its own coin as it
proceeds through the disordered medium of mirrors. Two such models have been
explored. In the first, there is a positive probability that the photon will misbehave
when it hits a mirror, see [207]. In the second, there is allowed a small density of
vertices at which the photon acts in the manner of a random walk, see [35, 105].

12.3 In the plane

Here is a continuum version of the Lorentz gas. Let IT be a Poisson process in R?
with intensity 1. For each X € I1, we place a needle (that is, a closed rectilinear
line-segment) of given length | with its centre at X. The orientations of the needles
are taken to be independent random variables with a common law p on [0, 7). We
call u degenerate if it has support on a singleton, that is, all needles are (almost
surely) parallel.

Each needle is interpreted as a (two-sided) reflector of light. Needles are
permitted to overlap. Light is projected from the origin northwards, and deflected
by the needles. Since the light strikes the endpoint of some needle with probability
0, we shall overlook this possibility.

In a related problem, we may study the union M of the needles, viewed as
subsets of R, and ask whether either (or both) of the sets M, R?2 \ M contains an
unbounded component. This problem is known as ‘needle percolation’, and it has
received some attention (see, for example, [163, Sect. 8.5], and also [120]). Of
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concern to us in the present setting is the following. Let A(I) be the probability
that there exists an unbounded path of R? \ M with the origin 0 as endpoint. It
is clear that A(l) is non-increasing in |. The following is a fairly straightforward
exercise of percolation type.

(12.2) Theorem [120]. Thereexistsl, = I.() € (0, oco] such that

>0 ifl <l

A(I){:O if >l

and furthermorel. < oo if and only if i is non-degenerate.

The phase transition has been defined here in terms of the existence of an
unbounded ‘vacant path’ from the origin. When no such path exists, the origin is
almost surely surrounded by a cycle of pairwise-intersecting needles. That is,

<1 ifl <l

(12.3) ]P’M(E){ P

where E is the event that there exists a component C of needles such that the origin
of R? lies in a bounded component of R? \ C, and IP,, denotes the probability
measure governing the configuration of mirrors.

The needle percolation problem is a type of continuum percolation model, cf.
the space—time percolation process of Section 6.6. Continuum percolation, and in
particular the needle (or ‘stick’) model, has been summarized in [163, Sect. 8.5].

We return to the above Lorentz problem. Suppose that the photon is projected
from the origin at angle 9 to the X-axis, for given 6 € [0, 27r). Let ® be the set of
all 6 such that the trajectory of the photon is unbounded. It is clear from Theorem
12.2 that P,,(® = @) = 1 if | > Il.. The strength of the following theorem of
Matthew Harris lies in the converse statement.

(12.4) Theorem [120]. Let u be non-degenerate, with support a subset of the
rational angles 7 Q.

(@ Ifl > I, thenP,(® = @) = 1.

(b) Ifl <, then

P(® has Lebesgue measure 27) =1 — P, (E) > 0.

That is to say, almost surely on the complement of E, the set ® differs from
the entire interval [0, 27r) by a null set. The proof uses a type of dimension-
reduction method, and utilizes a theorem concerning so-called ‘interval-exchange
transformations’ taken from ergodic theory, see [134]. It is a key assumption for
this argument that © be supported within the rational angles.

Theorem 12.4 leaves open even the arguably most natural instance of the prob-
lem, in which w is uniform on [0, 7). Let n(l) be the probability that the light
ray is bounded, having started by heading northwards from the origin. As above,
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n(l) = 1 when | > l.. In contrast, it is not known for general ;« whether or not
n(l) < 1 for sufficiently small positive |. It seems reasonable to conjecture the
following. For any probability measure p on [0, 1), there exists | € (0, ] such
that n(I) < 1 whenever | < |;. This conjecture is open even for the case when u
is uniform on [0, 7).

(12.5) Conjecture. Let n be the uniform probability measure on [0, ), and let
| denote the critical length for the associated needle percolation problem (asin
Theorem 12.2).

(a) Thereexistsl, € (0, |.] such that

i <1 ifl <lI,
Tl =1 i1 =1,

(b) Wehavethatl, = ..

As a first step, we seek a proof that () < 1 for sufficiently small positive
values of |. Tt is typical of such mirror problems that we lack even a proof that
n(l) is monotone in |.

12.4 Exercises

12.1. There are two ways of putting in the barriers in the percolation proof of
Theorem 12.1, depending on whether one uses the odd or the even vertices. Use
this fact to establish bounds for the tail of the size of the trajectory when the density
of mirrors is 1.

12.2. In a variant of the square Lorentz lattice gas, NE mirrors occur with
probability n and NW mirrors otherwise. Show that the photon’s trajectory is
almost surely bounded.

12.3. Needles are dropped in the plane in the manner of a Poisson process with
intensity 1. They have length |, and their angles to the horizontal are independent
random variables with law . Show that there exists I = I.(u) € (0, oo] such
that: the probability that the origin lies in an unbounded path intersecting no needle
is strictly positive when | < |, and equals zero when | > ..

12.4. (continuation) Show that | < oo if and only if w is non-degenerate.
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