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Preface

Interacting particle systems, in the sense we will be using the word in these lec-
ture notes, are countable systems of locally interacting Markov processes. More
precisely, in an interacting particle system one has a lattice -the canonical choice
is the d-dimensional integer lattice Z?- such that on each site in the lattice, there
sits a continuous-time Markov process with a finite state space whose jump rates
depend on the states of the Markov processes situated at near-by sites. Interact-
ing particle systems are often used as extremely simplified ‘toy models’ for certain
stochastic phenomena that involve a spatial structure.

Yet, the apparent simplicity of these models is treacherous. Although it is usually
easy to define an interacting particle system, it is often much harder to prove
anything nontrivial about its behavior. With a few exceptions, explicit calculations
tend not to be feasible, hence one has to be satisfied with qualitative statements
and some explicit bounds. Despite intensive research over more than thirty years,
some simple statements about easy-to-formulate problems still remain open and
others that have been solved required nontrivial and lengthy proofs.

As a reward for all this, on the other hand, it turns out that despite their simple
rules, interacting particle systems are often remarkably subtle models that cap-
ture the sort of phenomena one is interested in much better than might initially
be expected. Thus, while it may seem outrageous to assume that “Plants of a
certain type occupy points in the square lattice Z2, live for an exponential time
with mean one, and place seeds on unoccupied neighboring sites with rate \” it
turns out that making the model more realistic often does not change much in
its overall behavior. Indeed, there is a general philosophy in the field, that is still
unsufficiently understood, which says that interacting particle systems come in
‘universality classes’ with the property that all models in one class have roughly
the same behavior.

As a mathematical discipline, the subject of interacting particle systems is still
relatively young. It started around 1970 with the work of R.L. Dobrushin and
F. Spitzer, and many other authors joining in the next few years. By 1975, general
existence and uniqueness questions had been settled, four classic models had been
introduced (the exclusion process, the stochastic Ising model, the voter model and
the contact process), and elementary (and less elementary) properties of these
models had been proved. In 1985, when Liggett’s published his famous book
[Lig85], the subject had established itself as a mature field of study. Since then,
it has continued to grow rapidly, to the point where it is impossible to accurately
capture the state of the art in a single book. Indeed, it would be possible to write a
book on each of the four classic models mentioned above, while many new models
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have been introduced and studied.

While interacting particle systems, in the narrow sense indicated above, have ap-
parently not been the subject of mathematical study before 1970, the subject has
close links to some problems that are considerably older. In particular, the Ising
model (without time evolution) has been studied since 1925 while both the Ising
model and the contact process have close connections to percolation, which has
been studied since 1957. In recent years, more links between interacting particle
systems and other, older subjects of mathematical research have been established,
and the field continues to recieve new impulses not only from the applied, but also
from the more theoretical side.
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Chapter 1

Markov processes

1.1 Introduction

Interacting particle systems are countable collections of interacting continuous-
time Markov processes with finite state spaces. Such Markov processes are some-
times called ‘continuous-time Markov chains’ or even more confusing ‘Markov
chains with continuous parameter’. Of course, they are not chains, but stochastic
processes with a continuous time parameter. Nevertheless, because of their finite
state space, they are effectively equivalent to certain ‘embedded’” Markov chains
and their analysis is very similar to that of finite-state Markov chains.

In this chapter we review some elementary theory of Markov processes. We focus
mainly on continuous-time, finite-state Markov processes. One is tempted to say
that these processes are easy, but, of course, this is only true as long as their state
space is small. If one is interested in limiting properties as the size of the state
space is sent to infinity, then one may run into difficult problems, some of which
are closely related to the interacting particle systems we are interested in.

1.2 Conditional probabilities

By definition, a Polish space is a separable topological space E on which there
exists a complete metric generating the topology. Polish spaces are particularly
nice for doing probability theory on. We equip a Polish space E standardly with
the Borel-o-field B(E) generated by the open subsets of E. We let B(FE) denote
space of bounded, real, B(E)-measurable functions on E. Polish spaces have nice
reproducing properties; for example, if F is a Polish space and F' is a closed or
an open subset of F, then the space F' is also Polish (in the embedded topology).

7



8 CHAPTER 1. MARKOV PROCESSES

Also, if Ey, Es, ... is a finite or countably infinite sequence of Polish spaces, then
the product space F X Ey X - - - equipped with the product topology is again Polish,
and the Borel-o-field on the product space coincides with the product-o-field of
the Borel-o-fields on the individual spaces.

Let E, F be Polish spaces. By definition, a probability kernel from E to F is a
function K : E' x B(F) — R such that

(i) K(z, -) is a probability measure on F' for each = € FE,
(ii) K(-,A) is a real measurable function on E for each A € B(F).

Proposition 1.1 (Decomposition of probability measures) Let E, F' be Pol-
ish spaces and let p be a probability measure on E X F. Then there exist a (unique)
probability measure v on E and a (in general not unique) probability kernel K from
E to F such that

/fdu:/El/(dx)/FK(x,dy)f(x,y) (feBEXF). (L)

If K, K' are probability kernels from E to I such that holds, then there exists
a set N € B(E) with v(N) = 0 such that K(x, -,) = K(x, -,) for all x € E\N.
Conversely, if v is a probability measure on E and K is a probability kernel from
E to F, then formula defines a unique probability measure on E x F.

Note that it follows obviously from ({1.1]) that
V(A) = u(A x F) (A e B(E)),

i.e., v is the first marginal of the probability measure pu.

If X and Y are random variables, defined on some probability space (2, F,P), and
taking values in F and F', respectively, then setting

w(A) :=P[(X,Y) € A] (A€ B(E x F))

defines a probability law on E x F' which is called the joint law of X and Y. By
Proposition , we may write g in the form (|L.1)) for some probability law v on FE
and probability kernel K from E to F. We observe that

v(A)=PX €] (AecB(E),
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i.e., v is the law of X. We will often denote the law of X by P[X € -]. Moreover,
we introduce the notation

P[Y € A| X =z] := K(z,A) (x € E, AeB(F)),

where K (x, A) is the probability kernel from F to F' defined in terms of u as in
(L.1). Note that K(x, A) is defined uniquely for a.e. z with respect to the law of
X. We call P[Y € -| X = z] the conditional law of Y given X. Note that with
the notation we have just introduced, formula takes the form

Bf(X.Y) = [

EIP’[X € dx] /FIP[Y cdy| X =z|f(z,y). (1.2)

Closely related to this, one also defines
P[Y € A| X] :=K(X,4) (AeB(F)).

Note that this is the random variable (defined on the underlying probability space
(Q, F,P)) obtained by plugging X into the function z — K(z, A).

If f: F — R is a measurable function such that E[|f(Y)|] < oo, then we let

E[f(Y)]| X =« ::/F]P’[Yedy|X:x]f(y)

denote the conditional expectation of f(Y) given X. Note that for fixed f and Y,
the map « — E[f(Y) |X = x| is a measurable real function on E. Plugging X
into this function yields a random variable which we denote by E[f(Y)|X]. We
observe that for each g € B(E), one has

EMXEWWWHzmeGMM@MMNX=ﬂ

- / P[X € dz]g(x) 7 PlY € dy[X =] f(y)

_ fp[x € dz] /FP[Y € dy|X = z]g(z) f(y)
:/Z FIP’[(X, Y) € d(z,y)lg(x)f(y) = Elg(X) f(Y)].

Moreover, since E[f(Y)|X] can be written as a function of X, it is easy to check
that E[f(Y)|X] is measurable with respect to the o-field generated by X. One may
take these properties as an alternative definition of E[f(Y)|X]. More generally, if
R is a real-valued random variable with E[|R|] < oo, defined on some probability
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space (Q, F,P), and G C F is a sub-o-field, then there exists an a.s. (with respect

to the underlying probability measure P) unique random variable E[R|G] such that
E[R|G] is G-measurable and

E|GE[R|G]] = E[GR] V bounded G-measurable G.

In the special case that R = f(Y') and G is the o-field generated by X one recovers
E[f(Y)|X] = E[R|F].

1.3 Poisson point processes

Let E be a Polish space. Recall that a sequence of finite measures p,, converges
weakly to a limit u, denoted as u, = u, if and only if

[t — [ (e,

where Cp,(E) denotes the space of bounded continuous real functions on E. We let
M(FE) denote the space of finite measures on E, equipped with the topology of
weak convergence. It can be shown that M(FE) is Polish. We let

N(E) := {uEM(E):EInZO, Ti,...,T, € FE s.t. y:Z(Sm}
i=1

denote the space of all counting measures on E, i.e., all measures that can be
written as a finite sum of delta-measures. Being a closed subset of M(E), the
space NV (E) is again Polish.

For any counting measure v € N'(E) and f € B(F) we introduce the notation

n

fv= Hf(xz) where v = iéwi,
i=1

=1

with f9 := 1 (where 0 denotes the counting measure that is identically zero). It
is easy to see that f“f* = f***'. Let v = > ¢ 104, be a counting measure, let
¢ € B(F) satisfy 0 < ¢ <1, and let x1, ..., x» be independent Bernoulli random
variables (i.e., random variables with values in {0,1}) with P[x; = 1] = é(x;).
Then the random counting measure

Vo= i Xi0a,
i=1
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is called a ¢-thinning of the counting measure v. Note that
P/ = 0] = [[ Pl = 0] = (1 - )"

More generally, one has

E[(1-f)"]=0~f¢) (feBE),0<f<). (1.3)

(Setting f = 0 here yields the previous formula.) To see this, note that if x},...,x/,
are Bernoulli random variables with Py} = 1] = f(x;), independent of each other

and of the y;’s, and
V” = Z X;X’Léxﬂ
i=1

then, since conditional on v/, the measure v” is distributed as an f-thinning of v/,
one has

Pl =0] =E[(1 - f)"],
while on the other hand, since v is an f¢-thinning of v, one has P[v” = 0] =

(1 — f¢)”. One can prove that (|1.3) charcterizes the law of the random counting
measure v/ uniquely.

Proposition 1.2 (Poisson counting measure) Let E be a Polish space and let
1 be a finite measure on E. Then there exists a random counting measure v on E
whose law is uniquely characterized by

E[(1-/)]=e /P (feB(E), 0<f<1). (1.4)
If Ay,..., A, are disjoint measurable subsets of E, then v(A),...,v(A,) are
independent Poisson distributed random variables with mean Elv(A;)] = p(4;)
(t=1,...,n).

Proof (sketch) We can find counting measures v, :== 0" 0z, , such that

1
n = — Oy, . =—> L.
Let v/, be a thinning of v,, with the constant function 1/N,,. Then, for any f € C(F)
satisfying ¢ < f <1 for some € > 0, one has

E[(l _ f)va] = (1- N%L o = ol log(l=5 - Ndvn _ [ Nnlog(1—5- f)dpn — e*ffdu’
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where we have used that N, log(1l — N%L ) — —f and p, = p. This can be
used to show that the random counting measures v/, converge weakly in law to
a limiting random counting measure v which satisfies for all any f € C(F)
satisfying e < f < 1 for some ¢ > 0. The generalization to general f € B(FE)
with 0 < f <1 follows by approximation. Finally, (1.4)) can be used to show that
if Ay,..., A, are disjoint measurable sets, then v(A,),...,v(A,) are independent
Poisson distributed random variables with means as indicated in the theorem. 1

The random measure v whose law is defined in Proposition [1.2]is called a Poisson
counting measure with intensity p.

Lemma 1.3 (Sum of independent Poisson counting measures) Let E be a
Polish space and let vy,vy be independent Poisson counting measures on E with
intensities fuy, ft2, respectively. Then vy + vy is a Poisson counting measure with
intensily pu1 + pa.

Proof One can straightforwardly check this from (|1.4]). Note that thinnings have
a similar property, so the statement is also rather obvious from our approximation
of Poisson counting measures with thinnings. |

Set

M(E) :={v e N(E) : v({z}) € {0,1} Vz € E}.
Since Np(E) is an open subset of N(FE), it is a Polish space. We can identify
elements of N;(F) with finite subsets of E; indeed, v € N;(E) if and only if
V=73 ,ea 0, for some finite A C E. We skip the proof of the following lemma.

Lemma 1.4 (Poisson point set) Let p be a finite measure on a Polish space E
and let v be a Poisson counting measure with intensity pn. Then Plv € Ni(E)] =1
if and only if 1 is nonatomic, i.e., u({x}) =0 for all x € E.

If 14 is a nonatomic measure on some Polish space, v is a Poisson counting measure
with intensity u, and A is the random finite set associated with v, then we call A
a Poisson point set with intensity u.

If E is a locally compact space and pu is a locally compact measure on E (i.e., a
measure such that pu(K) < oo for each compact K < o0), then Poisson counting
measures and Poisson point sets with intensity p are defined analogously to the
finite measure case. We will in particular be interested in the case that E = [0, 00)
and g is a multiple of Lebesgue measure.

Lemma 1.5 (Exponential times) Let » > 0 be a constant and let (oy)r>1 be
i.i.d. exponentially distributed random variables with mean Elog] = 1/r (k > 1).
Set 1, ==Y y_, 0, (n>1). Then {7, : n > 1} is a Poisson point set on [0, c0)
with indensity rdt, where dt denotes Lebesque measure.
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Proof Discrete approximation. |

1.4 Markov chains

Let E be a Polish space. By definition, a Markov chain with state space E is a
discrete-time stochastic process (Xj)r>o such that for all 0 <I<m <n

P(X1,...,Xm) € A, (Xm,...,Xy) € B| Xy

(1.5)
=P[(Xi,..., Xin) € A| X P(Xp, ..., X0) € B| X)) as.

for each A € B(E™ 1) and B € B(E"™*!). In words, formula (1.5) says that
the past and the future are conditionally independent given the present. A similar
definition applies to Markov chains (X )xe; where I C Z is some interval (possibly
unbounded on either side). It can be shown that (|1.5)) is equivalent to the statement
that

P[Xi € A| (Xo,...,Xp1)] =P[Xy € A| Xja]  ass. (1.6)

for each £k > 1 and A € B(F). For any sequence (Xj)i>o of E-valued random
variables, repeated application of ([1.2]) gives

E[f(Xo,...,Xn)] = /IP[(XO,...,Xn_l) € d(zo, ..., Tp_1)]
« /P[Xn € dn | (Xor. o Xuor) = (20r- o+ )] f(@0r o 20)
_ /IP’[(XO, e Xos) € 20, )]
X /]P’[Xn_l € dzny | (Xo,. .., Xno2) = (20, ..., Tp2)]
X /P[Xn € dz, | (Xo, ..., Xno1) = (@0, ..., 1) flzo, ..., 20)
= /]P[XO € dao| /]P[X1 € day | Xo = o] /IED[XQ € day | (Xo, X1) = (w0, 21)]
X oo X /]P’[Xn € day | (Xo, ..., Xno1) = (@0, -, 20—1) | f@o, - .., T).
If (X})r>0 is @ Markov chain, then by this simplifies to
E[f(Xo, ..., Xn)]
= /IP’[XO € duy] /P[Xl € day | Xo = o]

e X /IP’[X” € duz,, | X1 = xn,l}f(xo, ey ).
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As this formula shows, the law of a Markov chain (X})x>¢ is uniquely determined by
its initial law P[Xy € -] and its transition probabilities ]P’[Xn € duz, ‘ X1 = xn,l]
(k > 1). By definition, a Markov chain is time-homogeneous if its transitition prob-
abilities are the same in each time step, more precisely, if there exists a probability
kernel P(z,dy) on E such that

P[X, €| Xop1 =2] = P(z,-) forae. zwrt P[X, €],
which is equivalent to
P[X, €| Xnoo1] = P(Xpo1,) as. (1.7)

We will usually be interested in time-homogeneous Markov chains only. In fact,
we will often fix a probability kernel P(z,dy) on E and use the word ‘Markov
chain’” when we in fact mean the collection of all (time-homogeneous) Markov
chains whose transition probabilities are given by P(z,dy) in each time step. Note
that we can combine and in a single condition: a sequence (Xj)g>o of
E-valued random variables is a Markov chain with transition probability P(x,dy)
(and arbitrary initial law) if and only if

P[Xy € -|(Xo,..., X41)] = P(Xp_1, -) as. (k>1), (1.8)
which is equivalent to

E[f(Xe)| (Xo,..., Xk1)] = Pf(X4—1) as. (k>1, fe B(E)). (1.9)

If K(x,dy) is a probability kernel on a Polish space E, then setting

Kf(z) = [E K(r.dy)f(y) (z€E feBE))

defines a linear operator K : B(F) — B(FE). We sometimes use this notation also
if f is not a bounded function, as long as the integral is well-defined for every .
If K, L are probability kernels on E, then we define the composition of K and L
as

(KL)(z, A) ::/EK(x,dy)L(y,A) (x€ E feB(E)).

It is straightforward to check that this formula defines a probability kernel on E. If
K : B(E) — B(E) and L : B(E) — B(E) are the linear operators associated with
the probability kernels K (z,dy) and L(z,dy), then the linear operator associated
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with the composed kernel (K L)(x,dy) is just KL, the composition of the linear
operators K and L.

If (Xk)r>0 is a Markov chain with transition probability P(z,dy), then we let P
denote the linear operator from B(FE) to B(FE) associated with P(z,dy) and we
let P" denote the n-fold composition of the kernel / linear operator P with itself,
where PY(z,dy) := §,(dy) (the delta measure in z). With this notation we may

generalize (1.8) to
P[Xitn € -| (Xo,..., Xi)] = P"( Xy, -) as. (k,n>0), (1.10)
which is equivalent to

E[f(Xisn) | (Xo,-.., Xi)] = P*f(Xy) as. (k,n>0, f€B(E)). (1.11)

1.5 Finite-state Markov processes

As opposed to Markov chains, dealing with Markov processes with continuous
time is in general technically more difficult. In the present section we will restrict
ourselves to Markov processes with continuous time but finite state space. As we
will see, these processes are very similar to Markov chains. In fact, they are in
many ways ‘effectively’ equivalent to certain ‘embedded’ Markov chains.

Let S be a finite set. If p is a probability measure on S and ¢ € S, then we
write (i) := p({i}) and likewise, if K (i, A) is a probability kernel on S, then we
write K(i,7) := K(i,{j}). Now probability kernels correspond to matrices and
the composition of two kernels corresponds to the usual matrix product. If K (i, j)
is a probability kernel on S and K is the associated linear operator on B(S), then

(i) f>0 implies Kf>0 (fe€ B(S5)),
(i) K1=1,
where we write 1 to denote the constant function 1(i) := 1 (i € S). Conversely,

it is easy to see that each linear operator K : B(S) — B(S) that satisfies the
properties (i) and (ii) corresponds to a probability kernel on S.

By definition, a (continuous) transition probability on S is a collection (P;(i, 7))i>0
of probability kernels on S such that

) ltm PG, j) = Ro(i. 5) = 0:(9) (1,5 € 5),
(ii) ZPs(i,j)Pt(j, k) = P,y(i, k) (5,t >0, i,k €9).
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In terms of the associated linear operators, this says that

() WmPf=Pf=f (f € B(S)),

(11) PSPt:Ps+t (S,tZO),
i.e., the operators (F;);>o form a (continuous) semigroup. Such a semigroup is
called a Markov semigroup.

By definition, we let Dg[0,00) denote the space of all piecewise constant right-
continuous functions from [0, 00) to S. Equivalently, this is the space of functions
w : [0,00) — S such that

(i) ltllm Wy = Ws (s >0),
(ii) ltl%n Wy =: Wws_ exists (s >0).

We call Dg[0, 00) the space of cadlag functions from [0, 00) to S. (After the French
continue a droit, limite & gauche.) It is possible to equip this space with a (rather
natural) topology such that Dg[0, c0) is a Polish space; we will skip the details.
By definition, we say that an S-valued stochastic process (X;);>¢ defined on some
underlying probability space (€2, F,P) has cadlag sample paths if for every w € €,
the function ¢t — X;(w) is cadlag. We may view such a stochastic process as a
single random variable, taking values in the Polish space Dg[0,00). Now

P[(X;)0 € A] (A€ B(Ds[0,0)))

is a probability law on Dg[0, 00) called the law of the process (X;);>0. It is not
difficult to prove that this law is uniquely determined by the finite dimensional
distributions

P[(Xy,,. .., Xy,) € 4] (Acsm.

We recall that a filtration is a collection (F;);>o of o-fields such that s < ¢ implies
Fs C Fi. If (X1)e>0 is a stochastic process, then the filtration generated by (Xi)e>o
is defined as

Foi=0(X,:0<s<t) (t>0),

i.e.,, F; is the o-field generated by the random variables (X;)o<s<;- The next
definition generalizes (1.11]) to the continuous-time setting.

Definition 1.6 (Finite-state Markov process) Let S be a finite set, let (X;)i>0
be a stochastic process with values in S and let (P);>0 be a continuous transition
probability on S. Then, by definition, we say that (X¢)i>o is a (time-homogeneous,
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continuous-time) Markov process corresponding to the transition probability (P;)i>o
if (Xi)i>0 has cadlag sample paths and

E[f(X)) | F] = Pof(Xs) as. (0<s<t, feB(S)), (1.12)
where (Fi)e>o is the filtration generated by (X¢)i>o.

As we will see below, for a given continuous transition probability (F;):>o and
probability law g on S there exists a unique (in distribution) Markov process
(X¢)e>0 with initial law P[Xy € -] = p such that ((1.12)) holds.

So far our approach has been very abstract, since we do not know what a general
transition semigroup (P;):>o (or, equivalently, Markov semigroup) on S looks like.

Proposition 1.7 (Markov semigroups on finite sets) Let (P;):>0 be a Markov
semigroup on a finite set S. Then there exist nonnegative constants r(i,j) (i,5 €

S, i # j) such that
Gf(@):=limt" (Rf(0) = £(0))
=S r i) (fG) - f0)  (i€S, feB). (113
jeSs
Conversely, each collection of nonnegative constants {r(i,j) : i,7 € S, i # j}

defines a unique Markov semigroup on S through and the formula

[e.e]

P =¢9F =3 066 (120, i€, [eB(S)

n=0

We call G the generator of the Markov semigroup (B;);>0. If (X)i>0 is an S-
valued process with cadlag sample paths such that holds, then we also say
that (X;):>0 is a Markov process with generator G. We call (7, j) the rate of jumps
from i to j. By applying and to functions of the form f(i) := 1—j},
we see that if (X7});>o denotes the Markov process started in the initial law X := 1,
then

PIX] =j]=7(i,j)t + O(t*) ast—0 (i,j €S, i#}j).

This says that if we start the process in the state i, then for small ¢, the probability
that we jump from ¢ to j somewhere in the interval (0,¢) is ¢r(i, j) plus a term of
order t2.

Proof of Proposition We will skip the proof that each continuous semigroup
of linear operators on a finite-dimensional real linear space is of the form (e'“);o,
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where G is called the generator of the semigroup. We will prove, however, that
if this semigroup is a Markov semigroup, then G must have the special form in
1.13). Let G(i,j) be the matrix associated with G, i.e., Gf(i) = 32, G(i,5) f(4)-
Then

Ptf(z‘):f(i)+tZG(i,j)f(j)+O(t2) ast—0 (i€, feB(S)).

Now the condition that P,f > 0 for all f > 0 implies that G f(i) > 0 whenever
f(@) = 0, hence G(i,j) > 0 for each i # j. Moreover, the condition that P,1 = 1
implies that

1=1+t) G(i,j)+0(t*) ast—0 (i€S),

J

which shows that >, G(i,j) = 0 for each i. Setting r(i,j) := G(i,j) for i # j
and using the fact that G(i,i) = —>_,,;7(4,j), we see that G' can be cast in
the form . The fact that conversely, each generator of this form defines
a Markov semigroup will follow from our explicit construction of the associated
Markov process below. i

We are now ready to state the most important theorem of this chapter, which tells
us how to construct finite-state Markov processes based on a collection of Poisson
point processes.

Theorem 1.8 (Poisson construction of Markov process) Let S be a finite set
and let M be a finite set whose elements are functionsm : S — S. Let (7)) mer be
nonnegative constants and let A be a Poisson point set on M x [0,00) = {(m,t) :
m € M, t > 0} with intensity r,,dt, where dt denotes Lebesque measure. Order
the elements of A as (my,t1), (ma,ta),... where t; <ty < --- and set to:= 0. Let
Xo be an S-valued random variable, independent of A. Define

X, = my - - ma(Xo) (t € [tn, tns1), n>0). (1.14)

Then (Xi)i>0 is a Markov process with generator

Gfi)= > ra(f(m(i)) - f(i))  (i€S, feB(S)). (1.15)

meM

Proof We will use approximation with Markov chains. We will be a bit sloppy
concerning the precise sense of the convergence and concentrate on the main idea.



1.5. FINITE-STATE MARKOV PROCESSES 19

Set R := ) .\ Tm and choose ¢ > 0 such that eR < 1. Let (pg)r>1 be iid.
M-valued random variables with

T'm

Let (xx)k>1 be i.i.d. Bernoulli random variables with P[x; = 1| = R, independent
of the (pg)k>1, and define a random set A, C {(m,ek) : m € M, k> 1} by

A. = {(pr.ek) s xp = 1}.

Set

el pk(z) if xp =1, )
mity = { #0PTh Gies)

and define a discrete-time process (X )g>0 by
Xep :=mg, - -m5(Xo) (k> 0).

Then (X )r>o is @ Markov chain in S that jumps in each time step from the state
i to the state m(i) with probability e and stays in the state ¢ with probability
1 —eR. Tt is not hard to see that for ¢ — 0, the random sets A. converge in
an appropriate sense to a Poisson point set on M x [0,00) = {(m,t) : m €
M, t > 0} with intensity r,,d¢ and hence the process (X x)r>0 converges in an
appropriate sense to the continuous-time process (X;);>o defined in (1.14). The
process (X¢)¢>o inherits the Markov property from the approximating processes
(Xex)r>0- Moreover, if (X7);>o denotes the process defined as in (1.14) with X} :=
7, then we claim that

E[f(X]))] = (L—tR)f(i) +t Y rmf(m(i)) + OF*) ast— 0.

meM

Indeed, if ¢ is small, then the probability that (m,s) € A for some s € (0,¢) is

approximately tr,, while the probability that AN (M x (0,t)) contains more than
one element is of order O(#?). This explains (rather than proves) formula (1.15)).8

Theorem shows that for each finite collection M of maps m : S — S and
nonnegative rates (7, )mer, We can construct a unique associated Markov process
(X¢)t>0 in S. We note that the inverse problem is far from unique; with this we
mean that for a given Markov process, or rather, for a given Markov semigroup
(P;)>0, there may be many different ways of writing the generator G in the form
. Once we have chosen a particular way of writing GG in the form , The-
orem provides us with a natural way of coupling processes started in different
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initial states. Indeed, using the same Poisson point set A = {(mq, 1), (ma,ts), ...},
setting

Xii=mp--mi(i)  (E € [ta,tpg1), n>0, 1€ S)
defines for each ¢ € S a Markov process (X});>o with generator G started in the
initial state X} = 4, and all these processes (for different ¢) are in a natural way
defined on one and the same underlying probability space (i.e., they are coupled).
Such couplings are very important in the theory of interacting particle systems.
We conclude this section with the next result, which is similar to Theorem 1.8
but not quite the same.

Proposition 1.9 (Embedded Markov chain) Let S be a finite set, let (i, j)
(i,5 € S, i # j) be nonnegative constants, and assume that

R(i):=>» r@i,j)>0 (i€S).
jii
Let (az)fﬁ be independent exponentially distributed random variables with mean
Eloi] = 1/R(i). Define a probability kernel P(i,j) on S by

r(g)
- : fiF g
P(i,j) = ¢ R() (i,7 €5).
0 ifi=j
Let (Yi)k>0 be a Markov chain in S with transition kernel P(i,j) and let 1,,(i) :=

{k:0 <k <n, Y, =1i}| denote the number of times (Yy)r>o0 has visited i by time
n. Define inductively times (ty)g>0 by to := 0 and

tn+1 = tn + O-lnn(Yn) (n Z 0),

and define a continuous-time process (X;)i>o by
Xt = Yn fOTt S [tn7tn+1)-

Then (X¢)i>o is the Markov process with generator
Gf) = r)(fG) = f()  (i€8, feB(S)
J
Proof (sketch) This can be proved by approximation with Markov chains in the
spirit of the proof of Theorem [1.8] |

We note that Proposition can be extended to the case that R(i) = 0 for
some points ¢ € S by allowing that ¢! := oo (these points are then traps for
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the continuous-time Markov process). It is not hard to see that conversely, given
the continuous-time process (X¢)¢>0, one can uniquely construct the associated
embedded Markov chain (Yy)k>o. Because of Proposition , many properties of
the continuous-time Markov process (X;);>o can be translated in problems for the
embedded Markov chain (Yj)xr>o and vice versa. One should not make the mistake
of thinking that all problems will become easier when translated into the language
of the Markov chain (Y% )g>o0. Indeed, continuous-time Markov processes have some
nice properties that discrete chains lack and it has happened more than once that
problems for discrete Markov chains could be solved by looking at a cleverly chosen
associated Markov processes in continuous time.

1.6 Invariant laws

Let (Xt)i>0 be a Markov process with finite state space S, Markov semigroup
(P;)¢>0, generator G and jump rates {r(i,j) : i,j € S, ¢ # j}. By definition, an
invariant law for (P;);>o is a probability measure p on S such that

Zu(i)ﬂ(i,j) =u(j) (t>0,j€09).

If 1 is an invariant law for a Markov semigroup (P;):>o then we can construct a
process (X¢)ier that is also defined for negative times, such that (compare (1.12)))
PX; €-]=pforallt € R and

E[f(X)) | F] = Poof(Xs) as. (s<t, feB(S)), (1.16)

where F := (X, : —oo < u < s). Such a Markov process (X;)er is stationary,
ie.,
P[(Xsrt)ter € | =P[(Xi)er €-] (s €R).
In view of this, invariant laws are sometimes also called stationary laws. By defini-
tion, a Markov process with given jump rates {r(i,j) : i,7 € S, © # j} is irreducible
if
VS C Swith S"#0,S Jies’ j¢S such that r(i,j) > 0.

Proposition 1.10 (Ergodicity) Consider a Markov process on a finite state
space S with jump rates {r(i,j) : i,j € S, i # j}. If the jump rates are irre-
ducible, then the Markov process has a unique invariant law p and the process
(X1)i>0 started in any initial law satisfies

PIX; = i] — u(7) (ied). (1.17)

t—o0
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Proof (sketch) Let (X7);>o denote the process started in the initial state X} =4
and let
T; =inf{t > 0: X} = j}

denote the first arrival time of (X});> in 7 and let

A=) r(i J)E[]

j

denote the mean return time to the state ¢, which is finite for each i € S by
irreducibility. Then one can check that

. At
:U(Z) = - 1
Zj )\j
is an invariant law for the process (X;);>0. To prove (1.17)), let (X¢):>0 be started

in any initial law and let (X/);>o be an independent Markov process with the same
jump rates, started in the initial law p. Set

o:=inf{t >0: X, =X/}

(1€S)

and define
X” o Xt (t < U),
X (0 <1).

t
Then (X})t>o is equal in law to (X;)¢>o. Using irreducibility, one can prove that
o < oo a.s. It follows that
IPLX, = i] — ()| < PIX! =i, X| £ +PIX] £, X =i] <Plo < 1] — 0,

t—o0

which implies (1.17)). |

Formula ((1.17]) is often described in words by saying that the Markov process
(X¢)i>0 is ergodic, although this is not entirely correct terminology. (In fact, the
statement that holds for each initial law is stronger than the statement that
the stationary process defined in ((1.16)) is ergodic.)

We recall from that the Markov property is symmetric with respect to time
reversal. Thus, if (Xi,...,X,,) is a (finite) Markov chain, then so is (X, ..., X1);
similar statements hold for continuous-time processes. However, if a Markov pro-
cess is time-homogeneous, then the same need not be true for the time-reversed
process. An exception are stationary Markov processes: reversing the time in a
stationary Markov process yields a stationary, hence time-homogeneous Markov
process. The transition probabilities of this time-reversed process need not be
the same as those of the original process, however. This leads to the following
definition.
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Definition 1.11 (Reversibility) Let S be a finite set and let (P;);>o be a Markov
semigroup on S. Then, by definition, we say that an invariant law p of (Py)i>o s
reversible if the stationary process in satisfies

P[(X_t)ter € -] =P[(Xi-)rer € - |. (1.18)

Note that (X_;);er has left-continuous sample paths, which is why we compare
this in (1.18) with (X;_)icr, the left-continuous modification of (X;);cr. We state
the following fact without proof.

Proposition 1.12 (Detailed balance) A probability law p on a finite set S is a
reversible invariant law for a Markov process in S with jump rates {r(i,j) : 1,5 €

S, i # 3} if and only if
p(i)r(i, j) = p(i)r@, o) (6,5 €5). (1.19)

Condition (1.19) is called detailed balance. Note that this says that in equilibrium,
jumps from 7 to 7 happen with the same frequency as jumps from j to 7.

1.7 Feller processes

Let E be a compact metrizable space. (Such spaces are always separable.) We
let C(E) denote the space of continuous real functions on F, equipped with the
supremumnorim

£l =swlf@| (€ C(E),

We let M;(FE) denote the space of probability measures on E (equipped with the
topology of weak convergence). We note that C(F) is a separable Banach space
and that M (F) is a compact metrizable space.

By definition, a continuous transition probability on E is a collection (P;(x, dy))i>0
of probability kernels on E such that

(i) (z,t) — Pz, ) is a continuous map from E x [0, 00) into M;(E),

(ii) / P,(x,dy)P(y,dz) = Psyy(x,dz) and Py(x,-) =6, (z€E, s,t>0).
E
Each continuous transition probability defines a Markov semigroup (F;)¢>o by

Rf@) = [ Pladn)f) (€ B(B). (1.20)
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It follows from the continuity of the transition probability that the operators P;
map the space C(F) into itself. Conversely, each collection of linear operators
P, : C(E) — C(F) such that

(i) lime ol Pif — Il =0,

(11) PP f=Popf and Rf =/,
) f >0 implies P,f > 0,
) Pl=1,

(iii

(iv

corresponds to a unique continuous transition probability on E. Such a collection
of linear operators P, : C(E) — C(F) is called a Feller semigroup.

By definition, the generator is the operator
T -1 _
which is defined only for functions f € D(G), where

G) :={f € C(E) : the limit %i_r%t’l(]%f — f) exists}.

Here, when we say that the limit exists, we mean the limit in the topology on
C(E), which is defined by the supremumnorm || - ||. It can be shown that a Feller
semigroup is determined uniquely by its generator.

We say that an operator A on C(F) with domain D(A) satisfies the maximum
principle if, whenever a function f € D(A) assumes its maximum over F in a
point = € E, we have Af(z) < 0. We say that a linear operator A with domain
D(A) acting on a Banach space V (in our example the space C(E) equipped with
the supremunorm) is closed if and only if its graph {(f, Af) : f € D(A)} is a closed
subset of ¥V x V. The following is a version of the Hille-Yosida theorem:

Proposition 1.13 (Hille-Yosida, first version) A linear operator G on C(FE)
is the generator of a Feller semigroup if and only if

(i) 1 € D(G) and G1 = 0.

)
(ii) G satisfies the maximum principle.
) D(G) is dense in C(E).
)

(iii

(iv) For every f € D(G) there ezists a continuously differentiable function t — u,
such that ug = f, uy € D(G), and %ut = Gf; for each t > 0.
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(v) G is closed.

Here the differentiation with respect to ¢ is in the Banach space C(E).

In practice, it us usually not feasible to explicitly write down the full domain of
the generator of a Feller semigroup. Instead, one often first defines a ‘pregenera-
tor’ wich is defined for a smaller class of functions, and then constructs the ‘full
generator’ by taking the closure of the pregenerator.

By definition, a linear operator A with domain D(A) on a Banach space V is
closable if the closure of its graph (as a subset of V x V) is the graph of a linear
operator A with domain D(A), called the closure of A. The next version of the
Hille-Yosida theorem is often usueful.

Proposition 1.14 (Hille-Yosida, second Versi(ln) A linear operator G on
C(E) with domain D(G) is closable and its closure G is the generator of a Feller
semagroup if and only if

(i) (1,0) € {(f,Gf): f € D(G)} (ie., (1,0) is in the closure of the graph of G).

)
(i) G satisfies the mazimum principle.
(iii) D(G) is dense in C(E).

) There exists an r € (0,00) and a dense subspace D C C(E) with the property

that for every f € D there exists a p, € D(G) such that (1 — rG)p, = f.

(iv

By definition, a Feller process associated to a given Feller semigroup (P;)¢>o is a
stochastic process (X;);>o with values in E and cadlag sample paths, such that
(compare (|1.16])

E[f(X)) | F] = Psf(Xs) as. (s<t, feC(E)), (1.21)

where (F;)¢>o is the filtration generated by (X;);>0. It can be shown that if (P;);>o
is a Feller semigroup, then for each probability law u on E there exists a unique
(in law) Feller process associated to (P;);>o with initial law P[Xg € -] = p. Feller
processes have many nice properties, such as the strong Markov property.

1.8 Tightness and weak convergence

Since we will need this on some occasions, we recall a few facts from basic measure
theory. Let E be a Polish space and let M (E) be the space of probability measures
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on F, equipped with the topology of weak convergence. By definition, a set R C
M, (E) is tight if

Ve > 03K C E s.t. K is compact and u(E\K) < e Vu € R.

A well-known result says that the closure of R is compact (i.e., R is ‘precompact’)
as a subset of M (F) if and only if R is tight. In particular, if (u,,),>0 is a sequence
of probability measures on E then we say that such a sequence is tight if the set
{ptn : n > 0} C My(E) is tight. Note that each tight sequence of probabability
measures has a weakly convergent subsequence. Recall that a cluster point of a
sequence is a limit of some subsequence of the sequence. We sometimes say ‘weak
cluster point’ when we mean a ‘cluster point in the topology of weak convergence’.
One often needs tightness because of the following simple fact.

Lemma 1.15 (Tightness and weak convergence) Let (i,)n,>0 be a tight se-
quence of probability measures on a Polish space E and assume that (p,)n>o0 has
only one weak cluster point . Then u, converges weakly to .

Note that if £ is compact, then tightness comes for free, i.e., every sequence of
probability measures on FE is tight and M;(FE) is itself a compact space.



Chapter 2

The contact process

2.1 Introduction

In this chapter, we study the contact process. The contact process is one of the
most basic and most intensively studied interacting particle systems. It was intro-
duced in the mathematical literature by Harris in 1974 [Har74] and a few years later
independently in the high-energy physics literature as the ‘reggeon spin model’.
Many important questions about the behavior of the nearest-neighbour contact
process on Z? were solved by Bezuidenhout and Grimmett in 1990-1991 (building,
of course, on the work of many others) [BG90, BG91]. Physicists, not hindered by
the burden of rigorous proof, proceeded must faster. In fact, the only statements
about the contact process that physicists consider nontrivial -concerning its crit-
ical behavior in low dimensions- remain largely unproved by mathematicians up
to date. The contact process continues to be the subject of intense study in the
mathematical literature. Questions about its critical behavior in high dimensions
were recently answered in [HS05]. In addition, all kind of variations on the origi-
nal process such as contact processes in a random environment [Lig92) RemO8] or
contact processes on more general lattices have recieved a lot of attention.

2.2 Definition of the model

We start by introducing the most basic contact process: the nearest-neighbour
contact process on Z?. Recall that

2% = {i=(i1,...,0q) ik EZVk =1,...,d}

27
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is the d-dimensional integer lattice.  Points i € Z¢ are often called sites. The
nearest-neighbour contact process on Z? is a collection

(Xt(i))tzo, iezd

of {0, 1}-valued random variables, such that for each i € Z?, the process

()<i)t20

is a continuous-time Markov process with state space {0,1} whose jump rates
depend on the states of its nearest neighbours, i.e., the processes X;(j) with |i—j| =
1. More precisely, if at some time ¢ the state of the process is x = (2(i));eze €
{0, 1}Zd, then the state at site ¢ jumps as follows:

x(i) jumps:

0—1 with rate )\Zj:”,j‘:l z(j),
1—0 with rate 1.

Here A > 0 is a fixed constant, called the infection rate.

For example, if d = 2, then we can imagine that each site i € Z? represents a tree
in an infinite orchard. If X;(i) = 1 then we say that the tree 7 is at time ¢ infected
with a certain disease, while if X;(i) = 0 we say that the tree i is healthy. Healthy
trees become infected with a rate that is proportional to their number of infected
neighbours, and infected trees get healthy with constant recovery rate 1.

Although we say informally that the process (X;(7)):>0 at the site i is a continuous-
time Markov process, because of the fact that its jump rates depend on the states
of its neighbours, the process (X;(7)):>0, on its own, actually does not have the
Markov property. On the other hand, if we let

X, = (Xu(4)) (t>0)

i€z
denote the whole collection of processes X,(i) indexed by sites i € Z?, then the
{0,1}2" valued process (X;)i=o does have the Markov property. We may formally
write the generator of this Markov process as

Gf@) =AY luw=n Y, «()(f@@+8)— f(x))
g jili—jl=1 91
+ 3 o (& = 6) = £(2), >0
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(z € {0,1}2"), where we define §; € {0, 1}2" by
6:;(j) = lu=gy (3,5 € Z%).

Note that we do not say precisely for which functions f the expression in ([2.1))
is defined. At least for functions that depend on finitely many coordinates only,
one can check that the infinite sums reduce to finite sums and hence G f is well-
defined. It can be shown that if one first defines G f for such functions and then
takes the closure of the operator GG, then this closure generates a Feller semigroup
on {0,1}7". We may then define (X,);=o as the Feller process associated with this
semigroup. We will follow this approach in Chapter [A] In the present chapter,
we will use an alternative approach for constructing (X;):>o, which is based on

Theorem [L8
2.3 The graphical representation

For each pair of neighbouring sites i,5 € Z¢, |i — j| = 1, let us define a map
myj - {07 1}Zd - {07 1}Zd by

1 if k=i, z(j) = 1,

(mijx)(k) = { (i,4,k € Z°, z € {0, 1}Zd).

x(k)  otherwise,

Moreover, for each i € Z%, let us define p; : {0,1}%" — {0,1}%" by

z(g) 5 A4
Then we may rewrite the generator G in (2.1)) in the form

Gf@)=Xx Y (flmy(x)) = f(2)) + Z (f(pi(2)) — f(2)). (2.2)

1,51 [i—j|=1

(pix)(7) = { | . LIt (i,j € 24, = € {0,1}%7).

(z € {0,1}%"). This form of the generator reminds us of Theorem . The only
difference is that there, we considered a finite set of maps M, while at present we
have to deal with infinitely many maps m;; and p;. However, since our maps act
only locally, we may still hope that the same approach works.

In view of these considerations and inspired by Theorem [1.8] we let

E:={(i,j):1,j €2, |i—j|=1}
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denote the set of all ordered nearest-neighbour pairs and we let Al and AT be
independent Poisson point sets on £ x [0,00) and Z? x [0, c0) with intensities \ dt
and 1dt, respectively. We interpret a point (i, j,t) € Al as the event that at time
t, the state of our contact process jumps from z to m,j(x). Likewise, a point
(1,t) € A" indicates that at time ¢, the state of our contact process jumps from x

to pi(x).

Unlike the situation in Theorem [1.8, we can no longer order the elements of Al and
A" by their time coordinates; indeed, for each time interval (s,t) with s < ¢ the
sets AIN (€ x (s,t)) and A*N(Z? x (s,t)) contain infinitely many points. However,
since most of these points refer to events that take place somewhere far away, we
can still hope that by concatenating all maps m;; and p; that matter locally in the
right order, we obtain a well-defined process.

In Figure we have drawn a finite piece of the sets Al and A for the process on
Z. We have drawn space horizontally and time vertically. Points (7, 7,t) € Al have
been indicated by drawing an arrow from (i,t) to (j,t) while points (i,t) € A"
have been indicated with a black box. The arrows indicate potential infections:
if at time ¢ there is an arrow from ¢ to j and just before this time, the site i is
infected and j is healthy, then after this time both ¢ and j should be infected;
otherwise nothing happens. Likewise, a black box at a point (i,t) indicates a
potential recovery: if just before time ¢, the site ¢ is infected, then after time ¢ it
should be healthy; otherwise nothing happens.

With this in mind, we make the following definitions. We start by noting that if
[s,u] is a time interval and 7 : [s,u] — Z? is a cadlag function, then it is possible
that v makes a jump at time u (i.e., v, # v.—), but because of right-continuity,
it cannot happen that v makes a jump at time s. In view of this and since in
what follows, it will be inconvenient to have a definition that is not symmetric
with respect to time reversal, we start with a definition that may seem a little
cumbersome at first sight. By definition, by a path in Z¢ we will mean a pair of
functions (y;_, ;) defined on some time interval [s, u] with s < u and taking values

in Z%, such that
limy g v = Yo (to € [s, u)), 2.3)
limygps, v = Y- (to € (s, U]) '

Note that this definition allows for the case that v, # ~,, which is what we
wanted. We will often identify a path, as we have just defined it, with the set
v C Z4 x R defined by

vyi={y-:te[s,u]}U{n:tel[sul}.
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[ |
I infection rate \
/

> |

recovery rate

N/ | !
A
Figure 2.1: Graphical representation of the contact process.

Note that both the functions v; and ~,_, as well as the starting time s and final
time u can be read off from the set ~.

Next, for points (i, s), (j,u) € Z¢ x [0,00), we say that there is an open path from
to (i,) to (j,u), denoted as (i,s) ~ (j,u), if and only if there exists a path v in
74 with starting time s and final time ¢ such that ~,_ =4, v, = j, and

(Vi ve, t) € Al for all ¢ € [s,u] s.t. v # ¥,
YN AT = 0.

In words, this says that an open path must walk upwards in time, may use infection
arrows, but must avoid recovery symbols. Next, for each x € {0, 1}Zd, we define

X2(i) :_{ 1 if 35 st z(j) =1, (4,0) ~ (4,1),

0 otherwise,

(t >0, ieZ xe{0,1}2"). A little thinking convinces us that (X7);o is
the contact process we wanted to construct. (Note that we have arranged our
definitions in such a way that (X7 (i))s>o has cadlag sample paths for each i € Z9.)

Often, it is convenient to use slightly different notation. By identifying a set with
its indicator function, we see that the space {0, 1}Zd is in a natural way isomorphic
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to the space of all subsets of Z?. With this in mind, for any A C Z%, we define
nt = {i: Ax {0} ~ (i,t)} (t>0, Acz, (2.4)

where Ax {0} ~» (7,t) indicates the event that (j,0) ~ (i,t) for some j € A. With
this notation, we see that

{i:z(i)=1}=A implies {i:X?7(i)=1}=n},

i.e., if A is the set of sites that are infected at time 0 then 5/ is the set of sites
that are infected at time ¢.

Exercise 2.1 Invent graphical representations for the interacting particle systems
on Z with generators (compare (2.1)))

G'f(x)=\ Z Lio)=0y La(i—1)+a(ir)>0y (f (z + 6;) — f(z))
+2_ L=y (fl@ = 8) = f(z))

and
G'f(x) :)‘Z La(i)=0y (:r:(z' — 1)+ x(i+ 1))2(f(x +8;) — f(a:))
+ Z L=y (f (2 = 8:) = f(2)).

2.4 The survival probability

By definition, we say that the nearest-neighbor contact process on Z? with infection
rate A survives if

O, d) = 0(\) :==P[n{” %0 vt > 0] > 0.

If this probability is zero, then we say that the contact process dies out or gets
extinct.

By a combination of rigorous mathematics, nonrigourous methods, and computer
simulations, theoretical physicists have discovered the following properties of the
function 6. There exists a critical value A\. = A\.(d) with 0 < A. < oo such that
O(\) =0 for A < A\c and O(\) > 0 for A > A\.. The function @ is continuous, strictly
increasing and concave on [A., 00) and satisfies limy_,» #(A) = 1. One has

Ae(1) = 1.6489 4 0.0002.
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Figure 2.2: Survival probability.

Moreover, A.(d) is decreasing in d and satisfies

1
Ac(d) = ¥ as d — 00, (2.5)
where the notation f(z) =~ g(z) as z — zy means that
lim /(z) =1 as z — zg.
M)

The behavior of # near the critical point is very interesting. One has
ON) ~(A=X)?  as A ] A, (2.6)
where we write f(z) ~ g(2) as z — 2 if

L loa(/(2))

20 Tog(g(2)

The constant 5 = (3(d) is a critical exponent, approximately given by

B(1)20.276487,
B(2) 220.584,

£(3)220.81,

B(d)=1 (d > 4).
In dimensions d # 4, it is believed that can be strengthened to O(\) =~
c(A — A¢)? for some 0 < ¢ < oo.
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Below, we will prove some of the easier properties of the function 6, such as mono-
tonicity, the existence of a critical parameter A., and the fact that 6 is right-
continuous everywhere and left-continuous everywhere except possibly at the crit-
ical point A\.. Proving that 6 is left-continuous at ., which by our previous remarks
is equivalent to the statement that #(\.) = 0, kept probabilists occupied for some
15 years, till Bezuidenhout and Grimmett proved this in their celebrated paper
[BG90]. Quite recently, it has been proved that holds with 3 = 1 if the
dimension d is sufficiently large. The critical behavior in dimensions d = 1,2, 3
remains very much an unsolved problem. Physicists come to their prediction
using (nonrigorous) renormalization group arguments, where critical exponents
can be related to eigenvectors of linearized renormalization transformations near
a fixed point. Mathematically, there are big problems even defining these renor-
malization transformations rigorously, let alone studying them.

In dimension d = 1 it is known rigorously that 1.539 < \. < 1.943 [ZG8&5, [Lig95].
For bounds in higher dimensions (including a proof of (2.5])), see [Lig87]. As far
as I know, nobody has any idea how to prove that 6 is concave on [\, 00).

2.5 Extinction

Lemma 2.2 (Survival versus extinction) If the contact process survives, then

Pyt # 0Vt >0] >0 (2.7)
for each finite nonempty A C Z2. If the contact process dies out, then this proba-
bility is zero for each finite nonempty A C Z2.

Proof Let A be finite and nonempty. For obvious reasons we also denote the

probability in by
P[(A x {0}) ~ o9].

Now choose any ¢ € A. Then
P[(0,0) ~ oo] =P[(i,0) ~ o] < P[(A x {0}) ~ oq]
=P[3j € Ast. (j,0) ~ oo] <> P[(j,0) ~ oo] = |AP[(0,0) ~ o0],
jeA
where we have used translation invariance and |A| denotes the number of elements
in A. n

In this and the next section, we will prove the following result.
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Theorem 2.3 (Critical infection rate) For each d > 1 there exists a . = A(d)
with 0 < A\, < oo such that the nearest-neighbour contact process on Z2 with
infection rate A survives for X > A\, and dies out for A < A..

Note that this theorem says nothing about survival or extinction if A = A\.(d).

As a first step towards Theorem 2.3, we prove the following fact.

Lemma 2.4 (Monotone coupling) Let (1;)i>0 and (1;)i>0 be countact processes
on Z¢ with infection rates 0 < X < XN and deterministic initial states ny = A and
no = A satisfying A C A’. Then ()0 and (1;)i>0 can be coupled such that

ne C (t>0).

In particular, survival of the contact process with infection rate \ implies survival
of the contact process with infection rate X .

Proof Let 0 < A < X. Let Al and Al be independent Poisson point sets on
£ x [0,00) with intensities Adt and (N — \)dt, respectively, and let A* be a
Poisson point set on Z% x [0, c0) with intensity 1d¢, independent of Al and Al
Then A'UA' is a Poisson point set on £ x [0, c0) with intensity X' dt. We interpret
points in A' and Al as infection arrows and points in A’ as recovery symbols. We
let ~~ indicate the presence of an open path that may use infection arrows from
A' only and we write ~' to indicate the presence of an open path that may use
infection arrows from A!U Al Then

ne={i: Ax {0}~ (i,t)} C {i: A" x {0} ~' (i,t)} = n, (t>0)

since A C A’ and the process (77;);>0 has more arrows at its disposal. |

It follows from Lemma [2.4] that the function A — 6()) is nondecreasing and hence,
for each d > 1, there exists a 0 < A.(d) < oo such that the nearest-neighbour
contact process on Z¢ with infection rate \ survives for A > A, and dies out for
A < Ac. To prove Theorem we must show that 0 < A.(d) < co. We start by
proving a the lower bound on A, which is easiest.

Proposition 2.5 (Exponential bound) Let (n{);>0 be the nearest-neighbour
contact process on Z with infection rate \, started in a deterministic initial state
not = A with |A| < oco. Then |nf'| < oo for allt >0 a.s., and

E[lnf'[] < [A[e®PD0 (¢t >0). (2.8)
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Proof We start by giving a heuristic argument. Each infected site is bordered by
at most 2d uninfected sites. Therefore, the expected number of new sites that are
infected by an already infected site in a small time interval of length dt is less than
2dA dt. On the other hand, each infected site has a probability of 1dt to die in the
same time interval. Therefore, the expected number of infected sites as a function
of time should satisfy

2E[In[] < (241 — DE|n]],
which implies -

To make this rigorous, we need to work a bit. We start by translating our argument

into the language of semigroups and generators. Let (P;):>o denote the Markov
semigroup of the contact process and let f denote the function f(A) :=|A|. Then

says that
Pf(A) < e®PVf(A) (12 0).

Let G be the generator of (F;);>0. In our present notation,

=2 > (fAu{ih - + > (F(AD) = f(4))
€A j¢A €A
li—gl=1

=M{(i,j) € €:i€ A, j¢ A} —|A] < (2dX — 1) |A].

This says that Gf < (2d\ — 1)f. Assuming that we can differentiate semigroups
as in the finite-dimensional case, we have

sl =lime (Pf = )R =GRf  (t=0),

hence
% (G(I_Qd)\)t-Ptf) — (1 o 2dA)€(1_2d>\)tPtf + e(l_gd)\)tGPtf S 0

and therefore e(1724Vt P, f < e(1724M0 B, £ - which implies (2.8)).

Although our argument is now more formal, it is still not rigorous, since we do not
know if we can differentiate our semigroup, which acts on functions in the infinite-
dimensional space B({0,1}%"), in the same way as we would do for a Markov
process with a finite state space. To fix this, we use an approximation argument.
For N > 1, let Ay := {—N,l..., N}¢ denote a box of length 2N + 1 centered
around the origin. Using the graphical representation of the contact process, for
each A C Z?, we set

A =i e Ay (AN Ay) x {0} ~n (i,1)},
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where ~»y to indicates the presence of an open path that stays in Ay. It is easy
to see that B
N )
M Tt as N oo (t>0).

By Theorem (nt(N)’A)tZO is a Markov process with finite state space. By essen-
tially the same generator calculation as above, which is now fully justified since
our semigroup acts on the finite-dimensional space B({0,1}*~), we find that

E[ln™M ] < |A[e@PDt (¢ >0, N >1).

Letting N T oo we arrive at (12.8)).

It follows from (2.8) that P[|n/!| < oo] = 1 for all ¢+ > 0. In order to complete the
proof of Proposition [2.5, we need to sharpen this to the statement that P[|n/| <
oo Vt > 0] = 1. Let (¢');>0 be a contact process on Z? without recoveries, i.e.,

(=i Ay Ax {0}~ (i,t)},

where ~~' is defined in the same way as ~-», with the exception that this time, paths
need not avoid recovery symbols. Then obviously n C ¢ for all t > 0, while the
same reasoning as before gives

E[IcA] < |Ale™ (¢ > 0).
Since || is a nondecreasing function of time, we have
Pllnd| < oo Vs € 0,1]] = P[|¢/] < 0o Vs € [0,¢]] > P[|¢'| <oo] =1 (t>0).
Letting ¢ T oo we find that |n{'| < oo for all t > 0 a.s. |
Proposition has the following consequence.

Corollary 2.6 (Lower bound on critical infection rate) The critical infec-
tion rate of the nearest-neighbour contact process on Z¢ satisfies % < Ae.

Proof By (2.8), for each A < 55

2d?

Pl # 0] <E[l']] — 0

for each finite A C Z2. |

In order to finish the proof of Theorem we need to show that A\, < co. As a
preparation for this, in the next section, we will start by studying a closely related
problem. Before we do this, we apply the tecnhiques developed so far to prove the
following facts about the function 0(\, d).
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Proposition 2.7 (Monotonicty and right-continuity) The survival probabil-
ity O(\, d) is nondecreasing and right-continuous in X, and nondecreasing in d.

Proof The fact that 6(),d) is nondecreasing in A follows from Lemma [2.4 The
fact that 6(\,d) is nondecreasing in d can be proved in a similar way, since if
d < d', then we may view Z% as a subset of Z% and observe that if there is an open
path that stays in Z¢, then certainly there is an open path in Z¢ .

To prove right continuity of #(\, d) in A, we will improve the coupling used in the
proof of Lemma in such a way that we can define contact processes for any
value of the infection rate on the same probability space. To this aim, consider
the space € x [0, 00) x [0, 00) whose elements are triples ((,7),¢, <) with (i,7) € £
and ¢,k > 0, and let A" be a Poisson point set on this set with indensity dtdx.
Then, for each A > 0,

= (G, ), 8) - 3((,4), 1, k) € A with 5 < A}

is a Poisson point sets on € x [0, co) with intensity Ad¢. Let A" be an independent
Poisson point set on Z? x [0, 00) with intensity d¢ and write ~ to indicate the
presence of an open path in the graphical representations defined by (A}, AY).

Another way of saying this is that a point ((4,7),%, %) € A" indicates the presence
of an arrow which has a value k attached to it, and ~-, indicates the presence of
a path that may use only arrows with values k < A. Then we claim that

/1\1&1) O(\n) = }\1&1) P[(0,0) ~5 oo] = P[(0,0) ~) 00 VA > ]

= P[(0,0) ~, o] = 6(Xo).

The equality = needs some explanation. It is obvious that (0,0) ~»,, co implies

(0,0) ~»x 00 YA > Xg. On the other hand, if (0,0) »*,, oo then by Proposition [2.5]
7 :={(i,t) € Z* x [0,00) : (0,0) ~x (i,¢)}

is a compact subset of Z? x [0, 00), such that each each infection ends somewhere
in a recovery sign, and all infection arrows starting in Z and ending somewhere
outside Z have a value strictly larger than A. Since there are only finitely many
arrows with values xk € (A, 2)) starting in Z and ending somewhere outside Z, we
know that there is some X' > X\ such that all arrows starting in Z and ending
somewhere outside Z have a value larger than X', i.e., we know that (0,0) /~, oo
for some A > A. |
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2.6 Oriented percolation

In order to prepare for the proof that the critical infection rate of the contact
process is finite, in the present section, we will study oriented (or directed) bond
percolation on Z4.  For i,j € 79, we write i < j if i = (iy,...,4iq) and j =
(J1,---,ja) satisfy i < jp forall k=1,...,d. Let

A={(i,§) i jezt i<y li—jl=1}.

We view Z¢ as an infinite directed graph, where elements (i,j) € A represent
arrows (or directed bonds) between neighbouring sites. Note that all arrows point
‘upwards’ in the sense of the natural order on Z¢.

Now fix some percolation parameter p € [0,1] and let (w(; ;)@ )ea be a collection
of i.i.d. Bernoulli random variables with Plw(; ;) = 1] = p. We say that there is
an open path from a site i € Z% to j € Z% if there exist n > 0 and a function
v :{0,...,n} — Z¢ such that

(v(k—=1),v(k)) € A and Wy(k—1) (k) = 1 (k=1,...,n).

We denote the presence of an open path by ~». Note that open paths must walk
upwards in the sense of the order on Z¢. We write 0 ~ oo to indicate the existence
of an infinite open path starting at the origin 0 € Z¢.

Theorem 2.8 (Critical percolation parameter) For oriented percolation in
dimensions d > 2 there ezists a critical parameter p. = p.(d) with 0 < p. < 1 such
that P[0 ~» oo] = 0 for p < p. and P[0 ~ oo] > 0 for p > p..

Proof The existence of a critical parameter p. € [0, 1] follows from a monotone
coupling argument like the one we used in the proof of Lemma [2.4] To prove that
0 < pe, let N,, denote the number of open paths of length n starting in 0. Since
there are d™ different upward paths of length n starting at the origin, and each
path has probability p™ to be open, we see that

E[ NJ=> dp'<oo (p<1/d)

This shows that >~ ° | N,, < oo a.s., hence P[0 ~» co] = 0 if p < 1/d, and therefore

1

— < p(d).

7 < pe(d)
To prove that p.(d) < 1 for d > 2 it suffices to consider the case d = 2, for we may
view Z? as a subset of Z? (d > 3) and then, if there is an open path that stays in
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Figure 2.3: Peierls argument for oriented percolation.
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72, then certainly there is an open path in Z?¢. (Note, by the way, that in d = 1
one has P[0 ~» oo] = 0 for all p < 1 hence p.(1) = 1.)

We claim that

QDIOO

pe(2) <

To prove this, we use a Peierls argument, named after R. Peierls who used a similar
argument in 1936 for the Ising model [Pei36]. In Figure 2.3 we have drawn a piece
of Z%. Open arrows are drawn in black; closed arrows are not drawn. Sites i € Z?2
such that 0 ~ ¢ are indicated in black. These sites are called wet. Consider the
dual lattice

(2.9)

727 :={(n+3,m+3): (n,m) € Z°}.

If there are only finitely many wet sites, then the set of all non-wet sites contains
one infinite connected component. (Here ‘connected’ is to be interpreted in terms
of the unoriented graph N? with nearest-neighbor edges.) Let v be the boundary
of this infinite component Then v is a nearest- neighbor path in ZQ, starting in
some point (n + %, — ) and ending in some point (— 2,m + ) with n,m > 0, such
that all sites immed1ately to the left of v are wet, and no open arrows starting at
these sites cross 7. In Figure 2.3 we have indicated v with dashed arrows.

From these considerations, we see that the following statement is true: one has
0 + oo if and only if there exists a path in 72, starting in some point (n + %, —%)
(n > 0), ending in some point (—3,m + 3) (m > 0), and passing to the northeast
of the origin, such that all arrows of v in the north and west directions (indicated
in bold in the figure) are not be crossed by an open arrow. Let M,, be the number
of paths of length n with these properties. Since there are n dual sites from where
such a path of length n can start, and since in each step, there are three directions
where it can go, there are at most n3"™ paths of length n with these properties.
Since each path must make at least half of its steps in the north and east directions,

the expected number of these paths satisfies

E[ZM Zn?)" p)"? < oo (p>3)
n=2
and therefore

[07/~>oo<]P’i > 1] <E ZM
n=2

This does not quite prove what we want yet, since we need the right-hand side of
this equation to be less than one. To fix this, set D,, := {0,...,m}?. Then, by
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the same arguments as before

P[Dp, 4+ 0] <P f: M, >1] <E| f: M,] < f: n3"(1 — p)"?,

n=2m n=2m n=2m

which in case p > g can be made arbitrarily small by choosing m suffiently large.
It follows that P[D,, ~ oo] > 0 for some m, hence P[i ~ co] > 0 for some i € D,y,,
and therefore, by translation invariance, also P[0 ~» oo] > 0. n

2.7 Survival

In the present section, we will complete the proof of Theorem by showing that
Ac < 00. The method we will use is comparison with oriented percolation. This
neither leads to a particularly short proof nor does it yield a very good upper
bound on A., but it has the advantage that it is a very robust method that can be
applied to many other interacting particle systems.

Let A.(d) be the critical infection rate of the nearest-neighbour contact process on
7. If d < d', then we may view Z% as a subset of Z%, so by an obvious monotone
coupling we see that

Ac(d) > Ae(d) (d<d).

In view of this, in order to finish the proof of Theorem it suffices to show that
Ae(1) < 0.

For notational convenience, we extend (without any harm done) our graphical
representation to negative times, i.e., we let Al and A be Poisson point subsets of
E x R and Z% x R, respectively. We fix T > 0 and define a map from Z? to Z x R
by

(Ki,00) = (iy — i, T(iy +i2)) (i = (i1, i2) € Z%).
Recall from the previous section the definition of the set A4 of arrows on Z%. We
wish to define a collection (w; j)),j)ea of Bernoulli random variables such that

w(ij) =1 1implies (k;,0;) ~ (kj,0;) ((i,j) € A).
For each i € Z? we define

7 =inf {t > 0y : (ks ki — 1,t) € A}

]

Ti+ :=inf {t > ;. (/ﬁ)i, Ki + 1,t> € Ai},
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and we define the ‘good events’

g = {Ti_ <o;+T, ({Iiz} (oi,T; )) NA" =0,
({/{i — 1}y x (7,00 + 1) ) NA" = @}

={rt <o+ T, ({ri} x (0,7;")) NA" =0,
({ri +1} x (1;",0: + T)) N A" = 0}.

We observe that the event G implies that (k;,0;) ~ (k; £ 1,0; + T) via an open
path that stays in {x;, x; £ 1}. In view of this, we set

“(ir,d2), (i1 + 1,42)) = LG
Y((i, in), (i, iz + 1)) = LG

Then w(; ;) = 1 implies the existence of an open path in the graphical representation
for the contact process from (k;,0;) to (k;,0;) (with (¢,7) € A), hence if we use
the random variables (w(; j)) (i jea to define oriented percolation on Z? in the usual
way, then:

i ~ j in the oriented percolation on Z? defined by the random variables
(w(ij))(ijyea implies (k;,0;) ~» (k;,0;) in the graphical representation
for the contact process.

We observe that
pi=Puwiy=1=PG")=0—-e)e"  ((i,j)€A. (2.10)

For X\ sufficiently large, by a suitable choice of T', we can make p as close to
one as we wish. We would like to conclude from this that P[(0,0) ~» oo] > 0
for the oriented percolation defined by the w;;)’s, and therefore also P[(0,0) ~»
oo] > 0 for the contact process. Unfortunately, the random variables (w(; j)) (i jyca
are not independent, and therefore Theorem is not applicable. Luckily, the
(w(ij))@i,j)ea are k-dependent for some suitable k, so by applying Theorem we
can estimate them from below by an independent collection of Bernoulli random
variables (@ ;)),j)e.a Whose succes probability p can be made arbitrarily close to
one, so we are done. |

Exercise 2.9 Combine formulas (2.9)), (2.10]) and (A.1]) to derive an explicit upper
bound on the critical infection rate A. of the one-dimensional contact process.
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2.8 Duality and the Feller property

We extend our graphical representation to negative times and, generalizing (2.4)),
we define

A,s,:{i:Ax{S}w(i s+1)},
TAS_{Z Zs—t“")AX{S}}

(ACZ¢ seR, t>0). Since it is defined by a graphical representation obtained
by turning our original graphical representation upside down, we see that

(2.11)

A,s
(771,T )t>0

is a contact process with the same infection rate as our original process. Moreover,
we observe that for any t > 0 and A, B C Z¢,

PN B # 0] = P[A x {0} ~ B x {t}] = P[Any®" £0].

This formula remains true if A and B are random sets, independent of the Poisson
point processes of our graphical representation. This means that we have proved
the following result.

Proposition 2.10 (Duality) Let (m:)i>0 and (n,)i>0 be independent contact pro-
cesses on 7 with infection rate \. Then

Pl Oy #0] =Plnonn, 0] (¢t >0).

This result is especially useful in view of the following fact. Below and in what
follows, P(Z?) := {A : A C Z%} denotes the set of all subsets of Z?, which is in a
natural way isomorphic to {0, 1}Zd (equipped with the product topology).

Lemma 2.11 (Distribution determining functions) Let p,v be probability
laws on P(Z?) such that

/u(dA)l{AmBﬂ} = /V(dA)l{AﬂBﬂ}

or all finite nonempty B C Z¢. Then = v.
Y 2

Proof We start by recalling the Stone- Weierstrass theorem. Let E be a compact
metrizable set. By definition, a subset F of C(E) is an algebra if F is a linear
space, F contains the constant function 1, and f, g € F implies fg € F. We say
that F separates points if for every x,y € F with x # y there exists an f € F with
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f(x) # f(y). The Stone-Weierstrass theorem says that if subset F of C(F) is an
algebra that separates points, then F is dense in C(F).

Let F be the linear span of all functions of the form A+ 1;4np—g) with B a finite
subset of Z%. Tt follows from our assumptions that

/,u(dA)l{AnB_(Z)} = /V(dA)l{AﬂB—Q}

for each finite B C Z¢, hence [u(dA)f(A) = [v(dA)f(A) for all f € F and
therefore, by the Stone-Weierstrass theorem, [ u(dA)f(A) = [v(dA)f(A) for all
f € C(F), which implies p = v. |

We define a transition probability on P(Z%) by

P(A ) =Phtec-] (AcPZ), t>0).

Lemma 2.12 (Feller property) The (P,):>o form a continuous transition prob-
ability on P(Z4).

Proof The fact that

/PS(A, dB)P,(B,dC) = P, (A,dC) (A e P(Z%), s,t >0)

follows easily from our graphical representation and the fact that Poisson point
sets restricted to disjoint parts of space are independent. To see that

(A t) — Pi(A, )

is continuous, assume that A, — A and 0 < t,, — t. Here A, — A means that
1, (i) — 14(i) for each i € Z%, or equivalently,

Vi € Z* 3N s.t. 14,(i) = 14(i) Yn > N.

We observe that
P,(Ay, ) =Pl e ].

We claim that (A,,t,) — (A,t) implies

77;:"’%” — nf"ft a.s. (2.12)

n—oo

Indeed,

1 an (i) =1 } .
ot O =, 90 2 o)
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By Proposition , In} {i}’o\ < oo for all s > 0 a.s. It follows that there exists some

(random) N such that njn{i}’o = R0 for all n > N. Using this and the fact that
A, — A, it is easy to see that

a.s.,

1 ; 1 ;
{An Ol M0 £ 0} nmee LA N ] 0 £ 0}
which implies . As a consequence, we have
E[f(m," )] — E[f"")]  (fec(P@?),

which proves the desired continuity. |

2.9 The upper invariant law

Extending our graphical representation to negative times as before, we define
7= {i€Z: —o00~ (i,t)} (t € R).

Using the independence of restrictions of Poisson point processes to disjoint parts
of space, we see that

P, € - | M)s<t) = Pue(Wy, -) s (t <),
hence (7, )tcr is a stationary contact process and its law at any given time
v=PB e ] (teR)

is an invariant law of the contact process. We call 7 the upper invariant law of
the contact process (with given infection rate). As we will see in a moment, in a
certain sense, it is the ‘largest’ invariant law of our process.

By definition, we say that a function f : {0,1}%" is monotone if f(x) < f(y) for
all z <.

Proposition 2.13 (Stochastic order) Let p,v be probability laws on {0,1}%".
Then the following statements are equivalent:

(i) [ p(de)f(z) < [ p(dz)f(z) ¥ monotone f € C({0,1}%),

(it) [ p(dz)f(z) < [ p(dz)f(z) ¥ monotone f € B({0,1}%"),
(i) 1t is possible to couple random variables X,Y with laws p = P[X € -]
and v = P[Y € -] in such a way that X <Y
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Proof The implications (iii)=-(ii)=-(i) are trivial. For the nontrivial implication
(i)=(iii) (which we will never actually need to use), see [Lig85, Theorem I1.2.4]. B
If probability laws p, v on {0,1}%" satisfy the equivalent conditions (i)-(iii) from
Proposition [2.13] then we say that p and v are stochastically ordered and we Writdﬂ
w< v,

Lemma 2.14 (Upper invariant law) Let U be the upper invariant law of the
contact process and let v be any other invariant law. Then v < U in the stochastic
order.

Proof Let A be a random variable, taking values in P(Z%), with law P[A € -] = v,
and assume that A is independent of the Poisson point processes used in our
graphical representation. Then, since v is an invariant law, we have v = P[p/ € -]
for all ¢ > 0. Since the random variables

(77247 ﬁt)a

take values in the compact space P(Z%)2, their laws are automatically tight, hence
we can select a subsequence t,, — oco such that the (nfiaﬁtn) converge weakly in
law to some limiting random variable (n',n?), say, where n' has the law v, n? has
the law 7, and moreover

Pli €', i ¢ '] = lim Pli € ), i ¢ 7] = lim Pli € ", i & 7]
< lim P[Z% x {~t,} ~ (i,0), —00 4 (3,0)] =0 (i € Z%),
where we have used that the events Z¢ x {—t,} ~~ (i,0) decrease monotonically
to the event —oo ~ (i,0), hence the events Z? x {—t,} ~ (i,0), —oco ¥ (i,0)

decrease monotonically to the empty set. We conclude that n' C n? a.s., hence
v < 7 in the stochastic order. [ |

By definition, we say that a probability law u on P(Z?) is nontrivial if

p({0}) =0,

i.e.; if p gives zero probability to the configuration in which all sites are healthy.

!This notation may look a bit confusing at first sight, since, if p, v are probability measures
on any measurable space (£, F), then one might interpret p < v in a pointwise sense, i.e., in
the sense that p(A) < v(A) for all A € F. In practice, this does not lead to confusion, since
pointwise inequality for probability measures is a nonsensical property. Indeed, it is easy to check
that probability measures p, v satisfy u < v in a pointwise sense if and only if u = v.
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Lemma 2.15 (Survival and the upper invariant law) For the contact process
on 7 with infection rate X > 0, the following statements are equivalent:

(i) The contact process survives, i.e., O(\,d) > 0.
(ii) The upper invariant law U is nontrivial.
(iii) There exists a nontrivial invariant law.
Moreover, if the contact process dies out, then 7 = dy.

Proof The implication (ii)=-(iii) is trivial and (iii)=>(ii) follows from Lemma [2.14]
To see that (i) and (ii) are equivalent, we start by observing that by duality, for
each finite B C Z4

=PI B0 £ 0 vt > 0] =PpP £ 0 vt >0].

Note that by Lemma [2.11] this formula determines the law 7 uniquely. In partic-
ular, we see that 7 = dy if the contact process dies out. On the other hand, if the
contact process survives, then 7 # dy. This is not quite the same as saying that v
is nontrivial, but at least it tells us that P[7, # ()] > 0. We observe that

P[5, # 0] = P[7, # 0|7, # 0]P[7, # 0],
which by the stationarity of 77 implies that
Bl #0[m £0] =1 (1>0)

It follows that the conditioned law

7(-|[{A: A#0})
is a nontrivial invariant law for the contact process, hence by the equivalence of
(i) and (iii), we must have that 7 is nontrivial. |

2.10 Ergodic behavior
We define translation operators T; : P(Z4) — P(Z4) by

Ti(A):={j+i:je A} (i€Z.
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We say that a probability law u on P(Z4) is homogeneous or translation invariant
if poT, ' = pfor all i € Z4. A lot of work in the theory of interacting particle
systems is concerned with classifying all invariant laws of a given system, and
proving that the system started from certain initial laws converges in law to a
certain invariant law. In the context of interacting particle systems, invariant laws
are sometimes also called equilibria or equilibrium laws. If an interacting particle
system has a unique invariant law, which is the limit law of the process started in
any initial state, then it is often said that the system is ergodz’cﬂ

The main aim of the present section is to prove the following result.

Theorem 2.16 (Convergence to upper invariant law) Let (n:)i>0 be a con-
tact process started in a homogeneus nontrivial initial law P[ny € -]. Then

P[?’]t € ] — 57
t—o0
where U is the upper invariant law.

We start with two preparatory lemmas.

Lemma 2.17 (Extinction versus unbounded growth) For each finite A C
Z%, one has
nt =0 for somet >0 or |n| — 00 as. (2.14)

Proof Define
p(A) :=P[n # 0Vt > 0] (ACZ? |A] < ).
It is not hard to see that for each N > 0 there exists an € > 0 such that
|A] < N implies p(A) <1-—e. (2.15)

We first argue why it is plausible that this implies (2.14]) and then give a rigorous
proof. Imagine that |n/!| 4 co. Then, in view of he process infinitely often
gets a chance of at least € to die out, hence eventually it should die out.

To make this rigorous, let

Ag={nr A0Vt >0}  (AcCZ? |A| < o0).

2This is not very good terminology since it may lead to confusion with another, more usual
concept of ergodicity. If (X;);cr is a stationary process, for example an interacting particle system
in equilibrium, then by definition (X;):cr is ergodic if the law of (X};);er gives probability zero
or one to all events that are invariant under time shifts.
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denote the event that the process (nf);>o survives and let F; be the o-field gener-
ated by the Poisson point processes used in our graphical representation till time ¢.
Then

p(n) = P[A4 | Fi b lay, as, (2.16)
where we have used an elementary result from probability theory which says that if

F, is an increasing sequence of o-fields and Fo, = (|, Fy), then lim, P[A|F,] =
P[A|F] a.s. for each measurable event A. (See [Loe63|, § 29, Complement 10 (b)].)

In view of (2.15)), formula (2.16]) implies (2.14)). n

Lemma 2.18 (Nonzero intersection) Let (1;):>0 be a contact process started
in a homogeneus nontrivial initial law Plny € -]. Then for each s,e > 0 there
exists an N > 1 such that for any subset A C 7%

|A| > N implies P[ANn,#0] >1—e.

Proof By duality (Lemma
P[AN7, # 0] =P[n! Nny # 0]

where 7y is independent of the graphical representation used to define n. Set
Apr:={=M,...,M}% Tt is not hard to see that for set A C Z? with |[A| > N
contains a subset A" C A with |A’| > N/|Ay| such that the sets

{i+Ay:ie A}

are disjoint, where as before we define i + Ay = {i + 7 : j € Apr}. Write ~>;1a,,
to indicate the presence of an open path that stays in i + Ay, and set

nil}(M) = {j c Zd : (Z,O) iAo (]7 8)}

Then, using Holder’s inequalityﬂ in the inequality marked with an exclamation

3Recall that Holder’s inequality says that 1/p + 1/¢ = 1 implies ||fg|li < ||fll,llgllq, where
1£llp = (J f[Pdp)'/?. By induction, this gives | TT;Z, filln < TTiZy [l filla-
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mark, we have
P[ng‘ i =0] = [ Blw € dBIPL N B =]

Plno € dBIP[ | i 1 B = ¢]

€A’

Plno € dB] [ P[ni? ' n B = ¢]

€A’

. i\ /1A
/ o € ABB[ ) 1 B = 0])

A
\\

b

.

1S

(
</ [0 € dB]P [ {0}(M)QB_®}|A,>1/|A/

’

Plny € dBIP[n{” M N B = §]

b

.

i€
A

—

Our arguments so far show that |A| > N implies that
P[ANT, = 0] < /P[no € dBP[ni® ) B = g™ = (N, ).

Here, using the fact that
PHiPMnB=0] <1 if BnAy #0,

we see that

NToco

lim (N A1) = [ Bl € dBl1 sy = Pl 0 Ays = 0]

Since P[no € -] is nontrivial, we have moreover

Thus, we have shown that

lim lim f(N,M)=0.

M—o0 N—oo

By a diagonal argument, for each ¢ > 0 we can choose N and My such that
f(N, My) < g, proving our claim. |

Exercise 2.19 Show by counterexample that the statement of Lemma is false
for s = 0.
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Proof of Theorem Since the space P(Z?) is compact, the laws of the 7,
with ¢ > 0 are tight, hence by Lemma [1.15]it suffices to prove that 7 is the only
weak cluster point. By Lemma and formula (2.13)), it suffices to show that

tlirgOP[Aﬂnt #0] =P[ANT, £ 0] =Py # 0 Vu > 0] =: p(A)
for all finite A C Z?. By duality (Lemma [2.10)), this is equivalent to showing that

tlingop[nﬁsmnﬂé@} =p(4) (AcCZ |Al <o),

where (n/');>0 and (7;)¢>0 are independent and s > 0 is some fixed constant. For
each € > 0, we can choose N as in Lemma [2.18] and write

Pnf! N # 0] =Pl s # 0] |nf'| = 0] P[|nf| = 0]
+P[n Nns # 0|0 < |n'] < N] P[0 < ;| < N]
+P[n g # 0] |nf'| = N]P[[nf'| > N].
Here, by Lemma and our choice of N,
(i) Pyt nns#0|1nt =0] =0,
(i) lim P[0 < |n/'| < N] =0,
(i) liminf Pl N, # 0] 5| = N] > 1€,
(iv) lim P[[p'| > N] = p(A),
from which we conclude that
(1= e)p(A) <liminf P[n" 11 # 0] < limsupP[n" 11 # 0] < p(A).
—00 t—00
Since € > 0 is arbitrary, our proof is complete. |
Theorem has a simple corollary.

Corollary 2.20 (Homogeneous invariant laws) All homogeneous invariant
laws of a contact process are convexr combinations of oy and U.

Proof If y is a nontrivial homogeneous invariant law and (7:):>0 is a contact
process started in the initial law p, then by Theorem [2.16

p=Phe ] =7
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This shows that if the contact process survives, and hence 7 is nontrivial (recall
Lemma [2.17)), then 7 is the only nontrivial homogeneous invariant law. We recall
from the proof of Lemma that if x4 is any homogeneous invariant law, then we
may write

p= ({0} + (1 — u({0}))u(- A : A #0})

where pu(-|{A: A # (}) is a nontrivial homogeneous invariant law. From this we
see that all homogeneous invariant laws are convex combinations of dp and 7. On
the other hand, if the contact process dies out, then 7 = ¢y is the largest invariant
law with respect to the stochastic order, hence dy is the only invariant law. |

As an application of Theorem [2.16] we prove the following result.

Proposition 2.21 (Left-continuity) The function X\ — 6(X) is left-continuous
on (A¢, 00).

We first prove two preparatory lemmas. By definition, we let Cio(P(Z?)) denote
the space of real functions on P(Z?) that are ‘local’, in te sense that they depend
on finitely many coordinates only, i.e., these are functions f : P(Z?) — R of the
form

f(A) =f(An4)  (AePzh), (2.17)

where A C Z% is some finite set and f’: P(A) — R is some function.

Lemma 2.22 (Convergence of semigroups) Let (P)i>o be the Markov semi-
group of the contact process on Z¢ with infection rate X. Then

1P f — P | 0 (A >0, f€Coe({0,1}%)).

where || - || denotes the supremumnorm.

Proof We use the coupling from the proof of Proposition and set
ntA”\ = {z : A x {0}~y (i,t)}.

Let f be a local function that depends only on the coordinates in a finite set
A C Z% Let 0 < X\, — X and choose some )\ such that A, < X for all n. Let
I be the collection of all infection arrows ((i,7),t, k) € A that are used in some
infection path along arrows with values k < )\ starting at time zero and ending
somewhere in the finite set A. Then I' contains all arrows that are relevant for
deciding which points belong to the set A N 77;4 A Let T'y denote the set of arrows
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in I that have a value k < A. Since I' is a.s. finite (by Proposition , there a.s.
exists some random m such that Iy = T') for all n > m. It follows that

P} f(A) — PM(A) = |E[f(Ann ™) = F(AngY)]|
< 2| fIIP[Ty, # Tl e 0,

and this convergence is uniform in A, as claimed. |

Lemma 2.23 (Convergence of invariant laws) Let v, v be probability laws on
P(Z%) such that v, = v and let 0 < \, — \. Assume that v, is an invariant law
for the contact process with infection rate \,, for each n. Then v is an invariant
law for the contact process with infection rate .

Proof We introduce the notation
uf = [ udn)s (o)

With this notation, if (X;)¢>o is a Markov process with Markov semigroup (P;);>o,
started in the initial law P[X, € -] = pu, then

WPLf = / P[X, € da] / Py(x, dy) f(y) = ELf(X).
We write
WP —0f| < PN — vaPA |+ P — 0a P |+ [n P f — v f| £ lonf — v f]

where of course |1, P f — v, f| = 0 since v, is an invariant law for the process
with infection rate \,. It follows from the Feller property of the contact process
(Lemma that P} maps continuous functions into continuous functions, hence
by our assumption that v, = v we have

|VnPtAf_VPt/\f|T:OO and |an_Vf|T:oO

for each f € C(P(Z%)) and t > 0. Assuming that moreover f € Cioc(P(Z%)), we
have by Lemma that

|VnPt)\f - VnPtAnf| < HPt)\f_Pt)mf“ r:o 0.

It follows that
VPt)\f = Vf (t > 07 f € Cloc(,]D(Zd)))’
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hence v is an invariant law for the contact process with infection rate . |

Proof of Proposition Let 7, denote the upper invariant law of the contact
process with infection rate A\. Choose A. < A, T A. Since the space {0, I}Zd is
compact, the measures 7, are tight. Since by Lemma [2.23] each weak cluster
point of the 7,  is a nontrivial homogeneous invariant law of the contact process

with infection rate A, by Corollary one has

Uy, = Vx.

n—oo

Since by (Z13),
(9()\) = /?)\(dA)l{OGA},

this implies that 6(\,) — 0()). |

2.11 Other topics

Corollary tells us that all homogeneous invariant laws of a contact process are
convex combinations of dy and the upper invariant law. One may wonder if there
exist inhomogeneous invariant laws. The answer to this question is known to be
negative. This follows from the following theorem, that strengthens Theorem [2.16
quite a bit:

Theorem 2.24 (Complete convergence) The contact process started in any
initial state satisfies

Pl € -] = p(A)7 + (1 — p(A))d,

where p(A) :=P[n # 0Vt > 0].

Complete convergence was proved first only for A\ sufficiently large. In [BG90],
this was extended to arbitrary A > 0. In fact, more is known: it is known that if
the process survives, then the infected area grows approximately linear and has a
deterministic limiting shape. This result is known as the shape theorem.

The proof of complete convergence is quite a bit more involved than the proof
of Theorem [2.16| To understand why this is so, it is useful to generalize a bit
and consider contact processes on more general lattices, e.g., infinite graphs. As
long as the graph has some sort of translation invariant structure, Theorem [2.16
still holds (and the proof basically carries through without a change). However,
complete convergence does not hold in this generality. In particular, for processes
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on trees, it is known that there exist two critical values A\, < A, such that in the
intermediate regime complete convergence does not hold and there exist inhomo-
geneous invariant laws. The study of contact processes on more general lattices is
quite a lively modern subject with several nice open problems.



Chapter 3

The Ising model

3.1 Introduction

In this chapter, we study the Ising model. The Ising model model was introduced
by E. Ising in 1925 [[si25] as a simple model for a ferromagnetic material, based on
the theory of Gibbs measures, which dated from the late nineteenth century when
people like Boltzmann tried to find a microscopic basis for the laws of thermody-
namics that had been discovered earlier in that century. In his Phd thesis, Ising
showed that the one-dimensional model that now bears his name does not exhibit
a phase transition, and based on this he incorrectly concluded that the same is
true in any dimension. In 1936, Peierls [Pei36] used his famous argument (a vari-
ation on which we have already seen in the previous chapter) to prove that this is
conjecture wrong in dimensions two and more. In 1944, Onsager showed that the
two-dimensional model can, in a certain sense, be solved explicitly [Ons44]. (No
explicit solutions are known or believed to exist in dimensions three and more.)

The Ising model as such, it should be pointed out, is not an interating particle
system. Rather, it is a certain probability law (Gibbs measure) on spin configura-
tions, depending on a certain parameter related to the temperature of the system.
It is possible, however, and physically meaningful, to construct interacting parti-
cle systems whose invariant measures are these Gibbs measures. Such interacting
particle systems are called stochastic Ising models. The first one to do so was
Glauber |Gla63]. The subject was taken up again and studied more profoundly
by Dobrushin in a series of papers starting with [Dob71]. Using the ‘interacting
particle systems approach’, it is possible to give nice short proofs of certain prop-
erties of the Ising model. Conversely, the Ising model gives in a natural way rise to
a number of interesting interacting particle systems which have sufficiently many
pleasant properties to make it possible to prove things about them, while on the

57
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other hand they are sufficiently ‘difficult’ to be interesting.

3.2 Definition, construction, and ergodicity

For definiteness, we will introduce one stochastic Ising model, i.e., an interacting
particle system that has the Gibbs measures of the Ising model as its invariant
law(s), that we will mostly focus on. As we will see later, there exist several ways
to invent a dynamics for the Ising model, and many things that we will prove for
our specific model are valid more generally.

The model that we will mostly focus our attention on is the interacting particle
system with the following description. At each site i € Z¢, there is an atom which
has a property called spin which makes it acts like a small magnet that can either
point up, in which case we say the site ¢ is in the state +1, or down, in which
case we say the site ¢ is in the state —1. Our stochastic Ising model is therefore a
Markov process (X;);>0 with state space {—1, 1}Zd. We will consider the following
dynamics: if the process is in a state = (2(i));eze € {—1,1}%", then the spin at
site ¢ jumps as:

x(2) jumps:

—1—1  with rate e ?2slimi=1 HeG)=-1)

1— —1  with rate e #Zili-il=1 Hew)=1}

Here 8 > 0 is a parameter (loosely) called the inverse temperature. Indeed, in the
physical interpretation of the model, 5 = J/kT where T is the temperature, J is
the energy difference between aligned and unaligned neighboring spins, and k is
Boltzmann’s constant. The motivation for our dynamics is roughly as follows: due
to the constant motion of atoms, spins tend to flip in a random way between the +1
and —1 state. However, because of the magnetic interaction between neighboring
atoms, neighboring spins like to be aligned (i.e., point in the same direction). This
is expressed by making a spin less likely to flip when it has a lot of neighbors that
point in the same direction. This effect is stronger when [ is large (i.e., when the
temperature is low). Note that (contrary to what we saw for the contact process)
our dynamics treat the two values —1,+1 for the spins symmetrically.

In order to construct our process rigorously, we use a graphical representation. We
first write down the formal generator of our process, which is

Gf(x) =) e Proemite=o) (f@h) — f(@))  (ze{-1,1}""),

i€Z4
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where we let

—z(i) ifi €A,

24 (4) :_{ i) igA (z € {-1,1}*, Ac 7%

denote the spin configuration obtained from x by flipping all spins in A, and
Ni={jez:|i—jl=1} (ieZ

denotes the set of neighbors of a site . To invent a graphical representation, we
need to rewrite our generator in terms of local maps. For each i € Z? and subset
L C N, let us define the maps m;,,m;; by

- [ -1 ifk=d, 2(j)=-1Vj €L,
(mi,Lx)(k) '_{ x(k)  otherwise,

. [+l k=i, 2()=+1VYj €L,
(mi,Lx)(k) '_{ x(k) otherwise,

Then we may write our generator in the form

Gf(x):=Y_ > oM —=pPH(f(m;2) - f(x))

i€zd LCN;
+3 0 P = p T (f(mfy ) — f(2),
i€zd LCN;
where
pi=1-— e P,

To see why this is correct, note that according to our new formulation of the
generator, the spin at site ¢ flips from —1 to +1 at rate

Z p|L|(1 - p)2d7|L|1{z(j):+1 vjeL}- (3.1)
LCN;

Let £ be a random subset of N; such that independently for each neighbor j of 4,
one has P[j € £] = p. Then the rate in (3.1)) may be rewritten as

IP[I‘(]) - +1 Vj < ﬁ] - HJEM:x(j):—l]P)[j ¢ ‘C]
=(1- p)zjeNi a=—1) — ¢~ BLjen; La)=1

as required. By symmetry, a similar argument holds for flips from +1 to —1.
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Figure 3.1: Graphical representation of our stochastic Ising model.

Using these observations, we can define a graphical representation for our process
as follows. Let H be the space of all triples of the form

(0,i,L) witho € {—,+}, i € Z% L CWN,

and let A be a Poisson point process on H x R with intensity p!*I(1 — p)2¢-I-ldt.
We interpret a point (0,1, L,t) as saying that at time ¢, the state of of system
changes according to the local map mf ;. To draw this in a picture, for each point
(0,i,L,t) € A, we draw a circle at the point (i,t) € Z¢ x R with the sign s in it,
and we draw arrows starting at each point j € L and ending in ¢ (see Figure [3.1)).
(Note that L may contain anything between zero and 2d elements.)

To see that this yields a well-defined process, we need to show that given the state
of the system at time zero, there are a.s. only finitely many points (signifying
local changes) in A that are relevant for deciding the state of a site i at some
given time ¢t > 0. In view of this, we make the following definition. For points
(i,8), (j,u) € Z* x R, we say that there is a path of influence from (i,s) to (j,u),
denoted as (i,5) ~ (j,u), if and only if there exists a path v in Z¢ with starting
time s and final time ¢t such that v, =14, v, = 7, and

(i) Vt € [s,u] with y,_ # v Io,i, L) € H s.t. (0,i,L,t) €A, v € L, v =1,
(il) A(o,i,L,t) € Ast. |L| =0, t €[s,u], 7 =1i.
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In our picture, this says that a path may use arrows but must avoid points (i, 1),
marked with an & or & where no arrows come in. Note that at such points, the
spin at site ¢ flips to the state —1 or +1, regardless of the state of the system prior
to time t. For any (i,s) € Z%, we set

(= {jert: (js—t)~ (i,5))  (i€Z! seR, t>0).
The next proposition is similar to Proposition [2.5]

Proposition 3.1 (Exponential bound) For each (i,u) € Z% x R, the process
()50 satisfies || < oo for allt > 0 a.s., and

E[Kt(z,u)ﬂ < 62(2dp — (1 — p)2d)t (t > O)

Proof At each site i, points marked with an © or @ occur at rate one each (hence
rate 2 in total), and at each such point there are on average 2dp incoming arrows.
Moreover, each such point has no incoming arrows with probability (1—p)??. Using
these obvservations, the proof proceeds in exactly the same way as the proof of
Proposition [2.5] |

Set

C(j,u) :={(i,t) : t <, (i,t) ~ (j,u)} (j € Z%, ueR),

where the bar means closure. For each s < u and j € Z¢, we observe that the set
AV = {(0,i,L,t) € Ars <t <u, (i,t) € C(j,u)}

contains all local changes between time s and u that are relevant for the state of
site 7 at time u. (In our definition of C(j,u) we have to take the closure because of
our definition ‘(paths of influence” above, which was chosen with the aim of making
the process (¢""),=0 right-continuous.) By Proposition , the set AY™ is as.
finite for each —oo < s < w and u € R. In view of this, we define

thvs(l) = m‘,’" . .mo'l <x> (.:C c {_1’+1}Zd’ i e Zd, = R, tZ 0)7

in,Ln i1,L1
where
AP = Loy, i1, Ly ), ooy (Onying Ly t) b with 1 <0 < .
In particular, we put X7 = X/ . Then (X[)i>0 is our stochastic Ising model

started in the state x, constructed with the graphical representation above time s.
Proposition [3.1] has an interesting corollary.
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(¢, 1)

RARE

Figure 3.2: Alternative graphical representation of our stochastic Ising model.

Corollary 3.2 (Ergodicity for high temperature) Let 5 := sup{s > 0 :
2d(1 — e P) — e 24 < 0}. Then, for each 3 < (', our stochastic Ising model has a
unique invariant measure v and the process started from any initial law satisfies
P[X; € -] = (3.2)
Proof Since for each 3 < 3, one has 2d(1 — e~") — 724 < 0, by Proposition ,
the set A% is a.s. finite for each (i,t) € Z% x R. It follows that the a.s. limit

X, %) = lim X7%() (3.3)
exists for each (i,t) € Z? x R and does not depend on the choice of the initial state
x € {—1,+1}%". Since (X;>)t € R is a sationary stochastic Ising model, its law
at any time is an invariant law, and the a.s. convergence in ({3.3) implies the weak
convergence in law in ((3.2)). |

Exercise 3.3 (Alternative graphical representation) For each i € Z? let us
define the maps

D= { Ty e, () =

+1 if k=1,
otherwise,

z(k) otherwise,
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Moreover, for each i € Z? and nonempty subset L C N;, let us define

gy = { ) Th— b a0 # el € L

Then we may rewrite our generator in the form

Gf(x):=(1=p)* > (f(m;z)+ f(mfz) —2f(x))

+ Z Z pH(1 — )21 (f(mirz) — f(2)).
i€Zd 0£LCN;

Based on this, we may introduce an alternative graphical representation for our
stochastic Ising model (see Figure [3.2)). Use this to improve Corollary by
proving ergodicity for a larger range of the parameter.

3.3 Gibbs measures and finite systems

Let A be some finite set and let H : {—1,+1}* — R be some function. By
definition, the Gibbs measure belonging to the Hamiltonian (or energy function)
H and inverse temperature (3 is the probability measure on {—1,+1}* given by

pl(eh) = 5e M@ (we {1413, (3.4

where

Z:= Y P (3.5)

ze{-1,+1}A

is a normalization constant, also called the partition sum. Note that if H, H' are
two energy functions that differ only by a constant, then the associated Gibbs
measures are the same. Indeed, if H(z) = H'(z) + ¢ and p, ¢/ are the associated
Gibbs measures, then all probabilities in x’ get an extra factor e %¢, but this
disappears in the normalization. Indeed, we make the following simple observation.

Lemma 3.4 (Relative probabilities)
(a) If A is a finite set and p is the Gibbs measure on {—1,+1}* with Hamiltonian
H and inverse temperature (3, then

pe'}) _  —BH() — H(z)) el N
u(fay) € (2,2" € {=1,+1}"). (3.6)
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(b) Conversely, if i is a measure on {—1,+1}* and

) GHE) — H@) ey ey
u(fay) ~© (feA we{-1+1}Y), (37

then p must be the Gibbs measure on {—1,+1}" associated with H and 3.

Proof Part (a) is trivial. To prove part (b), we note that for each z,z’ €
{—1, +1}Zd we can find xg, ..., z, such that x = xq, 2’ = x,,, and x;, differs only in
one point from x;_; (k= 1,...,n). In view of this, implies . Choosing
some arbitrary reference state x’, we see that determines all probabilities up
to an overall multiplicative constant, which follows from the normalization. |
We need to introduce some notation. If S, R are disjoint sets, x € {—1,+1}°, and
y € {—1,+1}f then we define z&y € {—1,+1}YF as (z&y)(i) = x(i) if i € S
and (z&y)(i) := y(i) if i € R. Now let A be a finite set, let H : {—1,+1}* - R
be a function, and let y*# be the Gibbs measure on {—1,+1}* with Hamiltonian
H and inverse temperature 3. For each A C A and y € {—1,+1}M24 ] let HA :
{—1,+1}» — R be a function such that

H}Mz) = H(xky) + ¢ (x € {-1,+1}7),

where cA is a constant that may depend on A and y but not on z. Let ,uﬁ’ﬁ be the

Gibbs measure on {—1,+1}* associated with H,* and (. (Note that this Gibbs
measure is uniquely defined even though H, A s deﬁned only up to a constant.) We
make the following observations:

Lemma 3.5 (Conditional distributions)
() If (X(i))iea is a random variable with law p™?, then for each A C A, the
conditional law of X inside A given its values outside A is given by

P(X(D))ica € - | (X(D))ienna = 4] = ul?. (3.8)

(b) Conversely, if (X (i))iea is a random variable with values in {—1,+1}* and
(5.8) holds for each A C A such that |A| =1, then the law of X must be equal to

s
Proof We observe that
P(X(i))iea = 2" | (X(1))iema = Y]
[( © ))1€A = :L" Z))ZGA\A = y}

P(X(D)iea = ', (X(0)iema =y] _ e D oy o nyn
[ X(0))ica =, (X(i))iena = y] e—BH (z&y)
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In view of this, the statements follow from Lemma (3.4} |

The fact that we would like to prove is that Gibbs measures associated with the
Hamiltonian [

H(z) = ) L@z (3.9)
{i,j}eB
are reversible invariant measures for the stochastic Ising model constructed in the
previous section. A “slight” problem with this statement is that the sum in this
definition runs over the set

B:={{i,j}:i,j € 2% |i—j|}

of all (unordered) nearest neighbor pairs in Z¢. As a consequence, for most x, the
sum in is actually infinite. In addition, the set {—1, +1}Zd is uncountable, so
it is clear that we cannot define Gibbs measures on {—1,+1}%" in the same way
as we have done for finite lattices.

The solution to this problem is suggested by Lemma [3.5] Instead of looking at
the absolute probability of one particular configuration x (which will typically be
zero), we will look at conditional probabilities of finding certain configurations
inside a finite set A C Z<, given what is outside.

To this aim, for each A C Z%, we define
ON = {i e Z\A:3j € Ast. |i —j| =1}
and let
By:={{i,j}:i,j €N, [i—j|} and 0Br:={(i,j):i €A, j€ A, |i—j|}

denote the set of nearest-neighbor edges inside A and pointing out of A, respec-
tively. For each finite A C 29, x € {—1,+1}* and y € {—1,+1}2"\*, we define

H, () := Z Lia(i)£a2(i)y + Z La(i)£y(i)}-
{i.7}eBA (i,7)€0By

We let ,u?’)”g denote the finite-volume Gibbs measure associated with H, and 3. We
call this the finite-volume Gibbs measure with boundary condition y.

Here I deviate from the usual definition of the Hamiltonian for the Ising model, which is
H(z):=—= > a@z()= > @@z — -
{i,5}eB {i,j}eB

We observe that H'(z) = 2H (x) + ¢, where ¢ := |B| is an irrelevant additive constant. In view
of this, what is 8 in these lecture notes, is 23 in most of the literature on the Ising model.
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Definition 3.6 (Infinite-volume Gibbs measures) We say that the law u of
an {—1,+1}2" -valued random variable (X (i))icza is a Gibbs measure associated
with the formal Hamiltonian and inverse temperature 3, if for each finite
A C Z4, one has

P{(X(0))iea € | (X(0))iezna = 9] = i)?
for a.e. y w.r.t. u.

We need to show that such infinite-volume Gibbs measures exist and are reversible
invariant laws for the stochastic Ising model constructed in the previous section.

As a first step, we will study finite-volume Gibbs measures ué‘ﬂ with fixed bound-
ary conditions y. Our first result says that such finite-volume Gibbs measures are
reversible invariant laws for a suitable finite-volume version of our stochastic Ising
model.

Proposition 3.7 (Gibbs reversible law) Let A C Z¢ be a finite set, let y €
{—1, 41} and let (X;)is0 be the finite state Markov process in {—1,+1}" that
Jumps as

v 2@ with rate e~ PQjenina He=2(i)} + 2jennon Ha=v6)})

Then the Gibbs measure ,ué\’ﬁ is a reversible invariant law for (X;);>0. Moreover,
the process (X;)i>o started from any initial law satisfies P[X; € -] = T

Proof We must check detailed balance 1’ Fix i € A and x € {—1, +1}A\{i},
and define 27, zt € {1, +1}" by
=1 ity = PN B B 3
) '_{ z(j) otherwise, and 7 (j) '_{ z(j) otherwise.
We must check that

py ({2 Pr(a™,2™) = py? ({2 Hr(a™,27), (3.10)

where r(x~,r") and r(xT,27) are the rates with which our process jumps from
x~ to 7 and back, respectively. Let

ny = Z Lag)=+13 + Z Ley(y=+13»

FEN;NA JEN;NOA

n_ = Z Lg(y=—13 + Z Liy(y=-13-

FEN;NA FEN;NOA
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Then
' {zty) e O r(am,at)

W7y et ey

which implies (3.10). To check that the process (Xt);>o is ergodic, it suffices to
check irreducibility and apply Proposition [I.10} |

3.4 The upper and lower invariant laws

We still need to show the existence of infinite-volume Gibbs measures, as well as
the fact that these are reversible invariant laws for our infinite-volume stochastic
Ising model. We will concentrate on two special infinite-volume Gibbs measures,
which are the upper and lower invariant laws of our stochastic Ising model.

Proposition 3.8 (Upper and lower invariant laws) Let (X;);>¢ be the stochas-
tic Ising model from Section started in the initial state Xo(1) = +1 for all
i € Z%. Then
PX, e ] =7,
t—o00

where U is an invariant law of the process with the property that if v is any other
invariant law, then v < U in the stochastic order. Likewise, if (X¢)i>o is started in
Xo(i) = —1 for alli € Z2, then

P[X, €] = v,
t—o0
where v is an invariant law of the process with the property that if v is any other
invariant law, then v < v in the stochastic order.

Proof Our graphical representation shows that the Ising model is monotone, i.e.,
if X* and X* are processes started in initial states such that = < 2/, then we can
couple X* and X* such that XP < Xf/ for all t > 0. In terms of the semigroup
(P;)i>0 of our process, this says that if p,u' are laws on {—1,+1}Zd such that
i < g/ in the stochastic order, then uP;, < u/'P; for all ¢ > 0. Applying this to
p=041P,_sand ¢/ = 0,1, where +1 denotes the all plus configuration, we see that
5+1PSE 01 P Py = 6+TPt for all 0 < s < t. This means that for each sequence of
times ¢, TT)O we can Coiuple the random variables X;, such that the X; decrease
to some a.s. limit. It is not hard to see that this implies that P[X; € -] converges
weakly to some limit law 7 as ¢ — oo, and using this we can prove that 7 is an
invariant law. (We skip the details.) The fact that 7 is the largest invariant law
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in the stochastic order can be proved similar to the proof of Lemma [2.14. By
symmetry, similar arguments apply to v. |

For each finite A C Z¢, we let H%(z) and 1> denote the Hamiltonian H)(x)
and finite-volume Gibbs measure, respectively, with boundary condition y given
by y(i) = +1 for all i € ZA\A. We define H(z) and 1™ similarly, with minus
boundary conditions.

Proposition 3.9 (Limits of finite volume Gibbs measures) Let A,, C Z¢ be
finite sets such that A, T Z%. For each n, let X* = (X*(4)),eza be a random
variable such that X (i) = +1 for all i € Z4\A,, and

P{(XM(i))icr € -] = pn?. (3.11)

Then
P[(X"(0))ieza € -] = V.

n—oo
A similar statement holds for minus boundary conditions, in which case the limit
1s v. Moreover, U and v are infinite-volume Gibbs measures in the sense of Defi-
nition [3.0.

Proof Let (X;):>0 be our infinite-volume stochastic Ising model started in Xy = +1
and for each n, let (X;/*");5¢ be a process such that X{** (i) = +1 for all i € Z4\A,,
and ¢ > 0, while inside A, the process evolves as in Proposition [3.7] with plus
boundary conditions and initial state Xo" (i) = +1 for all i. Using the graphical
representation, we see that we can couple our processes such that XtA" > XtAm > X
for all £ > 0 and n < m. Taking the limit ¢ — oo we see that the random
variables X" from can be coupled such that they decrease to an a.s. limit;
in particular, this implies that their laws converge weakly to some limit v. By
using techniques similar to the proof of Lemma [2.23] we can prove that v is an
invariant law for the infinite-volume stochastic Ising model, while our coupling
shows that v > 7. Since v is the largest invariant law, it follows that v = 7. The
fact that 7 and v are infinite-volume Gibbs measures in the sense of Definition
is obvious, since the approximating finite-volume Gibbs measures have the right
conditional distributions. |

3.5 The spontaneous magnetization

Let 7 be the upper invariant law of the Ising model. By definition, the quantity
(which by translation invariance does not depend on i € Z?)

rmwﬁwﬂmwwzj%mwuw (6> 0)
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is called the spontaneous magnetization. By symmetry, we have

/ v(da)a(i) = —m* ().

Since moreover v < 7, it follows that v # 7 if and only if m*() > 0. Since v and
v are the lowest and highest invariant law in the stochastic order, this implies that
our stochastic Ising model has a unique invariant law if and only if m*(3) = 0. In
this and the next section, we will prove the following theorem.

Theorem 3.10 (Phase transition of the Ising model) The function m*(3,d)
18 nondecreasing and right-continuous in 3 and nondecreasing in d. In dimension
d =1 one has m*(3) = 0 for all B > 0. On the other hand, for all dimensions
d > 2, there exists a critical value 0 < . < oo such that m*(3) = 0 for 5 < f3.
and m*(3) > 0 for 8 > f..

In the present section, we will prove that § +— m*(3, d) is nondecreasing and right-
continuous and d — m*(/3,d) is nondecreasing. In the next section, we will prove
that §. = oo in dimension d = 1 and (3, < oo in dimensions d > 2.

At first, one might think that monotonicity of the spontaneous magnetization in
(# and d can be proved by the same sort of monotonicity arguments that we have
used so far, by coupling Markov processes (in our case, stochastic Ising models)
with different values of § in such a way that one process ‘stays above’ the other.
It seems, however, that this idea does not work. Indeed, increasing 3 means that
spins ‘like more to be aligned’. Since our dynamics treat pluses and minuses in
a symmetric way, this means that pluses are more favored near other pluses and
minuses are more favored near minuses, an effect that can work both ways. In
view of this, we have to take a different approach. Our proof will be based on
Griffiths’ inequalities. An alternative proof (not given here) uses a representation
of our Gibbs measures in terms of the so-called random cluster model. It can be
shown that the latter is monotone in # and d in the usual sense, leading to the
desired monotonicities for m*(3, d).

Let A be a finite set, let P(A) denote the set of all subsets of A, and let P(A)
A+ Jy € R be any function. For any A € P(A) and z € {—1,+1}*, we write

T = Ha:(z),

where zy := +1. We will be interested in Gibbs measures on {—1,+1}* of the
form )
pal{e}) = - eduaca Jata,
Zy
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where Z; is the normalization constant (also known as partition sum)

ZJ = Z 6214 JAxA.

xT

We start by observing that

(i) %logZJ:/HJ(dx)an
(3.12)
/

log Z; = /,LJ(dQ:)SEAxB_//,LJ(dx)xA//,LJ(dQ:)SCB

(i) 57397

To see this, just write

5747
8J
C,UA log Z; = 2}
and
=2 Zy ZJB—QZJ - (LZJ)( ZJ)
IOgZ _ 6JA _ 0JA0Jp oJa dJp
8JA8JB J aJB 7, Z§ )
where
=ty o T ore = 3 gy S dove
and

0JA0Jg “J

r_ g, = % ZxABZC Jexo ZxAxBBZC Jexc,
x x

Proposition 3.11 (Griffiths’ inequalities) Assume that J4 > 0 for all A C A.

Then
(i) ilogZJ>O
(ii) 57 575 aJ logZ; >0

for all A, B C A.

Proof We observe that
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Since
TATB = T AAB,

where A A B denotes the symmetric difference of A and B, we see that

214l if Aya---AA, =0,

S [on = S s, { ;

0 otherwise.
Thus
o 1 n
A
FRETD IR DT SR §
n=0 Ay An k=1
Likewise

ilogZJ— ZIAGZCJC‘TC

=zmz I ENED ) €

z k=1

—2 2% . Z Z Liana,a-na, =0 HJAk,

which is clearly nonnegative provided the J4 > 0 for all A. To prove also Griffiths’
second inequality, we write, using (3.12)),

8JA8J log Z;=—5 (ZxAxBGZC JCxC)(Z e2C chc>
(ZerZC JCxC) <ZyAeZc JC?JO)

Z (zazp — xAyB)eZC JC@C +yc)

x?y

1
—Z?,

Using the facts that yp = (v5)%ys = ra(ry)p and T o5 = TAxp, We may rewrite
our formula as

1
974075 8J log Z; = ZQ ZCEAAB(l + (zy)B) e Jozo(1+ (2y)o)
T,y

ZQ ZIAAB 1_'_ ZB)GZC Jc.l’c(l + Zc)

) Crane e
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where we have defined JZ := (1 + Zc)Jc. Since |z¢| = 1, we have J& > 0 for all
z, hence by Griffiths’ first inequality

ZxAABQZC Jéxc >0

for each 2z € {—1,+1}*. Summing over z we obtain Griffiths’ second inequality. B

The monotonicity of the spontaneous magnetization in 3 follows from Proposi-
tion |3.9 and the following simple consequence of Proposition 3.11

Lemma 3.12 (Monotonicity of magnetization) For any finite set A C Z%
and i € A, one has

2 [ i (da)a(i) > 0.

Proof We claim that ,uﬁ’ﬁ = uy for a suitable function J. Indeed, up to an
irrelevant additive constant, we may rewrite our Hamiltonian as

@) =1 3 wle) -1 Y a().

In view of this, our finite volume Gibbs measures are generated by the function J
defined by

Jiigy = 30
e, |i—jl=1,

Jay = 181{j € Z"\A : |i — j| = 1}

and J4 := 0 in all other cases. It is now clear that increasing § means increasing
the function J and hence, by Proposition increasing [ ju;(dz)z (7). |

The monotonicity of m*(f,d) in d is proved in a similar way. Indeed, if d < d',
then we may view Z? as a subset of Z%. With positive boundary conditions, if
we switch on the interaction between sites inside Z¢ and sites in Z%\Z?, then by
Proposition this will lead to a higher magnetization in any point in Z<.

We conclude this section with the following result.

Lemma 3.13 (Right-continuity) The spontaneous magnetization m*(3) is a
right-continuous function of 3.



3.6. EXISTENCE OF A PHASE TRANSITION 73

Proof Let 73 denote the upper invariant law at inverse temperature 3 and let
G, | B. Using the compactness of our state space, going to a subsequence if
necessary, we may assume that 7z = v for some probability law v. Just as in
Lemma [2.23] we can show that v is an invariant law for the stochastic Ising model
with inverse temperature 5. Moreover, since (3 — m*([3) is nondecreasing, we must
have
éirjlﬁ m*(6,) = /I/(dZL‘):E(O) > m*(B).
Since Vg is the largest invariant law w.r.t. the stochastic order, we must have

[ a0 < [ataya(o) = m(9)

proving our claim. |

3.6 Existence of a phase transition

We conclude this chapter with two of the oldest results in the field, namely, the
result by Ising on the nonexistence of a phase transition for his model in dimension
d = 1, and the result by Peierls on the existence of a phase transition in dimensions
d > 2. We start with Ising’s result.

Lemma 3.14 (No phase transition in one dimension) In dimension d = 1,
for each 8 > 0, there exists a unique infinite-volume Gibbs measure |1 associated
with the formal Hamiltonian and inverse temperature 3. If X = (X (i));ez is
a random variable with law u, then X is a stationary Markov chain with transition
probabilities

B
e
Pl X(i4+1)#X6) | X(1)| = : 3.13
[(X(i+1) # X(1) | X(3)] ] (3.13)
Proof Let 7 be the upper invariant law of the one-dimensional Ising model with
inverse temperature # and let X = (X (7));ez is a random variable with law 7. We

claim that X is a Markov chain. By Proposition it suffices to prove that for

any finite interval A,, = {—n,...,n}, the finite-volume Gibbs measures uﬁ”’ﬂ are

the laws of a finite Markov chain. Let X* be a random variable with law ,uﬁ”’ﬂ .

We need to show that for any —n < k < n, the random variables
(XAn(i))fnSKk and (XAn(i))k<i§n

are conditionally independent given X~ (k). But this follows from Lemma

and the structure of the finite-volume Gibbs measures ué\"\{k}’ﬁ with y(i) = +1 for

i ¢ A, and y(k) = —1 or +1.
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Since (by Proposition the upper invariant law is invariant under translations
and mirror images, the Markov chain X = (X (7));ez is stationary and reversible.
Set

p=P[X({+1)=+1|X(@)=-1] and ¢:=P[X(i+1)=-1|X()=+1].

Then »
PX(i) =+1] = —.
pPt+q
From the fact that X is an infinite volume Gibbs measure for the Ising model, by

Lemma [3.4] we know that

PX(i)=+1|X(i—1)=—-1=X(i+1)] 6725'

PX(i)=—1|X(i—1)=—-1=X(+1)] 1
Since
PX(i—1)=—1,X(i) =+1,X(i+1) = —1] = %pq,
prq
. . . p 2
PXt—1)=—-1,X(1)=—-1,X0t+1)=—-1=——(1—p)7,
[(X(i—1) (2) (i+1) ] p+q( )
this leads to the equation
pq _ 28
(1—p)?

Likewise, since
PX(G@)=+1|XG—-1)=-1,X(i+1)=+1] e*
PX(G@)=-1|X(Gi—-1)=-1,X@G+1)=+1] eF

and
PIX(i—1)=—1,X(i) = +1, X(i + 1) = +1] —]%qpu — ),
) . . p
PX(i—1)=—-1,X(1)=—-1,X01+1) =+1]=——(1—p)p,
[(X(i—1) (i) (i+1) ] p+q( )
we see that
1—q_e‘ﬁ
l—p e

hence p = q. By our previous equation this implies

(L) = e

)

L=p
which in turn implies (3.13]). It follows that E[X(i)] = p/(p + ¢) = 1/2, hence
m*(3,1) = 0 for all 5 > 0. |

Since m*(3, d) is nondecreasing in d, in order to prove the existence of a phase
transition in dimensions d > 2, it suffices to treat the case d = 2.



3.6. EXISTENCE OF A PHASE TRANSITION 75
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Figure 3.3: Peierls argument for Ising model.

Proposition 3.15 (Estimate on critical temperature) One has m*(3,2) > 0
for all B >log 3.

Proof We will use the original Peierls argument from [Pei36]. Let
A, i={-n,...,n}%.

We may view A, as a graph with edges between nearest neighbors. In this pic-
ture, for a given spin configuration z € {—1,= 1}, we may group the —1 spins
and +1 spins into connected components, each surounded by a closed curve (see
Figure .

There is a one-to-one correspondence between configurations of curves and con-
figurations of spins. In particular, the origin has a +1 spin if and only if it is
surrounded by an even number of curves. More formally, for each z € {—1, +1}»,
define T € {—1, +1} =+ by

. x(i) ifi €A,
D=3 1 e oA,

let &, be the collection of all pairs {7, j} with |i — j| = 1, 7,7 € A,41, and define

[(x) C &, by
D(z) = {{i,j} : 2(0) #7(j) }-
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Let
Gn = {l(z) 1z € {-1,+1}"}

be the configuration of all ‘configurations of curves’. Then the probability of seeing
a certain configuration of curves is given by

p((r) = e A,

where |I'| is the total length of the curves in the configuration I and
'egn

is a normalization constant. Now let v C £ be a collection of nearest-neighbor
edges that form a closed curve (not a configuration of curves but just one single
curve) surrounding the origin. We can ask what the probability is of seeing a con-
figuration of curves in which this this particular curve is present. This probability
is, of course,

1 _
y S e BT

Tegn: ~vCT
. ZF: yCrl €_B|F|

Zre_ﬂ’ﬂ

i

< Dt cr € AT
- i -G

ZF:VCFG ﬁ| ‘+ZF:7ﬂF:@€ 6’ |

2o ycr eIl e Ahl

- _ - T e Bh 1=

b er € 6|F|+65MZF:ycre BIT| — eBhl +1

e Phl

Here we use that for every configuration of curves in which v is present, there
is another configuration in which ~ is completely removed, which is a factor e?/!
more likely than the configuration in which ~ is present. Since there are at most
k3% different curves v of length k surrounding the origin, we find that the expected
number of curves surrounding the origin can be estimated from above by

k=4

By choosing (3 sufficiently small, we can make this number as close to zero as we
wish; in particular, this proves that (uniformly (1) in n) [ 4" (dz)z(0) > 5 for
[ sufficiently large.
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Unfortunately, this does not quite give the explicit bound we are after. If 5 > log 3,
then we see that the expected number of curves surrounding the origin is finite
(where, again, our estimate is uniform in n), but this is not enough to conclude
that [ ™% (dz)az(0) > 1, hence m*(8) > 0.

To fix this problem, we use a trick. We fix some m < n and look at the proportion
of probabilities

J AP (d2) L=t viean)
[ P (da) L=t viean)

We note that the event {z(i) = —1 Vi € A,,} occurs if and only if there are
no contours inside A,, and there is an odd number of contours surroundig A,,.
Likewise, the event {z(i) = +1 Vi € A,,} occurs if and only if there are no
contours inside A,, and there is an even number of contours surroundig A,,. We
can estimate the proportion of the probabilities of these events by estimating the
expected number of contours surrounding A,,, conditional on the event that there
are no contours inside A,,. By the same arguments as above, this expectation can

be estimated by
S kghe t,

k=4m

which in case § > log3 can be made arbitrarily small by choosing m sufficiently
large. Now, letting A,, T oo while keeping m fixed, using Proposition [3.9] we see
that the upper invariant measure 7 satisfies

[ 7(do)Liai)=—1 viean} -

v 1
J (@)1 pi)=11 viean)

for some m. In particular, this shows that 7 is not symmetric with respect to a
simultaneous flip of all spins, hence 7 # v. As we have already seen, this implies
that m*(3) > 0. |

3.7 Other topics

For the Ising model on d = 2, Onsager has shown [Ons44] that
Be = log(1+v2)

and
1/8

m*(8,2) = (1 - sinh(3)™") (8> Be),
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where

sinh(8) = 1(e” —e™")

2

is the sinus hyperbolicus. Note that in light of this, the estimate (. < log 3 arising
from Proposition [3.15|is not so bad! Onsager’s solution also implies that

m*(8,2) ~ (3 — B)® as B | 3.,

which shows that the critical exponent associated with the spontaneous mag-
netrization is 1/8 in dimension d = 2. It is supposed that

m*(3,3) ~ (B — 5)* as 8] B,

but there is no mathematical theory to explain this. (There is -nonrigorous- renor-
malization group theory that sort of ‘explains’ this and even allows one to calculate
the critical exponent with some precision.) This critical exponent can actually be
measured and has been experimentally observed for varous magnetic systems and
gasses near the critical point. Obviously, these physical systems are locally not
very similar to the (nearest-neighbor) Ising model, but it is believed (and up to
some level understood by renormalization group theory) that this critical exponent
is universal and shared by a large number of different models.

Similar to what we know for the contact process, one can prove that for the
Ising model, all spatially homogeneous infinite volume Gibbs measures are convex
combinations of 7 and v. In dimension 2, these are in fact all infinite volume Gibbs
measures, but, contrary to what we saw for the contact process, in dimensions
d > 3 there exist infinite volume Gibbs measures for the ising model that are not
translation invariant.

Generalizing from the Ising model, one may look at models where spins can take
q = 2,3, ... values, described by Gibbs measures with a Hamiltonian of the form
(13.9). These models are called Potts models. An interesting feature of these models
is that while the spontaneous magnetization m*(/3) is (supposed to be) a continuous
of § for the Ising model, it is known that the same is not always true for Potts
models. Ising and Potts models can be studied in a nice uniform framework using
the random cluster model.



Appendix A

K-dependence

By definition, for £ > 0, one says that a collection (X;);cza of random variables,
indexed by the integer square lattice, is k-dependent if for any A, B C Z¢ with

inf{li —j|:i € A, j€ B} >k,

the collections of random variables (X;);ca and (Xj);ep are independent of each
other. Note that in particular, O-dependence means independence.

The most important property associated with k-dependence is that a collection of
k-dependent Bernoulli random variables with success probability p can be stochas-
tically estimated from below by a collection of independent Bernoulli random vari-
ables with a success probability p that has the property that p — 1 asp — 1. It is
a bit unfortunate that the term ‘k-dependence’ as it is standardly used explicity
(and only) refers to random variables on Z?, while in fact, as the next theorem
shows, for the property just mentioned the precise spatial structure is not very

important. The next theorem is taken from [Ligd9, Thm B26], who in turn cites
[LSS97].

Theorem A.1 (K-dependence) Let A be a countable set and let p € (0,1),
K < oco. Assume that (x;)iean are Bernoulli random variables with Plx; = 1] > p
(1 € A), such that for each i € A there exists a A; C A with i € A; and |A;] < K,
such that

Xi is independent of (X;j)jea\A,-

Then it is possible to couple (x;)ien to a collection of independent Bernoulli random
variables (X;i)ien with

Plti=1=5:=(1-(1-p"5)? (A1)

in such a way that x; < x; for all v € A.

79
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Proof of Theorem Since we can always choose some arbitrary denumeration
of A, we may assume that A = N. Our strategy will be as follows. We will choose
{0, 1}-valued random variables (1;);epn with P[¢; = 1] = r, independent of each
other and of the (x;):en, and put

X: = vixa (1 € N). (A.2)

Note that the (x});en are a ‘thinned out’ version of the (x;)ien. In particular,
X; < xi (1 € N). We will show that for an appropriate choice of r,

PlXy, =1 X051 X1l =P (A.3)

for all n > 0, and we will show that this implies that the (x});en can be coupled
to independent (X;)iea as in (A.1)) in such a way that x; < x; < x; (i € N).
We start with the latter claim. Imagine that (A.3]) holds. Set

g0y yen1) = PIX, = 1| X0 =€0s -+ Xoo1 = En1] (A.4)
whenever Plx( = €0, .- X1 = €n—1] > 0. Let (Uy,)nen be independent, uniformly
distributed [0, 1]-valued random variables. Set

W=l <5 (MEN) (A.5)
and define inductively
! .
o= U < p )y SN A0
Then
P[X;L —Eny--- ,X6 = 80] = pn<€0, e 7571—1) - Po- (A?)

This shows that these new x/,’s have the same distribution as the old ones, and
they are coupled to y;’s as in in such a way that y; < x/.

What makes life complicated is that does not always hold for the original
(Xi)ien, which is why we have to work with the thinned variables (X;)z‘eNH We
observe that

P[X;: 1|X6:50a'-'7X;L—1 :gn—l] :/FP[XTL: 1|X6:€07"'aX;—1 :5n—1]-
(A.8)

ndeed, let (¢y,)n>0 be independent {0, 1}-valued random variables with P[¢, = 1] = /P for
some p < 1, and put Xy, := ¢pPnt1. Then the (x,)n>0 are 1-dependent with Plx,, = 1] = p, but
P[Xn = 1|Xn71 = O,Xn72 = 1] =0.
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We will prove by induction that for an appropriate choice of r,
Plxn =0]X0 =05y X1 =En-1] <1—1. (A.9)
Note that this is true for n = 0 provided that r» < p. Let us put

EOI{ZEA,LOSZSn—l, 61':0},
F={i¢gA :0<i<n-—1}

Then

P[Xn:()lXi):eOw"aX;-b—l:En—l]
=Plxn=0|x;=0Vi€ Ey, xs=1Vi€ By, X, =¢; Vi€ F]
_P[Xn:(), X, =0Vie Ey, x;=1Vie F, nggiWGF}
PlX;=0Vi€ Ey, x,=1Vi€ Ey, x,=¢; Vi€ F| (A11)
Plxn=0, X, =¢; Vi€ F| :
Ply;=0Vi€ Ey, x,=1Vi€ Ey, X, =¢; Vi€ F|
Plxn=0|x;=¢; Vi€ F]
Pl;=0Vi€ Ey, xy=1Vi€ E| X, =¢; Vi € F|
l—p l—p
< < ;
T (1=r)BlPx;=1Vie By |x,=¢Vie F|] — (1—r)Elrifl

IN

where in the last step we have used K-dependence and the fact that
Plxi=1VYi€ B |x,=¢ Vie F| > Pl (A.12)

We claim that is a consequence of the induction hypothesis . Indeed,
we may assume that the induction hypothesis holds regardless of the ordering
of the first n elements, so without loss of generality we may assume that E; =
{n—1,...,m} and FF = {m —1,...,0}, for some m. Then the left-hand side of
may be written as

n—1

HP[Xk:1|Xi:1Vm§i<k, X;:@VOSi<m]

= (A.13)
:HP[szl‘X;:1Vm§i<k;7 X) =& Y0 <i<m]>rm

k=m
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If we assume moreover that r > %, then rl£1l > (1 - r)'El‘ and therefore the

right-hand side of ({A.11]) can be further estimated as

L—p l—p L—p
(1 — r)lBol IBa] = (1 — ) [Ann{0on=1}] < TS (A.14)
We see that in order for our proof to work, we need % <r <pand
L—p
—— <1-r A.15
(1 —r)K-1t = " ( )

In particular, choosing 7 = 1 — (1 —p)¥/¥ yields equality in (A.15). Having proved
(A.9), we see by (A.8)) that (A.3)) holds provided that we put p := r?. |
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