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Voter Model Perturbations and Reaction Diffusion
Equations

J. Theodore Cox} Syracuse U.
Richard Durrett! Duke U.
and Edwin A. Perkinst U. British Columbia

March 10, 2011

Abstract

We consider particle systems that are perturbations of the voter model and
show that when space and time are rescaled the system converges to a solution
of a reaction diffusion equation in dimensions d > 3. Combining this result
with properties of the PDE, some methods arising from a low density super-
Brownian limit theorem, and a block construction, we give general, and often
asymptotically sharp, conditions for the existence of non-trivial stationary dis-
tributions, and for extinction of one type. As applications, we describe the
phase diagrams of three systems when the parameters are close to the voter
model: (i) a stochastic spatial Lotka-Volterra model of Neuhauser and Pacala,
(ii) a model of the evolution of cooperation of Ohtsuki, Hauert, Lieberman,
and Nowak, and (iii) a continuous time version of the non-linear voter model
of Molofsky, Durrett, Dushoff, Griffeath, and Levin. The first application con-
firms a conjecture of Cox and Perkins [3] and the second confirms a conjecture
of Ohtsuki et al [38] in the context of certain infinite graphs. An important

1103.1676v1 [math.PR] 9 Mar 2011

arxXiv

feature of our general results is that they do not require the process to be
attractive.
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1 Introduction and Statement of Results

We first describe a class of particle systems, called voter model perturbations in
[7]. The state space will be {0, 1}Zd, or after rescaling {0, 1}EZd, where throughout
this work we assume d > 3. The voter model part of the process will depend on
a symmetric (i.e, p(x) = p(—x)), irreducible probability kernel p : Z% — [0,1] with
p(0) = 0, covariance matrix oI, and exponentially bounded tails so that for some
k€ (0,1],

p(z) < Ce "ol (1.1)
Here and in what follows |z| = sup, |z;|.

For1>¢>0, 2 € Z% and ¢ € {0,1}%" define rescalings of p and £ by p.(cz) =
p(z), and & (ex) = &(x), so that & € {0, 1}€Zd. Also define rescaled local densities
fi by

filew, &)= Y pely—ex){&(y) =i}, i=0,1, (1.2)
yEeZd

We will write f;(x,§) if e = 1. For z,£ as above, introduce the voter flip rates and
rapid voter flip rates given by

(2,6) = (1~ &@@) fi(2,€) + &) fo(w, €)), cllew &) =e2c"(x,€).  (1.3)
The processes of interest, & € {0, 1}Zd, are spin-flip systems with rates
¢E(w,8) = ¢"(w,€) + e (2,€) 2 0, (1.4)
where ¢f(x,&) will be a translation invariant, signed perturbation of the form
cz(2,8) = (1 = &(@)hi(2,§) + E(2)hg(, ).
Therefore the rescaled processes, &.—2,(ex) € {0,1}%" we will study have rates
ce(ex, &) = cl(ex, &) + ci(x, &) > 0. (1.5)

We assume there is a law ¢ of (Y!,... , YNo) € Z4No and ¢¢ on {0,1}™0, i = 0,1,
and ;1 € (0,00],e0 € (0, 1] so that

g >0, (1.6)
and

he(@,€) = —e1 2 fi@, )+ By (g5 ((z + Y1), .. &z + YM0))),i = 0,1 (1.7)
for all € € {0,1}2",z € 24, ¢ € (0, 0].

Here Ey is expectation with respect to ¢ and in practice the first term in the above
allows us to take g7 > 0. It is important to have g; non-negative as we will treat
it as a rate in the construction of a dual process in Section 2. On the other hand,
in the particular examples motivating the general theory h; will often be negative
(see, e.g., (1.33) below of the Lotka-Volterra models).



We also suppose that (decrease x > 0 if necessary)

PY*>zx)<Ce ™ forz >0 (1.8)
where Y* = max{|Y!|,...|Y |}, and there are limiting maps g; : {0,1}0 — R,
such that
lim [|g7 — gills =0, i=0,1. (1.9)
el0

The condition (1.7) with g9 < &1 (without loss of generality) easily implies the
non-negativity in (1.5).

We now show that the conditions (1.7)-(1.9) hold for general finite range conver-
gent translation invariant perturbations without any non-negativity constraint on
the g;.

Proposition 1.1. Assume there are distinct points yy,...,yn, € Z* and
35,6+ {0,1}N0 = R such that

hS(2,€) = G5 (E(x + 1), .. E(x +yny))s @ € Z%,€ € {0,117, (1.10)
{x : p(m) > O} C {y17”’ 7yN0}7 lelﬁ]l”gf _gz”oo =0i= 071'

Then (1.7)-(1.9) hold for appropriate non-negative g5, g; satisfying (g5 — gilloo =
195 = Gilloo, and Y* = y;.

The elementary proof is given in Section 2.1. In terms of our original rates (1.4)
this shows that our class of models include spin-flip systems & € {0, 1}Zd, t >0,
with rates

(x,€) = ¢(x,€) + e2¢*(x,€) + e%0(e) > 0, (1.11)

where p (governing ¢V) is now finite range, ¢*(z, &) = h(&(z),&(z+v1), - - -, E(z+EN,))
is a finite range, translation invariant perturbation and o(¢) means this term goes
to zero with e uniformly in (z,&).

On the other hand, the random Y*’s will also allow certain natural infinite range
interactions. The formulation in terms of random locations will also simplify some
of the arithmetic to come.

Let &, t > 0 be the unique {0, 1}5Zd—valued Feller process with translation
invariant flip rates given by c.(x,&) in (1.5) and initial state &§ € {0, 132" More
formally (see Theorem B.3 in [33] and Section 2 of [14]) the generator of £° is

the closure of Q.¢(&) = Z ce(x,€)(g(€") — g(9)), (1.12)

r€eZd
on the space of g : eZ% — R, depending on finitely many coordinates.

Here £* is € with the coordinate at x flipped to 1 — &(x). The condition (B4) of
Theorem B.3 in [33] is trivial to derive from (1.7).

We stress that conditions (1.5)-(1.9) are in force throughout this work,
and call such a process £° a voter model perturbation.



Given a process taking values in {0, 1}Zd, or more generally in {0, 1}€Zd, we say
that coexistence holds if there is a stationary distribution v with

v <Z ()= 1-¢(x) = oo) = 1. (1.13)

For voter model perturbations it is easy to see this is equivalent to both types being
present v-a.s.—see Lemma 6.1 at the beginning of Section 6.
We say the i’s take over if for all L,

P(&(x) =i for all z € [~ L, L]¢ for t large enough) = 1 (1.14)

whenever the initial configuration has infinitely many sites in state .

Our main results, Theorems 1.15 and 1.16 in Section 1.6 below, give (often sharp)
conditions under which coexistence holds or one type takes over, respectively, in a
voter model perturbation for small enough €. Of course these results then hold
immediately for our originally unscaled processes, again for small enough ¢.

1.1 Hydrodynamic limit

As d > 3, we see from Theorem V.1.8 of [32] the voter model with flip rates
(z,8) = Y(x,€) has a one-parameter family of translation invariant extremal

invariant distributions {P, : u € [0,1]} on {0,1}2" such that E,(¢(z)) = u. We
write (g),, for E,(g(£)). (1.7) and (1.9) imply

liﬁ)l Il1hi — hilloo = 0 where (1.15)
hi(z, &) = —e7 2 fi(x, &) + E(gi(€(x + Y1), ... &(x + YNO)).

Define
f(u) = ((1 = £(0))h1(0,€) — £(0)ho(0,£))u- (1.16)

Then f is a polynomial of degree at most Ny + 1 (see (1.26) and Section 1.8 below).
The non-negativity condition (1.5), the fact that

(c£(0,8))o = (c£(0,£))1 =0, (1.17)

and the convergence (1.15) show that
F0) >0, F(1)<o0. (1.18)

Our first goal is to show that under suitable assumptions on the initial conditions,
as € — 0 the particle systems converges to the PDE

o 2

5= T Au flu), u(0.0) =v(), (1.19)
The remark after Proposition 2.1 in [2] implies that for any continuous v : R — [0, 1]
the equation has a unique solution u, which necessarily takes values in [0, 1].



For a continuous v as above we will say that a family of probability measures
{\e} of laws on {0,1}°%2" has local density v if the following holds:

There is an 7 € (0, 1) such that if a. = [¢""1]e, Qe = [0,a.)NeZ4, |Q.| = card (Q.),

and
1

D(z,¢) = ol Z E(x+y) for z € a 24 ¢ € {0, 1}5Zd, (1.20)
‘ 8‘ YEQ:
then for all R,§ > 0,
lim sup A (|D(z,§) —v(x)| >9)=0. (1.21)
€0 x€a. 24
o|<R

The family of Bernoulli product measures ). given by

n

Ae((wy) =1,i=1,...,n) = Hv(wi) for all n € N and w; € eZ? . (1.22)

i=1
certainly satisfies (1.21) for all » € (0,1).

Theorem 1.2. Assume v : R? — [0,1] is continuous, and the collection of initial
conditions {5} have laws {\.} with local density v. Let % € R? and zF € 77,
k=1,... K satisfy

a¥ = 2F and e V2P — 2F'| = 00 as e = 0 for any k # K. (1.23)

If u is the solution of (1.19), then for any n € {0,111 LbAL K} g 0000 € 79
and T >0,

limP(f%(:Ef—l—z—:yi) =ik t=1,...,L,k=1,...K)
e—0
K
= [TEW) = nigri =1, LY yrany- (1.24)
k=1

In particular, if x. € eZ% satisfies v — x as € — 0, then

g% P(¢5(z.) =1) =u(T,z) for all T >0,z € R (1.25)

De Masi, Ferrari and Lebowitz [11], Durrett and Neuhauser [20] and Durrett
[15] have proved similar results for particle systems with rapid stirring. The local
equilibrium for rapid stirring is a Bernoulli product measure, but in our setting it
is the voter equilibrium. As a result there is now dependence between nearby sites
on the microscopic scale. However, there is asymptotic independence between sites
with infinite separation on the microscopic scale.

It is easy to carry out a variance calculation to improve Theorem 1.2 to the
following L2-convergence theorem (see the end of Section 3 for the proof). If § > 0
and 2 € R?, let I;(x) be the unique semi-open cube H?Zl[k:ié, (ki +1)9), k; € Z,
which contains .



Theorem 1.3. Assume the hypotheses of Theorem 1.2.
Assume 6(¢) € eN decreases to zero so that §(¢)/e — o0 as e [ 0. If

(o)=Y &)(e/oe),

ye[&(s)( )
then as € — 0, W°(t,z) — u(t,z) in L? uniformly for x in compacts, for all t > 0.

A low density version of this theorem, in which the limit is random (super-Brownian
motion with drift), was proved in [7] and is discussed in Section 1.8.

To apply Theorem 1.2 to the voter perturbation we will have to evaluate f(u).
This is in principle straightforward thanks to the duality between the voter model
and coalescing random walk which we now recall. Let {Bm :x € 79} denote a rate
1 coalescing random walk system on Z% with step distribution p and Bo = x. For
A B C 78 let 2 = {BF : x € A}, 7(A) = inf{t : || = 1} and 7(A, B) be the first
time £ANEP # O (it is oo if either A or B is empty). The duality between B and the
voter model (see (V.1.7) and Theorem V.1.8 in [32]) implies for finite A, B C Z¢,

(TT¢w [T -¢@))u

yeA z€B
|Al |B]

=Y > W —w)fP(EL] =4, €] = k. 7(4, B) = ). (1.26)

7=0 k=0

The k = 0 term is non-zero only if B = () in which case the above probability is
P(|€4| = ), and similarly for the j = 0 term. It follows from (1.26) and the form
of the perturbation in (1.7) that f(u) is a polynomial of degree at most Ny + 1 with
coefficients given by certain coalescing probabilities of B (see (1.86) below).

1.2 PDE results

As in Durrett and Neuhauser [20], Theorem 1.2, in combination with results for the
PDE and a block construction, lead to theorems about the particle system. Durrett
[16] surveys results that have been proved by this method in the last 15 years. To
carry out this program we will also need some low density methods taken from the
superprocess limit theorems of Cox and Perkins [7, 8].

To prepare for the discussion of the examples, we will state the PDE results on
which their analysis will be based. The reaction function f : R — R is a continuously
differentiable function (as already noted, in our context it will be a polynomial).
Assume now, as will be the case in the examples, that f(0) = f(1) = 0. We let u(t, x)
denote the unique solution of (1.19) with continuous initial data v : R? — [0, 1].

We start with a modification of a result of Aronson and Weinberger [2].

Proposition 1.4. Suppose f(0) = f(«a) =0, f/(0) >0, f'(a) <0 and f(u) >0 for
u € (0,a) with 0 < a < 1. There is a w > 0 so that if the initial condition v is not
identically 0, then

liminf inf w(t,z) > a.
t—=o0  |z|<2wt



We also will need an exponential rate of convergence in this case under a stronger
condition on the initial conditon. We formulate it for f < 0 on (0,1). The brief
proofs of Propositions 1.4 and 1.5 are given at the beginning of Section 4.

Proposition 1.5. Assume f < 0 on (0,1) and f'(0) < 0. There is a w > 0, and
if § > 0 there are positive constants Ls, ¢ = ¢, and C = Cy so that if L > Lg and
v(z) <1-=9 for|z| < L, then

u(t,z) < Ce™  for |z| < L+ 2wt.

There are different cases depending on the number of solutions of f(u) = 0 in
(0,1). In all cases, we suppose that f/(0) # 0 and f'(1) # 0.

Case I: f has zero roots in (0,1). In this case we can apply Propositions 1.4 (with
a =1) and 1.5, and their obvious analogues for —f.

Case II: f has one root p € (0,1). There are two possibilities here.

(i) f/(0) > 0 and f/'(1) < 0 and so the interior fixed point p € (0,1) is attracting.
In this case we will also assume f’(p) # 0. Then two applications of Proposition 1.4
show that if v Z0 and v # 1

lim sup |u(t,z)— p| =0. (1.27)

t—o00 ‘Z“S’wt

(ii) f'(0) <0 and f/(1) > 0, so that 0 and 1 are locally attracting and p € (0,1)
is unstable. In this case the limiting behavior of the PDE is determined by the speed
r of the traveling wave solutions, i.e., functions w with w(—oc0) = p and w(occ) =0
so that u(t,z) = w(xz —rt) solves the PDE. The next result was first proved in d = 1
by Fife and McLeod [25]. See page 296 and the appendix of [20] for the extension to
d > 1 stated below as Proposition 1.6. The assumption there on the non-degeneracy
of the interior zeros are not necessary (see Fife and McLeod [25]). These references
also show that

sgn(r) = sgn(/o1 f(u)du). (1.28)

|z]2 will denote the Euclidean norm of z and the conditions of Case II(ii) will apply
in the next two propositions.

Proposition 1.6. Suppose fol flu)du < 0 and firn > 0. If § > 0 there are positive
constants LY, c¢o = ¢(8), and Cy = Cy(d) so that if L > LY and v(z) < p — & when
|z|o < L, then

u(t,z) < Ce™  for|xly < (|r| — n)t.

For the block construction it is useful to have a version of the last result for the L
norm, and which adds an L to the region in which the result is valid.

Proposition 1.7. Suppose fol f(u)du < 0. There is a w > 0, and if § > 0 there are
positive constants Ls, ¢ = ¢5 and C = Cs so that if L > Ls and v(x) < p—0 for
|x| < L, then

u(t,x) < Ce " for |z| < L + 2wt.



The short derivation of Proposition 1.7 from Proposition 1.6 is given at the beginning
of Section 4.

In the next three subsections we first motivate our main results on coexistence
and domination by a single type (Theorems 1.15 and 1.16) by illustrating their use
in three distinct families of examples.

1.3 Lotka-Volterra systems

We now apply Theorem 1.2 to a stochastic spatial Lotka-Volterra model introduced
by Neuhauser and Pacala [37]. In addition to the kernel p for the voter model, the
flip rates depend on two non-negative competition parameters, oy and «q, and are
given by
crv(z,€) =f1(fo + aof1)(1 = &(2)) + fo(fi1 + a1 fo)é(x)

=c(2,€) + (a0 — D) (1 = &(x)) + (a1 — 1) fF&(x). (1.29)
In words, a plant of type i at  dies with rate f;(z, &)+a; fi—i(z,§) and is immediately
replaced by the type of a randomly chosen neighboring plant, which will be 1 — 4
with probability f1_;(x,£). The death rate reflects the effects of competition from
neighboring sites. The constant «; represents the effect of competition on a type
i individual from neighbors of the opposite type. If a; < 0 for both ¢ = 0,1, then
individuals prefer to be surrounded by the opposite type and ecological arguments
suggest coexistence will hold. Conversely if both «; > 1, we expect no coexistence.

We refer to the associated Feller process (&,t > 0) as the LV (ag, 1) process.
Proposition 8.1 of [3] implies that

if ag A oy > 1/2 then LV (g, ) is monotone (or attractive). (1.30)

Write LV (a) < LV () if LV (a/) stochastically dominates LV («), that is, if one
can define these processes, £ and &', respectively, on a common probability space so
that £ < ¢ pointwise a.s. Then, as should be obvious from the above interpretation
of a; (see (1.3) of [8]),

0 <o) <ap,0<a; <o), and either ag A g > 1/2 (1.31)
or ay Aoy > 1/2, implies LV (/) < LV (a).

Ifo; cR,let oy =af =1 +¢26; and consider the rescaled Lotka-Volterra process
€ (x) = Ecmzy(e7 ), x€eZl (1.32)

From (1.29) we see that this process has rates given by (1.5) with
B, ) = hie.§) = 01ifi@, €)%, i =01, wez’ ce{o®.  (133)

To verify (1.7) take 0 < &1 < (6;)" Y2 A (07)7 Y2, Ny = 2, Y, Y2 chosen indepen-
dently according to p, and define for ¢ = 0, 1,

g, m2) = gi(m,m2) = e72m (L —m) + (672 4+ 61-)1(n = o =) > 0. (1.34)



Then

hi(2,€) = —e72fi(2,) + e (fi = f)(@,6) + (67 + 1) filw, €)°
= —e1 fi(2,€) + E(gf (§(x + Y1), €z + Y?))),
as required. Therefore £° is a voter model perturbation.

To calculate the limiting reaction function in this case consider the system of
coalescing random walks {57 : x € Z9} used in the duality formula (1.26). Let
{e1, ez} be iid. with law p(-) and independent of the {B* : = € Z?}. If we abuse
our earlier notation and let (-), denote expectation on the product space where

(e1,e2) and & are independent, and ¢ is given the voter equilibrium with density u,
then from (1.16), (1.33) and the fact that f;(0,€)? = P.(£(e1) = £(e2) = i), we have

fu) = 0o((1 = £(0))&(e1)& (e2))u — 01(£(0)(1 — £(en)) (1 — £(€2)))u-

In view of (1.26) we will be interested in various coalescence probabilities. For
example,

p(xly, z) = P(3t > 0 such that BY = B?, and ¥t > 0, BY # BY and B} # BY)

and
p(x|y|z) = P(B¥, BY and B are all distinct for all ¢).

In general walks within the same group coalesce and those separated by at least one
bar do not. If we define

p2 =p(0ler,e2), p3 =p(Olerlez), (1.35)

where the expected value is taken over e, eg, then by the above formula for f and
(1.26),

f(u) = 0pu(l —u)ps + 90u2(1 —u)pg — 01(1 — w)upy — 01(1 — u)2up3
= u(1 —u)[0op2 — 01 (p2 + p3) + ups(0 + 61)]. (1.36)

To see what this might say about the Lotka-Volterra model introduce

01(p2 + p3) — Oop2

u*(61/60) = 1.37

( 1/ 0) p3(91+90) ( )
so that f(u) =0 for u = 0,1 or u*(0;/6p). If
P2

my = , 1.38

* T P2t s (1.38)

then u*(m) increases from 0 to 1 as m increases from mq to my . We slightly abuse
the notation and write u* for u*(6;/6p).

To analyze the limiting PDE we decompose the 6y — 61 plane into 5 open sectors
drawn in Figure 1 on which the above 0’s are all simple.



slope my

0o

Figure 1: Phase diagram near (1,1) for the Lotka-Volterra model with the shape of
f in the regions.
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e Ifdc Ry, f>0o0n(0,u*), f<Oon (u*,1),sou* € (0,1) is an attracting fixed
point for the ODE. Then (1.27) shows the PDE solutions will converge to u*
given a non-trivial initial condition in [0, 1]. As a result we expect coexistence
in the particle system.

e If0 € Ry, f <0on (0,1), 0is an attracting fixed point for the ODE. Propo-
sition 1.4 implies solutions of the PDE will converge to 0 given a non-trivial
initial condition and we expect 0’s to win.

e If0 € Rs, f>0o0n (0,1), 1is an attracting fixed point for the ODE and so
by the reasoning from the previous case we expect 1’s to win.

e On RyUR5, u* € (0,1) is an unstable fixed point, while 0 and 1 are attracting
fixed points for the ODE. This is case 2 of Durrett and Levin [19], so we expect
the winner of the competition to be predicted by the direction of movement
of the speed of the decreasing traveling wave solution u(x,t) = w(z —rt) with
w(—o0) = 1 and w(oo) = 0. If r > 0 then 1’s will win and if » < 0 then 0’s will
win. Symmetry dictates that the speed is 0 when 6y = 61, so this gives the
dividing line between the two cases and the monotonicity from (1.31) predicts
0’s win on R4 while 1’s win on Rs. Alternatively, by (1.28) r has the same
sign as fol f(u) du which is positive in R5 and negative in Ry.

Our next two results confirm these predictions for « close to (1,1). For 0 <n < 1,
define regions that are versions of Ry, Ry U R4 and R3 U Rj5 shrunken by changing
the slopes of the boundary lines:

2. (00—221—?7) 1< moga_oq;l)},

"= {(ozo,oq) €[0,1

Al = {(ao,al) €(0,00)%:0<ag <1, my(l—n)lag—1) < ag —1,

orl <agp, (14+n)(an—1) <oy — 1},
ag—1

mo(1—n)’

orl<ap, a1 —1<(1—n)(ag— 1)}

Theorem 1.8. For 0 < n < 1 there is an ro(n) > 0, non-decreasing in n, so that
for the LV («):

(i) Coexistence holds for (ag, 1) € C7 and 1 — ap < 1o(n).

(ii) If (g, 1) is as in (i) and v, is a stationary distribution of with ve(§ =0 or £ =
1) =0, then

suplva(§(2) = 1)~ (=1 )| <.

(i) is a consequence of Theorem 4 of [8], which also applies to more general
perturbations. The main conditions of that result translate into f'(0) > n and

11
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Figure 2: Coexistence on C, type ¢ takes over on A;.

/(1) > n in our present setting (see (1.88) in Section 1.8 below). (ii) sharpens (i)
by showing that if n is small then the density of 1’s in any nontrivial stationary
distribution is close to the prediction of mean-field theory. Durrett and Neuhauser
[20] prove results of this type for some systems with fast stirring and f(1) < 0.
Neuhauser and Pacala [37] conjectured that coexistence holds for all oy = a3 < 1
(see Conjecture 1 of that paper) and proved it for «; sufficiently small. Hence (i)
provides further evidence for the general conjecture.

The next result is our main contribution to the understanding of Lotka-Volterra
models. It shows that (i) of the previous result is asymptotically sharp, and verifies
a conjecture in [8] (after Theorem 4 in that work). We assume p has finite support
but believe this condition is not needed.

Theorem 1.9. Assume p(-) has finite support. For 0 <n <1 there is an ro(n) > 0,
non-decreasing in 1, so that for the LV (a):

(i) 0’s take over for (ap,a1) € Al and 0 < |ag — 1| < ro(n),

(ii) 1’s take over for (ap,a1) € AT and 0 < |ag — 1| < ro(n).

Conjecture 2 of [37] states that 1’s take over for a € A}, ap > 1 and 0’s take
over for a € A8, ag > 1. Theorem 1.9 establishes this result asymptotically as «
gets close to (1,1) at least for d > 3.

Together, Theorems 1.8 and 1.9 give a fairly complete description of the phase
diagram of the Lotka-Volterra model near the voter model. In Figure 2 C'is the union
over 7 € (0,1) of the regions in Theorem 1.8 (i) on which there is coexistence, and A;,
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i =0, 1, is the union over 7 of the regions in Theorem 1.9 (i) and (ii), respectively, on
which 7’s take over, as well as other parameter values for which the same result holds
by monotonicity. For example, if (ag,a1) € A1, with ag A ag > 1/2, and (g, o))
has af > ap and o) < aq, then by (1.31), (af,@)) € Aj. Theorem 1.8 (i) and
Theorem 1.9 show that the three mutually exclusive classifications of coexistence,
0’s take over, and 1’s take over, occur on the three regions, C, Ag and Ay, meeting

at (1,1) along mutually tangential lines with slopes mq, 1 and mg L

1.4 Evolution of cooperation

Ohtsuki et al [38] considered a system in which each site of a large (N vertex) graph
G is occupied by a cooperator (1) or a defector (0). Simplifying their setting a bit,
we will assume that each vertex in GG has k neighbors. The interaction between
these two types is governed by a payoff matrix with real entries

C D
C a p
D v ¢

This means that a cooperator receives a payoff « from each neighboring cooperator
and a payoff 5 from each neighboring defector, while for defectors the payoffs are ~y
and 0 from each neighboring cooperator or defector, respectively. The terminology
is motivated by the particular case in which each cooperator pays a benefit b > 0 to
each neighbor at a cost ¢ > 0 per neighbor, while each defector accepts the benefit
but pays no cost. The resulting payoff matrix is then

<: g) - (bgc —0c> . (1.39)

In this case the payoff for D always exceeds that for C' irregardless of the state
making the payoff. As a result in a homogeneously mixing population cooperators
will die out. The fact that such cooperative behavior may nonetheless take over in a
spatial competition is the reason for interest in these kind of models in evolutionary
game theory. In a spatial setting the intuition is that it may be possible to the C’s
to form cooperatives which collectively have a selective advantage.

If n;(y) is the number of neighboring #’s for site y € G, i = 0,1, and £(y) € {0,1}
is the state at site y, then the fitness p;(y) of site y in state i is determined by its
local payoffs through

p1(y) =1 —w+w(ani(y) + Bno(y)) if &(y) = (1.40)

Here w € [0,1] is a parameter determining the selection strength. Clearly for some
wo(a, B,7,0,k) > 0, p; > 0 for w € [0,wp], which we assume in what follows. For
the death-birth dynamics in [38] a randomly chosen individual is eliminated at x
and its neighbors compete for the vacated site with success proportional to their
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fitness. We consider the continuous time analogue which is the spin-flip system
&(x) € {0,1}, x € G, with rates (write y ~ x if and only if y and x are neighbors)

c(z,§) = (1 = &(x))ri(z,§) + &(x)ro(w, §),
ri(x, &) = 2 ya PiY)L(E(Y) = 1)
S S mWEW) T )T — )

In [38] the authors use a non-rigorous pair approximation and diffusion approx-
imation to argue that for the cooperator-defector model in (1.39), for large popula-
tion size N and small selection w, cooperators are “favored” if and only if b/c > k.
Here “favored” means that starting with a single cooperator the probability that
cooperators take over is greater than 1/N, the corresponding probability in a selec-
tively neutral model. They also carried out a number of simulations which showed
reasonable agreement for N > k although they noted that b/c > k appeared to be
necessary but not sufficient in general. It is instructive for the reader to consider the
nearest neighbor case on Z starting with cooperators to the right of 0 and defectors
to the left. It is then easy to check that the C'/D interface will drift to the left, and
so cooperators take over, if and only if b/c > 2. This was noted in [38] as further
evidence for their b/c > k rule.

Our main result here (Corollary 1.12 below) is a rigorous verification of the
b/c > k rule for general symmetric translation invariant graphs with vertex set Z¢
when w is small. More precisely, choose a symmetric (about 0) set N of neighbors
of 0 of size k, not containing 0, and consider the graph with vertex set Z% and z ~ y
if and only if  —y € N. Assume also that the additive group generated by N is Z¢
and Y o @iwj/k = 0205, so that p(z) = k~'1(z € N) satisfies the conditions on
our kernel given in, and prior to, (1.1). Set w = 2. For z € Z¢ and ¢ € {0, 1}Zd, let

@) = kY 1) = i) filz, ) = k723 1¢ =) €[0,1],

y~z Y~z 2~y

01(x,€) = (Bk — 1) fi(m,€) + k(o — B) f) (2, €),

§) =
Bo(x,€) = (vk — 1) fo(z, €) + k(6 — 7) [ (2,€),
¢($,§) (90+91)(Z’,€)
Using (1.40) in (1.41), we get

e [0,1]. (1.41)

fi +€2%6;
ri(z,§) = m(l’,f)- (1.42)
Note that
1011V 160] V |¢l(2,€) < 2k(1 + |l + B8]+ |y +9]) = R, (1.43)
and
f+e%0 >
oy = O 10) 4076~ 0)[ (<o)

0

= f + 62(9 — f¢) + E4we(f7 ¢7 9)
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It follows that & (ex) = &.—2(7), © € Z® (¢ has rates given by (1.41)) has spin-flip
rates given by (1.5) with

hf($7£) = 91(3375) - fl($7£)¢($7£) + €2¢€(fi(x7£)v QS(J),&), 92(3376)) (144)

If
2 < (2R)7!, (1.45)

then one easily from (1.43) that
From this and (1.44) it is clear that the hypotheses of Proposition 1.1 hold with

195 — Gillos < €*2R(R+1) (1.47)

and
Hence &; is a voter model perturbation. This also implies

ho+hi=0p+60,—¢=0. (1.48)

Some elementary arithmetic and (1.48) lead to

ho(,€) = (v — Bk fof1 (2, €) + k(8 — ) f$D (x,€)
— kfo(z,&)[(a — B) D + (6 — )57, €),
hl(x7£) = _h0($7£)' (149)

As before, let e, eq, e3 denote i.i.d. random variables with law p. If P, denotes
averaging over the e;’s then we have

£i(0,€) = P(&(er) =), [1(0,€) = Pe(€(er) =i, &(er + e2) = 0), (1.50)
Fu(0.05(0.6) = Pu(€(er) = ir.&(e2) = in,Eer + e3) = i),
and similarly for higher order probabilities. We also continue to let (), denote

expectation on the product space where (e1, es, e3) and the voter equilibrium £ are
independent. If £ = 1 — &, then starting with (1.16) we have,

fw)
=

where in the last equality (1.49) is used to see that what appears to be a quartic
polynomial is actually a cubic. Using (1.50) and some arithmetic we obtain

@ =(8 — )(E(e1)€(e2))u + ( — B)(E(e1)E(e2)Eea + €3))u (1.51)

+ (v = 8)(E(er)é(e2)é(ez + e3))u.

To simplify further we will use a simple lemma for coalescing random walk
probabilities (Lemma 1.17 in Section 1.7 below) together with the duality formula
(1.26) to establish the following more explicit expression for f in Section 1.7.

(€(0)h1(0,8) — £(0)ho(0,€))u = k™ (h1(0,€))u,
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Lemma 1.10. &% — [(8 = §) + k~1(y — 6)]p(0les)u(1 — u)
+[(a=B)—(v=9)|[u(1—u)(p(e1 ez, e2+e3)+up(ei|eslea+es))].

Rather than try to analyze this cubic as in Section 1.2, assume o — =y — 9§
(which holds in our motivating example) so that f becomes a quadratic with roots
at 0 and 1. If B — & > k71(§ — ), then f is strictly positive on (0,1) and so
Proposition 1.4 shows the PDE solutions will converge to 1. If 8 — 6 < k~1(6 — ~),
then f is strictly negative on (0,1) and so by symmetry the PDE solutions will
converge to 0. As a result for w = €2 small, in the former case we expect 1’s to take
over and in the latter case we expect 0’s to take over, and this is in fact the case.
The following result is proved in Section 1.7.

Theorem 1.11. Consider the spin-flip system on Z¢ (d > 3) with rates given by
(1.41) where o — B =~y — 0. If v — 0 > k(0 — f3), then 1’s take over for w > 0
sufficiently small; if v—0 < k(5 — ), then 0’s take over for w > 0 sufficiently small.

The particular instance of (1.39) follows as a special case.

Corollary 1.12. Consider the spin-flip system on Z¢ (d > 3) with rates given by
(1.41) where the payoff matriz is given by (1.39). If b/c > k, then the cooperators
take over for w > 0 sufficiently small, and if b/c < k, then the defectors take over
for w > 0 sufficiently small.

Proof. In this case a — 5 =v—6 =b, § — 8 = ¢, and so we have

vy—0>Fk(0—p)iff b>keiff b/c > k.

1.5 Nonlinear voter models

Molofsky et al. [36] considered a discrete time particle system on Z? in which each
site is in state 0 or 1 and

P(£n+1(xyy) = 1|£n) = Pk

if k of the sites (z,y), (z + 1,y), (z — 1,y), (x,y + 1), (x,y — 1) are in state 1. They
assumed that pg = 0 and p; = 1, so that all 0’s and all 1’s were absorbing states and
p1 =1—p4 and po = 1 — p3, so that the model was symmetric under interchange of
0’s and 1’s. If the states of adjacent sites were independent then the density would
evolve according to the mean field dynamics

Top1 = h(z) = pr - Sae(1 — )" + pa - 1027 (1 — 2)°
+ (1 —p2)- IOx?(l — a:t)2 +(1—-p1)- 53;t4(1 —x) + a:;?

Based on simulations and an analysis of the mean-field equation, Molofsky et
al [30] predicted the phase diagram given in Figure 3. To explain this, h(z) = z is a
fifth degree equation with 0, 1/2, and 1 as roots. h'(0) = h/(1) = 5p; so 0 and 1 are
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Figure 3: Conjectured phase diagram for the discrete time two-dimensional nonlinear
voter model of [30].

locally attracting if 5p1 < 1 and unstable if 5p; > 1. h/(1/2) = (15— 15p; — 10p2) /8,
so 1/2 is locally attracting if 15p; + 10pe > 7 and unstable if 15p; + 10py < 7.
From the stability properties of 0, 1/2, and 1, it is easy to determine when there
are additional roots @ and 1 — « in the unit interval and whether or not they are
stable. The four shapes are given in Figure 4. To make the drawing easier we have
represented the quintic as a piecewise linear function.

The implications of the shape of f(u) (= h(u)—u in the above) for the behavior
for the system will be discussed below in the context of a similar system in continuous
time. There we will see that the division between 4A and 4B is dictated by the speed
of traveling waves for the PDE. Here we have drawn the “Levin line” 6py + 2ps = 2
which comes from computing the expected number of 1’s at time 1 when we have
two adjacent 1’s at time 0. Simulations suggest that the true boundary curve exits
the square at (0.024,1), see page 280 in [30].

For our continuous time model the perturbation rate from the voter model is
determined by four points chosen at random from z+A where N is the set of integer
lattice points in ([~L, L] — {0}). Let a(i) > 0 be the flip rate at a given site when
i (randomly chosen) neighbors have a type disagreeing with that of the site and
suppose a(0) = 0. Let (Y7,...Ys) be chosen at random and without replacement
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Figure 4: Four possible shapes of the symmetric quintic f. Black dots indicate the
locations of stable fixed points.

from N. Then we consider the spin-flip system &(z), 2 € Z?¢ with rates

o(z,€) = *(2,6) + (1 £(@) By (1 (€@ + Y1), ... €z +YH)))
+E(@) By (go(€(z + Y1), &z +YH))],

where ,
91(51,---754)=<1<Z&), go(&1,- .-, &1) —a< Zﬁz)
1

Then the rescaled system &5 (ex) = &,.-2(x), z € Z% is a voter model perturbation
since the required conditions are trivial (clearly (1.7) holds with €1 = 00). We call £
the nonlinear voter model. General models of this type were introduced and studied
in [4].

We abuse our notation as before and incorporate expectation with respect to an
independent copy of Y = (Y'!,... . Y%) in our voter equilibrium expectation (-),. If
Y? = 0, then a short calculation shows that our reaction function in (1.16) is now

4
= _ali)gj(w) — (1 —w)), (1.52)

j=1
where
4)<4ﬁ<1 e T ev
) = (* gy
N <J i=0 i=5—j
Clearly
F(0) = F(1) = £(1/2) = 0 amd f(u) = — F(1 — ). (1.53)

It does not seem easy to calculate f explicitly, but if L is large, most of the sum comes
from Y that are well separated and so the £ values at the above sites should be nearly
independent. To make this precise let A = {Y®77 ... Y4 B = {Y0 .. Y43}
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j

where

i) = (1) [ - 0P p(ese) <)
Jj 5-J ‘ . .

> D i+ k<51 —w)P(EL| =, [€X] = k,7(A, B) = o)
i=1 k=1
= di(j, L)’
=1

If 1o(L) = P(|€AYB| < 5), that is the probability that there is a coalescence among
the random walks starting at Y, ..., Y%, then it follows easily from the above that
|d; (7, L)| < cono(L). Use this in (1.52) to conclude that f(u) = fi(u)+ fa(u), where
f2 includes the (smaller) contributions from the ¢;’s. That is

fo(u) =Y e(j, L),

Jj=1

where

sup_|e(j, L)| < cimo(L), (1.54)
1<5<5

and
fi(w) = —ufa@)(1 —u)* +a(3) - du(l —u)® + a(2) - 6u*(1 —u)? + a(l) - 4u(1 — )]
+ (1 —w)a@)u? + a(3) - 4u3(1 — u) + a(2) - 6u(1 —u)? + a(1) - 4u(1l — u)?]
=byu(l —u) 4 bou*(1 — u)® — bou® (1 — u)? — byut(1 — u)
where b; = 4a(1) — a(4) and by = 6a(2) — 4a(3). By symmetry we have
f1(0) = f1(1) = f1(1/2) = 0 and fi(u) = —f1(1 —w). (1.55)

Clearly no(L) — 0 as L — oo, in fact well-known return estimates (such as Lemma 2.6(a)
below with ¢y = 0, 1o = 1 and p large) and a simple optimization argument show
that

no(L) < CsL™1d=2)/Q2Md=1)]+3 5 ¢, (1.56)

To prepare for the next analysis we note that

fr(w) =b1[(1 —u)* — 4u(l — u)®] + be[2u(l — u)® — 3u*(1 — u)?]
— bo[3u?(1 — u)? — 2u3(1 — u)] — by [4u?(1 — u) — u?],
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Figure 5: Phase diagram for the continuous time nonlinear voter model with large
range in d > 3.

and so we have f{(0) = f{(1) = by and f{(1/2) = —(6b; + 2by)/16. A little calculus,
left for the reader, shows

1/2 1
filu)du = Shitbs _ _ B fi(u) du. (1.57)

0 192 1

We are now ready to describe the phase diagram for the nonlinear voter. Consult
Figure 5 for a picture. Note that in what follows when L is chosen large, it is
understood that how large depends on a = (a(1),...,a(4)).

(1) f1(0) >0, f{(1/2) < 0 and so by (1.54) for large enough L the same is true for
f. In this case 0, 1/2, and 1 are the only roots of f (all simple) and 1/2 is an
attracting fixed point for the ODE. An application of Proposition 1.4 on [0, 1/2]
and a comparison principle, showing that solutions depend monotonically on
their initial data (see Proposition 2.1 of [2]), to reduce to the case where
v € [0,1/2], shows that any non-trivial solution u of the PDE (1.19) satisfies
lim infy o0 inf |5 <oue u(t, ) > 1/2 for some w > 0. The same reasoning with
0 and 1 reversed shows the corresponding upper bound of 1/2. Therefore any
non-trivial solution of (1.19) will converge to 1/2 and we expect coexistence.

(2) f1(0) > 0, f{(1/2) > 0 and so by (1.54) for large enough L the same is
true for f. In this case 0, 1/2, 1 are unstable fixed points for the ODE
and there are attracting fixed points for the ODE at a and 1 — a for some
a € (0,1/2). All are simple zeros of f. Another double application of Proposi-
tion 1.4 now shows that any non-trivial solution u(t,z) to the PDE will have
lim infy o0 inf|4 <ope u(t, ©) > a and limsup,_, o SUP|yj<ow u(t, ) < 1 —a, so
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we expect coexistence. Simulations in [36], see Figure 7 and the discussion on
page 278 of that work, suggest that in this case there may be two nontrivial
stationary distributions: one with density near a and the other with density
near 1 — a. The symmetry of f about 1/2 is essential for this last possibility
as we note below (see Theorem 1.14).

(3) f1(0) <0, f1(1/2) > 0 and so by (1.54) for large enough L the same is true
for f. In this case 0, 1/2, and 1 are the only roots of f (all simple) and
1/2 is an unstable fixed point while 0 and 1 are attracting. In this bistable
case the winner is dictated by the sign of the speed of the traveling wave, but
by symmetry (recall (1.53)) the speed is 0. One would guess that clustering
occurs in this case and there are only trivial stationary distributions, but our
method yields no result.

(4) f1(0) < 0, f1(1/2) < 0 and so by (1.54) for large enough L the same is true
for f. In this case 0, 1/2, 1 are attracting fixed points and there are unstable
fixed points at a and 1 — a for some a € (0,1/2) (all simple zeros of f). By
the discussion in Case II in Section 1.2 (with [0,1/2] and [1/2,1] in place of
the unit interval) there are traveling wave solutions w;(z — ¢;t), i = 1,2 with
wy(—o00) = 1, wyi(o0) = wy(—o0) = 1/2 and wy(oo0) = 0. Symmetry implies
¢y = —cq, but we can have ¢; < 0 < ¢p (Case 4A) in which case Proposition 1.7
and its mirror image show that solutions to the PDE will converge to 1/2
providing that the initial condition is bounded away from 0 and 1 on a large
enough set. We again use the comparison principle as in Case 1 to assume
the initial data takes values in the appropriate interval, [0,1/2] or [1/2, 1], and
assume L is large enough so that the integrals of fi and f on [0,1/2] (and
hence on [1/2,1]) have the same sign. Hence we expect coexistence in Case
4A and all invariant distributions to have density near 1/2. If ¢; > 0 > ¢
(Case 4B) and L is large enough, there is a standing wave solution wg(x) of
the PDE in d = 1 with wy(—00) = 0, wp(c0) =1 (see p. 284 in [26]), and our
method yields no result.

Theorem 1.13. Assume (b1, bs) are as in Case 1, 2 or JA. If L is sufficiently large
(depending on @) then:

(a) Coexistence holds for € small enough (depending on L and a).

(b) In Case 1 or 4A if n > 0 there is an £o(n, L,a) so that if 0 < € < g9 and v is
any stationary distribution for the monlinear voter model satisfying
v(=0orf=1)=0, then

sup v((@)=1)— 5| <n.

Remark. The proof is given in Section 1.7.3 below. Case 4A is of particular interest
as there is coexistence even though f’(0) < 0. Here the low density limit theorem
in [7] shows convergence to super-Brownian motion with drift f/(0) < 0 (see the
discussion in Section 1.8 below). From this one might incorrectly guess (after an
exchange of limits) that there is a.s. extinction of 0’s for the nonlinear voter model,
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while our proof of coexistence will show that there is positive probability of survival
of 0’s even starting with a single 0.

We next show that more can be said in Case 2 if we break the symmetry. This
also demonstrates how one can handle higher degree reaction functions in the pde
and still apply the general results in the next Section. Consider the nonlinear voter
model & as before but now for A > 0 replace ¢g; with

g€y, 64)) = (1+ Na (Z &), (1.58)

while go is unchanged. To avoid trivialities we assume Zi‘ a(j) > 0. A short
calculation now shows that if f is as in (1.52), then our reaction function in (1.16)
becomes

foo(w) +AZ F(u) + Mo(u) > f(u) on (0,1). (1.59)

Decomposing ¢;(u) as before we get

foo() = fia(uw) + faa(w),

where
fia(w) = (b1 +4xa(1)u(l — u)* + (b2 + 6Xa(2))u?(1 — u)? (1.60)
— (b —4Xa(3))u ( )2 — (b — )\a(4))u4(1 —u)
= fl(u) + )‘f3(u) > fl( ) on (07 1)7
5
f2,)\(u) = Z e(j7 L7 )‘)ujv and 1iu_p5 |€(j, L7 >‘)| < 62()‘ + 1)770(L) (161)
j=1 <<
We also have
fia(0) =b1+4Xxa(1), f1 (1) = b1 — Aa(4). (1.62)

Theorem 1.14. Suppose by > 0 and 0 < X\ < by /a(4).

(a) Coexistence holds for large L and small enough € (depending on L, X\ and a).
(b) Assume 3by + by < 0 and let 1 — a’ denote the largest root of f1(u) =0 in (0,1).
Ifn >0, L>c¢e(nat 0<X<e(na),0<ce<cenL,\a) and v is any
stationary distribution satisfying v(§ =0 or £ = 1) =0, then

sup v(E(x) =1) - (1—d)| <n.

See Section 1.7.3 for the proof. For a concrete example, consider a(1) = a(2) = 1,
a(3) = a(4) = 3, which is a version of the majority vote plus random flipping. Then
by = 4a(l) —a(4) = 1, by = 6a(2) — 4a(3) = —6, and 3b; + be = —3, and so the
hypotheses of (b) hold for small A\ > 0. As A | 0, the density of any invariant
measure approaches 1 — a the largest root of f1(u) = 0, while symmetric reasoning
shows that if A 1 0, the densities will approach a. Of course the closer A gets to 0,
the smaller we must make £ to obtain the conclusion of Theorem 1.14, so we are not
able to prove anything about the case A = 0.
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1.6 General Coexistence and Extinction Results

Our results for the three examples will be derived from general results with hy-
potheses concerning properties of the limiting PDE. In this subsection, we state
those results and give an overview of the contents of the rest of the paper. We work
with a voter model perturbation & (z),x € eZ? ¢ > 0 throughout.

In Section 2 we first introduce a family of Poisson processes (“graphical repre-
sentation”) which we use to define our process & (x) on z € ¢Z9¢. Using this and
working backwards in time we define a “dual process” X which is a branching coa-
lescing random walk with particles jumping at rate e =2 according to p®(z) = p(x/¢)
and with a particle at z giving birth to particles at = + ¢Y',... 2 + ¢YN0 when
a reaction occurs at x. The ideas in the definition of the dual are a combination
of those of Durrett and Neuhauser [20] for systems with fast stirring and those of
Durrett and Zahle [23] for biased voter models that are small perturbations of the
voter model.

Duality allows us to compute the value at z at time 71" by running the dual process
X¢ backwards from time 7" to time 0 starting with one particle at z at time 7. Most
of the work in Section 2 is to use coupling to show that for small ¢, X¢ is close to
a branching random walk X<, Once this is done, it is straightforward to show (in
Section 3) that as ¢ — 0 the dual converges to a branching Brownian motion X0,
and then derive Theorem 1.2 which includes convergence of P(&f(x) = 1) to the
solution u(t,x) of a PDE.

Our general coexistence result will be based on the following assumption about
solutions to the PDE. The coexistence results for the models discussed in the pre-
vious section are obtained by verifying this assumption in the particular cases.

Assumption 1. Suppose that there are constants 0 < vy < u, < u* < vy < 1, and
w, L; >0, so that

(i) if u(0,7) > vo when |x| < Lo, then iminf o inf|y <oy u(t, ) > s

(i) if w(0,x) < vy when |z| < L1, then lim sup,_, o SUP|g|<y u(t, ) < u*.

We also will need a rate of convergence in (1.9), namely for some ry > 0,

1
D195 = gilleo < e1.63¢™ (1.63)
=0

Assumption 1 shows that the limiting PDE in Theorem 1.3 will have solutions
which stay away from 0 and 1 for large ¢. A “block construction” as in [14] will be
employed in Section 6 to convert this information about the PDE into information
about the particle systems. In effect, this allows us to interchange limits as ¢ — 0
and t — oo and conclude the existence of a nontrivial stationary distribution, and
also show that any stationary distribution will have particle density restricted by
the asymptotic behavior of the PDE solutions at t = oo.

Both Theorem 1.15 and 1.16 below will be formulated for the voter model pertur-
bations on Z?, but the conclusions then follow immediately for the original unscaled
particle systems in (1.4).
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Theorem 1.15. Suppose Assumption 1 and (1.63). If € > 0 is small enough, then
coexistence holds and the montrivial stationary distribution v may be taken to be
translation invariant.

If n > 0 and € > 0 is small enough, depending on n, then any stationary distri-
bution v such that

V(Zf(x) =0o0r Y (1) = o) =0 (1.64)

satisfies v(&(x) = 1) € (ux — n,u* +n) for all x.

Note that in the second assertion we do not require that v be translation invari-
ant.
Results that assert 0’s will take over will require a stronger pde input:

Assumption 2. There are constants 0 < uy < 1, ¢o,Cy,w > 0, Ly > 3 so that for
all L > Ly, if u(0,2) < wuy for |z| < L then for allt >0

u(t,r) < Coe™ " for all |z| < L + 2wt.

Finally we need to assume that the constant configuration of all 0’s is a trap for
our voter perturbation, that is,

g7(0,...,0) =0, or equivalently h5(0,0) =0, for 0 <e <¢p, (1.65)

where 0 is the zero configuration in {0, 1}Zd. This clearly implies f(0) = 0 and is
equivalent to it if g7 does not depend on ¢, as is the case in some examples. Recall
the definition of “i”s take over” from (1.14) and that g is the law of (Y'!,... YNo).

Theorem 1.16. Suppose Assumption 2, (1.63), (1.65), p(-) and q(-) have finite
support, and f'(0) < 0. Then for e small the 0’s take over.

We believe the theorem holds without the finite range assumptions on p and q.
By Proposition 1.1 in the above finite support setting, it suffices to assume (1.10) in
place of (1.7), and also assume (1.63) holds for the g;, §; appearing in (1.10) instead
of the ¢, g;.

In order to show that 0’s take over, say, we will need several additional argu-
ments. The pde results will only ensure we can get the particle density down to a
low level (see Section 4) but clearly we cannot expect to do better than the error
terms in this approximation. To then drive the population to extinction on a large
region with high probability we will need to refine some coalescing random walk
calculations from the low density setting in Cox and Perkins [8]-see Section 7 and
especially Lemma 7.6. This is then used as input for another percolation argument
of Durrett [13] to guarantee that there are no particles in a linearly growing region.
Since there was an error in the original proof of the latter we give all the details
here in Sections 5 and 7.3.

Quantifying the outline above, the first step in the proof of Theorem 1.16, taken
in Section 4 is to use techniques of Durrett and Neuhauser [20] to show that if £ has
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density at most uj on [—L, L]¢ then at time T} = ¢; log(1/¢) the density is at most £”
on [~L —wTy, L+wTy]? (see Lemma 4.2). Here § is a small parameter. The second
step, taken in Section 7, is to show that if one waits an additional T = ¢5 log(1/¢)
units of time then there will be no particles in [~L — wTy + ATy, L +wT; — AyTh]?
at time Ty + T5. The first step here (Lemma 7.6) is to show that if we start a
finite (rescaled) block of ones of density at most ¢ then with probability at least
1 — /2 it will be extinct by time C'log(1/¢). Here it is convenient that arguments
for the low density regime of [7] (density €9=2) continue to work all the way up to
e? and also that the PDE arguments can be used to reduce the density down to
8. In short, although the precise limit theorems, Theorem 1.2 and Corollary 1.8
in [7] apply in disjoint regimes (particle densities of 1 and %72, respectively) the
methods underlying these results apply in overlapping regimes which together allow
us to control the underlying particle systems completely. Of course getting 1’s to be
extinct in a large block does not give us what we want. The block construction in
[20] is suitably modified to establish complete extinction of 1’s on a linearly growing
set. A comparison result of [34], suitably modified to accommodate our percolation
process, is used to simplify this construction.

1.7 Application to the examples
1.7.1 Lotka-Volterra systems

Proof of Theorem 1.9. (i) Let 0 < n < 1 and consider first

w=a5=1-¢% a;=af=1-mg(l —n)e?
so that in the notation of Section 1.3 we have set 0y = —1, 61 = —mg(1 — 7). The
rescaled Lotka-Volterra process £° is a voter model perturbation and from (1.36) we
have
f(u) = —u(l —u)[np2 + ups(1 +me(l —n))] <0 on (0,1).
Proposition 1.5 verifies Assumption 2 in Theorem 1.16 and f/(0) < 0 is obvious.
(1.63) is trivial (¢ = ¢;) and (1.65) is immediate from (1.34). The finite range
assumption on ¢ = p X p is immediate from that on p. Theorem 1.16 implies 0’s take
over for £ small. Therefore when 0 < 1—ag < ro(n) and a3 = 1+mo(1—n)(ap—1),
then 0’s take over for LV («). The monotonicity in (1.31) shows this is also the case
for ag > 14+ mop(1 —n)(ap — 1) and o as above.
Next consider

a=a5=1+¢e% a;=af =1+ (1+n)? thatis, 6g=1, 6 =1+1.
In this case we have
f(u) =u(l —u)pz — (1 +n)(p2 + p3) + ups(2 +n)l,

and so, assuming without loss of generality (by (1.31)) 147 < mg*, from (1.37) f
has a zero, and an unstable fixed point for the ODE, at

o (1+77)(p2+p3)—p26<1 )

_’1
p3(2+1n) 2
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It follows that fol f(u)du < 0 and Proposition 1.7 establishes Assumption 2. As
above, Theorem 1.16 and (1.31) show that 0’s take over if 0 < oy — 1 is sufficiently
small and a; > 1+ (1 +n)(ap — 1).

(ii) Interchange the roles of 0 and 1 in (i). O

Proof of Theorem 1.8. We slightly extend the setting in Section 1.3 and for n €
(0,1 —myg) consider

mo 1—77]

af =1—¢% a5 =1+¢e%5, where — 65 € T o

lim0f =01 (1.66)

Then the rescaled Lotka-Volterra model £° in (1.32) remains a voter model pertur-
bation but now g§ may now depend on €. From (1.36) we have

f(u) = u(l —u)[—p2 — 01(p2 + p3) + ups(—1+ 61)],
which has a zero, and attracting fixed point for the ODE, at

01(p2 + p3) + p2
p3(6h — 1)

Proposition 1.4 and its mirror image, with 0 and 1 reversed, establish Assumption 1
with u* = u, = u*(—60;) (see (1.27)). Theorem 1.15 therefore shows that for 0 <

e < eo(n)

ut(—0y) = € (0,1). (1.67)

coexistence holds, and if v is a stationary distribution satisfying (1.68)
v(=0or¢=1)=0, then sup|v({(z) =1) —u"(—61)] <.
xX

Suppose first that (ii) of Theorem 1.8 fails. Then there is a sequence &, | 0,
(agr,ai™) and k£ > 0 so that (1.66) holds with ¢ = &,, and there is a stationary
measure vy, for £& satisfying v,({ =0 or £ = 1) = 0 and such that

sup [vp (§(z) = 1) — u*(=67") > £.

Since u*(—07") — u*(—01), if we choose n < r this contradicts (1.68) for large n,
and so proves (ii). The proof of (i) is similar using the first part of (1.68). That is,

if (i) fails, there is a sequence &, | 0 so that coexistence fails for a;" as in (1.66),

contradicting the first part of (1.68). O

1.7.2 Evolution of cooperation

Here is the result on coalescing probabilities which will help us simplify the formula
(1.51) for the reaction function f. The notation is as in Section 1.4.

Lemma 1.17. (a) p(e1]e2) = p(0leq).
() plerles + e5) = (1+ } ) p(Ofer).
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Proof. Let Bf denote a rate 2 random walk with kernel p starting at x, and note
that for @ # 0, B* — BY has the same law as B* until it hits 0. Note also that for
x#0, P(Bf #0Yt>0)=3 ply)P(BI™ #0Vt>0).

For (a),

p(0ler) prl (BFt 0 for all t > 0)

= ZZp (z1)p(z2)P(BF*1*2 £ 0 for all t > 0) (use z; # 0)
T1 T2

- Z Zp z1)p(x2) P(BF ™2 £ 0 for all t > 0) (by symmetry)
x1 w2

= pleilez).

For (b), let Tj(z) be the time of the jth jump of B®. Then using symmetry,

plerles + e3) = Z p(x1)p(a2)p(x3) P(BE 72138 oL () for all t > 0)

T1,22,T3

:Zp (z1)P(BF* # 0 for all t > Ty(xy)).

Now using the above and first equality in the proof of (a),

p(erlea + e3) — p(0ler) Zp x1) B% =0, BZ“ # 0 for all t > Ty (x1))
—klszl # 0 for all t > T7)

=k~ p(O\el).
The result follows. O

Proof of Lemma 1.10. We first rewrite (1.51) as

%Z(ﬁ_W(g( 1)é(e2))u 8)(€(e1)é(e2)é(ea + e3) + E(er)é(e)é(e2 + €3))u

+ (v -
+ ((a = B) = (v — 8)){€(er)&(e2)é e2 + €3))u
—I+IT+1II. (1.69)

Some elementary algebra shows that

IT = (v = 6)(&(e1) — E(e1)é(e2) — &(er)é(e2 +e3) + E(e2)é(e2 +€3))u.  (1.70)

Note that (1.26) and Lemma 1.17(a) imply

(€(e1)€(e2))u =u’p(erlea) + u(l — pler]es))
=u?p(0]er) + u(1 — p(0ley))
=(£(0)¢(e1))u = (§(e2)é(e2 + €3))us
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the last by translation invariance. Using this in (1.70) and again applying (1.26),
we get

I+ 1T = (B —)u(l —u)p(eile2) + (v — d)[u — ({(e1)é(e2 + €3))u] (1.71)
= (B = 7)u(l —u)p(eilez)
+ (v = 8)[u — up(er]es + e3) — u(l — p(er|es + €3))]
=u(l —uw)[(B —v)p(eile2) + (v — d)p(e1le2 + e3)]
= u(1 —u)p(0ler)[(B =) + (1 + k=) (v —9)],

where Lemma 1.17 is used in the last equality. A straightforward application of
(1.26) allows us to find the coefficients of the cubic III in (1.69) and we obtain the
required expression for f(u)/k. O

Proof of Theorem 1.11. This is now an easy application of Theorem 1.16. Assume
v —06 < k(6 — B). Then Lemma 1.10 shows that f(u) = cju(l —u) for ¢; < 0.
Proposition 1.5 shows that Assumption 2 of Theorem 1.16 is valid for any u; € (0, 1).
The condition (1.63) holds with ro = 2 by (1.47) (recall ||g5 — gilloo = |35 — Gillco by
Proposition 1.1). The condition (1.65) is clear from the expression for h§ in (1.44).
Since f’(0) < 0 is clear from the above, and w = 2, Theorem 1.16 completes the
proof in this case. The case where the inequality is reversed follows by a symmetrical
argument, or, if you prefer, just reverse the roles of 0 and 1. O

1.7.3 Nonlinear voter models

Proof of 1.13. Consider Case 4A first. As pointed out in this Case in Section 1.5, for
L sufficiently large we may employ the mirror image of Proposition 1.7 on [0,1/2]
with p = a, the unique root of f in (0,1/2), and Proposition 1.7 on [1/2,1] with
p =1— a, along with the comparison principle (Proposition 2.1 in [2]), to see that
Assumption 1 holds for € < g¢(n) with u, = %—n, u* = %—H], vg = 0, and v; = 1—90.
(1.63) is trivial because g5 = g;. Theorem 1.15 now implies (a) and (b) in this case.
The proofs in Cases 1 and 2 are similar using Proposition 1.4 (note all the zeros are
simple in these cases) to verify Assumption 1 (see the discussion in these cases in
Section 1.5). O

Proof of 1.1/. (a) The conditions on by and A imply that fj,(0) > 0 and f] \(1) >
0. Coexistence for large L and small € is now established as in Case 2 (or 1) of
Theorem 1.13-see the discussion in Section 1.5.

(b) By taking A and L~' small, depending on (n,a), we see from (1.60), (1.61),
(1.62), and our conditions on the b; that f(,)(u) = 0 will have 3 simple roots in
(0,1), p1(A) < p2(A) < ps(A), within 1/4 of the respective roots

d<1/2<1-d

of fi(u) =0. As (1.63) is again obvious, we now verify Assumption 1 of Theorem 1.15
with u* =1-a'+2, u, = 1—a' =3, vg € (p2,u), and vy € (u*,1) (n is small so these
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intervals are non-empty). The result would then follow by applying Theorem 1.15.
The upper bound (ii) in Assumption 1 is an easy application of Proposition 1.5,
with the interval (ps, 1) in place of (0, 1), and the comparison principle.

For the lower bound (i) in Assumption 1, we use a result of Weinberger [12]. To
state the result we need some definitions. His habitat H will be R? in our setting
and his space B is the set of continuous functions from H to [0,71]. In our case
w4+ = 1. His result is for a discrete iteration u,+1 = Q(u,), where in our case Q(u)
is solution to the PDE at time 1 when the initial data is u. His assumption (3.1)
has five parts:

(i) if w € B then Q(u) € B.
(ii) If T}, is translation by y then Q(Tyu) = T,,Q(u).

(iii) Given a number «, let Q(«) be the constant value of Q(uy) for u, = a. There
are 0 < mp < m < 74+ so that if & € (mp,m1) then Qo) > a. Q(mp) = mp and

Q(m) = m.
(iv) u < v implies Q(u) < Q(v).
(v) If up, € B and u,, — u uniformly on bounded sets then Q(u,)(z) — Q(u)(x).

Clearly (i) and (ii) hold in our application. For (iii) we let mp = p2(A) and m =

p3(A). (iv) a consequence of PDE comparison principles, see, e.g., Proposition 2.1

in Aronson and Weinberger (1978). (v) follows from the representation of solutions

of the PDE in terms of the dual branching Brownian motion (see Lemma 3.3).
The next ingredient for the result is

S={zeR:z.-£< (&) forall € € S91},

where %71 is the unit sphere in R%. ¢*(¢) is the wave speed in direction ¢ defined
in Section 5 of [12]. Due to the invariance of the PDE under rotation, all our speeds
are the same, ¢* = p, and S is a closed ball of radius p or the empty set. Here is
Theorem 6.2 of [12].

Theorem 1.18. Suppose (i)-(v) and that the interior of S is nonempty. Let 8" be
any closed and bounded subset of the interior of S. For any v > m, there is an r,
s0 that if ug(x) > v on a ball of radius r, and if u,1 = Q(uy) then

liminf min u,(z) > 7. (1.72)
n—oo zenS”

To be able to use this result, we have to show that p > 0. Note that here
we require lower bounds on the wave speed of solutions to the reaction diffusion
equation in one spatial dimension. This is because traveling wave solutions in the
direction & of the form w(z - £ — pt) correspond to traveling waves w in one spatial
dimension. Recall that in the decomposition (1.59) f(u) is odd about v = 1/2, and
for large L has f/(1/2) > 0 by 3b; + by < 0. The latter shows f has 3 simple zeros in
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(0,1) at @ < 1/2 < 1 — a. The strict inequality in (1.59) on (0, 1) now easily implies
(compare the negative and positive humps separately)

D3 l1-a
Fo(u)du > / F(u)du = 0. (1.73)

p1

So by the discussion in part I1(ii) of Section 1.2 there is a one-dimensional decreasing
traveling wave solution to (1.19) (with f = f(\)) over (p1,p3) with positive wave
speed ().

To consider traveling waves over (0, p1())), we note that Kolmogorov, Petrovsky,
and Piscounov [31] have shown that if we consider

ou o?
in one dimension where f satisfies
fO)=f1)=0, f(u)>0for0<u<1, f'(u)<f(0)for0<u<l (1.74)

then there is a traveling wave solution with speed /202 f/(0) and this is the minimal
wave speed. For this fact one can consult Bramson [3] or Aronson and Weinberger
[1]. However, the intuition behind the answer is simple: the answer is the same as
for the linear equation

ou  o?

— = —Au+ f'(0)u

5%~ 3 f(0)

which gives the mean of branching Brownian motion. For more on this connection,
see McKean [35].

Now let g1 < go be C! functions on [0, 1] such that

0< g2 < foyon (0,p1), 91 =92 = fn) on [p1,1],

r 2
50 < (0,280 dhtu) < () on [0.p1] (175

and for some 0 < py < p1,

P1
gl(o) = 07 g1 < 0 on (07p0)7gl >0 on (pOapl)u/ gl(t) dt > 07 gll(o) < 0. (176)
0

The existence of such functions is elementary. By the KPP result above, the minimal
wave speed over (0,p;())) for the g2 equation is

co = 1/202g5(0) < ra(N). (1.77)

By Theorem 2.4 and Corollary 2.3 of [25] (or the discussion in part II(ii) of Sec-
tion 1.2) there is a unique traveling wave solution u(t,xz) = w(z—c;t) (w decreasing)
to the g1 equation with unique wave speed ¢; > 0 (since the integral in (1.76) is
positive) and range (0,p;). Note here and elsewhere that the traveling waves w in
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[25] are increasing and so our wave speeds have the opposite sign. By a comparison
theorem for wave speeds (Proposition 5.5 of [12]) we may conclude that

(&) Z C1. (1.78)

The hypothesis of the above comparison result is easily verified using g1 < go and
the standard comparison principle (e.g. Proposition 2.1 of [2]). It follows from
(1.77) and (1.78) that ¢; < r2(A) which are the wave speeds of the g; equation over
(0,p1) and (p1,ps3), respectively. We can therefore apply Theorem 2.7 of [25] to
conclude the existence of a traveling wave over (0,ps()\)) for the g; equation with
speed r1(A) € (c1,72(A)). The wave and its speed are both unique by Corollary 3.3
of [25]. Since f5) > g1 on [0, p3], another application of Proposition 5.5 of [42] shows
that p > r1(\) and in particular p > 0.
Using (1.72), we have proved that for 0 < 2w = p,
.. . r N
llrlrgggf‘x‘lglanWHU(n,w) 2 ps(A) =21 —d =7,
providing that u(0,z) > vy for |z| < r,. The same reasoning gives the same
conclusion with n7 in place of n for any 7 > 0. Taking 7 small enough, a simple
interpolation argument (use the weak form of the reaction diffusion equation and
smoothing properties of the Brownian semigroup) now gives Assumption 1(i) with
uy = 1 —a' — 3 where the 2w in the above helps a bit in this last interpolation step.
O

1.8 Comparison with low density superprocess limit theorem

To make a comparison between our hydrodynamic limit theorem (Theorem 1.3) and

lvd

the superprocess limit theorem of Cox and Perkins [7] we will write our perturbation
terms in a different form, which will also be useful in Section 7. Define

Es(n) = Hm for 7= (n1,...,mN,) € {0,1}Y0, S € Py, = {subsets of {1,..., Ng}},
€S

and

X(A,2,6) = [[ €@ +y), = € 2%¢ € {0,13%,
yeA

A € Py, = {subsets of Z? of cardinality at most Np}.

By adding an independent first coordinate to Y we may assume Y! has law p. If

GE(&r, . Eng) = —€721(6 = 0) + 65 (€, -, €N, (1.79)

and g; is as above without the superscript €, then

lim[|g7 — gilloo =0, (1.80)
el0
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and we may rewrite (1.7) as
hi(,8) = By (F(x+Y",...,a + YY), i =0,1, (1.81)

and similarly without the &’s. Tt is easy to check that {Zg(-) : S € Pu, } is a basis for
the vector space of functions from {0, 1}V to R and so there are reals (.(S), 5. (S),
S € Pn,, such that

> B(9Esm), G = > 6(5)Zs(n), (1.82)

5'6751\70 5'6751\70

and similarly without the ’s. If S € Py, let Y = {Y? : 4 € S}, where Y € ZNo
has law ¢ as usual. Let Fy denote expectation with respect to Y. It is easy to use
(1.81) to check that

W(,8) = Y Be(S = > BA(A)x(A,x,€) (1.83)
SEPNO AGPNO

hi(z,€) = > 0(S)Ey (x(Y¥,2,0) = Y 0(A)x(4,2,¢), (1.84)
SEPNO AEPNO

where for A € Py,

Z BE(S)P(YS = A4), 0:(4) = Z 8€(S)P(YS = A). (1.85)

SE'/SNO SE'/SNO

Analogous equations to (1.83), (1.84) and (1.85) hold without the &’s.
Now use (1.83) and (1.84) without the ¢’s, and (1.26) to see that

flu) = (1 = &£(0)h1(0,8) = £(0)o(0, )

||
- X [ wa-wrii-iramh -] s
AEPNO
Aoy
FHO(1 - - ()] 3 WPEND =], s
j=1

which is a polynomial of degree at most Ny+1 as claimed in Section 1.1. If 3(()) = 0,
then f(0) = 0 and

= ) B4 ) < 00, 7(A,{0}) = 00) —6(A)P(T(AU{0}) < o0). (1.88)

A€PN,

From (1.82) one easily derives

B-(8) = Y (=1FIVIgi(1y), 8.(5) = > (-1 Vigs (1), (1.89)

vcs vcs
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and similarly without the &’s. Therefore

1B (S) = BS)| +16:(S) = 8(S)] < 2™ (135 — G lloo + 115 — Jolloo), (1.90)

and so

D 1B:(A) = BA)| + 16:(A) = 5(A)] < 2°°()|35 = Gulloo + 1185 — Folloo)-  (1.91)
A€PN,

Our spin-flips are now recast as

celem, &) = 72 (1,6) + ) X(A,2, 8B (A)(1 = &(x)) + 8- (A)é(a)],

A€PN,
which is precisely (1.17) of [7] with e = N~Y2. If we assume
¢5(0) = 0 (and hence §;(0) = 3.(0) = 0) for small ¢, (1.92)

and the voter kernel p has finite support, then using the fact that the right-hand side
of (1.91) approaches 0 as ¢ — 0 (by (1.80)), it is easy to check that all the hypotheses
of Corollary 1.8 of [7] hold. Alternatively, in place of the finite support assumption on
p one can assume the weaker hypothesis (P4) of Corollary 1.5 of [8], and then apply
that result. These results state that for € as above if X§ = &2 _ 4 &5 (2)d, and
X5 — Xo weakly in the space M 7(R?) of finite measures on R?, then X¢ converges
weakly in the Skorokhod space of M F(]Rd)—valued paths to a super-Brownian motion
with drift & = f’(0) (as in (1.88)). In this result we are starting O(¢~?) particles
on a grid of e=¢ (d > 3) sites per unit volume, so it is a low density limit theorem
producing a random limit, whereas Theorem 1.3 is a high density limit theorem
producing a pde limit. The latter result gives a natural explanation for the drift
6 in the super-Brownian limit which was defined by the right-hand side of (1.88)
in [7]. Namely, under (1.92), in the low density limit we would expect a drift of
lim,—0 f(u)/u = f’(0), which of course happens to equal the summation in (1.88).
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2 Construction, Duality and Coupling

In this section, we first introduce a family of Poisson processes which we use to
define & on €Z?, a “dual process” X and a “computation process” ¢. The duality
equation (2.17) below gives a representation of &(z) in terms of (X, (). Next we
show that for small e, (X, () is close to the simpler (X, ¢), where X is a branching
random walk system with associated computation process f . Finally we show by a
strong invariance principle that for small ¢, (X , Q: ) is close to a branching Brownian
motion and its associated computation process.

However, our first task will be to prove Proposition 1.1 and reduce to the case
where €1 = oo in (1.7).

2.1 Preliminaries

Proof of Proposition 1.1. Let p = min{p(y;) : p(y;) > 0}, choose 9 > 0 so that
M = supg.<c, [195/loo V 195 ]loc < 00 and then choose 1 > 0 so that

El_zg > M. (2.1)

For 0 < € < &g define g5 on {0,1}° by

gz{s(gla"'afl\fo _6122 y] +gz(§17”’7§N0)7 i:0717 (22)

and define g; by the same equation without the e’s. Clearly [|¢5 — gilloo = ||35 —
Gilloo — 0 as € — 0. We may assume y; = 0. By replacing ¢ with gi1(§1 =1 —1)
and redefining h; analogously (this will not affect (1.5)), we may assume

g (&1, .., €Nny) =01if & =a. (2.3)

We now show that gf > 0. Assume first
No
> &Gnlyi) =0. (24)
1

Choose ¢ € {0,1}2" so that &(y;) = &. If £(0) = 0, then by (1.5), (1.10), and (2.2),

0<¢e(0,&) = 91(&(W1), -, €(uno)) = 91 (&1, - -, €mo)-
If £(0) = 1, then & = £(0) = 1 and by (2.3), ¢5(&1,---,&n,) = 0. Assume next that

No
> &p(yi) >0
1
Then the above sum is at least P and so
G bng) = e7°p = Gillo > e — M >0,
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the last by (2.1). This proves ¢f > 0 and a similar argument shows g§ > 0. Finally
(1.7) with Y = y; is immediate from (1.10) and the definition of g5. O

We claim we may assume without loss of generality that £; = oo in (1.7), that is,
the first term in the right-hand side of (1.7) is absent. To see why, let 72 = e72—¢ 2
for e < &1, and use (1.7) in (1.5) to rewrite the spin-flip rates of £° as

(e, &) = €2¢" (2, €) + (1 — &(@))R5 (2, &) + &(2) R (x, £),

where

b5 (2,€) = By (g7 (€@ + Y1), ... &(z + Y0))). (2.5)

So by working with ﬁf in place of h$ throughout, we may use (2.5) in place of (1.7)
and effectively set £1 = co. Note first that this does not affect the definition of the
reaction term f(u) in the PDE (1.19) since the terms involving e =2 f;(z,£) cancel
in (1.16). The only cost is that £~ is replace with £72. The ratio of these terms
approaches 1 and so not surprisingly this only affects some of the proofs in a trivial
manner. Rather than carry this €72 with us throughout, we prefer to use ¢ and so

henceforth set ¢y = oo in (1.7). (2.6)

2.2 Construction of &

Define ¢* = ¢*(g) by
"= sup [|gilloo + llgollec + 1. (2.7)
0<e<ep/2
To construct the process, we use a graphical representation. For = € de, introduce
independent Poisson processes {T%,n > 1} and {T;,"",n > 1} with rates e=2 and ¢*,
respectively. Recall p.(y) = p(y/e) for y € eZ® and let q.(y) = q(y/e) for y € eZo.
For z € eZ% and n > 1, define independent random variables Zz n with distribution
Pey Yo = (Yo, ..., Y,N0) with distribution ¢., and U, , uniform on (0,1). These
random variables are independent of the Poisson processes and all are independent
of an initial condition & € {0,1}%".
At times t = T;7,n > 1 (called voter times), we set &(x) = &— (v + Zzn). To
facilitate the definition of the dual, we draw an arrow from (z, 7)) = (x+ Zy 5, T} ).
At times t = T;,'", n > 1 (called reaction times), if &_ (z) =i we set & (z) = 1 —i if

Upn < g7_;i(&—(x + Yx{n), (x4 ij?;g))/c*, and otherwise & (z) = & (z).

At these times, we draw arrows from (z,7,") — (x + Y}, T,") for 1 < i < Np.
We write a * next to (z,7;,"") and call these *-arrows. It is not hard to use ideas of
Harris [29] to show that under the exponential tail conditions on p and ¢, (1.1) and
(1.8), this recipe defines a pathwise unique process. This reference assumes finite
range interactions but the proof applies in our infinite range setting as there are
still finitely many sites that need to be checked at each reaction time. To verify
this construction and to develop a useful dual process we now show how to compute
the state of = at time ¢ by working backwards in time. It is easy to verify that

¢ is the unique in law {0, 1}2'-valued Feller process with rates given by (1.3) and
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(1.5), or more precisely has generator as in (1.12). For example one can recast the
graphical representation in terms of SDE’s driven by Poisson point processes and
use stochastic calculus as in Proposition 2.1(c) of [8] (it is easy to verify condition
(2.3) of that reference in our current setting).

We use B5” to denote a continuous time random walk with jump rate e~ and
jump distribution p. starting at z € €Z¢ and drop dependence on z if z = 0. We
also assume

2

{B*® : z € ¢Z%} are independent random walks distributed as above. (2.8)

It will be convenient to extend the Poisson times to the negative time line indexed
by non-positive integers, and hence have {T*,n € Z}, {T;;",n € Z} with the as-
sociated {Z; ,,n € Z} and {(Yyn, Uy pn),n € Z}, respectively. At times it is useful
to work with the associated independent Poisson point processes of reaction events
AZ(dt, dy, du) (x € eZ%) on R x eZ4No x [0, 1]) with points {(T3"*, Yz, Uz.pn)} and in-
tensity ¢*dt x g. X du, and also the independent Poisson point processes of walk steps
AZ (dt,dz) (x € eZ%) on R x eZ¢ with points {(T, Z, )} and intensity e~2dt x p..

2.3 The Dual X

Fix T > 0 and a vector of M 4+ 1 distinct sites z = (2°,...,2M), each z; € eZ%. Our
dual process X = X*7T starts from these sites at time 7" and works backwards in
time to determine the values &7 (z;). X will be a coalescing branching random walk
with X = (z0,..., 2p,00,...) taking values in

D={(X° X ...)eD(0,T],R U {c0}) 2+ :
3Ky € Zy s.t. XF =00Vt €[0,T] and k > Ko}

Here oo is added to R? as a discrete point, D([0, 7], R?U{co}) is given the Skorokhod
J1 topology, and D is given the product topology.

For X = (X%, X'...) € D, let K(t) = max{i : X} # oo}, define i ~; 7
iff X; = Xfl # oo, and choose the minimal index j in each equivalence class in
{0,... K(t)} to form the set J(t). We also introduce

It) ={X}:icJt)} ={X]: X] # o0}

Durrett and Neuhauser [20] call I(¢) the influence set because it gives the locations
of the sites we need to know at time T — ¢, to compute the values at 2°,...,2M at
time 7.

To help digest the definitions, the reader should consult Figure 6, which shows
a realization of the dual starting from a single site when Ny = 3. If there were no
reaction times 7, then the coordinates X7, j € J(¢) follow the system of coalescing
random walks dual to the voter part of the dynamics. Coalescing refers to the fact
that if X7 = X? for some s and 7,7, then Xg = Xgl for all t € [s,T]. Jumps
occur when a particle in the dual encounters the tail of an arrow in the graphical
representation. That is, if j € J(s—) and x = X?_ has T—s = T* then X = z+ZZ.
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0 dual X,

1
1 /23
T— Rl Rl
4
T — Ry p 6 Ry
7 89
T— Rg R3
10 \11

T — Ry 12 Ry
T T
G J(T) = {4, 1, 0, 10, 2, 12, 3}

Figure 6: An example of the dual with Ny = 3.
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It coalesces with X’ = x + ZZ if such an i exists, meaning that iV j is removed from
J(s—) to form J(s). If B? is a rate e =2 random walk on eZ? with step distribution
pe then the coalescing random walks in the dual X follow coalescing copies of B®.

To complete the definition, we have to explain what happens at the reaction
times. Put Ry = 0, and for m > 1 let R,, be the first time ¢t > R,,_1 that a particle
in the dual encounters the tail of a *-arrow. If

j€J(Rp—) and z = X}{m_ has T — R,, = T5y"" for some n, (2.9)

we let p,, = j denote the parent site index. In the example in Figure 6 p; = 0,
p2 =1, pu3 =3, and g = 2.
We create Ny new walks by setting ¥) =Y .1 <17 < Ny,

z,m?

K(Rpm) = K(Ry-1) + Ny, and
X}I%{(Rmfl)‘f"l’

m

) (2.10)
:J}—I-Y;"L,Z':l,...,No.

The values of the other coordinates X7, j € J(Rm—), i’ # pm remain unchanged.
Each “new” particle immediately coalesces with any particle already at the site
where it is born, and we make the resulting changes to J(R,,—) to construct
J(Ry) D J(Rpm—). To compute &r(2%), we will also need the random variables

Up, = U, where z, m, and n are as in (2.9). (2.11)

This computation is described in the next subsection.
K (s) changes only at reaction times and always increases by exactly Ny, so

K(s) = M + mNy, for s € [Ry,, Rpnt1)- (2.12)

Let F; be the right-continuous (time reversed) filtration generated by the graphical
representation restricted to [T —¢,T'), but excluding the {U, ,}. More precisely F;
is the right-continuous filtration generated by

{A2([T —5,T) x A): s < t,x € eZ A C 7%}, (2.13)
{A2([T — 5,T) x Bx [0,1]) : s < t,B C eZN0 x € eZ%}.
The {R,,} are then (F;)-stopping times and X is (F;)-adapted. Since
P(Ry41 — Ry, € +|Fr,,) is stochastically bounded below by an exponential random
variable with mean (c*(M + mNp))~!, R, 1 0o a.s. (recall our graphical variables

were extended to negative values of time) and the definition of X is complete.
Note that

Hrm
fm is FRr,, — measurable and dy;, r7,, = Ai{Rm*({T — Rp,} x ). (2.14)

As the above time reversed Poisson point processes are also Poisson point processes,
one may easily see that

{Y,,} are iid with law ¢. and Y, is Fgr,, — measurable, (2.15)
and

{Uy,} are iid uniform on [0, 1] and are independent of F. (2.16)
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2.4 The computation process (

Given an initial time tg € [0,7), the coalescing branching random walk {X;,s €
[0,T" — to]}, the sequence of parent indices {fi,}, the sequence of uniforms {Up,},
and a set of initial values in {0, 1}, Gy, (j) = &0 (X7_,,), J € J(T —to), we will define
{¢(k),r €[0,T],0 <k < K((T —r)—)} so that

Cr(k) = &(XE_) for all 7 € [tg, T] and k < K((T —r)—). (2.17)

The left hand limits here reflect the fact that we have reversed the direction of time
from that of X.

In general we consider a general initial state (4, (j) € {0,1}, j € J(T' —to). First
we complete this initial state by setting (i, (k) = (o (7) if k& ~r_yy 7 € J(T — to).
Suppose that for some m > 1, R, is the largest reaction time smaller than T — tg.
The values ¢, (k) do not change except at times T'— R,,, so (, = (y, for r < T — R,y,.
We decide whether or not to flip the value of  at p,, at time ¢t — R,, as follows.
Define V;,, € {0,1}o by

:C(T—Rm)—(M+(m_1)N0 +])7 jzlv"'vNO' (218)
Letting i = ((7_g,,)—(ttm) We set

1—i U, <g1-i(Vin)/c*
CT—Rp) (im) = { 1=i(Vm)/

_ (2.19)
7 otherwise.

To update the dual now, for k < M+(m—1)Ny = K((T— (T —R,,))—) and k # pim,

if k ~g,, m set (r—g,, (k) = (r-R,, (Hm) - (2.20)

Otherwise we keep ((7_r,,)(k) = (r—Rr,,)— (k).

The values ¢ (k) remain constant for » € [T' — R,,,T — R;,—1). Coming to
r=T—Ry_1,if m—12>1 we proceed as above. When we reach r =T — Ry =T
we end by setting (7 = (r—. If &,(j) = §(Xgp_t0) for j € J(T — tg), the verification
of (2.17) is an easy exercise from the definitions of X and (.

2.5 Branching random walk approximation X

Due to the transience of random walk in dimensions d > 3, and the fact that the
random walk steps are occurring at a fast rate in X when ¢ is small, any coalescing
in X will occur soon after a branching event and close to the branching site. As in
Durrett and Zahle [23], such births followed quickly by coalescing are not compatible
with weak convergence of the dual. Thus we need a way to excise these events from
X. As in [23] we define a (non-coalescing) branching random walk X and associated
computation process . Later we will couple (X, ¢) and (X, ¢) so that they are close
when ¢ is small.

For m € N, II,,, denotes the set of partitions of {0,...,m} and for each 7 € II,,,,
Jo(7) is the subset of {0,...,m} obtained by selecting the minimal element of each
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cell of w. Write i ~ j if i and j are in the same cell of w. Let {BY",i =0,... No}
be the rate one coalescing random walk system on Z¢ with step distribution p and
initial points at Y0 =0,Y!, ... YN0 where (Y!,...,Y™0) has law q. Let vg denote
the law on Iy, of the random partition associated with the equivalence relation
i ~ jiff BY'(t) = BY(t) for some t > 0. For ¢ > 0 let v. denote the law on
IIy, of the random partition associated with the equivalence relation i ~° j iff
BY'(e73/2) = BY?(¢73/2). Note that e3/2 = /2672 50 this is a short amount of
time for the sped up process. For later use when we define the branching Brownian

motion Z we note that since e =3/2 — 00,
ve converges weakly to g ase | 0. (2.21)
As before we will have a fixed T' > 0 and distinct sites zp, ..., 2y in €Z% Our

branching random walk X will have paths in D and an associated set of indices
J(t) = {j : X} # oo} Let my € Iy be defined by the equivalence relation i ~ j
iff B '#i(e73/2) = B '2i(e73/2). In words, mo will be used to “mimic” the initial
coalescence in X of the particles starting at z; before any reaction events occur.

For n > 1 let m, € Iy, be iid with law v, and independent of 7y. From {7, } we
inductively define a sequence of nonempty subsets {jn} of Z, by Jy = Jo(mp) and
forn >0

Jpi1 =y U{M +nNo+j: j € Jo(mni1) \ {0}}. (2.22)

Set Ry = 0 and conditional on {m,} let {R,41 — R, : n > 0} be independent
exponential random variables with means (¢*|.J,,|)~", and let {/i,,} be an independent
sequence of independent random variables where ji,,, n > 1, is uniformly distributed
over jn_l. [, is the index of the particle that gives birth at time Rn

To define X inductively we start with

Xg = z; if j € Jo = J(0) and oo otherwise. (2.23)

On []A%n,f%nﬂ), the X7 : J € J,, follow independent copies of B¢ starting at Xj% .
At Rn+1 we define

- X’%nﬂ_ if j € J, =J(Rn),
J _ ) $hintr e s F -
XRn+1 = XI%H— if j€Jpi1— Jn,
00 otherwise.

Note that offspring are no longer displaced from their parents and that coalescence
reduces the number of particles born at time Rn+17 but otherwise no coalescence
oceurs as J(t) = J, on [Ry, Rps1). Thus, conditional on the sequence {m,}, X is
a branching random walk starting with particles at z;, j € Jy(mp), with particle
branching rate ¢* and giving birth to |m,| — 1 particles on top of the parent X ;’;

(who also survives) at the nth branch time Ry.
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2.6 Computation process f

As we did for X, for ¢ty € [0,7) we now define an computation process {CT( ):0<
k< K(T —7r)=),r € [to,T]} for X. Here K(s) = M + mNy if s € [Rp, Ryi1)-
Given are the branching random walks {X,,s € [0,T—tg]}, the associated sequence
{Tn, Rn, fin}, a sequence of iid random variables {U,}, uniformly distributed on
[0,1] and independent of (X, {mn, R, fin : n € N}), and a set of initial values
Cio(4),j € J(T —ty). In the next section when we couple (X,¢) and (X,{) we
will set U, equal to U, defined in (2.11). Define an equivalence relation = i, on
{0,..., M +nNy} by

M+ (m—=1)No+j=p M+ (m—1)No+i(1<i,j<No,1<m<n)iff j~r,
M+ (m—1)No+j~p fim (1<j<Nop,1<m<n) iff j~g, 0, (2.24)
J=g i (0<i,j<M) iffjrg i
Finally if R, <t< Rn+1 define 7 ~; j iff ¢ Rp J for 0 < i,j < M 4+ nNy. To
prepare for the proof of Lemma 2.10, note that the definition of ¢ that follows is

just the definition of ¢ with hats added and = used in place of ~.

~ First we complete the initial state (;, by setting Cio (k) = G (4) if K Rty J €
J(T —ty), k < K(T —ty) = K((T' —to)—) a.s. Suppose that for some m > 1, R,, is
the largest branch time smaller than T"— to. The values Cr( ) do not change except
at times T — Rn, o) CT = Cto for t < T — R,,. We decide whether or not to flip the
value of C at fi,, at time t — R,, as follows. Deﬁne Vin € {0,1}Y0 by

Vi =l py (M+(m—=1)No+7), j=1,...,No. (2.25)

Letting 7 = é(T—Rm)—(ﬂm) we set

. . 1—i if Uy < g5_(Vin)/c*
(i) = i 2.26
C(T_Rm) (im) {z otherwise. ( )
To update ¢ now, for k < M + (m —1)Np and k # f[in,
it kg fimset Gp_p (k) = (g, (im) (2.27)

and for the remaining values of k < M + (m — 1)Ny keep

~

éT_Rm(k) = C(T_Rm)_(k)~
The values (.(k) remain constant for r € [T' — Ry, T — Rp_1). Coming to

r=T— Ry 1, if m —1 > 1 we proceed as above. When we reach r =T — Ry=T
we end by setting CT = CT—
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2.7 Coupling of (X,¢) and (X, ()

We now give a construction of X, ¢ which will have the property that with high
probability for small ¢, (i) X and X are close and (ii) given identical inputs, ¢ and
CA will compute the same result. As before, T > 0 and z = (20, ..., 2r), 2 € eZ? are
fixed. Recall the reaction times R,,, the uniform random variables U,, from (2.11),
and the natural time-reversed filtration F; used in the construction of the dual X
given in (2.10).

The following general definition will be used to construct the partitions {m, :
n € Z,} needed to define X (distributed as in Section 2.5) in terms of the graph-
ical representation. Let V' be an Fi-stopping time (think of V' = R;,), and let
Y-y € €24 € €Z% be Fy-measurable. Let {Ee’%’ ci=0,...,M'} C ez?
be the rescaled coalescing random walk system, starting at time V at locations
Y0, ---,Ym, determined by the {77} in the graphical representation. That is,
{Be’% :9=0,...,M'} are as described in Figure 6 but now starting at time 7' — V/
at sites 4o,...,7);. For each ¢ > 0 let my,(t) € IIjp be the random partition of
{0,..., M'} associated with the equivalence relation i ~ i iff B=7i(t) = B (t). We
call Ty (t) the random partition at time V +¢ with initial condition v = (o, ..., vm)
at time V.

Let mg = mp,.(v/€) € Iy be the random partition of {0, ..., M} at time /e with
initial condition z = (zp, ...,z ) at time 0, and note that its law is the same as the
law of the 7y described just before (2.21). For m > 1 let

Ym = (XG", X +Ynl~u~-=X1’ng + Y, Noy

and {7 ,m € N} be an iid sequence with law v. and chosen independent of F,.
For m € N, define
- {me,,m(\/g) if R, > Rp_1++Eforalll<n<m (228)

/

m otherwise.

T

By the translation invariance and independent increments properties of the Poisson
point processes used in the graphical representation and also (2.15), 7, is indepen-
dent of Fp 1 zVo(m,n<m)= Fm—1, and has law v. defined just before (2.21).
It is also easy to check that 7, is F;,-measurable (m > 0) and so {m,,, m > 0} are
independent and distributed as in Section 2.5.

For m € N let

71 =inf{s > R,,—1 : i # j both in J(R,,—1—), or
i € J(Rym1—)\ {ttm-1}:7 € J(Rm-1)\ J(Rm_1—), so that X! = X7},
Tm =inf{s > Ry_1 ++e: inf |X!—XJ| <8
i#JE€J(s)
Y =max{|V'|:i=1,...,No}.
We introduce the time, Tj, that one of four possible “bad events” occurs:

Ty =min{R,, :m >1,Ry, < Rp_1 ++eor Y, > Zlog(l/s)}

Amin{r, :m > 1,7, < Rp} Amin{r, :m > 2,7/, < Ry_1 + e}
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Here min() = co To see why the last two minima should be large, note that after
a birth of Ny particles from particle u,, at time R,,, we expect some coalescence
to occur between the parent and its children. After time 4/, particles should all
be separated by at least ¢7/® and remain that way until the next reaction time
when again there may be coalescing within the family producing offspring but no
other coalescing events. The qualifier m > 2 is needed in the last minimum because
we have no control over the spacings between particles at time 0. The collision
of particles 2 and 7 in Figure 6 is an example of a bad event that enters into the
definition of 74. We assume throughout that

0 < e < e1(k) so that %log(l/s) <e"/8)2, (2.29)

Given {m,} we now construct X and A(s) = ((fin, Bn)1(Rn < $))nen (with the

law described in Section 2.5) initially up to time 7" = T}, A T}, where
Ty = min{R,, : m > 1, Ry — Ryp_1 < e}

Once one of the five bad events (implicit in the definition of T ) occurs, we will give
up and continue the definition of the branching random walk using independent
information. The coupling of X and X will be through our definition of {m,} and
also through the use of the random walks steps of X7 to define corresponding random
walk steps in X7 whenever possible, as will be described below.

We begin our inductive construction by setting Ry = 0, J (0) = Jo(mp), and
define X as in (2.23). Note that

J(0) = J(\/g) = Jo(mp) if Ry > Ve. (2.30)

Assume now that (X, A) has been defined on [0, Ry, AT]. Assume also that Ry, < T
implies the following for all 1 <7 < m:

~

RZ’ = RZ‘, [Ll = M, (2.31)

J(Ri) = J(Ric) U{M + (i = )No +j : j € Jo(m) \ {0}}.  (2.32)

J(Ri—1) = J(s) C J(s) for all s € [Ri_1, R;). (2.33)

J(s) = J(s) = J(Ri—1 + V) for all s € [Ri_1 + vz, Ry), (2.34)

The m = 0 case of the induction is slightly different, due for example to

the special nature of my, so let us assume m > 1 first. To define (X ,A) on
(R AT, Rpmi1 A T] we may assume Ry, (w) < T'(w) and so (2.31)-(2.34) hold by
induction. On (R, (Ry + /&) A Ryt A T) let (X, A) evolve as in Section 2.5
conditionally independent of Fo, given {m,}. Here it is understood that the unused
partitions {m; : i > m} are used to define the successive branching events as in
(2.22).
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Next, to define (X,{l) (R + &) A Rypi1 AT, Ry A T] we may assume
Rp(w)+ e < Rppy1 ANT(w ) By the definition of T} this implies Ry,41 > Ry 4+ /2
and so for all s € [Ry,, Ry, + /2],

J(s) = J(Rm) = J(Rpm—1) U{M + (m —1)No + j : j € Jo(mm) \ {0}}
J(Rm—1+Ve) U{M + (m —1)No+j : j € Jo(mm) \ {0}(}- |
2.35

In the first equality we used (2.32) and in the second we used (2.33) and (2.34) with
s = Ry—1 + /. The fact that 7,,, < R, (since Ty > R,;, + 1/¢) shows there are no
coalescings of X on [R,,—1 + /¢, Ry,) and so

J(Rp—1 +VE) = J(Rm—). (2.36)

Again use T}, > R, + /€ together with (2.29) to see that Y,y < =log(l/e) < 57/8
and so the spacings of the previously existing particles at time R < Tm ensures
that none of the Ny new particles at time R, will land on a previously occupied
site. Therefore if

Ji(Y) = {1 <j < No: Y3 ¢ {V:0<i<j}},
then
J(R,,) = J(R VU{M 4+ (m—1)Nog+j:je Ji(Ym)}.

The fact that Ry,4+1 A T, +1 > R,, + /¢ means that X has no branching events in
(Rp, R + v/] and X has no particles coalescing on [R,,, Ry, + /2] except those
involving X fem "+ Yi i=0,...,Ng. Therefore, the definition of 7, ensures that

J(Rin +VE) = J(Rm—) U{M + (m — 1)No +j : j € Jo(mm) \ {0}}.
= J(s) for all s € [Ryn, R + Ve, (2.37)

where in the last line we have used (2.35) and (2.36). For s € [Ry 4 /&, Rms1 AT)
we have s < T,,+1 and so

| X7 —XF| > &™/% for all j # k both in J(s), for all s € [Ry++/z, Ry 1 AT). (2.38)

In particular X can have no coalescings on the above interval and so J (s ) J(Rp+
VE) for s € [Rym+ /2, Rmns1 AT). On (R + /2, Rins1 AT let (X1, 5 € J(s)) follow
the random walk steps and branching events of {X7 : j € J(s)} (of course there is
at most one of the latter at time R,,4+1 providing R,,11 < T) In particular we are
setting

J(s) = J(s) = J(Rm + V) for s € [Ry+ e, Riy1 AT) or s =T < Ryi1. (2.39)

(2.38) shows that the random walk steps and branching events for distinct particles
of X on (R,,++/¢, Rm+1/\T] are independent. In addition, these steps and branching
events are independent of the random walk increments used to define {m,}. This
shows that X evolves like the branching random walk described in Section 2.5 on
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(R, Rm+1/\T), and on (R, Rpm+1 /\T] if either 7' < Ryi1,0r R4/ > Rm+1/\T.
(In the latter case the first part of the above construction did the job and in the
former case there is no reaction event to define at 7' A Ry = T) So to complete
the construction at t = R+1 A T we may assume

Ry ++Ve <Ry <T. (2.40)

The above definition shows that Rm+1 = Ryp+1, we use (2.32) with i = m + 1 to
define J (Rim+1) and we set fi+1 = fme1. Clearly fi,41 is uniform on J (Rp) =
J(R,, + v¢) (given {m,}) and is independent of {ji, : n < m}. In addition the
branching events used to define {/i, } are independent of the random walk steps used
to define {r,}. This completes our inductive definition of (X, A) on [0, Ryy1 A T].

Next we complete the inductive step of the derivation of (2.31)-(2.34) for m + 1
under (2.40) which is in fact weaker than the Ry, < T condition. (2.39) implies
(2.34) for i = m + 1, and (2.31) and (2.32) hold by definition. On {R,, + ¢ <
Ry < T} J can only decrease on [R,,, R, + /2| due to coalescings of the random
walks, while J is constant on this interval by (2.37). The inclusion (2.33) therefore
follows from the equality in (2.34).

To complete the inductive construction of (X, A) on each [0, Ry, AT] and proof
of (2.31)=(2.34) it remains to give the m = 0 step of the construction and verify
the m = 1 case of the induction. Both follow by making only minor changes in
the above induction step. For example, (2.30) is used in place of the (now non-
existent) induction hypothesis (2.32) both in defining X on the initial interval and
in obtaining (2.37) for m = 0.

Since R,, 1 0o a.s. we have defined (X, A)(s) on [0,7] and to complete the
definition we let it evolve conditionally independently (given {m,}) for s > 7.

The above construction and (2.16) show that

(X, {7}, {tn}, X, {fin}, {Rn}) is independent of {U,,}, (2.41)

where {U,} are the uniforms from (2.11). Therefore the computation process ¢ for
the above X may be defined as in Section 2.6 but with U, = U,,.

Lemma 2.1. (a) For allm € Z4, Ry, < T} and Ry, < Ty, imply Ry, = Ry < T
(b) For allm € N, if

Gy, = {w :</\;'11Ri - Ri—l) N (/\:n—;lTZ/ — i—1> > \/g,
R, <7 Vi< m,rgaxlﬁ-* < —log(l/e),/\ﬁlﬁi — Ri_1 > e},
<m K

then G,, C {]%m =R, < T}

Proof. (a) The implication is trivial for m = 0 so assume it for m and assume
also Rm+1 < Ty, Rm+1 < Tb By induction we have R, = R < T. Since
Ry A Rm+1 > Rm + /&, we also know T > Ry, + V€. The construction of X on
(R 4 /&, Rms1 A T] shows that the next reaction time of X on this interval must
be Ry, (if it exists) and so T, > Ryyt1. Since Ty, > R,,+1 by hypothesis we get
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(R + Ve, Rmt1 A T] = (Rm + /&, Rim+1]. Hence our construction of X on this
interval shows R,,+1 = Ry,+1 and so the result follows for m + 1.
(b) The first four conditions in the definition of G,, imply

Ty > Rm+1 A T7In+2 ATyl > R

The last condition implies T}, > R,,. Now apply (a).
O

As an immediate consequence of the above and our inductive proof of (2.31)-
(2.34) we get the following:

Lemma 2.2.
Gm = Ry <T' = forall1 <i<m (2.31) — (2.34) hold.

On G,, and on the intervals [R,,,_1++/&, R,,) our definition of X and Lemma 2.1(b)
shows that the movement of particles in X and X are coupled (they take identical
steps) but on [Ry,—1, Rm—1 + +/¢) they move independently. To bound the discrep-
ancies that accumulate during these intervals we use:

Lemma 2.3. Ifw € G,,, then

sup{|X? — XI|:j € J(s), s €[0,Rp)} (2.42)
m—1
< (m—1)"log(1/e) + sup X7 — X2 |+ X — X3 |.
K - R, t
1=0 J€J(Ri),5€[Ri, Ri+/e]

Proof. Suppose first that m > 1 and we are on GG,,. By the coupling of the spatial
motions noted above, for j € J(R;,—1)

sup | X{ - X][= sup | X — X
SE[RmflyRm) SE[Rmfl,Rmfl'i‘\/g]
J J J J
é |XRm71 o XR77L71| + Sup |Xg o XRmfl |
Se[RmflyRmfl‘F\/g]
j J
+ sup X! =X -

SE[Rmfl,Rmfl +\/a

On G,,, a newly born particle to ngmil_ may jump a distance at most = log(1/¢)

from its parent, while for X émil_ it will be born on its parent site, so the above is
at most

N €
sup  |Xp . — Xk |+ —log(1/e)
k€EJ(Rm_1-) K

s o . j
+ sup |X] - X% [+ sup |X] - X% ]
Se[RmflyRmfl“l‘\/a SE[RmflyRmfl"l‘\/a

Things are simpler when m = 1 because there are no initial jumps to worry about
and so the second term in the above is absent. The required bound now follows by
induction in m and the fact that G,, is decreasing in m. O
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2.8 Bounding the probability of bad events

Here and in what follows it is useful to dominate X with a branching random walk
X, also with paths in D and with the same initial state. Particles in X follow
independent copies of B® and with rate ¢* give birth to Ny particles located at
Bf +Yi i=1,...,Ng, where B{ is the location of the parent particle. At the
mth birth time R, we use XM+(m=UNo+i i =1 'Nj to label the new particles,
so that if J(t) = {j : X] # oo}, then J(R;,) = {0,..., M + mNy}. Coalescence
is avoided in X by having the coalescing particle with the larger index have its
future steps and branching events dictated by an independent copy of the graphical
representation. This will ensure that J(¢t) C J(¢) and {X7(t) : j € J(t)} C {XI(¢) :
j € J(t)} forall t > 0.

Let N7 = min{m : R,,, > T} and define N7 in the same way, using the branching
times {R,,}. Let

Cp = C*NO > 1. (2.43)
We will also need to separate the particles in X and so define
Fm=inf{s > Rp_1 ++e: inf [X!—XJ| <8}, meN. (2.44)
i£J€J(s)

Lemma 2.4. There is a constant cs; so that for allT >0 and n € N
(a) P(NT > n) < P(NT > n) < ech(M + 1)(nN0)_1.
(b) P(mini<pm<ng R — Rim—1 < VE or minj<,meny By — Ryt < \/E)
< Cg,4€ch(M + 1)61/6.
Proof. (a) The first inequality follows from the domination of X by X. For the
second one note that FE(J(T)) = (M + 1)e®” and conclude

P(Np>mn) < P(|J(T)| = M + 1+ nNo)
< (M + 14 nNo) H(M + 1)eT.

B (b) Let Z be a mean one exponential random variable. The domination of X by
X shows that for any n > 1,

P( min R, — Rmn-1 3\/E> §P< min_ R, — Ry < \/;:)
1<m<Nr 1<m< Ny

Z
M+1+(m—1)

gP(NT>n)+Zn:P< Nog\/E)
m=1

< T (M +1)(nNo)~* + fj (M +1+ (m — 1)No)Ve,

m=1

by (a). Now set n = [¢~1/%] and note that the sum is at most (M + 1)ny/e+n?No+/E.
A similar calculation gives the same upper bound for the R,,’s. |

Lemma 2.5. There is a constant cs 5 so that for all’T >0

P(Y;, > %log(l/a) for some m < Np) < cg 5T (M +1)e'/?
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Proof. By (a) of Lemma 2.4, P(Ny > n) < e®T(M +1)(nNg)~!. Using (1.8) gives
Py, > %log(l/s) for some m < n) < nCe.

Taking n = [¢~1/?] now gives the desired result. O
The following facts about random walks will be used frequently.

Lemma 2.6. Let Z; denote a continuous time rate 2 random walk on Z% jumping
with kernel p, and starting at © € Z% under P*, and BE be our continuous time
rescaled copy of Z, starting at z € eZ* under P,.

(a) For anyty >0, 79> 1, x € Z% and p > 2,

o0

P*(|1Z| <o for some s > tg) < 62'6‘/

to

[[(\m]—ro)ﬂ_p(spm\/s)} A [(s\/l)_d/Qrg] ds.
(b) sup, P*(|Zs| < e='/8 for some s > e73/2) < ¢y 53/5.
(c) For any z € eZ%, ro > 1

P,(|B;| < roe for some s > 0) < CQ.6’(|Z|€_1)_(2/3)(d_2)’r’§(d+1)/3.

Proof. (a) Use T'(tp,y) < oo to denote the time of the first visit of Z to y after time
to, and let

G:/ P%(Z, =0)ds
0

be the expected time at 0 (which is finite since d > 3). Then

| Pz = s = (1T to)@) <) [ PUZ g = 9)ds)
T(to,y)(w)

to

= GP*(T(ty,y) < 00).

Summing over |y| < rg for 79 > 1 and rearranging, we get

o0

P*(|Zs| < 1o for some s > tg) < G™* Z P*(Zs =vy)ds
lyl<ro 10
[e.9]
=G [ P*(|Zs| < ro)ds. (2.45)

to

A martingale square function inequality shows that for p > 2,
P*(|Zs| < 10) < PY(1Z4| = (Ja] = r0)*) < el(ja] = o) ") P)(s" v s).  (2.46)
A local central limit theorem (see, e.g. (A.7) in [0]) shows that
PP(|Zs| < 10) < e(s V1)~ ¥2rd, (2.47)

Use the above two inequalities to bound the integrand in (2.45) and derive (a).
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(b) Set 79 = e~ /% and ty = £73/2 in (a) and use only the second term in the infimum
inside the integral. The right-hand side is ce=(¥/8)=(3/2+(d/4) Ty complete the
proof we note that exponent is smallest when d = 3.

(c) We may assume without loss of generality that ro < |z]e71/2 = M/2 (or the
bound is trivial) and so t; = M4/3r§/3 > 1. Apply (a) with p = 2d and break the
integral at ¢; to see that the probability in (c) is

- t1 S
p* 1(\Z5] < 1 for some s > 0) < c[/ M~2(s? v s)ds +/ s_d/zrf)lds}
0

t1

IN

C(M—2dtzli+1 + t}_(d/z)rg)
_ 9} 2(d+1)/3
cM—2/3)(d 2)T0( +1)/3.

IN

Lemma 2.7. P(7,, < Ry, or 7y, < Ry, for some 1 <m < Nr)
< Cg_7€ch(M+ 1)263/32-

Proof. To bound P(7,, < Ry, for some 1 < m < Nrp), we start with

P(Tm < Ru|Fr, ) < P(Rm > Rm_1 + V7, 3i # j both in J(Rpm_1 + V2), s.t.

inf 1XE — XI| < /8| FR,, ).
\ﬁ"rR'mflSSSRm

Now i # j both in J(R,,—1 + /) and R,;, > Ry,—1 + /¢ imply i,j € J(R;,—1) and
Xt £ X) for all s € [Ry—1, Rim—1 + /€. Therefore, the above is at most

> P(Xi-X]#0, Vs €[Ry1,Rm-1+ Ve, (2.48)
i;éjEJ(Rmfl)
X1 — X1 <% 35 > Ry + VE|FR,, ).

If Z as in Lemma 2.6, we may use (b) of that result to bound the above by

|J(Rim—1)|? sup P(|Z,| < e~ /% 35 > e73/?)

20#0

< (M 414 (m—1)Ny)? - ee3/®
Using Lemma 2.4(a), we conclude

P(1y, < Ry, for some 1 < m < Np)

< (M +1)(nNo) ™" + D (M + 1+ (m — 1)Ng)?e=/5.
m=1
To bound the sum we note that for a,b > 1,

n

Z(a + (m —1)b)* < /On(a + 2b)* dx = %[(a + nb)? — a3] < ca®(nb)3.

m=1
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Taking n = [e=3/32/Ny] gives the desired bound. A similar calculation (in fact there
is some simplification) gives the same upper bound for

P(7m < R,, for some 1 < m < Nrp.)

Lemma 2.8.

P( min 7,1 — Ry < VE) < coge® (M + 1)21/40,
1<m<Np

Proof. Define S,, D G, as Gy, (in Lemma 2.1) but without the lower bounds on
/\mng’ — R;—1 or N1 R; — R;_1. Note that S, € Fg,, and if w € S,,, then

Xk — X;%m\ > &7/ for all distinct i,5 € J(Rpm—). (2.49)
In addition, since Y, < =log(1/¢) we have that for all i € J(Ry—) — {um}, j €
J(Bm) = J(Bm—)
Xh, — Xp | =78 - %log(l/s) > /89 (2.50)
since € < e1(k) (recall (2.29)).

If T} is the return time to zero of the random walk Z in Lemma 2.6, we have
(see P 26.2 in [11] for d = 3 and project down for d > 3)

P (Ty < 00) < c|zo| ™t (2.51)
Use (2.49), (2.50), and (2.51) with scaling, and the bound
|J(Rp—)| < M+ 14 (m—1)N
to see that on S, € Fg,,,
P (17,01 — Rin < Ve|Fr,,)
< c[(M + 1+ (m—1)No)%e/® + (M + 1 + (m — 1)No)Noe'/®]
< (M +1)?m2NgeV/e, (2.52)

Using the bound in Lemma 2.4(a), we conclude

P( min 7/, —Rmﬁ\/E,SNT>

1<m<Np

< P(Np > n) +ZP Np =k, Sy, gugkf | — R < V/E)
k=1

< 94T (M + 1) (nNg)~ +ZZP s Tons1 — R < VE).
k=1m=1

Using (2.52) now, the above sum is at most

eNG(M + 1) nal/SZm < o(M +1)%n'el/5.

m=1

Take n = [¢~ /4] and use Lemmas 2.4, 2.5, and 2.7 to bound P(Sg,.) to get the
desired result. O
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2.9 When nothing bad happens, (X, () and (X, é) are close

The next result gives a concrete bound on the difference between X and X and
deals with the final interval [R,,, Ry, A T]. Let

Gm:Gmﬂ{TERm}, m e N,
and for 0 < 8 < 1/2, define

G =Gy, N{sup sup | X! — XJ| <10}
s<T jed(s)
N{T ¢ UNT MRy, Ry + 26 (2.53)
Allowing smaller 8 values will be useful in Sections 3 and 4, but for now the reader
may take = 1/2.

Lemma 2.9. There is a cog and £5.9(k) > 0 so that for any T > 2, 0 < ¢ <

€2.9\K),
( ) ~B e T 2_LAL
P((G})°) < 296" (M 4 1)%em0”5.

On ég we have J(s) = J(s) for all s € [T — &5, T), and |X{p - Xgp| > £7/8 for all
i#jin J(T).

]froof. Dependence on B will be suppressed. For s as above, Lemma 2.2 implies
J(s) = J(s) on Gp since s € [Rn(r)—1 + Ve, RN(T ) on Gp. The last assertion of

the Lemma holds on G7 because on GT, TN(T) 2 RN( 1) and
T € [Ry(r)-1 + V&, Ry(r)) = [Rn(r)—1 + V&, Byr).-
Lemmas 2.4, 2.5, 2.7, and 2.8 imply
P(G%,) < ce®T (M + 1)%eM/40, (2.54)
To deal with the first additional good event in G, we note that by Lemma 2.3

P(Gp,,sup sup | X7 — XJ| > /%) < P(Np > n)
s<T jed(s)
- n—1 ' ] ‘ )
—i—P((n—l)—log(l/a)—FZ sup sup  |XI — X4 |+ |X] - X7, | >al/6>
K O R i :
i=0 J€J(R;) sE€[Ri, Ri+/e]

By (a) in Lemma 2.4 the first term is at most e®” (M + 1)(nNg)~'. If
(n— 1)% log(1/e) < €62, (2.55)

then it enough to bound

n—1 o - 1/6
P Z sup sup | X] - X% |+ |X] - X% | > £
P OJEJ(Ri)SE[Ri,R#\/—] ’ 2
- 21/6
Z M +1+iN 2P( sup |BS| > —) < ¢(M + 1)n2Ny - n%e~2/6172
—o s<\[ 471
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by the L? maximal inequality for martingales. If n = [¢~ /4% (so that (2.55) holds
for € < e9.9(k)) the above gives

P (GNT, sup sup | X7 — X7| > 61/6> < ce®T (M +1)e'/15. (2.56)
s<T' jej(s)
The domination of X by X ensures that
UNT S Ry B + 267 € UNT S Ry, Ry + 267).
Therefore (recall T' > 2¢”) for any ¢ € N
P(T € UNT S Ry, Ry + 26° ])
< P(Np > 0) + P(T € U522 [Rn, R + 26°)).

Lemma 2.4(a) shows that the first term is at most e (M +1)(¢Ng)~!. Conditional
on Fp ., Ry — Ry is an exponential random variable with rate (M + 1+ (m —
1)Np)c*, so the second term is at most

<28 Z (M 414 (m —1)Ng)c*) < ceT (M +1)0%P.

m=1

Taking £ = [¢7%/3] then using (2.54) and (2.56) gives the desired bound on P(G%.).
O

The next ingredient required for the convergence theorem is:

LemAma 2.10. AssuAme T > 28, tg € 10,€P], and w € ég If CAtOA(j) = (t,(7) fqr all
Jj € J(T —tg), then (p(i) = (r(i), i =0,..., M. In particular if G, (j) = fto(X%_to)
for 5 € J(T —ty), then (r(i) = &p(z;) fori=0,...,M.

Remark 2.1. By Lemma 2.9, J(T —ty) = j(T—to) on Gg, and so all the necessary
inputs required for both computations are prescribed in the above result.

Proof. The last statement is immediate from the first and (2.17) with r» = T..
By the definition of G, D Gfﬁp and Lemma 2.2 there is a unique n < N so that

Ro+Ve<T - <t—ty<T < Rny1 (2.57)
and
Ry = Ry and fig, = fim for m <n+1, K(s) = K(s) for s € [0,T]. (2.58)

As was noted in Section 2.6 the inductive definitions of ¢ and CA are identical except
the latter has hats on the relevant variables and uses &; in place of ~;. The above
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shows that in our current setting the relevant variables are the same with or without
hats (recall we are using U, = U, in our coupled construction of ¢ ) and so it remains
to show the equivalence relations are the same and we do this now for the initial
extensions. That is, we extended ¢, to {0,..., K(T —to)} by Cp(k) = Gy (4) if
k~p_yy j € J(T —to) = J(T —ty) (see the above Remark) and extended ¢, in
the same way but if & ~ j € J(T — tp) which means X%_to = Xéﬁ_to, and so we
now show these equivalencies are the same and hence so are the extensions. Note
that in applying (2.24) to extend (;, we are using m,, = TRy (VE) for m > 0 and
7o = 70,2(v/€). This means two indices j, k in a family which has branched at time
Ry = Ry, 0 <m < n (if m = 0 this means two initial indices) are equivalent (in the
~ sense) at time T — tg if their corresponding X paths coalesce by time Ry, + /e.
Lemma 2.2 implies that on ég there are no coalescing events in [0,7 — o] (in fact
on [0,7]) except for those in [R,,, R, + /€], involving a common family born at
R,,, for m < n. Therefore, the above condition is equivalent to X%_to = Xéﬁ_to and
the required result is proved.

The Lemma now follows easily by induction up the tree of X. In place of the
above we must show equivalence of the equivalencies used in (2.20) and (2.27) at
times R,,. Note here that for the indices of interest in (2.20) and (2.27) this is
equivalent to the corresponding equivalencies at times R,,—1 + /¢ and this follows
as above for m > 1. O

2.10 The branching Brownian motion and computation process

We now define a branching Brownian motion X0 starting at « € R? with paths in
D. Let {z0,n > 1} be an iid sequence of partitions with law 1 (defined in the
second paragraph of Section 2.5). Particles in X0 branch at rate ¢* and at the nth
branching time, || — 1 particles are born at the location of the parent who also
remains alive. After birth, particles in X0 move as independent Brownian motions
in R? with variance parameter o2. To couple X0 with the branching random walk
X¢ from Section 2.5 we need two preliminary lemmas which allow us to couple
the corresponding particle motions and offspring numbers, respectively, of the two
branching processes.

Lemma 2.11. We may define our scaled random walk B® and a d-dimensional
Brownian motion B with variance o2, starting at 0, on the same space so that for
some constant co 11

P (sup |Bf — By| > \/E) <caiTe.
t<T

Proof. Apply Theorem 2.3(i) of Chapter 1 of [10] with H(x) = 2°, to see we may
define the unscaled random walk B! (rate 1, step distribution p) and a Brownian
motion as above, B’ on the same space so that for all S > 0 and r > 1

P (sup |B! — B.| > 7’) < eSrS. (2.59)
s<S
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Although the above reference applies to discrete time random walks, we apply it to
the step distribution Zf\i(ll ) X;, where {X;} are iid p(-) and N(1) is an independent
Poisson(1) random variable. We arrive at the above after a short interpolation
calculation for B*.

To get the desired result from (2.59) we set Bf = eBl,,, B, = EB;,% and use

r = e /2 to conclude that
P(sup |Bf — Bi| > \/e) < P(sup|eB. 5, — eBl )| > V)
t<T t<T
< P( sup |B} — Bl >e1/?)
t<e—2T
< ce2Te® = T
which proves the desired result. O

Lemma 2.12. For each ¢ > 0 we may construct the sequence {m0 : n > 1} on the
same space as {r5, :n > 1} so that

Proof. The obvious way to Acouple 7¢ and 70 is to use the same system of rate one
coalescing random walks {BY" : i = 0,...,Ng}. If Z is as in Lemma 2.6, then by
(2.45) and (2.47)
P(r5 # 7)< sup P*(Z, = 0 for some s > ¢~ /2)
X

n

< (67322 = (34,

O

Let z. € €Z% for ¢ > 0 and assume z. — = € R% Our goal now is a joint
construction of (X c, X V) started from (z.,z), and associated computation processes
(fa , 50) with the property that if fa , 60 have the same inputs then they will have the
same outputs with probability close to one.

The branching random walk Xe starting with a single particle at x., along with
the associated index sets J(-), branch times {R¢ }, and parent variables fi¢ }, are
constructed as in Section 2.5 using the sequence {7Z,} in Lemma 2.12. There is
no initial coalescing step now as we are starting with a single particle. We use the
coupled sequence {70 : n > 1} to define the offspring numbers, branching times
{RY : n > 1}, index sets JO(-) and parent variables {u) : n > 1} with the same
conditional laws (given {70 1) as in the definition of X¢. We may couple these two
constructions so that for all n € Z,, on the set

GO = (70 =72, for all 0 < m < n},
we have

Re, = RY . 5, = b, and JO(s) = Jo(s) for all s < RO, for all m <n.  (2.60)
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Define N = inf{m : R%, > t} Using these sequences we follow the prescription in
Section 2.5 for constructing X but substituting Brownian motion paths for random
walk paths. Couple these random walks and Brownian motions as in Lemma 2.11
at least as long as the branching structure of the two are the same. Note that if
there are n branching events up to time 7" there are at most 1 + n/Ny independent
random walk segments and Brownian motions of length at most 7" to couple (recall
our labeling scheme from Section 2.5). In addition to the errors in Lemma 2.11
there will be a small error from the difference in initial positions at time 0, and so
we get

P(G%,sup sup |X%9 — X29| > [z — 2| + V&) (2.61)

T s<T jeJO(s)

< P(N2 >n)+ (1 +nNgy)eg11Te + 62_12n€3/4.

The first time 7 # 70 we declare the coupling a failure and complete the
definition of X? for ¢ > RY using random variables independent of X¢.

Fix T > 0 and ty € [0,T). Given X?,J(t),0 < t < T, the sequences {ﬂ'n}
{R%}, {12} an independent sequence of iid uniform [0, 1] random variables 1y o1,
and initial inputs {¢,(§) : j € JOT —to)}, we define a computation process (2, ty <
t < T. The definition is analogous to that of Ct given in Subsection 2.6 for Xe
started at a single point, but we use ¢g;_; in place of ¢f_, in (2.26). That is, as in
(2.25), (2.26), we have

V9 =0 oy ((m—1D)No +4), j=1,..., N,

and if ¢ = g(OT RO

m

- (12.), we have

1—i ifU° < g1 (VO)/c*

Oy (19) = { (2.62)

7 otherwise.

We further couple éo and fe by using the same sequence of independent uniforms:
{U%} = {U,,} in their inductive definitions. Just as in (2.41) we can show that
this sequence is independent of all the other variables used to define X° and éo as
required. We let ]: 0 denote the right-continuous filtration generated by X0, X¢ and
A%(t) = ((RO,, 18, 70, Up )1(RY, < t))men as well as its counterpart for X6

Notation. é%e =ql NO N {sups<r SUP ;e 7o(s) |Xg’j - X§J| < |ze — x| + e},
G%e _ é%eﬁ{Um ¢ [91 2\*91(5)’ 9i(§ )ng(g) for all ¢ € {0, 1}No m < NJO«,Z' =0, 1}

Lemma 2.13. (a) On GT , we have

R =R g =pul 75 =70 for allm < N, and J¢(s) = J°(s) for all s < T.
(b) P((GF°)") < cg 1362785,

(c) On G%E we also have for any ty € [0,T), z'fég)(j) = éfo(j) for all j € J(T —ty),
then (9.(0) = 5(0).

(@) PUGY)) < c.15¢7T [ + T IgF — ill] -
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Proof. (a) is immediate from (2.60) and the definition of G?p’e.

(b) follows from (2.61) and the now familiar bound P(NY > n) < %, by setting
n = [e73/8].

(c) On G?p’e, we see from (a) and the inductive definitions of (¥ and (¢, that all the
variables used to define ECOF(O) and CA%(O) coincide. Therefore these outputs can only
differ due to the use of g;—; in (2.62) and the use of g;_; in (2.26). By induction we

may assume Vi = VY and the additional condition defining G%E now ensures that
these two steps produce the same outputs.

(d) The additional condition defining G%E fails with probability at most (recall
ct>1)

1 cpT L
e
P(Np > n) 12" [ 3 lg: = o] < S+ 2% [3 s — o o]
i=0 1=0

Now let n = [2721:0 lgi — 65 lloo] /% and use (b) to complete the proof. |
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3 Proofs of Theorems 1.2 and 1.3

3.1 Proof of Theorem 1.2

We start with a key estimate giving the product structure in Theorem 1.2. This
relies on the fact that duals starting at distant points with high probability will not
collide. For some results we will need a quantitative estimate. Let 2 € eZ?, y; € Z¢
andsz:zik:xlg—kayi, for0<i<Land1<k<K. Set

A€ = |Zik — Zi’k’|5_1-

min
1<i,i’ <L 1<k#k/'<K

The notation is taken to parallel that in Theorem 1.2 and hypothesis (1.23) of that
result implies
lim A, = oo. (3.1)
£

Let X = X*T be the dual process starting at z for the time period [0,77], with
associated computation process ¢; which has initial inputs (o(j) = &5(X7.), j € J(T).
Let zx = (2,4 = 0,...,L) and consider the duals X#:T 1 < k < K defined as in
Section 2 with their associated uniforms {U”} and parent variables {z* }. These
duals are naturally embedded in X*7', and although the numbering of the particles
may differ, we do have

(X7 e Jt)) = U {X[™ o j e J*(b)}, te0,T]. (3.2)
Define
Vore = inf{t € [0,7] X277 = X777 (3.3)
for some 1 <k #k < K,j € J*(t),j € J* (1)},
where inf () = oo.
Lemma 3.1. P(V, 7. < 00) < cg ;(K, L)eT(A,)~(d=2)/(d+3),

Proof. We may dominate X* 7 by the branching random walks X*T from Sec-
tion 2.8. By Lemma 2.4(a), if {Y}}} are iid, equal in law to Y*, and independent of
B¢ in what follows, then for R > 1,

P(V < 0)
<P Nk
< P(max Ny* > n)

S PO - X =03 € JH(0),§ € JH (1), < TNV N <),
1<k£k'<K

The first term is bounded by Ke®'n~! and the second term is at most

n

> (1+nNo) Pry iz (|By| < > elV| 3t <T)
1<k#k'<K;0<ii'<L m=1
< > (1+nNo)?|nCe "+ P,,._., (IB5| <neR 3t <T)|,

1<k£k/ <K;0<ii' <L
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where we used (1.8) in the last line. By Lemma 2.6(c), the probability in the last
term is at most 02_6A;(2/3)(d_2) (nR)2@+D/3 and so if § = AZE/AE-2)

P(V < 00) < cK*(L +1)%e?T N2 [n_l +nler R 4 5(n3)2<d+1>/3]_

Now, optimizing over n and R, set cg = #_%5, kR = cglog(1/6) and n = [e®fi/4].
Here we may assume without loss of generality that A. > M(k) so that R > 1. A
bit of arithmetic now shows the the above bound becomes

P(V < o0) < ¢(K, L)eceT §3/(2d+6)
and the result follows. .

We suppose now that the assumptions of Theorem 1.2 are in force. That is,
T > 0 is fixed, & has law \. satisfying the local density condition (1.21) for a fixed
€ (0,1), and (1.23) holds. It is intuitively clear that the density hypothesis is
weakened by reducing r. To prove this, note that the boundedness of the density
and uniformity in x of the convergence in (1.21) shows that the contribution to the
density on larger blocks from smaller blocks whose density is not near v is small in
L'. We may therefore approximate the mass in a large block by the mass in smaller
sub-blocks of density near v, and use the fact that the contributions close to the
boundary of the large block is negligible to derive the density condition (1.21) for
the larger blocks. As a result we may assume that r < 1/4.
By inclusion-exclusion, it suffices to prove for —1 < Lj < L,

lim P(&(aF +ey; ) =1, j=0,..., Ly, k=1,... K)
e—0 J

1{6 (i) =1, 5=0, ., Li})yrar). (3.4)

||',:]N

Allowing k-dependence in Lj; and general subsets of the y;’s is needed for the
inclusion-exclusion, but to reduce eyestrain we will set ¢; = j and Lj = L in what
follows. The general case requires only notational changes. By the duality equation
(2.17),

P(&(zn) =1,i=0,...,Lk=1,...,K) (3.5)
= P(Cp(i,k)=1,i=0,...,L,k=1,...,K),

0 (3.4) is then equivalent to

P(p(i k) =1,i=0,...,L,k=1,...,K)
= [Jfewi) =1,i =0,...,L})yirony as € —+ 0. (3.6)
k=1

The proof of (3.6) uses the approach of [20], pp. 304-306.
To work with the left-hand side of (3.6) we need the following preliminary result
to simplify the initial inputs (y. Define

B=19r and t, = . (3.7)
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Lemma 3.2. Assume & is independent of the rescaled random walks {B=" : w €
€74} as in (2.8). Then for any n € N and k > 0,

n n

B([T& 5 ) - [Tv(w)
1 =1

le‘v"'v‘wnlgkvwieazd 1=

wiFw; for i]

=0.

I
g

Proof. For z1,...,2z, € and define
D(z1,... ) = {By" € zi + Qe for 1 < i <n},

and y(wi, z;) = P(B"" € z + Q¢), so that P(I'(z1,...,2,)) = [[i—q v(wi, ). Let
G be the union of the events I'(zy, ..., z,) over distinct zy,..., 2, € a.Z% such that
|zi —w;| < ky/te for 1 < i < n. We claim that P(G®) is small for k large enough.
To see this, fix 6 > 0 and choose k large enough so that

P(IB;" —wi| > (k= 1)VE) = P(B;°| > (k= )VE) <d/n.  (3.8)
By a standard estimate (and also since r < 1/4), for w; as above and i # j,
P(IB" = B | < 2a.) < c|Qc|P(B5 = 0) < c|Qc|(e )™ < e 13/,
which implies
P(|B{*" — By"| < 2a for some 1 <i< j<n)< Cn2eld=1)3/1 (3.9)

By (3.9) and (3.8),
P(G°) < Cn2eld=13/1 15 (3.10)

Now consider the decomposition

B([T&@em6) = 5 B(II&E 1T ) (3.11)
i=1 1=1

215”0

where the sum is taken over only those (z1,...,2,) used in the definition of G. A
typical term in this sum takes the form

Z E(f[ §6(zi + €)L(B"™ = 2z + ei))

e1,..,.en€Qe =1

€1,.-en€Qe 1=1 i

n
P(st’wi =z +e€).
=1
Since /t- > a., the probabilities P(st’wi = 2z +¢) = P(st’0 = z — w; +
e;) are almost constant over e; € Q.. In fact, a calculation, using the version
of the local central limit theorem in the Remark after P7.8 in [11] to expand
P(Blfs’0 =zi—w;+e)= P(Bg,ztE = (z; — w; + €;)/¢), shows that
- P(B° =z —w; +e)
lim sup -

e,0
=0 o reQ. P(Btg =z —w; + e/)
|zi—wi| <k+/Te

=1 (3.12)
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The continuous time setting is easily accommodated, for example by noting that
along multiples of a fixed time it becomes a discrete time random walk.

Consequently, for all sufficiently small ¢ > 0, we have ky/t- < 1 and uniformly
in |w;| <k, |z —w;| <kt and e € Q.,

|Q€|P(Bf€’“’i =z +e)

1-6<
’Y(whzi)

<1496. (3.13)

Using this bound and the fact that the z; are distinct we have

2 E<H So(z + e")) [[PB" =z +e)
e1en€Qe il P

n

< > (I8 + ) S T

€1,..,en€Qe i=1 i=1

= (14 )" E(T] D(air ) ) P(T (a1, 20)
i=1

The continuity of v implies that for small enough ¢, for all |w| < k and |z —w| <
kT, [v(w) — v(2)| < 6. Also for sufficiently small € and z € a.Z%, |z| < k + 1, we
have P(D(z,&5) > v(z) +0) < 0/n. Thus

E(H D(z, gg)) <6+ JJw(z) +6) <8+ [J(v(ws) +23) .
i=1 i=1 i=1

Returning to the decomposition (3.11), the above bounds imply that for sufficiently
small €,

n

E(ﬁgg(ngl‘);G) < (140" o+ [Tw(w) +20)] > PE(a1,. 2)
i=1

=1 Z1ye-052n
n

<(1+6)" [5 + [T (otws) + 25)] .

i=1
Let ¢ — 0 and then § — 0 above and in (3.10) to obtain

e20  [wi ]y wnl <k

n n
limsup  sup (E (H §8(st’wi)) — H fu(wi)) <0.
i=0 i=1
A similar argument gives a reverse inequality needed to complete the proof. O

We break the proof of (3.6) into three main steps. Introduce

S=T—t.=T—£".
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Step 1. Reduction to Bernoulli inputs and K = 1.
Let X = X*7T be the modification of the dual in which particles ignore reaction
and coalescing events on [S,T], and let ¢; be the associated computation process
with inputs (o(j) = 58()?%) That is, X; = X; for t € [0,S], and during the time
period [S,T], Xg , 7 € J(S) follows the same path as Xg until the first time a reac-
tion or coalescence occurs, at which time all the Xg switch to following completely
independent B® random walks.

On the event ég defined in (2.53) there are no reaction or coalescing events
during [S,T]. Thus, X, = X, for all t € [0,7] on ég, so it follows from Lemma 2.9
that

P(¢ # {; for some t € [0,T]) < cag[(L + 1)K]zechsﬁ/\§ (3.14)

Let ¢.(x) = P; &5(x), where
Pef(x) = E(f(x + BY)), = € eZ%, is the semigroup of BF, (3.15)
and let Wy, Wh, ... be an iid sequence of uniforms on the interval [0, 1], indepen-

dent of {; and the random variables used in Section 2. We will use this sequence
throughout the rest of this section and also in Section 4. Define a second computa-
tion process (/,t. <t < T, for X, with inputs

G(j) = 1{W; <u(XL)}, jeJ(S). (3.16)

It is clear that conditional on o (&f) V Fuo, the variables (7 (7), j € J(S), respectively
Ci.(§), j € J(S), are independent Bernoulli with means v(X%), respectively 1. (X%).

Let X = X*T be the branching random walk dominating X which was introduced
in Section 2.8. If we fix 6 > 0, then using Lemma 2.4(a) it is not hard to see that
there exist n, k such that for all ¢ sufficiently small,

P(]J(S)| < nand |X5(S)| <k for all j € J(S)) >1—6. (3.17)

It now follows from (3.17), Lemma 3.2 and the definitions of X, ¢y and Gt that for
any b: Z1t — {0,1},
|P(C.(5) = bj,5 € J(8)) = P(G(7) = bj. 5 € J(9))]

< E(|P(Gi.(§) = bj, 5 € J(S)|Fs Vo (&) — P(G(7) = by, 5 € J(9)|Fs Vo (&5))])
—0ase—0.

As a consequence, since both ft,g*,ta < t < T are defined relative to X with
identical {Up,}, {#m} and {R,,}, by conditioning on the input values, the above
implies

P(Cr(ik)=1,i=0,...,.Lk=1,....K)
- P((r(ik)=1,i=0,...,L,k=1,...,K) > 0ase — 0. (3.18)
Let (" be the computation process associated with X wT 1 < k < K with
inputs as in (3.16). That is, for j € J*(S) there exists a j' € J(S) with Xg =X
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(by (3.2)) and we set 7% (j) = {W; < U(Xék’j)}. Up to time V =V, 7. the duals
X T | < K, use independent random walk steps and branching mechanisms, and
on {V = oo} the computation processes (*** also use independent uniforms and
parent variables as well as independent inputs at time .. It follows that (see below)

|P(Cr(i k) =1,i=0,...,Lk=1,...,K)

<PV <o) —0ase—0. (3.19)

The last limit follows from Lemma 3.1 and (3.1). Perhaps the easiest way to see
the first inequality is to extend X;* Tiote [V, T] by using independent graphical
representations and define the corresponding computation processes ¢ o2 using in-
dependent collections of {W;}’s for the inputs at time ¢.. The resulting computation
processes C/*’Zk are then independent, each C/*’Zk is equal in law to (***, and the
two are identical for all £ on {V = oo}. On this set we also have

{Cr(i k) < i, k} = {7 (i) « d, k},

and so (3.19) follows. It is therefore enough to set K = 1 and drop the superscript
k. Altering our notation to z = (z;), z; = x- + ey; where x. — x, it suffices now to
prove

P(¢r(i) =1,0<i < L) = (1{&(yi) = 1,0 <0 < L})y(r,0) as € — 0. (3.20)

Step 2. Reduction to L = 0. Let X = X*T 0 < ¢t < T be the branching random
walk started at z, with associated computation process Ct, te <t <T. We suppose
that X and X are coupled as in Subsection 2.7, and that Ct has initial inputs

. () = H{W; < o(XE)}, 5 € J(S).

On the event ég, J(S) = J(S) and all the differences |X] ng| j € J(S) are small.
It therefore follows from (3.17) (if we take Y% = 0 X will stochastically dominate
X)), the continuity of v, the definitions of ¢/ and (ts, and Lemma 2.9 that

P(G5, G (7) = G (j) for all j € J(S)) — 1 as e — 0. (3.21)

By Lemma 2.10, on the event in (3.21), the outputs ¢} and (r agree, and conse-
quently

~

P(¢r(i)=1,0<i<L)—P(C(r(i)=1,0<i< L) > 0ase—0. (3.22)
Using the branching structure we can now reduce to the case L = 0. To see this,

let X% be the branching random walk started from z; = z. + €y;, with associated
computation process (;*,t. <t < T with initial inputs Cf; (7) which, conditional on
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X7,0 <t < S are independent with means U(ngj ). The branching property and
definition of X in (2.23) imply (recall v, from just above (2.21))

P(lr(i)=1,i=0,....L)= Y w(m) [[ P(F(0)=1).

melly jeJ(m)
Since z; — x as e — 0 for i = 0,..., L, if we can establish
P (0) = 1) » a(T,x) as € = 0, (3.23)

for some @ : Ry x R — [0, 1], then the convergence v. = g implies

P(lr(i) =1,i=0,...,L) = > vo(m)(@(T,z))"

melly

= (1{&(yi)) = 1,0 <i < L})gre) ase =0, (3.24)

where (1.26) is used in the last line. Combining this with (3.22) gives the desired
result (3.20) but with @ in place of u, that is, we get

P((r(i)=1,0<i<L)— (1{&(y;)) =1,0<i < L}>ﬁ(T’x) as € — 0. (3.25)
We first turn now to the proof of (3.23).

Step 3. Convergence and identification of the limit. Let X° be the branching Brow-
nian motion started at € R? run over the time period [0,T], with associated
computation process Cto ,te <t < T with inputs

CL(j) = H{W; < v(Xg?)}, 5 e JS).

Using the obvious analogue of (3.17) for X0, the continuity of v and the definitions
of (;. and C?E , Lemma 2.13 (and the uniform convergence of ¢5 to g;) implies

P(Gy", 6. () = (L) for all j € J°(S)) = Las e — 0. (3.26)
By Lemma 2.13(c), on the event in (3.26), {r(0) = ¢%(0), and thus
P(EE(0) = 1) — P(EM0) = 1) — 0 as = — 0, (3.27)

where we note that both quantities in the above depend on e. If we take the initial
inputs for the computation process (° = ¢%* at time 0 to be

(o (4) = HW; < w(Xp)}, 5 € JO(T), (3.28)
it is now routine to see that P(CA,PE = f,?g*) — 1 as e — 0, and so by (3.27)
lim P((7(0) = 1) = P((7"(0) = 1) = (T, 2). (3.29)
E—r

This proves (3.23), hence (3.24) and so to complete the proof of (3.20), and hence
Theorem 1.2, we only need show o = u:
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Lemma 3.3. Let X?,O < t < T be the branching Brownian motion started at
x € R, with associated computation process é?’*, 0 <t < T with initial inputs as in
(3.28). Then )

P(G"(0) = 1) = u(T, ),

where u is the solution of the PDE (1.19).

Proof. This is very similar to the proof in Section 2(e) of [20]. Recall Pf is the
semigroup of B%. Let x € R? and z. € eZ? satisfy |z — z.| < ¢ and let & be our
rescaled particle system where {¢5(ey) : y € Z?} are independent Bernoulli random
variables with means {v(ey) : y € Z9}. If

de(ey, &) = —E)NG (Y. €) + (1 — EW)RS (v,€), y € 27, € € {0,1}7",  (3.30)

then the martingale problem for £° shows that (cf. (2.25) of [20])

T
E(&7(xe)) = E(Pr&s(ae)) +/ Ey. X E(de(By_, &5)) ds, (3.31)
0
where B§ = x. under P,_. Our hypotheses on &5 imply
E(P7&;(z:)) = Prv(z:) — Pru(z) as e — 0,

where P, is the d-dimensional Brownian semigroup with variance 0. Recall we have
proved ((3.24) and the preceding results) that

gi_I)I%)P(g%(xa +eyi) =mni, i =0,...,L) = ({&(y:) =mi, i =0,...,L})ar,2)

Now use the above with Fubini’s theorem, the uniform convergence of g5 in (1.9)
and the coupling of B* and B in Lemma 2.11 to conclude that

lim By, x B(d:(B_,€5))
= lim By, x B x By (~€(Br_ )95 (65(Bf_, + eY1),.. . &(Bi_, +Y™))

+ (1= (B )i (€ (B, + YY), LB, +eY™))
= Bx ({=€(0)h0(0,) + (1 = £0)1(0,)ae, 5y, )
= B (f(a(s, Br-,)),

the last by (1.16). Now use the above to take limits in (3.31) to show that u solves
the weak form of (1.19). As in Lemma 2.21 of [20] it follows that @ solves (1.19)
and so equals u. O

The following asymptotic independence result follows easily from Step 1 in the
above argument.
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Proposition 3.4. If K € N, there is a c3(K) so that if z1,..., 2K € eZ4 satisfy
infj s, |27 — 25| > e/ and & is deterministic, then

K K
BT &) — ] B (20))] < o y(K)erTe®,
k=1

k=1

Proof. Define V.=V, 1. as in (3.3) but now with z;, € eZ% that is L = 0. Use the
dual equation (7.11) and argue just as in the derivation of (3.19) to see that

K K
B[ z) - [T EE () < P(V < o0).
i=1 i=1

The fact that &j is deterministic makes the independence argument simpler in this
setting. Now use Lemma 3.1 and the separation hypothesis on the z;’s to bound
the right-hand side of the above by

C3 1(K, O)GCbT€(3/4)(d_2)/(d+3) S C3 1(K,0)€ch€1/8.

3.2 Proof of Theorem 1.3

Proof. Let t > 0 and choose n(e) | 0 so that n(e)/e — oo and n(e)/d(e) — 0.
Recall I5(x) is the semi-open cube containing x defined prior to Theorem 1.3. Write
E((ﬂ’é(t?'x) - u(tax))z) =

€ 2d € € € € 2
=(5g) X PEEGE) - ult )6 @) + ) +ulte))
z1,x2€15(x)

The contribution to the above sum from |21 — z2| < n(e) is trivially asymptotically
small, uniformly in x, as € — 0. Theorem 1.2 shows that the expectation in the
above sum goes to zero uniformly in z1,ze € I(x), |z1 — z2| > n(e), = € [~ K, K]?
as € = 0. The result follows. O

65



4 Achieving low density

The first step in the proof of Theorem 1.16 is to use the convergence to the partial
differential equation in Theorem 1.2, and more particularly the estimates in the
proof, to get the particle density in (1.20) low on a linearly growing region.

As we will now use the partial differential equation results in Section 1.2, we
begin by giving the short promised proofs of Propositions 1.4 , 1.5 and 1.7.

Proof of Proposition 1.7. Set n = |r|/3 and let LY, Cy and ¢y be the constants in
Proposition 1.6, and define

L(;:Lg, c1 = ¢y, t5=L§-3\/&/‘T’, Ci = (Co\/l)ecot‘s.

Suppose t > ts, L > Ls and || < L + (|r|/3)t/v/d. Then we may write x = xq + v,

where
2] Il bl

|y|§7\/a 3—\/3_ 3Vd

For t > 0 and z € R? define a(t,z) = u(t,xo + 2). If |2| < LY, then |z + 2| <
|zo| + Lg < L, which implies that @(0,z) < p —§. Applying Proposition 1.6 to ,

and |zl < L =L LY. (4.1)

and recalling the bound on |y| in (4.1), which implies |y|2 < @t we have that for
t >ts, and |z| < L+ (|r|/3)t/Vd

u(t,z) = u(t,y) < Coe @' < Cre !,
Since the right-hand side above is at least 1 if ¢t < t5, the above bound follows for
all t > 0, and we have proved the result with w = |r|/6+/d. O

Proof of Proposition 1.5. Extend f|o 1] to a smooth function fon [0,1+ 6] so that

F>00n (1,1 46), f(1+3d&) =0, f'(1+d&)<0and [T f(u)du < 0. The
situation is now as in Proposition 1.7 with 0, 1 and 1 + §y playing the roles of 0, p
and 1. As the solutions take values in [0, 1] the extension will not affect the solutions
and the Theorem follows from Proposition 1.7. O

Proof of Proposition 1.4. The version of Proposition 1.5 with the roles of 0 and 1
reversed, applied on the interval (0, ) shows there are positive constants L, ¢, and
C so that if u(0,2) > a/2 for |x| < L, then

u(t,r) > a — Ce  for |x| < L + 2wt.

It is here that we need f’(a)) < 0, corresponding to f’(0) < 0 in Proposition 1.5. By
Theorem 3.1 of Aronson and Weinberger [2] there is a T so that

uw(T,z) > a/2 for |x| < L and T > Ty.
Therefore we have

u(t + Tp, ) > a — Ce for |z| < L + 2w(t + Tp) — 2wy,
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and so for t > 2T,
u(t,z) > o — Ce0e™ for |z| < L + wt.

The result follows as we may replace w with 2w. |

Recall the parameter r € (0,1), and definitions of a, t., @, and D(z,§) in
(1.20). We first show the density D(z,£7) is close to its mean.

Lemma 4.1. Let T > 0 and assume & is deterministic.
(a) IfO <71 < %, then for all z € a.Z%,

E((D(x,67) — B(D(x,£5)))) < € ge"eV/5,
(b) If 0 < r < 1/(16d) and C =y + [—L, L] for y € R?, then for all n > 0,

P( sup |D(w,€5) = E(D(z,&7)] = n)< Oy 216102,
zeCNa:-Z4

Proof. (a) Note that
{(z1:22) € (@ +Qe)* : |21 — 22| <} (4.2)
< =74 1)Q.] < el QAT
If ¥7 denotes the sum over
ze{(z1,22) € (@+ Q)% |21 — 20| > M4}, (4.3)
then by (4.2) and Proposition 3.4 with K = 2,

E((D(z,&7) = B(D(x,£7)))*)

2 2
< 1Q:172 e () + BT & (20)) — T] B&r ()]

k=1 k=1
< cgela™ 4 deg 4 (2)eTel/®
< Oy qeTeS, (4.4)

where our condition on r is used in the last line.

(b) Note that
C' N a2 < cgllaz? < cqLe™ < gL/,
The result now follows from (a) and Chebychev’s inequality. O

We recall the following hypothesis from Section 1.6:

Assumption 2. There are constants 0 < u; < 1, co,Co,w > 0, Ly > 3 so that for
all L > Lo, if u(0,2) < uy for |z| < L then for all ¢t > 0

u(t, ) < Coe ' for all |z| < L + 2wt.
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We also recall the following condition from the same Section: For some ry > 0,

1

> llgi = gilloo < 1 63" (4.5)
=0

We say that ¢ € {0,1}°2" has density at most r (respectively, in [k, ©2]) on
A C RYiff D(z,€) < k (respectively D(z,&) € [k, ko) for all z € (a.Z%) N A. We
set (recall (3.7))

1.
hence 8 = %, te = t0/(16d) p — Ag9log(1l/e), and S =T —t., (4.6)

T =

1
16d’
where Ay 9 = cb_1 <ﬁ A %)

Lemma 4.2. Suppose Assumption 2 and (4.5) hold. Let uy € (0,u1) and
V4.0 = <§—§ A 1) (ﬁ A %0) There is an €4.2>0, depending on (uq,us,w,ca, Cy)

and satisfying
V4.2
e 4%2 < us, (4.7)

so that if 0 < e < 4.2 and 24 Lo < L < e=Y4_ then whenever &G has density at
most uy in [—L, L],

P(&7 has density at most £'4-2 in [—L — wT, L +wT)4€5) > 1 — .

Note that (4.7) allows us to iterate this result and obtain the conclusion on succes-
sively larger spatial regions at multiples of T'.
The proof of the above Lemma will require some preliminary lemmas.

Lemma 4.3. If pi(y) = e 4P(B; = y), y € €Z%, then for 0 <e <1,
Ip§ (z) — pi(x +y)| < 04.3]y\t_(d+1)/2 for all z,y € eZ and t > 0.

Proof. This is a standard local central limit theorem; for d = 2 this is Lemma 2.1
of [5] and the same proof applies in higher dimensions. |

Recall (from (3.15)) that Pf is the semigroup associated with B®.

Lemma 4.4. There is a ). such that if 1 > a > [3/2, then for 0 <e <1,
‘Big(x) _ —Ptif(x/)‘ S 04‘46(20{—6)/(24-(1)

for all z,2' € eZ% such that |z — 2'| < 2® and all £ € {0,1}°%
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Proof. Let —co < 6 < o, A = x — 2/ and assume |A| < 2e*. Apply Lemma 4.3 to
see that

|PLE(x) — PLg(a)]
< > |P(Bf. =2)— P(Bf, =z+A)]
2€eZ4
< > eq 3| AR IR 4 P(IBE | > 38%) + P(|BE| > 38" — A)
|2|<3e8
< @ Ndgdta—Bd+)/2 4 9p(|Bs | > &9).

If we use Chebychev to bound the last summand by ct.e =2 = ¢e#~2 and optimize

over 0 (setting 6 = g — ag(ff) < g < a), we obtain the required upper bound. 0O

Lemma 4.5. For any n > 0 there is an €;,5(n) > 0 so that if 0 < ¢ < €5,
uwel0,1], L>1, and & € {0, 1}EZd has density at most u in [—L, L)%, then

Pié(x) <u-+mn foralze[-L+1,L-1]"nez?. (4.8)

Proof. By translation invariance it suffices to prove that for small enough ¢ > 0 and
all 2 € [—a.,a:]? NeZ?, if € has density at most u in [—1,1)? then P &(z) < u+.
(This addresses the uniformity in L.) Argue as in the upper bound in (3.13) to see
that for e < g¢(n),

|Q:|P(Bi. = z+e¢)
P(Bti’m €2+ Q:)

§1+gf0rallz€a€Zd, |z — x| <1andeé€ Q..

We therefore have

PLé() < P(B." 21/2)
+ Z 1(]z — x| < 3/4) Z &(z —I—e)MP(Bf’I €2+ Q)
2€aeZ8 e€Qe |Q€| 5
< do?dt. + ZZ 1|z — 3l < 3/4)u(l + DP(B" € 2+ Q.)
z€ae d

§40’2dt5+u+g§u+n,

for e < e1(n). 0
We are ready for the Proof of Lemma 4.2.

Proof. By the conditioning we may fix a deterministic {j as in the statement of
Lemma 4.2. In light of Lemma 4.1 our first and main goal is to bound E(D(z, 7))
for a fixed z € a.Z% U [-L — wT,L + wT]%. Let z € z + Q.. Let X*T be the
modification of the dual X*7, starting with a single particle at z, in which particles
ignore branching and coalescing events on [S, T'] by following their own random walk
and switching to independent random walk mechanisms when a collision between

69



particles occurs. Hence X§ = X% for all i € J(S), and on [S,T] the particles
in X*7T follow independent copies of Bf. Let 55 be the associated computation
process, defined just as (¢ is for X*7T | with initial values CNS(]) = {8(5(%),]’ e J(9)
(for X*T the index set is constant on [S,7]). On ég, T ¢ U,]Xngl[Rm,Rm + 267],
with 8 < 1/2, and so

[S,T] N (UG (R, B + VE]) = 0. (4.9)

Therefore on ég, X*T has no branching or coalescing events on [S,T], and so
X7 = X*T on [0, T'. This also means (by (2.17)) that, given the common inputs

G6() = G5() = &(X7), j € J(T) = J(S) we have

C7(0) = G5(0) = €7(2) on G- (4.10)
Let ¢.(r) = P;&(x). Conditional on Fg, {X’% — Xé . j € J(S)} are iid with
law Py(B;. € -), and so, conditional on Fg, (&5 () = 58(5(%) 2 j € J(S)} are
independent Bernoulli rv’s with means {¢.(X%) : j € J(S)}. Recall {W,} is an
iid sequence of uniform [0, 1] rv’s independent of F, (that is of our graphical con-

struction). Let {(f “(j):jeJ(T —t),T —S <t<T} be the computation process
associated with X*7 but with initial inputs (" () =1W; < ”L/Ja(X]) jeJ(S)}.

Then {(f : T —S <t < T}and {(*: T —S <t < T} have the same law

because the joint law of their Bernoulli inputs and the processes th ’T,t < § and
(o, U ) 1Ry, < t),t < S) used to define them are the same. Therefore by (4.10)

|P(&3(2) = 1) = P({77(0) = 1)
= [P(¢7(2) = 1) = P(G7(0) = 1)| < P((G7)")- (4.11)
Consider now the branching random walk X starting with a single particle at z
and coupled with X*7 as in Section 2.7, together with its computation process {¢¢:
t € [I'—S,T)} with initial inputs (r—_g(j) = L(W; < ¢e(X%)),j € J(S). Conditional
on Fao, these inputs are independent Bernoulli rv’s with means {i)(X 1):j¢e J(S)}.
The computation processes (=* and (° are identical on [T'— S, T] if given the same

inputs at time 7" — S. Therefore Lemma 2.10 shows that on éfﬁp (5(0) and ¢ (0)
will coincide if given the same inputs at time 1" — S. Therefore

[P(Cr(0) =1) = P((77(0) = 1)]
< P((G7)%) + B(P(G7s(j )# C7,(7) 3 € J(S)|Fao)UGT))

7)
< PG+ B( Y a(XD) - we(XPN( sup X5 - XE| < 19)). (412)
ied(8) JeJ(S)

Use Lemma 2.9 to bound the first term above and Lemma 4.4 with « = 1/6 > [3/2
to bound the second, and combine this with (4.11) to conclude that (use d > 3)

|P(5(2) = 1) — P((0) = 1)] < 2¢9 9e el  B(|F(S)])ey 4e1/30)/ @)
< 2¢9 get/ 0D 4 eS¢y 4 (1/3=5)/(2+d)

< (2e9.9 + ¢y 4)e/ 0. (4.13)
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To prepare with the coupling with the branching Browian motion we must extend
Ve (x) = PE&5 () from eZ to R in an appropriate manner. Since & has density at
most uy in [—L, L]?, Lemma 4.5 shows that for & < £4.5(u1 —ug) we may extend 1.
in a piecewise linear manner so that

Vo(z) <ul(|z| < L—2)+1(Jz] > L —2) for all z € RY. (4.14)

In addition, using Lemma 4.4 with o = 1/6, we may assume the above extension
also satisfies
/ a/8)-p I~ md / 1/6
[Ve(x) — pe(2')| < ey ye 2+@ for x,2’ € R® such that |[v —2'| <e/®.  (4.15)

Now consider the branching Brownian motion X starting with a single particle
at z, coupled with X¢ as in Section 3. Consider also its associated computation
process % on [T'— S, T] starting with conditionally independent Bernoulli inputs
(&0 s(j) =1(W; < wE(Xg’])) . j € J%S)}. We may argue as in the derivation of
(4.13), but now using Lemma 2.13, (4.5), and (4.15) in place of Lemmas 2.9 and
4.4, to conclude after some arithmetic using d > 3,

|P(G7(0) = 1) — P(C2(0) = 1)] < e™Teg 13(e%® + ¢1 636"/%) + ¢4 4™/ . (4.16)

By Lemma 3.3 (we have shifted time by T — 5), P((%(0) = 1) = u.(S, 2), where u.
is the solution of the PDE (1.19) with initial condition u.(0,-) = 1).. Now combine
this with (4.13) and (4.16) to see that for small enough ¢ as above

E(£5(2)) < ceM/A0dIAo/4) gy (S, ). (4.17)

Now use the bound on the initial condition (4.14) and Assumption 2 in the above
to conclude that for |z| < L — 2+ 2wS, and small ¢

E(&5(2)) < ceM/ 0N/ 4 OyemeaS < &7 (4.18)

where 7/ = <i—§ A 1) <ﬁ A %0) > 74 9 and we used the definition of S and some

arithmetic. By taking € smaller if necessary we may assume 2wS — 3 > w71 and so
the above holds for |z| < L + 1+ wT'. This shows that

E(D(z,&)) <& for # € a.Z N [-L — wT, L + wT)%. (4.19)
Finally apply the above and Lemma 4.1 to conclude that for small enough &

P( sup D(z, &) > £14.2)
x€[—L—wT,L+wT)%NacZ4

<P( s D, ) — B(D(r, &) > £142/2)
z€[—L—wT,L+wT)%Na.Z4

< Oy 1YL 4 wT) e T4e7>74.2
< (Cg!/16.~.001 _~1/100d .~1/120d < g0,
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Our next goal is to show that the dual process only expands linearly in time.
The first ingredient is a large deviations result. Recall the dominating branching
random walk {X®7(t) : j € J°(t)} introduced at the beginning of Section 2.8 which
satisfies

(X291 j € Jo(s)} C{X2T 2 j € JE(s))}.

If | XE|loo = sup{|X=7(s)| : j € J°(s)} and similarly for || XZ|s, then the above
domination implies B
| XS oo > | XS ||oo for all s,e. (4.20)

Recall ¢* is as in (2.7).

Lemma 4.6. Assume X¢ starts from one particle at 0. For each R > 0 there is an
64‘6(6*,R) > 0, nonincreasing in each variable, so that for 0 < e < €4.6 andt >0,

P(|| XE]|oo > 2pt for some s < t) < (4d + 1) exp(—t(v(p) — cp)) for all0 < p < R,

where y(p) = min{p/2, p?/30%}. Moreover, if p > max{4cy,20%}, then the above
bound is at most (4d + 1) exp(—tp/4).

Proof. The last assertion is trivial. Let S; be a random walk that starts at 0, jumps
according to p. at rate e =2, and according to ¢. at rate ¢*. Since E|X;| = exp(cpt)
by summing over the branches of the tree, it suffices to show

P(||S%||oo > pt for some s <t) < (4d + 1) exp (—y(p)t) . (4.21)

As usual, Bf is the random walk that jumps according to p. at rate e=2. By the
reflection principle

p <sup B > pt> <9op (sz > pt> < 2¢70rtp (exp (93::))

s<t
for any 0 > 0. If ¢-(0) = >, %" p_(x) then a standard Poisson calculation gives
E (exp <HBf’i>) = exp(te 2(¢:(0) — 1)).
By scaling ¢.(0) = ¢1(). Our assumptions imply ¢;(0) = 0 and ¢} (0) = o2 so
e 2(p1(eh) — 1) = 026%/2 as e — 0.
If 0 < p < R and 6 = p/o? in the above, it follows that for e < g¢(R),
e~ (/71 E (exp ((p/a)Bf’Z)) < exp(—p*t/30?),
and so,

P(sup |BS'| > pt) < dexp (—p*t/30?) . (4.22)
s<t

Let J; be the one dimensional random walk that jumps according to the law of
eY* = emax;<n, |Y'| at rate ¢*, and notice that this will bound the L* norm of
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the sum of the absolute values of the jumps according to ¢. in S. up to time t. If
we let ¢7(0) = E(exp(6Y™)), then, arguing as above, we obtain

P(J; = pt) < exp(—pbt + c"t(dy(e0) — 1)).

The exponential tail of Y* (from (1.8)) shows that (¢;(¢6)—1)/e0 — EY* ase — 0,
and so, if we set § = 1, then for small e, ¢*(¢s(¢) — 1) < p/2. (The choice of € here
works for all p because we may assume without loss of generality that p > pg > 0
as the Lemma is trivial for small p.) Therefore

P(J; > pt) < exp(—pt/2). (4.23)
To derive (4.21), write

d
P(sup |[S5 oo > 2pt) <Y P(sup |BS'| > pt) + P(J; > pt),
s<t i—1 s<t

and use (4.22) and (4.23). O

Our next result uses the large deviation bound in Lemma 4.6 to control the
movement of all the duals that start in a region. Recall that X*U is the dual
for &° starting with one particle at z from time U. For z € R? and r > 0 let
Q(z,r) =[x — r,x +7]? and Q°(z,7) = Q(z,r) NeZ. Write Q(r) for Q(0,7) and
Q¢ (r) for Q°(0,7).

Lemma 4.7. For¢>0,b>4cg V202, L>1and U > T' = clog(1/e), let

Pe(byc, L,U) = P(X;"" is not contained in Q(L + 2bT")
for some u € [U—T',U],t <T" and some x € Q°(L)).

Let ¢, = 12(4d + 1)3%. There eists €.6(c",b) > 0 such that if 0 <e <€ 4

pe(b,e, L,U) < cuL%(clog(1/e) +1)et™
where ¢ = (% —2) Ae72

Proof. By translation invariance it suffices to take U = T". For x € eZ9 let {T;(x) :
i > 0} be the successive jump times of the reversed Poisson process, starting at time
T', determined by the T2, T,,". Also let N, be the number of such jumps up to time
T', so that N, is Poisson with mean (c* 4+ ¢72)T". The process & () is constant for
t e (T" —Tit1(z), T" — T;(z)] and for such ¢ the dual X®!(v) is

XETE (0 4 (T = Ty(x) — 1)),
that is, one is a simple translation of the other. This means for ¢ as above

Ut X®H(0) € Uperr_gy (o X2 ~T@) (v), (4.24)
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(in fact equality clearly holds). As a result, in p-(b,c, L, T") we only need consider ¢
to be one of the times 7" —T;(x) for 0 < ¢ < N, and we may bound 1—p. (b, ¢, L, T")
by
P(3z € Q°(L) s.t. N, > 3T"(s72 + ¢*))
+P(3z € Q°(L), 0 < Ty(x) <3T'(s7% 4+ ¢*) s.t.

sup [ X" ()| > 26T7)
v<T"—T;(x)

< (2Le ' 4+ 1) exp{—=3T"(e 72 + ") E(M)
+ (2Le Y + )BT (72 + ¢*) + 1)(4d + 1) exp(—T"b/4).

Here we are using Lemma 4.6 and the strong Markov property at T;(z) for the
filtration generated by the reversed Poisson processes F;. Some arithmetic shows
the above is at most

39(L v £)de [exp(—3T/(€_2 + ) exp((e 2+ )T (e — 1))

+(Ad+ )BT (E2 + ) + 1)51’0/4]
< 3L v e)ded [exp(—T/(s_z + )+ 6(4d + 1)(clog(1/e)e™2 + 1)560/4]
< 34L v e)ded [&cﬂ) +6(4d + 1)(clog(1/¢) + 1)ebc/4—2]

< (L Ve)H(clog(1/e) + 1)edebe/i=2ne?
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5 Percolation results

To prove Theorems 1.15 and (especially) 1.16 we will use block arguments that
involve comparison with oriented percolation. Let D = d + 1, where for now we
allow d > 1, and let A be any D x D matrix so that (i) if x has x; +--- +zp =
1 then (Az)p = 1, and (ii) if z and y are orthogonal then so are Az and Ay.
Geometrically, we first rotate space to take (1/D,...1/D) to (0,...,0,1/v/D) and
then scale # — zv/'D. Let Lp = {Ax : x € Z"}. The reason for this choice of lattice
is that if we let @ = {Az : x € [~1/2,1/2]P}, then the collection {z + Q, 2 € Lp}
is a tiling of space by rotated cubes. When d = 1, L9 = {(m,n) : m + n is even} is
the usual lattice for block constructions (see Chapter 4 of [11]).

Let Hy = {z# € Lp : zp = k} = {Az : x € ZP Y, 2; = k} be the points on
“level” k. We will often write the elements of Hj, in the form (2, k) where 2z € R%.
Let H; = {z € R?: (2,k) € Hy}. When d = 2, the points in H'q are the vertices
of a triangulation of the plane using equilateral triangles, and the points in H'; are
obtained by translation. One choice of A leads to Figure 7, where 7| and H, are
obtained by translating H{, upward by v/2 and 2v/2, respectively, and Hj = H).

\Vavavi

Figure 7: H'y (black dots) and H’; (white dots) in L3

In d > 3 dimensions (the case we will need for our applications in this work)
the lattice is hard to visualize so we will rely on arithmetic. Let {e1,...,ep} be the
standard basis in R”, and put v; = Ae;, i = 1,..., D. By the geometric description
of A given above, v; € H; has length v/D, and writing v; = (v, 1), v} € R? has
length /D — 1. For i # j, |lvj — vjll2 = [lvi —vjl2 = V2D, the last by orthogonality
of v; and vj. The definitions easily imply that H}_ | = vj +H; = {v; + 2 : 2 € H}}
for each 7 and k. Note that Dv] € H{, because Dv; — (0, ...,0,D) € Hy. This implies
that Hj, , = Dvj + H), = H,,.

For x € M} let V, C R? be the Voronoi region for x associated with the points in

..» 1.e., the closed set of points in R? that are closer to z in Euclidean norm than to
all the other points of ) (including ties). If V =V} (in d = 2, V), is the hexagon in
Figure 8 inside the connected six white dots), then the translation invariance of
and fact that ) = kv + H{, show that V, = x+V for all x € UH}.. Tt is immediate

75



Figure 8: 'y (black dots) and Voronoi region about 0 (inside white dots) in L3

from the definition of Voronoi region that for each k,
Upere Ve = R%. (5.1)

Furthermore, V, is contained in the closed ball of radius D centered at x. (To see
this we may set # = k = 0 and transfer the problem to Z” via A~!. It then amounts
to noting that if z € RP satisfies Y 2; = 0 and ||z||2 > V/D, then there are i # j
st x; > 1,z; <0orx; < —1,2; >0, and so ||z £ (e; — ¢;)||2 < ||z|l2.) From this
inclusion we see that for any L > 0,

if ¢, =L/(2D) then ¢V, C e¢pz + [—L, L)%, (5.2)
and so Ugeyy cra + [—L, L] = R

The above also holds with 2¢y, in place of ¢, but the above ensures a certain overlap
in the union which makes it more robust. Finally, one can check that for some
positive ¢z 3(D),

ifaeVy,b¢V, and |a —b| < ¢s53 then b € Uit Vol —v! - (5.3)

For this, note that x + v} — v}, 1 <i# j < D are the D(D — 1) “neighboring points
to z” in M}, corresponding to the 6 black vertices of the hexagonal around 0 in
Figure 8 for x = 0 and D = 3. The above states that the D(D — 1) corresponding
Voronoi regions provide a solid annulus about V,, as is obvious from Figure 8 for
D =3.

Our oriented percolation process will be constructed from a family of random
variables {n(z),z € Lp} taking values 0 or 1, where 0 means closed and 1 means
open. In the block construction, one usually assumes that the collection of 7(z) is
“M dependent with density at least 1 — 6” which means that for any k,

whenever z; € Lp,1 < i < k satisfy |z; — z;| > M for all i # j.
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Our process will satisfy the modified condition

P(n(zi) = 1|n(z;),j < k) > (1 — 0) whenever z; = (zj,n;) € Lp, 1 <j <k (5.5)
satisfy n; < ny or (nj = ny and |2; — 2| > M) for all j < k.

It is typically not difficult to prove results for M-dependent percolation processes
with 6 small (see Chapter 4 of [141]), but in Section 7 we will simplify things by
applying Theorem 1.3 of [34] to reduce to the case of independent percolation. By
that result, under (5.4), there is a constant A depending on D and M such that if

91/A
(A — 1)(A—1)/A) (1= (0Aa-1)"2),

we may couple {n(z),z € Lp} with a family {((z),z € Lp} of iid Bernoulli random
variables with P({(z) = 1) = 1 — ¢ such that ((z) < n(z) for all z € Lp. An
examination of the proofs of Proposition 1.2 and Theorem 1.3 of [34], shows that the
above result remains valid under our condition (5.5). [In their proof of Theorem 1.3
we can order the vertices of a finite set in £p so that the levels n of the vertices are
non-decreasing, and then in the inductive proof of Proposition 1.2 we will only be
conditioning {n(zg) = 1} on vertices whose level is at most that of z.]

In view of the comparison, and the fact that 8/ — 0 as § — 0, we can for the
rest of the section suppose:

1—9’:(1—

n(z) are i.i.d. with P(n(z) =1)=1—4. (5.6)

We now define the edge set & for Lp to be the set of all oriented edges from z to
z4wv;, z € Lp, 1 <i < D. A sequence of points zg,...,2n_1,2, in Lp is called an
open path from 2 to z,, and we write zg — z,, if there is an edge in & from z;
to z;4+1 and z; is open for i = 0,...,n — 1. Note that z, does not have to be open
if n > 1 but zy does. In Sections 6 and 7 we will employ a block construction and
determine suitable parameters so that (x,n) € H, being open will correspond to
a certain “good event” occuring for our Poisson processes in the space-time block
(cpx + [-K\T, K1T)%) x [nJ;T, (n + 1)J,T) for appropriate L, K; and .Jj.

Given an initial set of “wet” sites Wy C Ho, we say z € H,, is wet if zg — z for
some initial wet site zy. Let W,, be the set of wet sites in #,, when all the sites in
Ho are wet, and let W be the set of wet sites in H,, when only 0 € Hq is wet. Let
Q0 = {WY # () for all n > 0}.

Lemma 5.1. (i) infyey, P(x € W,) > P(Q%) — 1 as 6 — 0.
(ii) Let HI, = {(2,n) € Lp : z € [-r,7]%}. Then there are 05; > 0 and r5; > 0
such that if 6 < 051 and r < rs; then as N — 0.

P(Q% and W2 NHI" 4 W, NHI™ for some n > N) — 0. (5.7)

Proof. The first result follows from well-known d = 1 results, e.g., see Theorem 4.1

of [12]. The second result is weaker than a “shape theorem” for W), which would
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say the following, using the notation A’ = {2’ : (2/,n) € A} for A C H,,. For 0 < 6,
there is a convex set D C R?, containing the origin in its interior, so that on 0o,

(W2 ~nDn (W)

for all large n. More precisely with probability 1, if § > 0 there is a random ns such
that (W) € n(1+6)D and (W2) > (1—-6)nDN(W,,) for all n > ns. The technology
exists to prove such a result for oriented percolation on L£p, but unfortunately no
one has written down the details. The argument is routine but messy, so we content
ourselves to remark that (ii) can be established by the methods used in Durrett and
Griffeath [17] to prove the shape theorem for the d-dimensional contact process with
large birth rates: one uses percolation in two dimensional subspaces A(me; + ne;),
1 <7< j < n and self-duality. O

Call sites in V,, = H,, \ W,, dry. In Section 7, when we are trying to show that
that & dies out, the block construction will imply for appropriate L and Ji,

if (z,n) € W2, then (cLz + [—L,L]d> X [(n— 1)1 T,nJiT] is e-empty,  (5.8)

where a region is e-empty if & (x) = 0 for all (z,¢) in the region. This will not be
good enough for our purposes because the space-time regions associated with points
in V0 = #, \ W2 might be occupied by particles. To identify the locations where
there might be 1’s in & we will work backwards in time. However in our coarser
grid Lp, 1’s may spread sideways through several dry regions and so we need to
introduce an additional set of edges for Lp. Let £ consist of the set of oriented
edges from z to z —v; for 1 <7 < D, and from 2z to z +v; —v; for 1 <1 # j < D,
z € Lp.
We assume for the rest of this section that

d>2,

since we will in fact applying these results only for d > 3. Our next goal is to
prove an exponential bound on the size of clusters of dry sites. Up to this point
the definitions are almost the same as the ones in Durrett [13]. However, we must
now change the details of the contour argument there, so that it is done on the
correct graph. Let y € Lp with yp = n > 0 (write y € EB). In addition to P
as in (5.6), for M > 0 we also work with a probability P = P, ps under which
n(z) =1 for z = (2/,m) € L}, satisfying m < n and |z/| > M, and the remaining
n(2)’s are as in (5.6). Therefore under P the sets of wet sites {W,,} will be larger,
although we will use the same notation since their definition is the same under either
probability law. If y is wet put D, = (), and otherwise let D, be the connected
component in (Lp, &) of dry sites containing y. That is, z € D, iff there are
21 =Y, 22,...,2x = zallin Lp so that the edge from z; to z;41 is in £ and each z;
is dry. Since all sites in H are wet, D, C {z € Lp :n > zp > 0}, and under B, y/,
Dyc{zeLp:n>zp>0|(21,...,2p-1)] < M}. We assume that w satisfies

Dy (w) is finite. (5.9)
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The fact that (5.9) holds a.s. under B, j is the reason this law was introduced. To
make D, into a solid object we consider the compact solid

Ry = UZEDy(Z + Q) C Rd X R+.

If Ry is the complement of R, in R? x R, we claim that both Ry and Rj are
path-connected. For R,, suppose for concreteness that D = 3 and note that for the
diagonally adjacent points y(0) = A(0,0,0) and y(1) = A(1,—1,0), Dy N Dy
contains the edge A({1/2} x {—1/2} x [-1/2,1/2]). For Ry, if x € R; then there
exists [z] € L], \ Dy such that = € [z] + Q and the line segment from z to [z] is
contained in Rj. We first assume [z] € Hj, for some k € {1,2...,n}. If [z] is wet
then there must be a path in Ry connecting [z] to Ho. Suppose [z] is dry, and let
20,21, .., 2K beapathin £ connecting zp = y to zx = [z]. At least one site on this
path must be wet (else [x] € D,), so let z; be the first wet site encountered starting
at zi. Then for each i > j, z; is dry and z; ¢ D, (or else [z] would in D,). Thus
Ufij(zi + Q) is path-connected, contained in Ry, and z; is connected to Ho by a
path in Rj. Note that Ho C (R4 x {0})N R, = Ho which is path-connected because
the rotated cubes making up R, can only intersect R? x {0} in a discrete set of
points (since Dy, C {zp > 0}). It is here that we use d > 2. Now suppose [z] € Hy,
for some k > n. 7:[0 is also connected to H,41 by a path in R; (assuming 0 < 1).
This allows us to connect [z] to Hg and so conclude that R} is path-connected.

Let I'y be the boundary of Rj. To study I'y we need some notation. We define the
plus faces of [~1/2,1/2]” to be [~1/2,1/2]™ x {1/2} x [~1/2,1/2]P~™~! "and define
the minus faces to be [~1/2,1/2]" x {—1/2} x[~1/2,1/2]P=™=1 'm =1,...,D. The
images of the plus and minus faces of [~1/2,1/2]? under A constitute the plus and
minus faces of Q = A([~1/2,1/2]%), which are used to defined the plus and minus
faces of I'y in the obvious way. Note that the plus faces of I'y will have outward
normal v; for some i while the minus faces will have outward normal —v; for some
i.

Lemma 5.2. If (5.9) holds, then Iy is connected and bounded.

Proof. For ¢ > 0 let RS = {x € R?: [z — w|e < € for some w € R,}. Since Ry is
connected, so is Rj. If k(U) denotes the number of path-connected components of

a set U, it is a consequence of the Mayer-Vietoris exact sequence with n = 0 that
for open sets U,V C RP with U UV =RP,

K(UNV) = w(U) + (V) — 1.

See page 149 of [30] and also Proposition 2.7 of that reference. Applying this to the
open connected (hence path-connected) sets R;, and Rj, whose union is RP, we find
that R N Ry is path-connected.

Finally, R; N R} is homotopic to I'y, and therefore I', is also path-connected.
Boundedness is immediate from (5.9). O

For the next result we follow the proof of Lemma 6 from [13]. A contour will be
a finite union of faces in £p which is connected.
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Lemma 5.3. There are constants Cs.3 and s 3 which only depend on the dimension
D so that the number of possible contours with N faces, containing a fixed face, is
at most Cs 5(115.5)N

Proof. Make the set of faces of Lp into a graph by connecting two if they share
a point in common. Note that by the above definition a contour corresponds to a
finite connected subset of this graph. Each point in the graph has a constant degree
v = v(D). An induction argument shows that any connected set of N vertices has
at most N (v — 2) + 2 boundary points. (Adding a new point removes 1 boundary
point and adds at most v — 1 new ones.) Consider percolation on this graph in
which sites are open with probability a and closed with probability 1 — a. Let 0 be
a fixed point of the graph corresponding to our fixed face, and Cy be the component
containing 0. If By is the number of components of size N containing 0, then

1> P(|Co| = N) > Bya™ (1 — o)V =242,
Rearranging, we get By < Cu® with C = (1 —a)™? and pp = a=*(1 — a)~ =2,
Taking the derivative of —loga — (v —2)log(1 — a) and setting it equal to 0, we see
that a = 1/(v — 1) optimizes the bound, and gives constants that only depend on
the degree v. O

Lemma 5.4. If05 ) = (2p15.5) 2P, then 6 < 05, implies that for ally = (y',n) € £B
and all M > |y'|, Pom(ITy| > N) < 205527 N for all N € N.

Proof. By Lemma 5.2 if D, # () we see that under B, s, Ty is a contour which by
definition contains the plus faces of y + (). Given a plus face in I, if we travel the
line perpendicular to R? x {0} and through the center of the face, then we enter and
leave the set an equal number of times, so the number of plus faces of I'y is equal
to the number of minus faces. Thus, if the contour I'y has size N there are N/2
minus faces. It is easy to see that a point of Wj adjacent to a minus face associated
with a point in Vj41 must be closed for otherwise it would wet the point in Vjiq
(recall the outward normal of a minus face is —v; for some 7). The point of W; that
we have identified might be associated with as many as D minus faces, but in any
case for a contour of size N there must be at least N/2D associated closed sites.
Taking 0 < (2,u5.3)_2D , using Lemma 5.3 to bound the number of possible contours
containing a fixed plus face of y + @, and summing the resulting geometric series
now gives the result. |

It follows from the above and an elementary isoperimetric inequality that there
are finite positive constants C,c such that for all y = (y/,n) € £} and M > |y/|,

if 0 <654 then P, p(|Dy| > N) < Cexp(—eNP=V/Py for all N e N, (5.10)

Now fix r > 0 and let B,, be the dry sites in ’H:Ln/ * connected to the complement of
un anm/ 2 by a path of dry sites on the graph with edges &£, where as for open

m=n/2
sites the last site in such a path need not be dry.
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Lemma 5.5. If 0 < 05, then
P(B,, # 0 infinitely often) = 0.

Proof. Let M > n(r ++/2D). We couple the iid Bernoulli random variables {7(z2) :
z € Lp} (under P) with the corresponding random field 7 (under P = P, 5s) so
that

n(z) =7(z) Vz=(2,m) where /| < M or m > n.

We claim that z € U _ /27-12" = H, is wet for n iff it is wet for . It clearly

suffices to fix z = (2/,m) € H, which is wet for 77 and show it is wet for 7. A
path of sites z; = (2,7), ¢ = 0,...,m with edges in & from H, to z satisfies
max;<, |2/| < rn++/2Dn < M. This is because the edges in & have length at most
V2D. Therefore if the sites in the path are open in 7, then they will also be open
in 7. This proves the claim.

Next note that if y € ’H:Ln/ 4, then y € B, for n iff y € B, for 7. This is because
the path of dry sites connecting y to the complement of U _ /2 fnm/ ? can be taken

to be inside 7, and so we may apply the claim in the last paragraph. It now follows
from the above bound on the length of the edges in £ that

P(y € By) = Poat(y € Ba) < Par (D] 2 iﬁ?_")

The number of sites in H,"/* is at most Cn?, and the bound in (5.10) shows that
P(B, #0) < ZyeH"”/“ P(y € B,,) is summable over n. O

Remark 5.1. We will prove in Section 7 that if wet sites have the property in
(5.8), and the kernels p(-) and q(-) are finite range, then for an appropriate r > 0,
B,, = 0 will imply that on ng all sites in [—cL7drn,cL7drn]d will be vacant at times
tel(n—1)NLT,nJiT)|. This linearly growing dead zone will guarantee extinction of
the 1’s.
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6 Existence of stationary distributions

With the convergence of the particle system to the PDE established and the per-
colation result introduced, we can infer the existence of stationary distributions by
using a “block construction”. Recall that our voter model perturbations take values
in {0, 1}EZd and so our stationary distributions will be probabilities on this space of
rescaled configurations. We begin with a simple result showing that for stationary
distributions, having some 1’s a.s. or infinitely many 1’s a.s. are equivalent. Let

€] =22, &(x).

Lemma 6.1. If v is a stationary distribution for a voter perturbation, then
l€l=00 v—a.s. iff || >0 v—a.s.

Proof. 1t suffices to prove
v(|¢| < oo) > 0 implies v(|¢] = 0) > 0. (6.1)

Assume first that the 0 configuration is a trap. Then if || = K < oo, (1.5)
shows the sum of the flip rates is finite and so it is easy to prescribe a sequence of
K flips which occur with positive probability and concludes with the 0 state. By
stationarity we get the implication in (6.1).

Assume next that 0 is not a trap, which means ¢7(0,...,0) > 0. We claim that
v(|€| < oo) = 0, which implies the required result. Intuitively this is true because
configurations with finitely many 1’s have an infinite rate of production of 1’s. One
way to prove this formally is through generators. Let Q° be the generator of our
voter perturbation, 2, be the generator of the voter model in (1.3) and for i = 0,1

(&) = D 1) =1 = DE(GF (@ + Y1), &z + Y)W (ET) =9 (€)).

z€Z4

Here v will be a bounded function on {0, 1}Zd depending on finitely many coordi-
nates, and we recall that £* is £ with the coordinate at x flipped to 1 —&(z). Recall
that & (cx) = &(z) for € € {0,1}2", 2 € Z%. For ¢ as above define 1. on {0, 1}
by ¥ (&) = $(€). Then by (1.5) and (1.12),

Qe (&) = (€77 = &) 2(€) + Qo (&) + M(€). (6.2)
For 0 <7 < R,let A(r,R) ={z € Z¢:r <|z| < R} and
Ura(€) = 1Elawm = 0), €€ {0,1}"
Considering two cases = € A(r, R) and x ¢ A(r, R) we have
if {(x) = 0 then ¢ r(§") — ¥r,r(E) < 0. (6.3)

Since ¥, r(§%) — ¢y r(§) = 1 only if x is the only site in A(r, R) where {(z) = 1, we
have
var,R(f) < 17 Qowr,R(g) < Hgg”oo (64)

82



Choose A so that P(Y* < \) > 1/2, where Y* is as in (1.8). Flipping a site from 0
to 1 cannot increase 1, g, and 1, g(§) = 1 implies {(x) = 0 for all x € A(r, R), so
we have

Nrr©) < — Y (1= E@)gi(0,..., 0P +¥*) = 0 for 1 <i < NoWina(€)
z€A(r,R)

£0,...,0
< A0 0y )a(+ 2B - ), (65)
The stationarity of v implies, see Theorem B.7 of Liggett [33], that if ¢) = 1), g then
[ Q%¢odv = 0. Using (6.2), (6.4) and (6.5), and noting that

/1[)5 dv=v({ =0 on A(er,eR)),

we have

g7(0,...,0)

0< (72— &) +llghlloe — L2

|A(r + A, R— \)|v(§ =0 on A(er,eR)).
Rearranging this inequality we get

2((e7? —e1?) + 195/l )

V(€= 0on AEreR) < e ™A+ 0 R — V)

(recall ¢5(0,...,0) > 0). Letting R — oo we conclude that v({ =0 on A(er,00)) =
0. In words, for v-a.a. configurations there is a 1 outside the ball of radius er. As
this holds for all » < oo, there are infinitely many ones with probability 1 under v.
O

Assumption 1 and (1.63) are in force throughout the rest of this section and we
drop dependence on the parameters w, v;, Lo, L1, 1o, etc. arising in those hypotheses
in our notation. We continue to work with the particle densities D(x, &) using the
choice of r in (4.6). We start with a version of Lemma 4.2 which is adapted for

proving coexistence. We let
Lo =3+ LoV L.

Lemma 6.2. There is a C59 > 0 and for every n > 0, there are T, > 1 and
eg.0(n) > 0 so that fort € [T,,,Cg plog(1/e)] and 0 < e < eg 0, if

&5 has density in [vo +n,v1 — 1] on [— Lo, Ly]?,

then
P(& has density in [u, —n,u* + 1] on [—wt, wt]|€5) > 1 — &0

The proof is derived by making minor modifications to that of Lemma 4.2 and
so is omitted. We will always assume 1 > 0 is small enough so that

O<vo+n<uy—n<u +n<v—n<l.
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The one-sided versions of the above Lemma also hold (recall Lemma 4.2 on which
the proof is based is a one-sided result), that is, with only one-sided bounds on the
densities in the hypothesis and conclusion.

Theorem 1.15. Suppose Assumption 1 and (1.63), and let n > 0. If e > 0 is small
enough, depending on n, then coexistence holds for the voter model perturbation, the
nontrivial stationary distribution v may be taken to be translation invariant, and
any stationary distribution such that

1/( Y t@) =00 Y (1-¢@) :o) ~0 (6.6)

xCeZd xCeZd

satisfies v(&(x) = 1) € (uyx —n,u* +n) for all x € 7.

Proof. We use the block construction in the form of Theorem 4.3 of [14]. This result
is formulated for D = 2 but it is easy to extend the proof to D > 3, and we use this
extension without further comment. Recall Q(r) = [—r,7]¢ and Q*(r) = Q(r) NeZ-.
Let U = (Cg.9/2)log(1/e), L = wU/(agD + 1), where og > 0 is a parameter to
be chosen below, and I = [u. —1/4,u* 4+ n/4]. Next we define the sets H and G¢
which appear in the above Theorem. Let

H = {¢ € {0, 1}EZd : § has density in I} on Q(L)},

that is, if Q. = [0,a.)? N eZ? then the fraction of occupied sites in = + Q. is in
I = [u* —n/4,u* +n/4] whenever z € a.Z°N[-L,L]". If L' = L+1, then {{ € H}
depends on {|_;/ ;/a. Here we need to add 1 as the cubes of side a. with “lower

left-hand corner” at = € [—L, L]¢ will be contained in [~L’, L']%. This verifies the
measurability condition in Theorem 4.3 of [14] with L' = L + 1 in place of L which
will affect nothing in the proof of Theorem 4.3.

Let G¢ be the event on which (a) if §§ = £, then {f; has density in I} on Q(wU)

and (b) for all z € Q°(wU + 1) and all t < U, XY € Q((w + by)U + 1), where
by = 16(3 + d)/Cg 9. Note that

Ge €U<A3’[0,U]xezd%x[o,1pAi’u\[qzj}xezd 1y € Q°((w+bo)U) + 1) (6.7)
=G(Q((bo +w)U + 1)) x [0,U])
Informally, G(R) is the o-field of generated by the points in the graphical represen-
tation that lie in R. The above measurability is easy to verify using the duality
relation (2.17).

Consider now the Comparison Assumptions prior to Theorem 4.3 of [14]. In our
context we need to show

Lemma 6.3. For 0 <e <eg 9(n):
(i) if & € H, then on Gz, & has density in Iy on agLv} + [-L, L)% 1<i<D,
(ii) if £ € H, then P(G¢) > 1 — %04,
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Proof. By assuming € < £1(n) we have U > T, , and L > Lg. Using the definition
of L and the fact that |v}| < ||v}||2 = /D — 1 one easily checks that

agLv} + [~L, L)% ¢ [~wU,wU] for i =1,...,D. (6.8)

Part (a) of the definition of G¢ now gives (i). By Lemma 4.7 with parameters
L=wU+1, 2b=1by, c=Cg9/2and T’ = U, and Lemma 6.2, for £ € H we have
for e < eg.9(n),

P(GE) < &%+ dy(wU + 1)U + 1)e06.2)/1072
< 6'05 +C(10g(1/€))d+1€ < 6'04,

where the last two inequalities hold for small e. We may reduce Cy 9 to ensure that
b = by /2 satisfies the lower bound in Lemma 4.7. This proves (ii). O

Continue now with the proof of Theorem 1.15. Let ¢ < £ 3 and define
Vi = {(2,n) € Hy : &y has density in I} on agLz + [—L, L]}

(To be completely precise in the above we should shift agLa and agLuv, to the point
in eZ?® “below and to the left of it” but the adjustments become both cumbersome
and trivial so we suppress such adjustments in what follows.) If we let

Ry, = (yoaoL,nU) + Q((bp +w)U + 1) x [0,U], for (y,n) € Lp

and

M- F(bo + w) (D + 1)} 7

aow

then Ry, m N Ry, = 0 if |(y1,m) — (y2,n)| > M. Since G(R;), 1 < i < k are inde-
pendent for disjoint R;’s, Lemma 6.3 allows us to apply the proof of Theorem 4.3
of [14]. This shows there is an M-dependent (in the sense of (5.5)) oriented perco-
lation process {W,,} on Lp with density at least 1 — £04 such that Wy = V and
W, C V, for all n > 0. We note that although a weaker definition of M-dependence
is used in [14] (see (4.1) of that reference), the proof produces {W, } as in (5.5). By
Lemma 5.1 with r =75 | and 6 = %, if ¢ < £1(n), then

lim  inf  P(§; has density in I} on agLx + [~ L, L% (6.9)

n—00 (z,n)EHI™

> (1 - g)P(o € Vh).

We will choose different values of aq to first prove the existence of a stationary
law, and then to establish the density bound for any stationary distribution. For
the first part, set ap = 3 and take {¢5(z) : @ € €Z?} to be iid Bernoulli variables
with mean u = (u, +u*)/2. The weak law of large numbers implies that if € is small
enough

P(& has density in I on [-L,L)%) > (6.10)

DO | =
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Since ag = 3, L > 3 and |z —y| > ||z — yl2/VD > 1 for all 2 # y € H.,
{agLz+[-L', L") : x € H!} is a collection of disjoint subsets of R? for each n. This
and the measurability property of {{ € H} noted above shows that if 0 < & < g¢(n)
then {V,,} is bounded below by an M-dependent (as in (5.5)) oriented percolation
process, {Wé/ *}, with density > 1 — &% starting with an iid Bernoulli (1/2) field.
Having established that our process dominates oriented percolation, it is now routine
to show the existence of a nontrivial stationary distribution. We will spell out the
details for completeness.

Lemma 6.4. Assume ag = 3 and {&5(x) : © € €Z} are as above. There is an
€6.4(m) > 0 so that for any € € (0,4 4(n)) and any k € N there are t1(k,e),
M;i(k,e) > 0 so that fort > t,

P(Y G@zkamd Y 1-g@=k) 21—

|z| <My |z| <My

Proof. Asin Theorem A.3 of [14] for k € N there are ng, £y, My € Nand 21, ..., 245 €
Q(My) satisfying |z; — z;| > 3M + 20y + 1 for @ # j, such that for n > ng with
probability at least 1 — k=1

W20 Q(z,40) # 0 for j =1,...,4k. (6.11)
The above implies there are o(&;;;)-measurable y; € Q°(z;,%p) such that
§nu has density in I; on 3Ly; + [—L,L)¢, j=1,... 4k (6.12)

This proves the result for ¢ = nU. Intermediate times can be easily handled using
Lemma 6.2 and the finite speed of the dual (Lemma 4.7). Those results show that for
afixed e < eg 9 and t > (nog+1)U, if we choose n > ng so that t € [(n+1)U, (n+2)U]
(use T4 < 2U = C 9 log(1/¢) in applying Lemma 6.2), then on the event in (6.12)
we have

P(&; has density in I, on 3Ly; + [-L, L4,
and X%' € Q(3Ly;, L' +boU) for all x € 3Ly; + [~L',L']¢ and s € [0,1]|¢5,)
1
>1—e% — ¢ (log(1/e))tle > 3

where in the last we may have needed to make e smaller.

Our separation condition on the {z;} and L > 3 implies that Q(3Ly;, L' +byU),
j =1,...,4k are disjoint and so the events on the left-hand side are conditionally
independent as j varies. Therefore a simple binomial calculation shows that

P(|{j < 4k : & has density in I, on 3Ly; + [-L, LY > k)

(- )0 =1

Here the first 1 — % comes from establishing (6.12) and the second 1 — % comes from
the binomial error in getting fewer than k£ points with appropriate density at time
t. Since the above event implies the required event with My = 3L(Mg + 4y) + L we
are done. O
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Fix ¢ < egy4. By Theorem 1.1.8 of [32] there is a sequence t, — 00 s.t.
ol g" 1(&s € )ds — v in law where v is a translation invariant stationary distri-
bution for our voter perturbation. Lemma 6.4 easily shows that there are infinitely
many 0’s and 1’s v-a.s., proving the first part of Theorem 1.15.

Turning to the second assertion, by Lemma 6.1 and symmetry it suffices to show
that for £ < e5(n) and any given stationary v with infinitely many 0’s and 1’s a.s.
then

sup p(§(z) = 1) < u” +n.
x
Start the system with law v. We claim that

Lemma 6.5. There is a o(&5)-measurable r.v. xg € €Z% such that & = 0 on
Q% (zo, L) a.s. More generally w.p. 1 there is an infinite sequence {x; : i € Z,}
of such random variables satisfying |x; — x;| > 2L + 3 for all i # j.

Proof. To see this condition on &j, choose x( so that £§(z9) = 0 and note that if RY
is the first reaction time of the dual X**, the event “¢j = 0 on Q°(zo, L)” occurs if
for all z € xg + [~L, L], R¥ > 1, X{*° = x0, and sup,-; |X5*° — 2| < 1. Call the
last event A(zg). The last condition has been imposed so that if |xg — 1| > 2L + 3
then the events A(xg) and A(z;) are (conditionally) independent. Clearly they have
positive probability. Given our initial configuration with [{y : £5(y) = 1}| = oo a.s.,
we can pick an infinite sequence z;, i € N, with &§(z;) = 0 and |z; — z;| > 2L + 3
when j > 4, so the strong law of large numbers implies that at time 1 there will be
infinitely many x; with &j(z) = 0 for all z € Q°(z;, L). By stationarity this also
holds at time 0. O

Now condition on &G, shift our percolation construction in space by zg, set ag =
(2D)~! and only require the density to be at most u* + /4 in our definition of V;,
which now becomes

Vi = {(z,n) € Hy : €& has density at most u* +n/4 on xo + cpx + [—-L, L]%},

where we recall from (5.2) that ¢;, = L/(2D). (Here we are using the one-sided
version of Lemma 6.2 mentioned above, after its statement.) Then 0 € Vj and the
one-sided analogue of (6.9) shows that if € < e3(n), then

lim inf PlzeV,) >1-

n—=00 (z,n)EMH"

=~

Recall from (5.2) that Ugeqyr xo-+crz+[—L, L] = R, so this implies for any « € R?
and n large enough,

P(& 7 has density at most u* + g onz+|[-L, L% >1— g

Y

and so by stationarity

v(&° has density at most u* + Z onz+[-L, L% >1- g for all 2 € RY.
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To complete the proof, run the dual for time ¢ (¢. as in (4.6)) and apply Lemma 4.5
with u = u* + % to see that for z € eZ% and € < 3(n) A ey 5(n/3),

v((x) =1)=P(& (z) =1)
< P(Ry <t.) + E(P(Ry > t.,& (x) = 1/£5))
< (L—e %) + B(P(&(B") = 11£5))
% n n 77
§ct5+§+u +Z g u+77,

where ¢ is further reduced, if necessary, for the last inequality.
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7 Extinction of the process

7.1 Dying out

Our goal in this section is to show that if f/(0) < 0 and [£5| is o(¢™%), then with
high probability & will be extinct by time O(log(1/¢)). Throughout this Section we
assume that 0 < e < g and that (1.65) holds, i.e., ¢;(0,...,0) =0 for 0 < e < g

Recall from (3.30) the drift at ez in the rescaled state & € {0,1}%" (recall the
notation prior to (1.2)) is

and define the total drift for |{.| < co by

V(&) = st(eﬂj,&). (7.1)

Recall from (1.7) and (2.6) that
hi(2,€) = By (g (E(x + Y1), ... &(z + Y0))), (7.2)

where Ey denotes the expected value over the distribution of (Y1, ... YNO), and also
that

" =c(g)= sup |lgillco +ll95llc +1, o =" No. (7.3)
0<e<eq/2

It will be convenient to write
Ee(ex +eY) = (E(x +eY?h), ... E(z 4+ YY),

If H; is the right-continuous filtration generated by the graphical representation,
then

t
€5 = 165 + M; + /O be(€5) ds, (7.4)

where M€ is a zero mean L?-martingale. This is easily seen by writing &5 (z) as a
solution of a stochastic differential equation driven by the Poisson point processes
in the graphical representation and summing over x. The integrability required to
show ME€ is a square integrable martingale is readily obtained by dominating |£%| by
a pure birth process (the rates c¢. are uniformly bounded for each ¢) and a square
function calculation.

Lemma 7.1. For any finite stopping time S

e~ €S| < B(I8514|Hs) < e™|€5.

Proof. By the strong Markov property it suffices to prove the result when S = 0.
The fact that d.(ex,&) > —||g§lloc implies ¥z(€5) > —||g5llool&5]- It follows from
(1.65) and (7.2) that

No
do(e,&) < lgillee Y. D P ' =y—a).
Yy

€(y)=11=1
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Summing over x and then y, we get 1. (£5) < Nol|¢5|lo]&5] and (recalling (7.3)) the
desired result follows by taking means in (7.4) and using Gronwall’s Lemma. |

Let €59 be the voter model constructed from the same graphical representation
as &° by only considering the voter flips. We always assume 58’0 =&

Lemma 7.2. If ¢y = 4(2Ng + 1)c* then

E(|¢=(€5) = $e(&50)]) < erale” NorDs — 1|65

Proof. Let & (e +eY) = (&(ex +eY0),... & (e + V™)), where YO = 0, Y is
independent of £, and note that in contrast to Y, Y contains 0. Let

D-(mo, s - -1ng) = =096 (1015 - - 1ng) + (L= 10)95 (01, - -, 1N )

and note that

B(|-(€5) = vo(2)) < B(Y ID-(€5(en + V) — Do(¢2"(ew +27))])
< 2D o B( D] mas 5(ew +2¥) v (e + D) (7.5)
X Hei (en +e¥) # &0z + 1)},

because for fixed z if the latter summand is zero, so is the former, and if the latter
summand is 1, the former is at most 2|| D ||o-

Let X; = X;7°, t € [0, 5] be the dual of £° starting at (zo,...,2n,) = €T + eY at
time s and let R,,, m > 1 be the associated branching times. We claim that

E([Oglgv € (ex + eyi)] e (ex + V) # €0 + sf/)}) (7.6)
<B( Y GhyR <s}).
te(s)

To see this, note that:

(i) if Ry > s, then there are no branching events and so (X, t < s) is precisely the
coalescing dual used to compute the the rescaled voter model values §§’0(€az +eY).

(ii) In the case Ry < s, if &5(XY) = 0 for all £ € J(s) then &(ex + Y?) = 0 for
0 <7 < Ny because working backwards from time 0 to time s, we see that no site
can flip due to a reaction, and again we have &% (ex + Y) = £50(ex + €Y).

Similar reasoning and the fact that the dual (Xt0 7 j € JO(t)) of the voter model
€59 with the same initial condition z satisfies J°(t) C J(t) for all ¢ < s a.s., shows
that

B[ max &0+ Y| e (er +67) # 60 +27))) (7.7)
<B( Y §xXD1Hm <)),
£eJ(s)
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If Ey denotes expectation with respect to the law of X;* when z = 0 then, using
(7.6) and (7.7), we may bound (7.5) by

4C*E0< 3 Y €er + XOHUR < s})

Led(s) =

Bounding by the dominating branching random walk X, and using |J(Ry1)| = 2Ng+1
and P(Ry < s) =1 — e ¢ Noths e see the expected value in the last formula is
at most

EGIE(T(s)[H{ R < s}) < !58!€C*N°SE(! J(R1)|[1{Ry < s})
< (QN(] + 1)|£8|60*N03(1 e *(No+1)s ) < (2N0 + 1)|£O|( *(No+1)s 1)’

which proves the desired result. O

For the next step in the proof we recall the notation from Section 1.8. We assume
Y is independent from the coalescing random walk system {B* : x € Z%} used to
define 7(A) and 7(A4, B). Recall from (1.88) and (1.85) that under (1.65)

0=f'(0)= > BS)P((Y5) < o0, 7(Y*,{0}) = 00) = () P(r(Y U{0}) < o).

56731\70
For M > 0 define

= > B(SP(r(YS) < M < 7(Y5,{0})) = 6.(S)P(r(YS U{0}) < M) .
SePn,

It follows from (1.89) that (with or without the €’s)

D 1B+ 10:(9)] < 227 (||g5 lloo + g5 lloc) < 2270 (g) (7.8)
SEPNO

(recall here that gi = g7 by our £; = oo convention). It is clear that limy; o0 c—0 05, =
0, but we need information about the rate.

Lemma 7.3. There is a €7.3(M) | 0 (independent of the g5) so that
65, — 01 < 220195 = g1lloe + 195 — golloo + " (9)e7.5(M) .
Proof. Define

er3(M) = % sup {P(M <7 <o00):7= (Y9, 7(YS U {0}),7(Y*, {01},
SGPNO
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and note that e73(M) | 0 as M 1 co. Using (1.90) and (7.8) (the latter without the
E’s) we have

=01 < > 1B-(5) = B(S)| +16-(8) — 6(9)]
SEPNO
+ > [W NIP(r(Y®) < M < 7(Y®,{0})) = P(r(Y?) < 00 = 7(Y*,{0}))|
SEPNO

+|6(S)|P(M < 7(YSU{0}) < )

<2M0{lg5 — galloe + 195 — olloo] + 220" (g)er 5 (M),

The result follows. O

To exploit the inequality in Lemma 7.2 we need a good estimate of F(1.(£5 0))
for small s.

Lemma 7.4. There is a constant cy (independent of g5 ) such that for e,6 > 0,
B(e(65°)) = 05,16 + 17 4(.0), (7.9)
where |17 4(e,8)| < ¢74¢*(g)0~2(¢5 ]2,

Proof. As usual we assume Y is independent of £59. Summability issues in what
follows are handled by Lemma 7.1 (and its proof) with gi = 0. The representation
(1.83) and (7.1) imply that

B(ve(&°)) Zﬂa — 0=(S)E;(S)
E5(S) = Z E(<1 =~ () [[ 6 x + 1)
x€Z4 €S
Ei(S) =Y < ex) [[ €5 (ex +eY7) ) (7.10)
x€Z4 €S

We will use duality between £0 and {B*} (see (V.1.7) of [32]) to argue that
E§(S) = [&5|P(7(Y®) < e < 7(Y,{0})), B # S C {L,...,No}
E§(S) ~ & |P(r(Y5,{0}) < de?)all S C {1,...,No}.

Beginning with the first of these, note that duality implies (recall Y? = 0)

E5(8) = 3 B((1 = &8y o) [[ e BE (e + Y5, {a}) > 6=2))

x€Z4 €S
S (Hga eBEY ) r(x + Y5, {2}) > 6 2})
r€eZ4 €S
-3 E( [1 B 1@+ Y5 {2}) >5s_2}> (7.11)
zezd  ieSU{0}
=31 — Xo.
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If 7(z +Y?®) > 6e~2 there are i # j € S so that 7({x + Y}, {z + Y7}) > §e=2.
If we condition on the values of the Y? Y7 in the next to last line below,

3 (Hgo (eBZYY) 1{T(x+YS)>5a—2}>

z€Z4 €S

<> Y BEEBI G EBI Y r({z + Y} o + Y7} > 6:7%))

2€Z4 1<i<j<No
<D0 Y Glewsen) Yo D PBEY =w B =,
wEZ4 z€74 1<i<j<No z€Zd
r({z+ Y} {z+Y7}) > 6e72))

<Y D GEwEez) > P(BYa=w—z-Yi+Y))

weZd zeZd 1<i<j<No
< No(No — 1)|g5 2e(1 + 202 72) =472, (7.12)

where the local central limit theorem (e.g. (A.7) in [6]) is used in the last line. A
similar calculation shows that

Sy < J€52e(1 4 26e2) 742, (7.13)

To see this, note that 7(z + Y*,{0}) > d¢=2 implies that for ip € S (this is where
we require S non-empty) 7({z + Y} {z}) > §¢72) and we may repeat the above
with ¢ = ip and j = 0. Returning to the study of X1, taking any ig € S we have

3 (H GEBY ) r(x+YS) <de2 < r(a + Y5, {:1:})})

z€Zd €S

=Y E (go ex +eBL){r(Y%) <872 < T(YS,{O})})
z€Z

= |&5|P(T(Y®) < 872 < 7(Y5, {0})). (7.14)

Together (7.12) and (7.14) bound ¥;. Using this with (7.13) in (7.11), we con-
clude that

E5(S) = 65| P(r(Y) < 672 < 7(Y5,{0}) +m (e, 9, 9), (7.15)

where |11 (e, 6,5)| < eNZ|€5|20-42e4. A similar, and simpler, argument shows that
for S Cc {1,..., No},

E{(S) = |&|P(r(Y" U{0}) < 0e72) + ma(e, 0, 5), (7.16)

where |12(e, 6, 5)| < cNo(No + 1)|&5|26~ %2,

Now use (7.15), (7.16) and the fact that S.(0) = 0 (by (1.65)), to obtain (7.9)
with
n7.4(8,9)] < Z |B=(S)] + 16 (S))eNo(No + 1)5~42(&5 .
Finally use (7.8) to complete the proof. O
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For 0 < < 1,let T'(m) = Te(m) = inf{t > ™ : [0y | > (€_1+n71)d€’71} and
note that T'(n1) — ™ is an (H;)-stopping time.

Lemma 7.5. There is a c7.5 so that if n1 € (0,1), then for all s > ™
B (&) Ho—em) < [0 .2 +crse™] €| a.s. on {T(m) > s}.

Proof. Let § = ™. 1If |&| < (6_“'%1)‘16"1, then Lemmas 7.2 and 7.4 imply
E@(&5)) = 551052 + 7/ (¢) with

[ ()] < e7.a[eMOFVE 1[5 + eraeT PG

< e7.9¢* (No 4+ 1)eMNotDeem ge| 4 e e8],

For the second term we used the bound on |£§|. The result now follows from the
above by the Markov property and the definition of T'(1). O

Lemma 7.6. Let 8,m9 € (0,1]. There is an €7.4(8,m2) € (0,1), so that if 0 < e <
e7.6 and 0 = f'(0) < —ma, then |&5| < e~ P implies

P(|€] > 0) < 6e*0&P/2 for all t > 727—3 log(1/e).

Proof. Let A < n2/2, m = B(2+d)~, T = T.(m) and § = €™. An integration by
parts using (7.4) shows that for ¢ > ¢,

t
D) (g8 | = eMe5] + / Hr < TYAN (&) + Ve (E))dr + Ny,
§
where N¢ is a mean 0 martingale. Since {r < T} € H,_s, we have for 6 < s <t
B(XMDg5 p| — NS 1] [H o)

t
- / E({r < T} BOE] + e (€)Hy—s)Ho—s)dr-

Using Lemmas 7.1 and 7.5 the above is at most

t
B[ 1 < T} @)l ldriHns) (717)
where y(g) = Ae®® + 05, + c750. Recall § = &™ and 6 = f/(0) < —np. By

Lemma 7.3 and the uniform convergence of the g to g; there is a £1(5,72) > 0 so
that if 0 < & < &y, then

1
v(e) < %ecbem — g 4 2270 [Z g5 — giHOO} + 22Noc*en o (eMe™2) + 7 5™
=0

< —772/4 < 0.
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We assume 0 < ¢ < g7 in what follows. Since the bound in (7.17) is therefore non-
positive and our assumption on |£f| implies 7" > §, we may use Lemma 7.1 and the
fact that § < 1 to see that for ¢t > ¢,

E(|&5r X)) < X E(I€5]) < eOF P g5) < emteeh e, (7.18)
Now |£5| > 1 if it is positive so
P& > 0) < E(|gp XTI UT = th)e ™ + P(T < 1). (7.19)

Let t > (2d/n2)log(e~!) and use (7.18) with A = 12/2 to see that the first term is

at most
etenB—dod _ nater B (7.20)

To bound P(T' < t), we note that |{7_5| > (E_H%l)dam if T < o0, so
P(T < 1) < B(g— [T < th) (7 3) e,

By making ; smaller, depending on /3, we can assume that (2d/ns)log(e™!) > e =
d. Let S = (T =) A (t—9), note {T < t} € Hg, and use the lower bound in Lemma
7.1 with A = 0 to conclude the first inequality in

E(|¢5_5|U{T < t}) < e E(|&Fn,)) < e*v e,

The second inequality comes from (7.18) with A = 0 (recall that t > 2d/n;) log(s~!) >
eM =¢) and 6 < 1. Using the last two equations with (7.20) in (7.19), we conclude
that

P& >0) < eltenh 4 626b+?72€5—d(€—1+%1)—d5—?71

< emH2e (B 4 Bm(+5)] < 9pl+2e B2

where the definition of 7y is used in the last line. The result follows. O

7.2 The Dead Zone

For the remainder of this Section we suppose (1.63), (1.65) and Assumption 2 are
in force and —f/(0) > 72 € (0,1]. We also assume that p(-) and ¢(-) have finite
supports. More specifically, Ry € N satisfies

{z € Z%: p(x) > 0} C [~Ro, Ro]? and {z € Z™° : ¢(x) > 0} C [~ Ry, Ro]?Mo.
(7.21)

In order to connect with the percolation results from Section 5 we need certain space-
time regions suitable for applying Lemma 4.2 to decrease particle density, Lemma 4.7
to control the spread of duals, and Lemma 7.6 to actually kill off particles. Recall
that Q°(r) = [~r,r]9 N (eZ%). For Jo < J1 € N O<w < 1,A/ K >1,and T > 0
define regions D(Jy, J1,w, A, K) = Dy U Dy, where

Do = U2, (Q°((K — jA)T) x [(j — )T, jT),

Dy = UM Q7 (K + jw — (w + A)Jo)T) x [§T, (j + 1)T)).

For help with the definition consult the following picture:
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[K + (Jl —1- J(])w — J(]A]T
|

J=T]

Jo =3 — [K — JoAIT

(K — AT

The speed w > 0 is as in Assumption 2 (and may be assumed to be < 1), and
T = Ajolog(1/e) is the same as in (4.6). For the regions Dy, D1, £ we take

2 2
%:[ISW+L A:gii@v@%v%%

Ay2

K=2+AJy,and J; = Jy+1+

{5{;@] (7.22)

The choice K = 2 + AJy implies that Q°(27") x {JoT'} is the “top” of Dy and
the “bottom” of Dy. The choice of J; implies

the top of D contains Q°(2KT') x {Ji1T} and is contained in (7.23)
Q*((2K +1)T) x {JiT}, and D contains the region Q°(27") x [0, J;T.

Recall from Section 5 that a region C in RY x Ry is e-empty iff & (z) = 0 for
all (t,z) € C, where £° is our voter model perturbation as usual. If A € R? let

&(A) = Lreancza &()-

Lemma 7.7. There exist €7.7,c¢7.7 > 0 depending on uy,us, w, co, Cy (from Assump-
tion 2) and 1o,7;.2,m2 such that such that if 0 < e < ey7 and

§(Q(KT)) =0, (7.24)

then
4.2
P(D(Jo,Jl,w,A,K) 18 e-empty> >1—cype i, (7.25)

and with probability at least 1 — ¢, 7%,

forallj=1,...,J1,(z,u) € (Q°(K 4+ Jyw+ A(J, — j))T) x [(j — V)T, jT))
and t € [0,u— (j — DT), X7 € Q°(K + Jyw + A(Jy — j + 1)T). (7.26)

96



Proof. We begin with some notation for describing events in which the dual process
is confined to certain space-time regions. For j > 1 and 0 < r < s let I'r (4,7, s) be
the event

X (sT)VxeQ(rT), ue[(j — 1)T,4T), and t € [0,u — (j — 1)T).
On I'r(j,r, s), duality and (1.65) imply

§(j—1yr(Q°(sT)) = 0 implies Q°(rT) x [(j — 1)T', jT] is e-empty. (7.27)

Step 1. We first check that Dy is empty with high probability. For j € {1,... Jo}
we bound the probability of I'y(j, K —jA, K — (j — 1)A) by using Lemma 4.7. If we
set ¢ = Ay, U =4T, L = (K — jA)T and 2b = A, then evaluating ¢ in the lemma
we obtain

_ Ao
=173

if 72 > (2d + 1). Hence the bound on . in Lemma 4.7 gives us

—DAe?>2d+1

P(Tr(j, K — jA K — (j — 1)A)) > 1 — (K — jA)%e? (7.28)

for ¢ < £46(A/2) such that 72 > 2d + 1 and e(A45log(1/e) +1)¢ < 1.
By (7.27), on the intersection

for each j € {1,... Jp}, if f(aj_l)T(Qa((K —(j—1)A)T)) =0 then Q*((K — jA)T) x
[(7—1)T, jT) is e-empty. Iterating this, (7.24) and (7.28) imply that for some positive
€0,

P (Dy is e-empty) > 1 — ;oK% if £ < . (7.29)

Here, and throughout the proof, £y will denote a positive constant depending only
on our fixed parameters including rg.
Step 2. By taking ¢ small enough we may assume that (recall Ly is as in As-
sumption 2)
24+ Lo < KT < (K 4+ wJ))T < e 001/d, (7.30)

For j € {1,...,J1 — Jo}, on account of (7.24), we may apply Lemma 4.2 and the
Markov property J; — Jy times and conclude that for € < g4,

P(§;‘-T has density at most €742 in Q°((K 4+ wj)T) for j =1,...,J; — Jy))
>1-— (J1 — J0)€'05.
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When the above event occurs, for any j € {1,2,...,J; — Jo}, (recall that Q. =
[0,a.)¢ N (eZ%))

Er(Q° (K +wj)T))
< > Er(r+ Qo) + > Er(r) (7.31)
r€a:29NQ* ((K+wj)T) z€Q ((K+wj)T)—Q((K+wjT—ac)

< |Qcle™2card(a. 2% N Q((K + wj)T) + cqe 4[(K + wj)T]* ta.

< calQele™2az (K + wi)T)" + cae™[(K + wj) T a.

< cq(K +wJy)? A, (log(e71))d[era27d 4 £(1/16d)=d]

< gm.2/2=d (7.32)

for small enough ¢, where we have used 42 < (16al)_1 in the last line. We have
shown that for all € smaller than some positive &g,

P(Ep(Q (K +wj)T)) < M2/ for j=1,...,J1—Jo) = 1—(J1 —Jo)e'®. (7.33)

Step 3. Fix j € {1,...,J1 — Jo}, and define (Ag’e,t > jT) by setting

ey _ {Grle) i w € QUK +ui)T),
T 0 otherwise,

and then using our Poisson processes {AZ, A% : z € £Z%} to continue constructing

{A’t"e in the same way as & is constructed. By Lemma 7.6, if € < e7.6(74.2/2,m2),

ng'T(QE((K + jw)T) < g(11.2/2)—d implies
P(IE)°| > 0l¢57) < 6e*@M2/ for all t > (j + Jo — 1)T. (7.34)

Using ég ¢, we will show that with high probability,

§]€T(Q€((K +jw)T) < g(11.2/2)—d implies
Q°(K 4 jw — JoA)T) x [(j — 14+ Jo)T, (j + Jo)T] is e-empty. (7.35)

To do this, define the event
Tr(j) = N2, Cr( +i, K +wj —iA, K +wj — (i — 1) A).
Using Lemma 4.7 as in Step 1 we have for small enough ¢
P(Typ(j+i, K +wj —iA, K +wj — (i — 1)A)) > 1 — &j(K +wj — iA)%e
and thus

P(Dr(j)) > 1 = ¢y(3K) % Joe? (7.36)

for small enough e.
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Observe that on the event I'z(j) we have
XM CQ((K +jw)T) ¥V o € Q°((K + jw — JoA)T),
uw€[(j—14J)T,(j + Jo)T), and t € [0,u — §T]. (7.37)
Therefore, by duality, on I'p(j),
& () = &°(x) for all
(z,1) € Q°((K + jw — JoA)T) x [(j = 1+ Jo)T, ( + Jo)T].

Combining this observation with (7.34) and (7.36) we see that the event in (7.35)
has probability at least

1 — 6e2vera2/t — o (3K)4 Jye?

for € smaller than some &.
Step 4 We can now sum the last estimate over j = 1,...,.J; — Jy and use (7.33)
to obtain

P(Dy is e-empty) > 1 — J; (% + 6e2@em.2/* 4 ¢,(3K)%Jpe?) (7.38)

for small enough e. (Actually we get a slightly larger set than D;.) Combine (7.29)
and (7.38) to obtain (7.25).
Step 5 Finally, using the notation from Step 1, the event in (7.26) is just

N Dr(i, K +wly + (JL = HAK +wly + (J = j + 1)A).

As in Step 1, we can use Lemma 4.7 to bound the probability of this intersection
by 1 — ¢} Ji(K + Ji(w + A))de? for small enough e, so we are done. 0

Let K1 = K + Ji(w + A). For £ € {0,1}2 let G be the event, depending
on our graphical representation, on which D = D(Jy, J1,w, A, K) is e-empty if
&5 = &, and on which (7.26) holds. Note that (7.26) implies all the duals starting at
(z,u) € D and run up until time u remain in Q(K;7). Hence duality implies that
Gg is G(Q(K1T) x [0, J1T])-measurable, where we recall from (6.7) that G(R) is the
o-field generated by the Poisson points in the graphical representation in the region
R. By the inclusion (7.23) we have

on Gge, Q°(2T) x [0, /;T] is € — empty, and &7, p(Q°(2KT)) =0, (7.39)

providing that {§ € H = {{ € {0, 1}¥2° . ¢(Q°(KT)) = 0}. Adding the bounds in
Lemma 7.7 we see that

- e 050142 .
if § € H, then P(Gg) > 1—2c77¢ 3 ife <ern. (7.40)
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7.3 Proof of Theorem 1.16

Proof of Theorem 1.16. We continue to take "= A4 5 log(1/¢), and with K, J; from
(7.22) we define
L=T, T =T,

and set c;, = L/(2D) as before. We set £5(y) = 1(|y| > L), y € eZ¢, and o, z € eZ¢
denote the translation operators on {0,1}2". For (z,n) € Lp let

gx,n — O_'_CLZ'(SZT’) lf O-—CLx(gfLT/) c H
£ otherwise,

and define the percolation variables

n(x,n) = 1(Ggn occurs in the graphical representation in which the Poisson

processes are translated by —cpz in space and —nT” in time). (7.41)

In the percolation argument which follows it is the first part of the definition of
€57 that will matter; the £° is really only a place-holder which allows us to define
n when the translated configuration is not in H. As in the proof of Theorem 1.15
in Section 6, we are actually translating in space by the “lower left hand corner” in
eZ% associated with —cpz and as before suppress this in our notation. In Section 6
we used Theorem 4.3 of [14]; here we copy the key definition in its proof. Using
the measurability of G, the independence of G(R) for disjoint regions R, and (7.40)
one can check that for any any M > 4D Ky, the family {n(z),z € Lp} satisfies the

.
modified M-dependent condition (5.5) with 0 = 267,78'05/\%. To see this argue
exactly as in the proof of Theorem A.4 of [14].

Using the percolation results from Section 5, we will show

Lemma 7.8. There exists T > 0 such that for € small enough £5(Q°(KT)) = 0
implies
P(A) = P(&(Q°(7t)) = 0 for all large t) > 1/2.

Intuitively this is an immediate consequence of Lemmas 5.1 and 5.5. The first
result implies that on Q2 then for large n, the wet sites satisfy WYNH!™ = W, NH™".
The second result shows that if B,, is the collection of dry sites in ’Hzn/ *
to the complement of U _ /2 Tmm/ 2 by a path of dry sites on the graph with edge

connected

set £ then B, = () eventually. Wet sites in #]" will correspond to space-time
blocks that are empty of 1’s while dry sites (i.e. not wet sites) in H," correspond
to space-time blocks which may contain a 1. If a dry site in 7-[;"/ 4 corresponds to
a block containing a 1 there must be a dual path of 1’s leading from this 1 to a
site outside of U7 _ /2 :nm/ % This corresponds to a path of dry sites in £ and so
cannot happen for large n since B, = ) for large n. Thinking of the corresponding
space time regions are being filled with concrete, and the dry sites as air spaces,

. 4 . .
we see that there cannot be a 1 in 7-[;"/ unless some air space reaches outside of
n rm/2 .
men/2Hm . We now give a formal proof.
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Proof. Fix & as above and recall W2, W,,, B, and Q% from Section 5. In particu-
lar W9 W are constructed from an iid Bernoulli field which is bounded above by
n(z,n), 2 € Hy,n > 1. By (7.40) and our condition on & (which implies £%0 = &5
in the definition of 7(0,0) = 1) we see that

P(n(0,0) = 1) > 1 — 27 7" 04.2/Y > 34,

for £ small enough. By working with P(:|n(0,0) = 1) in place of P we may assume
7(0,0) = 1 at a cost of proving (under our new P) that

P(A) > 3/4. (7.42)

Assume n > 1 and (y,n) € W?. Then for some 4, letting y/ =y —, (v',n—1) €
WO | with n(y’,n —1) =1 (if n = 1 we use 1(0,0) = 1 here). Continue to trace
back the set of open sites y' = y/,_;,...,y, = 0. Proceeding through the y. values,
using the second part of (7.39) and cpv] + [~L,L]¢ C [-2L,2L]¢ fori = 1,...,D,
we see that &% = 0_cpy (&70) in the definition of 7(y;, i) = 1. Therefore (7.39) and
translation invariance, show that n(y’,n — 1) = 1 implies

E(ery +Q°(2L)) =0 for all t € [(n — 1)T', nT"].
Since cry + Q°(L) C cry’ + Q°(2L) we obtain
(y,n) € W2 implies & (cy + Q°(L)) = 0 for all t € [(n — 1)T",nT"]. (7.43)

This confirms (5.8) in Section 5.

Next by Lemma 5.1 we may assume ¢ is small enough (independent of the choice
of &) so that P(QY%) > 3/4 and 6 < 051 A 05.4. Let r = 51 and assume w € Q2.
By Lemma 5.1 there is an ng € N so that

W2NHF =W, N HEY k> ng. (7.44)

Let 7 = {557, and assume w ¢ A. The latter implies that for infinitely many n > 2n
there are t € [(n — 1)T",nT"] and = € Q°(7t) with &(z) = 1. We claim that this
implies

B, # () for n as above. (7.45)

Lemma 5.5 implies the above is a null set, so it follows that P(Q% \ A) = 0 and so
(7.42) would be proved (recall P(Q%,) > 3/4).

To prove (7.45) fix such an n and trace backward in time a path of 1’s that
leads to & (z) = 1. Here we are using (1.65) to show if all the inputs are 0 the dual
process will produce a 0 at a given site. By (5.2) there must exist some (y,n) € H,
such that « € ¢V C cpy + Q°(L) and a bit of arithmetic using the definition of 7
gives

FnT’ rn

L
|y|§m+—§—+2D§—,
cL  CL cL 4

and we have taken ng big enough for the last inequality. Hence (y,n) € H:Ln/ * and
so (7.43) and (7.44) imply (y,n) ¢ W,, i.e., (y,n) is dry. By duality and the finite
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range assumption (recall (7.21)), there must exist 2’/ € €Z¢ and t' € [(n — 1)T",t)
such that |z — 2’| < Rpe and & (2) = 1. That is, t’ > (n — 1)T" is the first time
below ¢ that the dual jumps or ¢ = (n — 1)T” if there is no such time in which
case #' = x. We may assume ¢ is small enough so that Roe/cy < c¢53, in which
case by (5.3) 2’ € ¢,V for some y' of the form y + v; — v} (y = ¢ is included).
If (y/,n) € wi? ¢ Hr™, it follows from (7.43) that (y/,n) must be dry, and thus
(y’,n) S D(y,n)'

Continue the above construction until either we reach a point (y”,n) € (’H;;n/ 2)C
with all earlier points in our path from (y,n) being dry, or we obtain z”,y” such
that 5‘(3n_1)T,(x”) =1, (¥",n) € Dy N H? and 2" € crVyr. In the former
case B, # 0 (recall the precise definition prior to Lemma 5.5). In the latter case if
(' —vi,n—1) ¢ ’H:L(Z_l)p for some i, then (7.45) holds. If not, then as one easily
checks |cr(y” —v}) — 2| < L, and so arguing as above, we see that (y” —v},n — 1)
is dry. Therefore the iteration can be continued until it stops as above or continues
down to time (§ — 1)7”, again forcing (7.45) in either case. O

Having established Lemma 7.8 the rest of the proof of Theorem 1.16 is routine.
The proof of Lemma 6.5 shows that if we start from an initial configuration with
infinitely many 0’s then at time 1 there will be infinitely many cubes of the form
crx+QF (L) with x € Hy that are e-empty. By the Markov property this will hold at
all times N € N a.s. The above shows that if = is chosen so that &j(zo+Q(L)) = 1,
then w. p. at least 1/2, £§,, = 0 on cpxo + Q(7t) for all large ¢. If this fails at some
time we can try again at a later time N by the above and after a geometric (1/2)
number of trials we will succeed and produce a linearly growing set of 0’s starting
at some space-time location. Therefore the 0’s take over. |
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