EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Convergence results and sharp estimates for the voter model
interfaces

Citation for published version (APA):
Belhaouari, S., Mountford, T., & Sun, R. (2005). Convergence results and sharp estimates for the voter model
interfaces. (Report Eurandom; Vol. 2005055). Eurandom.

Document status and date:
Published: 01/01/2005

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 04. Oct. 2023


https://research.tue.nl/en/publications/1ebdde58-8197-4073-b63e-10efffee3ca9

Convergence results and sharp estimates for the
voter model interfaces

S. Belhaouari T. Mountford Rongfeng Sun G. Valle
Dec 5, 2005

Abstract

We study the evolution of the interface for the one-dimensional voter
model. We show that if the random walk kernel associated with the
voter model has finite yth moment for some v > 3, then the evolution
of the interface boundaries converge weakly to a Brownian motion under
diffusive scaling. This extends recent work of Newman, Ravishankar and
Sun. Our result is optimal in the sense that finite yth moment is necessary
for this convergence for all v € (0,3). We also obtain relatively sharp
estimates for the tail distribution of the size of the equilibrium interface,
extending earlier results of Cox and Durrett, and Belhaouari, Mountford
and Valle.

1 Introduction

In this article we consider the one-dimensional voter model specified by a ran-
dom walk transition kernel ¢(-, ), which is an Interacting Particle System with
configuration space Q = {0,1}? and is formally described by the generator G
acting on local functions F': Q — R (i.e., F' depends on only a finite number of
coordinates of Z),

GF)Y(m) =D qla,y)L{n(x) # nw)}HFM0") - F(n)], neQ

TELYEL

where B 24
e n(2), ifz#4x
n(z)_{l—n(z), ifz=ux.

By a result of Liggett (see [7]), G is the generator of a Feller process (1;):>0 on
Q. In this paper we will also impose the following conditions on the transition
kernel ¢(-, -):

(i) q(-,-) is translation invariant, i.e., there exists a probability kernel p () on
Z such that ¢(z,y) = p(y — x) for all z, y € Z.



(ii) The probability kernel p (-) is irredicible, i.e., {x : p(x) > 0} generates Z.

(iii) There exists v > 1 such that >, |z|7p (z) < +oo0.

Later on we will fix the values of « according to the results we aim to prove.
We also denote by p the first moment of p

pi=>_ ap(x),

T€EZ
which exists by (iii).

Let 11,0 be the Heavyside configuration on 2, i.e., the configuration:

(2) = 1, ifz2<0

MmolF) =3 0, ifz>1,

and consider the voter model (7;):>0 starting at 7y o. For each time ¢ > 0, let
re =sup{z :m(x) =1}  and Iy = inf{z : p(x) = 0},

which are respectively the positions of the rightmost 1 and the leftmost 0. We
call the voter model configuration between the coordinates I; and r; the voter
model interface, and r; — I + 1 is the interface size. Note that condition (iii)
on the probability kernel p () implies that the interfaces are almost surely finite
for all t > 0 and thus well defined. To see this, we first observe that the rate at
which the interface size increases is bounded above by

S {py—)+p@-y}=>_lzlp(2). (1.1)

<0<y ZEL

Moreover this is the rate at which the system initially changes if it starts at
m,0-

When ~ > 2, Belhaouari, Mountford and Valle [3] proved that the interface
is tight, i.e., the random variables (r, — l;);>0 are tight. This extends earlier
work of Cox and Durrett [4], which showed the tightness result when v > 3.
Belhaouari, Mountford and Valle also showed that, if 3~ _, |z|"p(z) = oo for
some v € (0,2), then the tightness result fails. Thus second moment is, in a
crude sense, optimal. In this paper we examine two questions for the voter
model interface: the evolution of the interface boundaries, and the tail behavior
of the equilibrium distribution of the interface which is known to exist whenever
the interface is tight. Third moment will turn out to be critical in these cases.

From now on we will assume p () is symmetric, and in particular g = 0,
which is by no means a restriction on our results since the general case is ob-
tained by subtracting the drift and working with the symmetric part of p (-):

p@) +p(-2)

p'(z) = 5



The first question arises from the observation of Cox and Durrett [4] that,
if (ry — £;)¢>0 is tight, then the finite-dimensional distributions of

TtN2 ltN2
( N )tZO and <N >t>0

converge to those of a Brownian motion with speed

1/2
o= (Z zzp(z)> . (1.2)

ZEZL

As usual, let D([0, +00),R) be the space of right continuous functions with left
limits from [0, +00) to R, endowed with the Skorohod topology. The question
we address is, as N — oo, whether or not the distributions on D([0, +c0),R) of

TtN2 ltN2
( N )tZO and (N >t>0

converge weakly to a one-dimensional o-speed Brownian Motion, i.e, (¢By)¢>o0,
where (By)¢>0 is a standard one-dimensional Brownian Motion. We show:

Theorem 1.1 For the one-dimensional voter model defined as above

(i) If v > 3, then the path distributions on D(]0,+0o0),R) of

(7“th> and INE
N Ji>0 N >0

converge weakly to a one-dimensional o-speed Brownian Motion with o
defined in (1.2).

(i1) For ("8*)¢>0 (resp. (l‘j\j2 ),20) to converge to a Brownian motion, it is
necessary that

|=[®
Zip(x)<oo for all 5> 1.
TEL
In particular, if for some 1 <y <7 < 3 we have >__|z|7p (z) = oo, then
{(®2)>0} (resp. (l‘j\\f )tzo) is not a tight family in D([0,4+00),R), and

hence cannot converge in distribution to a Brownian motion.

Remark 1 Theorem 1.1(i) extends a recent result of Newman, Ravishankar
and Sun [9], in which they obtained the same result for v > 5 as a corollary of
the convergence of systems of coalescing random walks to the so-called Brown-
ian web under a finite fifth moment assumption. The difficulty in establishing



Theorem 1.1(1) and the convergence of coalescing random walks to the Brownian
web lie both in tightness. In fact the tightness conditions for the two conver-
gences are essentially equivalent. Consequently, we can improve the convergence
of coalescing random walks to the Brownian web from a finite fifth moment as-
sumption to a finite ~yth assumption for any v > 3. We formulate this as a
theorem.

Theorem 1.2 Let X} denote the random set of continuous time rate 1 coa-
lescing random walk paths with one walker starting from every point on the
space-time lattice Z x R, where the random walk increments all have distribu-
tion p (). Let X5 denote Xy diffusively rescaled, i.e., scale space by 6/o and
time by 62. If v > 3, then in the topology of the Brownian web [9], X5 converges
weakly to the standard Brownian web W as § — 0. A necessary condition for
° (x) < oo forall § > 1.

|z

this convergence is again ), o (v P

It should be noted that the failure of convergence to a Brownian motion

N2
does not preclude the existence of N; T oo such that ( ]A\r;t) N converges to a
i />0
Brownian motion. When convergence fails this is due to “unreasonable” large

jumps.

Before stating the next result we fix some notation and recall a usual con-
struction of the voter model. We start with the construction of the voter model
through the Harris system. Let {N*¥}, 7 be independent Poisson point pro-
cesses with intensity p(y — z) for each z,y € Z. From an initial configuration
no in ), we set at time t € N'%Y:

[ (), etz
nt(z)—{ n—(y), ifz==x.

From the same Poisson point processes, we construct the system of coalescing
random walks as follows. We can think of the Poisson points in N¥¥ as marks at
site x occurring at the Poisson times. For each space-time point (z,t) we start a
random walk X! evolving backward in time such that whenever the walk hits
a mark in NV (i.e., for s € (0,t), (t —s) € N and u = XZ?), it jumps from
site u to site v. When two such random walks meet, which occurs because one
walk jumps on top of the other walk, they coalesce into a single random walk
starting from the space-time point where they first met. We define by (, the
Markov process which describes the positions of the coalescing particles at time
s. If ¢, starts at time ¢ with one particle from every site of A for some A C Z,
then we use the notation

C(A) = {XT" w € A},

where the superscript is the time in the voter model when the walks first started,
and the subscript is the time for the coalescing random walks. It is well known



that ¢; is the dual process of ; (see Liggett’s book [7]), and we obtain directly
from the definitions that

{m(2) =1 on A} = {no(2) =1 on ;(A)}
for all A C Z.
Theorem 1.3 Take 2 < v <3 and fixr 0 < 0 < 7772 For N > 1, let (nN)i>o0
be described as the voter model according to the same Harris system and also
starting from n o except that a flip from 0 to 1 at a site x at time t is suppressed

if it results from the “influence” of a site y with |x —y| > N'*=% and [z Ay, z V
yl N[N — N,rN]# ¢, where vl is the rightmost 1 for the process n™™. Then

N
(i) <rt;\}2) converge in distribution to a o-speed Brownian Motion with o
>0
defined in (1.2).

(ii) As N — oo, the integral

1 TN?
m / Iré\’ #rg ds
0

tends to 0 in probability for all T > 0.

Remark 2 There is no novelty in claiming that for (Tt;\}’? )i>0, there is a se-
quence of processes (v} )i>0 which converges in distribution to a Brownian mo-
tion, such that with probability tending to 1 as N tends to infinity, v} is close
to Tt%z most of the time. The value of the previous result is in the fact that

there is a very natural candidate for such a process.

Let {©,:Q — Q,z € Z} be the group of translations on £, i.e., (no©,)(y) =
n(y + z) for every x € Z and n € Q. The second question we address concerns
the equilibrium distribution of the voter model interface (1,0©y, )t>0, when such
an equilibrium exists. Cox and Durrett [4] observed that (1, o ©,|N);>0, the
configuration of 7, o ©, restricted to the positive coordinates, evolves as an
irreducible Markov chain with countable state space

O=9¢e{0,1}":) ¢a) < o0

r>1

Therefore a unique equilibrium distribution 7 exists for (n; o ©¢,|N);>¢ if and
only if it is a positive recurrent Markov chain. Cox and Durret proved that,
when the probability kernel p (-) has finite third moment, (17,00, |N);>¢ is indeed
positive recurrent and a unique equilibrium 7 exists. Belhaouari, Mountford and



Valle [3] recently extended this result to kernels p (-) with finite second moment,
which was shown to be optimal.

Cox and Durrett also noted that if the equilibrium distribution 7 exists,
then excluding the trivial nearest neighbor case, the equilibrium has E[I'] = oo
where T' = T'(€) = sup{z : £(z) = 1} for £ € Q is the interface size. In fact, as
we will see, under finite second moment assumption on the probability kernel
p(+), there exists a constant C' = C), € (0, 00) such that

W{f:F(f)ZM}Z% for all M € N,

extending Theorem 6 of Cox and Durrett [4]. Furthermore, we show that M ~!
is the correct order for w{n : I'(n) > M} as M tends to infinity if p () possesses a
moment strictly higher than 3, but not so if p (-) fails to have a moment strictly
less than 3.

Theorem 1.4 For the non-nearest neighbor one-dimensional voter model de-
fined as above

(i) If v > 2, then there exists C1 > 0 such that for all M € N
Ch
we: T2 M) > S (13)

(i) If v > 3, then there exists Co > 0 such that for all M € N

e T() = M} < 2. (1.4)
(iii) Let oo =sup{y: > oz |2|"p(2) <oo}. If a € (2,3), then
fm s log ﬂ{ﬁltogf) > n} 9 a (1.5)
Furthermore, there exist choices of p () = pa(-) with a € (2,3) and
RO 20} > (16)

for some constant C > 0.

This paper is divided in the following way: Sections 2, 3 and 4 are respec-
tively devoted to the proofs of Theorems 1.1 and 1.2, 1.3, and 1.4. We end with
section 5 with the statement and proof of some results needed in the previous
sections.



2 Proof of Theorem 1.1 and 1.2

By standard results for convergence of distributions on the path space D([0, +00), R)
(see for instance Billingsley’s book [2], Chapter 3), we have that the convergence

to the o-speed Brownian Motion in Theorem 1.1 is a consequence of the follow-
ing results:

Lemma 2.1 Ifv > 2, then for everyn € N and 0 < t; < t3 < ... < t,, in [0,00)
the finite-dimensional distribution

(rt2N2 —TthQ TtnN2 TtnlNg)

oNts —t1 * 7 oN\t, —th_1

converges weakly to a centered n-dimensional Gaussian vector of covariance
matriz equal to the identity. Moreover the same holds if we replace ry by ;.

Proposition 2.2 If v > 3, then for every e >0 and T >0

TtN2 — TgN2

N >e| =0. (2.1)

lim limsupP | sup
=0 N—oo lt—s|<s
s,t€[0,T]

In particular if the finite-dimensional distributions of (thjvvz)tzo are tight, we
have that the path distribution is also tight and every limit point is concentrated
on continuous paths. The same holds if we replace r¢ by l;.

By Lemma 2.1 and Proposition 2.2 we have Theorem 1.1.

Lemma 2.1 is a simple consequence of the Markov property, the observations
of Cox and Durrett [4] and Theorem 2 of Belhaouari-Mountford-Valle [3] where
it was shown that for v > 2 the distribution of T;IZVVZ converges to a standard
normal random variable (see also Theorem 5 in Cox and Durrett [4] where the

case v > 3 was initially considered).

We are only going to carry out the proof of (2.1) for r; since the result of the
proposition follows for I; by interchanging the roles of 0’s and 1’s in the voter
model.

By the Markov property, recurrence, the right continuity of paths and the
fact that the voter model is attractive, we have that (2.1) is a consequence of
the following result: for all € > 0

limsup 6! limsup P l sup |r¢| > EN] =0. (2.2)
50 N—+too  |0<t<N?25
Let us first remark that in order to show (2.2) it is sufficient to show that
limsup 6! limsup P | sup 7, >eN| =0. (2.3)
50 N—+too  |0<t<N?25



Indeed, from the last equation we obtain

limsup 6! limsup P inf  r < —6N:| =0. (2.4)
5—0 N—+oco _OSt§N25

To see this note that r, > I; — 1, thus (2.4) is a consequence of

li 5 i P| inf [, <—eN|=0, 2.5
o 8™ sy [, < o] .

which is equivalent to (2.3) by interchanging the 0’s and 1’s in the voter model.

The proof of (2.3) to be presented is based on a chain argument for the
dual coalescing random walks process. We first observe that by duality, (2.3) is
equivalent to showing that for all € > 0,

gir% 6" limsup P [¢{([eN, +00)) N (—00,0] # ¢ for some ¢ € [0,6N?]] =0.
- N—+o0

Now, if we take R := R(J, N) = v/6N and M = ¢/+/§, we may rewrite the last

expression as

Mlin+1 M? limsup P [¢{([M R, +00)) N (—00,0] # ¢ for some t € [0, R*]] =0,
—Toe R—+o00

which means that we have to estimate the probability that no dual coalescing

random walk starting at a site in [M R, +00) at a time in the interval [0, R?]

arrive at time ¢ = 0 at a site to the left of the origin. It is easy to check that the
condition above, and hence Proposition 2.2 is a consequence of the following:

Proposition 2.3 If v > 3, then for R > 0 sufficiently large and 2° < M <
20F1 for some b € N the probability

P [(/([MR,400)) N (—00,0] # ¢ : for some t € [0, R?]]

s bounded above by a constant times

(a-p)

kb 22kR =

+ 2ke_022k} (2.6)

for some ¢ >0 and 0 < g < 1.

Proof:

The proof is based on a chain argument which we first describe informally.
Without loss of generality we fix M = 2°. The event stated in the proposi-
tion is a union of the events that some backward random walk starting from
[2FR, 28T R] x [0, R?] (k > b) hits the negative axis at time 0. Therefore it
suffices to consider such events.



The first step is to discard the event that at least one of the coalescing
random walks X% starting in Ij, g = [2*R, 2" R] x [0, R?] has escaped from a
small neighborhood around I r before time K LKLIJ (in the dual voter model).
The constant K; will be chosen later. We call this small neighborhood around

Iy r the first-step interval, and the times {nK1}0<n<LR—2J the first-step times.
="=1FK

So after this first step we just have to consider the system of coalescing random
walks starting on each site of the first-step interval at each of the first-step times.
In the second step of our argument, we let these particles evolve backward

in time until they reach the second-step times: {n(2K1)},_, . sz - Le, if a
_”_LWJ

walk starts at time [K7, we let it evolve until time (I — 1)K if [ is odd, and
until time (I — 2)K; if [ is even. We then discard the event that either some
of these particles have escaped from a small neighborhood around the first-step
interval, which we call the second-step interval, or the density of the particles
alive at each of the second-step times in the second-step interval has not been
reduced by a fixed factor 0 < p < 1.

We now continue by induction. In the jth-step, we have particles starting
from the (j—1)th-step interval with density at most p? ~2 at each of the (j—1)th-
step times. We let these particles evolve backward in time until the next jth-step

times: {71(2j’1K1)}0<n<L 2. We then discard the event that either some
=" =t2i-TK,

of these particles have escaped from a small neighborhood around the (j —1)th-
step interval, which we call the jth-step interval, or the density of the particles
alive at each of the jth-step times in the jth-step interval has not been reduced
below p7—1.

We repeat this procedure until the Jth-step with J of order log R, when the
only Jth-step time left in [0, R?] is 0. The rate p will be chosen such that at the
Jth-step, the number of particles alive at time 0 is of the order of a constant
which is uniformly bounded in R but which still depends on k. The Jth-step
interval will be chosen to be contained in [0,3 - 2~ R].

We now give the details. In our approach the factor p is taken to be 271/2,

The constant K1 = 7Ky where Ky is the constant satisfying Proposition 5.4,
which is necessary to guarantee the reduction in the number of particles. Note
that K; is independent of £ and R. The jth-step interval is obtained from the
(j-1)th-step intervals by adding intervals of length ,BJRQkR, where

1
R _
Bin-j = G

1 R?
=1 — 1 —
I - [10g2 o8 (Mﬂ

is taken to be the last step in the chain argument. We have chosen Ji because
it is the step when 272 1K first exceeds R? and the only .Jpth-step time in
[0, R?]is 0. With our choice of BJR, we have that the Jpth-step interval lies within
[0,3(2FR)], and except for the events we discard, no random walk reaches level
0 before time 0.

and



Let us fix v = 3+ € in Theorem 1.1. The first step in the chain argument
described above is carried out by noting that the event we reject is a subset of
the event

{ For some k > b and (z,s) € [2°R, 2" R] x [0, R?],

|X2% — 2| > pR2*R for some 0 <u < s — K, LKiJ }
1

Since ' = 1/(2J%) > C/(log R)?, Lemma 5.5 implies that the probability of
the above event is bounded by

2(3+¢)
Z CK;(log R) (2.7)

22k+36R5
k>b

for R sufficiently large. Therefore, for each k > b, instead of considering all the

coalescing random walks starting from [2¥R, 21 R] x [0, R?], we just have to

consider coalescing random walks starting from [(1 — pF)2FR, (2 + 3F)2*R] x

{nK1} where {nk; }0<n<L%2J are the first-step times. By this observation, we
- - 1

only need to bound the probability of the event

2
Ky
and z € [(1—B7) 2°R, (2+ B{") 2"R] } .

AR = {X;’f’”Kl <0 for some n =1, ..., { J , u € [0,nkq]

We start by defining events which will allow us to write A% in a convenient
way. For n; :=n € N and for each 1 < 5 < Jg — 1, define recursively

n;—1 i . n;—1 1
njHZ{ |2 |27, i |5t 29 >0

0, otherwise .

For a random walk starting at time nK; in the dual voter model, n; K, is its
time coordinate after the jth step of our chain argument. Then define

R2
Wlk’R = { | XZnEy gl > BR2FR for some n = 1, ..., {KJ ,
1
u€0,(n—no)Ky] and z € [(1- ) 2R, (2+ Bf') 2°R] },

and foreach2 < j < Jg—1
kR K K R ok R?
s T,y T,MmiIs —

Wi — { XM o = XEI0 ] > BRL25R for somen = 1,.., LKlJ ,

u€[0,(nj —njy1)Ki] and z € [(1 — Bf) 2k R, (24 87 QkR] } .

Note that W,g’R is the event that in the (j 4+ 1)th step of the chain argument,
some random walk starting from a jth-step time makes an excursion of size

10



JR+12’€R before it reaches the next (j + 1)th-step time. Then we have

Jr—1

kR kR
ARR ) Wik,
i=1

Jr—1

pu Wf’R the random walks remain confined in

since on the complement of
the interval

Jr Jr
Kl - Zﬁﬁ) 9 R, (2 + Zﬂﬁ) 2FR| .
i=1 =1

Now let Uf’R, 1 < j < Jg—1, be the event that for some 0 < n < L%J the
density of coalescing random walks starting at (z, s) € [(1 — ﬁﬁ) 2R, (2 + ﬂf) 2’“R] X
{IKy : ;41 = n27} that are alive in the (j + 1)th-step interval at time n2 K7 is
greater than 2~%. In other words, Uf’R is the event that after the (j 4 1)th-step
of the chain argument, the density of particles in the (j 4+ 1)th-step interval at

some of the (j + 1)th-step times {n27 K} | Is greater than 22, The

2
OSHSLWRTI

chain argument simply comes from the following decomposition:

Jr—1 Jr—1
k,R k,R k,R
Uwr < U (”@ UU; )

j=1 j=1

v @?Rm?]m¢RUUf%ﬂ. (2.9)

We are going to estimate the probability of the events in (2.8) and (2.9).

We start with (2.9). Tt is clear from the definitions that the events Uik " were
introduced to obtain the appropriate reduction on the density of random walks
at each step of the chain argument. The event Uf’R N ﬂf;ll (Wik’R U Uik’R)C
implies the existence of jth-step times t; = (2m + 1)2/7'K; and ty = (2m +
2)29~1 K, such that, after the jth-step of the chain argument, the walks at time
t; and ty are inside the jth-step interval with density at most 2_%, and in
the (7 4+ 1)th-step these walks stay within the (j + 1)th-step interval until the
(j + 1)th-step time tq = m2/K;, when the density of remaining walks in the
(j + 1)th-step interval exceeds 2-%. We estimate the probability of this last
event by applying three times Proposition 5.4 with p = 272 and L equal to the
size of the (j+1)th-step interval, which we denote by L?ﬂ.

11



We may suppose that at most 2_%[/;?4_% random walks are leaving from
times ¢; and t3. We let both sets of walks evolve for a dual time interval of
length 71 - 29-1K; = 2i~1K,. By applying Proposition 5.4 with v = 2=,
the density of particles starting at times t; or to is reduced by a factor of 2732
with large probability. Now we let the partivles evolve further for a time interval
of length 27 K. Apply Proposition 5.4 with v = 277, the density of remaining
particles is reduced by another factor of 2% with large probability. By a last
application of Proposition 5.4 for another time interval of length JH K, with
v = 2=% we obtain that the total density of random walks originating from
the two jth-step times t; (resp. t2) remaining at time to (resp. ¢1) has been
reduced by a factor 275, Finally we let the random walks remaining at time
t1 evolve untill the (j+1)th-step time ¢, at which time the density of random
walks has been reduced by a factor 2 - 27% =273 with large probability. By a
decomposition similar to (2.8) and (2.9) and using the Markov property, we can
assume that before each application of Proposition 5.4, the random walks are all
confined within the (j 4 1)th-step interval. All the events described above have

2k R

probability at least 1 — Cee” “27/2. Since there are (L%J +1) (j+ 1)th-step
times, the probability of the event in (2.9) is bounded by

Jr 2 k
R 2R
‘Lw {3}
P

It is simple to verify that this last expression is bounded above by

oo k k
C/ ule Py < Ce™ % .
1

Now we estimate the probability of the event in (2.8). For every j =
1,...,Jr — 1,

j—1 j—1
WER A () (W) () (05
i=1

i=1

is contained in the event that at the jth-step times {n2/~1K;

}1§n§L2j_RfK1J’

the random walks are contained in the jth-step interval with density at most
P

27", and some of these walks move by more than ﬁﬁl 2¥R in a time interval

of length 29 K. The probability of this event is bounded by

R?> 2R
Ay X, > B8R, 2R 2.10
271K, 915+ <o<tSS2I;K1 1Xel 2 B 7 (2.10)
since ) N
R 2R
20-1K; 9%5* (210
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bounds the number of walks we are considering. By Lemma 5.1 the probability
in (2.10) is dominated by

R2k

( R)2 1 3+€
R ok p\1—F j+1 p
exp{—c( 412 R) }—l—exp{—c 9K, }+ <5JR+12]€R> 2K, .

Then multiplying by (2.11) and summing over 1 < j < Jg, we obtain by
straightforward computations that if R is sufficiently large, then there exist
constants ¢ > 0 and ¢ > 1 such that the probability of the event in (2.8) is
bounded above by a constant times

2kR46762(175)kR(1;B) 4 2k h u%iﬁdu + L (2.12)
1 2@2+akRs '
Adjusting the terms in the last expression we complete the proof of the propo-
sition. [J

Proof of (ii) in Theorem 1.1:

. . :
For the rescaled voter model interface boundaries tj\jz and ”%2 to converge

to a o-speed Brownian motion, it is necessary that the boundaries cannot wander
too far within a small period of time, i.e., we must have

. . TtsN2 . . . lsN2
lim 1 P —_ = lim1l P f =— < —€| =0. (2.1
tptmanp? | 2 > ] = pmimanp | ot 52 <] =o. 219

In terms of the dual system of coalescing random walks, this is equivalent to

}i_r)r(l)limsupP {¢2([eN, +00)) N (—00,0] # ¢ for some s € [0,tN?]} =0 (2.14)

N—o0

and the same statement for its mirror event. If some random walk jump orig-
inating from the region [eoN,00) x [0,tN?] jumps across level 0 in one step
(which we denote as the event Dy (e, t)), then with probability at least « for
some a > 0 only depending only on the random walk kernel p(-), that random
walk will land on the negative axis at time 0 (in the dual voter model). Thus
(2.14) implies that
lim limsup P[Dy(e,t)] =0 (2.15)
=0 Noo
and the same statement for its mirror event. Since random walk jumps origi-
nating from (—oo, —eN] U [eN, +00) which crosses level 0 in one step occur as
a Poisson process with rate > ;- F(k) where F(k) = 2|z k P(2), condition
(2.15) implies that

limsup N? Y~ F(k) < C < +o0. (2.16)
N—oo k—eN

13



In particular,

sup N? Z F(k) < Ce < 400. (2.17)

Nezt  p=nN
Let H(y) = y3log ?(y v 2) for some # > 0. Let HYO (k) = H(k) — H(k — 1)
and H® (k) = HO (k) — HV(k —1) = H(k) + H(k — 2) — 2H(k — 1), which are
the discrete gradient and laplacian of H. Then for k > kg for some kg € ZT,
0 < H® (k) < 8klog™" k. Denote G(k) = 3.2, F(i). Then (2.17) is the same
as G(k) < S for all k € Z*. Recall that p*(k) = 2EF2ER) e have by
summation by parts

> H(kDp(k)

keZ

> 2H(k)p* (k)
k=1

ko—1

= > 2H(k)p*(k) + H (ko) F Z HD (k

k=1 k=ko+1

— Z 2H (k)p® (k) + H (ko) F (ko)

+HW (kg + 1)G(ko + 1) + Z H® (k

k=ko+2
ko—1
< ) 2H(k)p* (k) + H (ko) F (ko)
= 8k C.
HHO (b + DGko + 1)+ Y 5 o5
ko2 log” k
< o0

for g > 1. This concludes the proof. O

We end this section with

Proof of Theorem 1.2: In [5, 6], the standard Brownian web W is defined as
a random variable taking values in the space of compact sets of paths (see [5, 6]
for more details), which is essentially a system of one-dimensional coalescing
Brownian motions with one Brownian path starting from every space-time point.
In [9], it was shown that under diffusive scaling, the random set of coalescing
random walk paths with one walker starting from every point on the space-time
lattice Z x Z converges to W in the topology of the Brownian web (the details
for the continuous time walks case is given in [11]), provided that the random
walk jump kernel p(-) has finite fifth moment. To improve their result from finite
fifth moment to finite y-th moment for any v > 3, we only need to verify the

14



tightness criterion (77) formulated in [9], the other convergence criteria require
either only finite second moment or tightness.
Recall the tightness criteria (71) in [9],

(T1y)  §(t,u; L,T) =t limsup sup  ps(Asu(z0,t0)) — 0 ast— 07,
5—0+t (ma,to)EAL,T

where A, = [—-L, L] x [-T,T], us is the distribution of X5, R(xzo, to; u,t) is the
rectangle [zo—u, xo+u] X [to, to+1], and Ay ,, (20, to) is the event that the random
set of coalescing walk paths contains a path touching both R(xg, to;u,t) and (at
a later time) the left or right boundary of the bigger rectangle R(xq, to; 2u, 2t).
In [9], in order to guarantee the continuity of paths, the random walk paths
are taken to be the interpolation between consecutive space-time points where
jumps take place. Thus the contribution to the event A; ,(xo,t0) is either due
to interpolated line segments intersecting the inner rectangle R(xo,to;u,t) and
then not landing inside the intermediate rectangle R(xg,to; 3u/2,2t), which can
be shown to have 0 probability in the limit § — 0 if p(+) has finite third moment;
or it is due to some random walk originating from inside R(xo, to; 3u/2,2t) and
then reaches either level —2u or 2u before time 2¢. In terms of the unscaled
random walk paths, and note the symmetry between left and right boundaries,
condition (77) reduces to

1 7 t
lglr(r)ltlirgjélpp{gj;([gg, %]) N (—00,0] # ¢ for some 0 < 53 < 51 < 52} =0,

which by the reflection principle for random walks is further implied by

1 uo Tuo t

ltiféli hI;l_S)(l)lpP {Cj([%, W]) N (—00,0] # ¢ for some 0 < s < 62} =0,
which is a direct consequence of Proposition 2.3. This establishes the first part
of Theorem 1.2.

It is easily seen that the tightness of {Xs} imposes certain equicontinuity
conditions on the random walk paths, and the condition in (2.15) and its mirror
statement are also necessary for the tightness of { X5}, and hence the convergence
of X5 (with § = %) to the standard Brownian web W. Therefore, we must also

3
have > ., W‘D (r) < oo forall f>1. 0

3 Proof of Theorem 1.3

In this section we assume that 2 < v < 3 and we fix 0 < 0 < 77_2

We recall the definition of (n)¥);>o on Q. The evolution of this process is
described by the same Harris system on which we constructed (1;);>0, i.e., the
family of Poisson point processes {N*¥}, ,cz, except that if ¢ € N*¥ U NV*,
for some y > x with y —x > N'=% and [z,y] N [rN. — N,7} ] # ¢, then a flip

15



from 0 to 1 at z or y, if it should occur, is suppressed. We also let (7} );>o start
from the Heavyside configuration 7, g. We also recall that we denote by 7 the
position of its rightmost ”1”.

Since (1;)¢>0 and (9 );>0 are generated by the same Harris system and
they start with the same configuration, it is natural to believe that v = r;

for "most” 0 < t < N? with high probability. To see this we use the additive
structure of the voter model to show (ii) in Theorem 1.3.

For a fixed realization of the process (n}¥);>0, we denote by ¢; < ... < t, the
times of the suppressed jumps in the time interval [0, TN?] and by 1, ..., 2 the
target sites, i.e., the sites where the suppressed flips should have occurred. Now
let (nf"’x")tzo be voter models constructed on the same Harris system starting
at time ¢; with configurations 6, ,,. As usual we denote by ri’”mi, t > t;, the
position of the rightmost ”1”. It is straightforward to verify that

N i, N
0<7r—r;y = max (r,""" —r,; ) V0.
ST t 1§i§k(t )

The random set of times {¢;} is a Poisson point process on [0, N?] with rate
at most

> ply-a)t+pE-yir< > lzp@)+N D> pa),
rx<z<y, —N<z<0: ‘ZL‘|>N176 |I‘>N1—9
y—a>N1=0 = =
which is further bounded by
227;€Z |1.|Oép(x)
N(1-0)a-1

for every a > 1. Therefore if we take o = 7y, then by the choice of § and the
assumption that the y-moment of the transition probability is finite, we have
that the rate decreases as N~(%¢) for e = (1 — )y — 2 > 0.

Lemma 3.1 For every random set of space-time points {(t;,x;)} where a flip
is suppressed in n for 0 <t < TN?, let

T :inf{tZti:nf“ti =0onZ}—1t;.

Then
P[r; > N? for somei] — 0 as N — oo,

and
Elry;7m < Nz] < CN.

Moreover, from these estimates we have that

>

i=1

N72E

TigNQforalli] —0 as N — 0.
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Proof:
The proof is basically a corollary of Lemma 5.6, which gives that the lifetime
7 of a single particle voter model satisfies

Plr>1t] <

Sla

for some C > 0. Thus, by the Markov Property

+oo
P[r; > N? for some i] = ZP[Tk > N2| |{t;}| > k] P[|{t:}| > K]
k=0
“+oo
< Pl > NY PI{t}] > K]
k=0
C e 28seplelp(z)  C
S e

which gives the first assertion in the lemma. The verification of E[r;;7; < N?] <
CN is trivial. Now from the first two assertions in the lemma we obtain easily
the third one. O

Now to complete the proof of (ii) in Theorem 1.3, observe that if s € [0, TN?]
then r¥ # r, only if s € UF_,[t;, (1; +t;) ATN?), and then

TN2 k k
/ Livzp,ds <> (1 + i) NTN?) —1;) <> (; NTN?).
0 i1 i1

The result follows from the previous lemma by usual estimates.

Now we show (i) in Theorem 1.3. The convergence of the finite-dimensional
distributions follows from a similar argument as the proof of (ii) in Theorem
1.3, which treats 7}’ as a perturbation of 7;. We omit the details. Similar to
(2.1) — (2.3) in the proof of Theorem 1.1, tightness can be reduced to showing

lim sup 6~ lim sup P
5—0 N—+o00

sup V¥ >eN| =0, (3.1)
0<t<5N?

for which we can adapt the proof of Theorem 1.1. As the next lemma shows,
it suffices to consider the system of coalescing random walks with jumps of size
greater than or equal to N'~? suppressed.

Lemma 3.2 For almost every realization of the Harris system in the time in-
terval [0, 0N?] with supg<;<sy2 T > €N for some 0 < € < 1, there exists a dual
backward random walk starting from some site in {Z N [eN,+o0)} x [0,5N?]
which attains the left of the origin before time 0 in the voter model by making
no jumps of size greater than or equal to N'=9.

17



Proof:

Since (n¥)¢>o starts from the Heavyside configuration, it is straightforward
to verify that for a realization of the Harris system with supgc,csn2my >
€N, there exists a dual backward random walk starting in some site on {Z N
[MN,+00)} x [0,6N?] which attains the left of the origin before dual time t.
Then we consider a dual random walk X** with > 0 and 0 < s < t which
attains the origin before time 0 in the voter model. If by the time the walk first
reaches the left of the origin, it has made no jumps of size greater than or equal
to N'=¢ we are done; otherwise when the first large jump occurs the random
walk must be to the right of the origin, and by the definition of n}¥, either the
jump does not induce a flip from 0 to 1, in which case we ignore this large jump;
or the rightmost 1 must be at least at a distance IV to the right of the position
of the random walk before the jump, in which case since € < 1, at this time
there is a dual random walk in Z N [eN, +o00) which also attains the left of the
origin before time 0 in the voter model. Now either this second random walk
makes no jump of size greater than or equal to N'~% before it reaches level 0,
or we repeat the previous argument to find another random walk starting in
{ZN[eN,+00)} x [0,0N?] which also attains the left of the origin before time 0
in the voter model. For almost surely all realizations of the Harris system, the
above procedure can only be iterated a finite number of times. The lemma then
follows immediately. [J

Lemma 3.2 reduces (3.1) to an analogous statement for a system of coalescing
random walks with jumps larger than or equal to N'~? suppressed.

Take 0 < 0 < 0 and let € := %. Then

Z |x|3+5,p(x) < NA=0)B+e'—) Z 2| p(z) < oNQ-0+o) (3.2)
|z|<N1-0 T€EZ

The estimate required here is the same as in the proof of Theorem 1.1, except
that as we increase the index IV, the random walk kernel also changes and its
(3+¢/)th-moment increases as CN(1=0+9)¢' Therefore it remains to correct the
exponents in Proposition 2.3. Denote by ¢V the system of coalescing random
walks with jumps larger than or equal to N'~? suppressed, and recall that
R =+/6N and M = ¢/V/§ in our argument, (3.1) then follows from

Proposition 3.3 For R > 0 sufficiently large and 2° < M < 2Y*1 for some
b € N, the probability

p {CtN’t([MR, +00)) N (—00,0] £ ¢ : for somet € [O,RQ]}

s bounded above by a constant times

1 ok _ok(1-8)
Z _te c2 + 2kR46 c2 R
A

1—B)
pi

+ 2’66622‘"} (3.3)
for somec>0and 0 < (B <1.
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The only term that has changed from Proposition 2.3 is the first term, which
arises from the application of Lemma 5.5. We have incorporated the fact that
the 3 + ¢ moment of the random walk with large jumps suppressed grows as
C’N(l’”")ﬁl, and we have employed a tighter bound for the power of R than
stated in Proposition 2.3. The other three terms remain unchanged because the
second term comes from the particle reduction argument derived from applica-
tions of Proposition 5.4, while the third and forth terms come from the Gaussian
correction on Lemma 5.1. The constants in these three terms only depend on
the second moment of the truncated random walks which is uniformly bounded.
The verification of this last assertion only need some more concern in the case
of the second term due to applications of Lemma 5.2. But if we go through
the proof of Theorem T1 in section 7 and Proposition P4 in Section 32 of [10],
we see that in order to obtain uniformity in Lemma 5.2 for a family of random
walks, we only need uniform bounds on the characteristic functions associated
to the walks in the family, which are clearly satisfied by the family of random
walks with suppressed jumps. This concludes the proof of Theorem 1.3. O

4 Proof of Theorem 1.4

4.1 Proof of (i) in Theorem 1.4

We start by proving (i) in Theorem 1.4. Since (1, o ©y,|N);>0 is a positive
recurrent Markov chain on €2, by usual convergence results, we only have to show
that starting from the Heavyside configuration for every t and M sufficiently
large

C
P(Tt_ltZM)ZMa

for some C > 0 independent of M ant t. Now fix A > 0, this last probability is
bounded below by

P(ry =1y > M, 7 ape — Loz < M)
= P(ry — Iy > Mry_aar2 — Li—anz < M)P(r_xne — Loz < M),

which by tightness is bounded below by

1

§P(Tt =1y > M|ryane — Loz < M)
for M sufficiently large. To estimate the last probability we introduce some
notation first, let (X; ™);>o and (XM);>0 be two independent random walks
starting respectively at —M and M at time 0 with transition probability p(-).
Denote ZM = XM — X;M. For every set A C Z, let 74 be the stopping time

inf{t >0:2ZM c A}.
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If A = {2z}, we denote 74 simply by 7,. Then by duality and the Markov
property after translating the system to have the leftmost 0 at the origin by
time ¢t — AM? we obtain that

P(ry—ly > 2M|ry_sppz—li—xaz < M) > P(ro > AM* X0 > My X\ < —M).

Part (i) of Theorem 1.4 then follows from the next result:
Lemma 4.1 Ifp(-) is a non-nearest neighbor transition probability and has zero
mean and finite second moment, then we can take \ sufficiently large such that

for some C > 0 independent of M and for all M sufficiently large,

(4.1)

glQ

P(ro > AM* XM > M; XY < —M) >

Let Ag(M, k,x) be the event

(" F S AM? — 53 X3 > M X§ye, < —M},

where as before, for every z and y, (X )¢>0 and (X} )¢>0 denote two independent
random walks starting respectively at x and y Wlth transition probability p(+),
and

R —inf{t > 0 XPHP — XF = 0}.

To prove Lemma 4.1 we apply the following result:

Lemma 4.2 Let K € N be fized. For all ]l € N sufficiently large, there exists
some C > 0 such that for all s < AM?/2, |z| < IM and 0 < k < K, and M
sufficiently large

P(A (M, k,z)) > %

Proof of Lemma 4.1:
Let Z~ denote Z N (—o0, 0]. The probability in (4.1) is then bounded below

by
2

AM
P (m <5 im0 > AM? XN = My XY < M)
which by the Strong Markov property is greater than or equal to

AA42/2
>y / (rz- €ds; XM =2 + b, XM = 2) P(A(M, k,2)),

lz|<IM 1<k<K

where | € N is some fixed large constant. Now applying Lemma 4.2 we have
that the probability in (4.1) is bounded below by

Z ZP(TZ <ﬂXM +kX x)

\ac|<lM 1<k<K

20



Thus to finish the proof we have to show that
AM?
DS p(TZ < M XM =k X :x) (42)
lz|<IM 1<k<K

is bounded below uniformly over M by some positive constant.
Let D = {(z,x + k) : 1 <k < K and |z| < [M}, then this last expression
can be rewritten as

: (Xj” ,X;M)eD>
y/ Z—
AM? AM?2
> P<7-Z§ : )_P<TZ§ 5 ;XT—ZM—X£Z4:00r>K)

AM?
2

2

P (TZ S )\M

; ‘Xﬂj_‘ > lM)

AM?
> P<T2§ )P(Zi‘/’Oor <7K)fP sup |XtM|ZlM :
2 z 0<t<AM?2/2

We claim that the second term can be bounded uniformly away from 1 for large
M by taking K large. This follows from a standard result for random walks
(see, e.g., Proposition 24.7 in [10]), which states that: if a mean zero random
walk ZM starting from 2M > 0 has finite second moment, then the overshoot
Zf.‘;{ converges to a limiting probability distribution on Z~ as 2M — +o0o. The
distribution is concentrated at 0 only if the random walk is nearest-neighbor.
Then by Donsker’s invariance principle, the first term can be made arbitrarily
close to 1 uniformly over large M by taking A large, and finally the last term
can be made arbitrarily close to 0 uniformly over large M by taking [ sufficiently
large. With appropriate choices for K, A and [, we can guarantee that (4.2) is
bounded below by a positive constant uniformly for large M, which completes
the proof of the Lemma. [J

It remains to prove Lemma 4.2.

Proof of Lemma 4.2:
By the Markov property the probability of As(M,k,x) is greater than or
equal to
S P (Tgv“’“ > AM /4, X3y = s Xtk ), = zg) P(B,(ly,1s, M)),
(l1,12)€D1

where
D, = {(11,12) o — 11 >2M; Iy < 2IM; 1 > —QZM}

and for r = r(M,s) := 3A\M?/4 — s

BS(ZDZQ’M) = {Téhlz > T‘(M, 5)7 X?(M,s) = M; Xil(M,s) = _M}
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The proof is then complete with the following two claims.

Claim 1: There exists C' > 0 such that

inf inf P(Bs(lthaM)) > C
(I1,l2)€Dy s<AM?2 /2

uniformly over M sufficiently large.

Claim 2: There exists C' > 0 such that

. . z,x+k 2 T _ z+k _
1§££K|ansllfM(z zz;ep d (TO > AME/A, Xz g = b Xz = 12) =
1,l2 1

Sje

(4.

w
=

uniformly over M sufficiently large.

Proof of claim 1:
Since B;(l1, 12, M) contains

ll . l — —
{m<nrl(a]\)}vs)Xm <h +M; Xty < (21 1)M}

; 2 A Yl _
N {m<r7rn1(11\r}[,s) X >l — M; X 0, > (2 1)M} ,

By independence and reflection symmetry,

2
: 0 . 0
P(By(l1,1s, M)) > P {Krrrgﬁs)xt > —M; X0y > (2 — 1)M} .
Since AM?2/4 < r(M, s) < 3\M?/4, by Donsker’s invariance principle the above

quantity is uniformly bounded below by some C' > 0 for M sufficiently large.
This establishes Claim 1.

Proof of Claim 2:
We write the sum in (4.3) as

cp (T(g)ﬁywrk > AM?/4; <X§M2/4aX§J_\‘—4]2/4) € Dl)

which by the definition of D; is greater than or equal to

P (Tg’erk > >\M2/4; X;JJ\}]ZM _X§M2/4 > 2M>

=P (7R > M2 /45 XER 4 > 20M or Xy < —21M )
The first term in this expression is bounded below by C/M for some con-
stant C' > 0, dependent only on K. This follows from Theorem B in the
Appendix of [4], which states that the conditional distribution of Z¥, ., /M :=

(Xf;;ﬁ —X¥,,2)/M conditioned on 79 > AM? converges to a two-sided Rayleigh
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distribution. For the second term, we apply Lemma 2 in [3] and then Lemma
5.2, to dominate it by

C
C’P(TSC’QH']C > AM*P sup X?>IM|<—=P sup  XP >IM |,
0<t< Ay M= \ozecaye

where C depends only on K. Since P (Sup0<t<m X9 > lM) can be made
St

arbitrarily small uniformly for large M if [ is sufficiently large, and 1 < k < K,
we obtain the desired uniform bound in Claim 2. [

4.2 Proof of (ii) in Theorem 1.4

We still consider the voter model (n; : t > 0) starting from the initial Heavyside
configuration. Under the assumption v > 3, P(r; — ¢, > M) converges to
(€ :T(§) > M) as t — +o0. Therefore, to prove Theorem 1.4 (ii), it suffices to
show that, for every M > 0, if ¢ is sufficiently large, then
C
P(Tt lt Z M) S M
for some C' > 0 independent on M and t.

We now fix N € N and assume M = 2V, which is not a restriction to the
result since 2V < M < 2N*! for some N € N and the inequality (1.4) remains
valid by replacing C' with 2C. In the following ¢ will be >> 22V, Let A,(s), for
s < t, be the event that a crossing of two dual coalescing random walks starting
at time ¢ (in the voter model) occurs in the dual time interval (s, t] and by the
dual time t they are on opposite sides of the origin, i.e, there exists u,v € Z
with X% < X2 and X' <0 < X"

(From the estimates in the proof of lemma 5 in Cox and Durrett [4], one
can show that P(Ay(s)) < C/+/s, if we have that P(0 € ($(Z)) < C/+/s, which
holds if p(-) has finite second moment (see Lemma 5.6). Therefore, all we have

to show is that o
P ({re —1: > 2V} N (A (4V))°) < ¥ (4.4)

for some C' independent of ¢t and N. We denote the event {r; — I, > N N
(Ar(4N))¢ by VY which is a subset of UN_ V;¥ where V} is the event that
there exists z,y € Z with y — 2 > 2 such that, for the coalescing walks X'
and X!,

(1) X2t < X¥! for every 0 < s < 4F~1;
(ii) There exists s € (4F=1 4%] with X%t > XVt

(iti) X' >0and XP' <0.
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For k = 0 we replace 4°~1 by 0. We will obtain suitable bounds on VkN which

will enable us to conclude that Zszo PWVN) < 2%
Fix 0<EkE<N. For0<s<tandye€Z, we call

Ro(s) = sup,ez{lz —yl: X&' =y} , if there exists x such that X! =y
y(8) == .
0 , otherwise

the range of the coalescing random walk at (s,y) € (0,¢] x Z. Obviously V;V is
contained in the event that there exists x,y in gik_l(Z) with < y such that

(1) Ro(4571) + Ry (471 + |y — 2] > 27

k—1 k—1
(ii) There exists s € (451, 4F] with X™' 4 > xv' 4

s—4k—1 s—4k—1

w,t—4k71 y,t—4k71
(lll) Xt—4’“—1 > 07 Xt_4k—1 S 07

which we denote by VkN .

We call the crossing between two coalescing random walks a relevant crossing
if it satisfies conditions (i) and (ii) in the definition of V;N up to the time of the
crossing. We are interested in the density of relevant crossings between random
walks in the time interval (4*=1,4*] and (as is also relevant) the size of the
overshoot, i.e., the distance between the random walks just after crossing. To
begin we consider separately three cases:

i e random walks at time 47" are at < y with |z — y| < 27! (so it

i) Th d lks at time 4F~! t ith < 2k—1 i
is "reasonable” to expect the random walks to cross in the time interval
(4k=1 4k] and either R, (48~1) or R, (4*~1) must exceed 2V =2 ).

(ii) The random walks are separated at time 4*~! by at least 2*~! but no
more than 2V~1 (so either R, (4*~1) or R, (4%*~1) must exceed 2V—2).

(iii) The random walks are separated at time 4*~! by at least 2V =1, In this
case we disregard the size of the range.

Before dealing specifically with each case, we shall consider estimates on the
density of particles in wa (Z) with range greater than m2*. We first consider
the density of random walks at time 4% which move by more than m2* in the
time interval (4%, 4%+1]. By the Markov property and the fact that the density
of particles in ¢}, (Z) is bounded by 2%, we obtain from Lemma 5.1 the following
result:

Lemma 4.3 For every 0 < § < 1, there exists ¢,C € (0,00) so that for every

k € N and m > 1, the density of y € (!.(Z) such that on the (dual) time
interval (4%, 4¥11] the corresponding random walk distances itself from y by m2k

s bounded by
C Ey1—p 2 1
~ —c(m2”) —cm
2k (6 t+e + m3+52k(1+5)> :
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As a corollary, we have

Lemma 4.4 For every 0 < 3 < 1, there exists ¢,C € (0,00) so that for every
k € N and m > 1, the density of y € (5% (Z) whose range is greater than m2*
s bounded by

C k —c(ka)lfﬁ —em? 1
- <2 e +e + et )

Proof:
Let d;j, be the density of coalescing random walks remaining at time 4/,
which on interval (4!, 4+1] move by more than

< 1\ mek

r=1

By Lemma 4.3 we have that d; j is bounded above by

O [eliethe) ™ | ot | (oo
2! (m2k—1)3+egi(i+e) |-

It is not difficult to see that ), <k di;; provides an upper bound for the density
we seek. Summing the above bounds for d;  establishes the lemma. [J

We can now estimate the relevant crossing densities and overshoot size in
cases (i), (ii) and (iii) above. More precisely, we will estimate the expectation
of the overshoot between two random walks starting at = < y at time 4%~!
restricted to the event that: z,y € (}._,(Z), Ry and R, are compatible with
y — x as stated in cases (i)—(iii), and the two walks cross before time 4. From
now on, we fix g € (0,1).

Case (i): Since if the two events {z € (!, ,(Z)} N {R.(4*"1) > 2N¥~2} and
{y € !, (Z)} both occur, they always occur on disjoint trajectories of random
walks in the dual time interval [0,4%~!], we may apply the van den Berg-Kesten-
Reimer inequality (see Lemma 4 in [1] and the discussion therein) which together
with the previous lemma implies that the probability that x,y € (}._.(Z) and
at least one has range 2V =2 is less than

C k_ —c2N1=6) —caN—Fk 4k
47 (2 e +e + W .

Moreover the expectation of the overshoot (see [4])
X:E,t—4k71 _ Xy,t—4k71

T T

on the event 7 < 4% — 4F=1 = 3. 4k=1 where

y,t74k71 2 0}

S

T=inf{s >0: Xf’t*4k71 -X
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is the time of crossing, is uniformly bounded over k and y — x.

Case (ii): In this case we must also take into account that the probability of the
two random walks crossing before time 4% is small. We analyze this by dividing
up the crossing into two cases. In the first case the two random walks halve the
distance between them before crossing. In the second case the crossing occurs
due to a jump of order y — .

Let

- - —x
T'inf{s >0 XptT  xmeat o yz} .

Then as in Case (i),
BIXzt=4T _ xut=aT | <)
is uniformly bounded by some constant C' > 0. Therefore
E [Xf’t*‘*k_l xutAT o p <34k gy e ¢h(Z): Ry or Ry > 2N*2}
<C P(T' <3 4k_1> P(a:,y €-1(2); Ryor R, > ZN_Q)
<CP(z,y€l(2); Ryor R, >2V72)

- (e=u)? 4k
x [e—cle=yl"™" L omemm- L %
( TP
k
< g (2]66—02]\7(1/3) _|_e—c4N’k + 4 )

k
k
_ _1-8 _ (z—y)? 4
X<6 o=yl p T ——— ).
|z —yl

>

On the other hand it is easily seen (by estimating the rates at which a large
jump occurs, see Section 3 for details) that

Kk
x, t—ak—1 _ yt74k’1 ! k-1 4
E[XE XY T=7<3-4 ]SC’F_MH6
and so we have a contribution
S T S
4k NGB+ ) |z — y[2+e

Case (iii): In this case we argue as in (ii) except the factor

k
k —c2(=BN —caN—k 4
<2 e +e +2N(3+5))

is dropped as we make no assumption on the size of R, or R,. So our bound is

g L + —clz—y|' 7 + _C(Zzilg)z + L
1F \Jo —ypre " © ‘ |z —y|t9) )
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From the three cases above, we can sum over y € Z and verify that, for a
given site z € Z, the total expected overshoot associated with relevant crossings
in the time interval (4*~1, 4*] involving (x,4*~1) and (y,4*~!) for all possible
y € Z is bounded by

1 —eaN(1=p) 6_04N7k

We say a d-crossover (d € N) occurs at site x € Z at time s € (4871, 4K]
if at this time (dual time, for coalescing random walks) a relevant crossing
occurs leaving particles at sites « and x + d immediately after the crossing. We
denote the indicator function for such a crossover by Iy(s,xz,d). By translation
invariance, the distribution of {Iy(s,x,d)}car-1 45 is independent of = € Z.

Let X7 and X?%¢ be two independent random walks starting at = and z +d
at time 0, and let 7, ;44 = inf{s : X¥ = X?*4} | Then

4k
PV <> M E / Ii(s,2,d)P (X7, <0< X{ 7 oa >t — 5) ds]
deN zez k-t
4k
=Y {E / Ii(s,0,d)ds| > P (X}, <0< X{H 7y pra>t— s)} :
deN 4kt z€Z

If we know that

S P(XP <0< X Thpra>t—s) <Cd (4.6)
TE€Z

for some C > 0 independent of k,d, s,t and N, and

4F 1 - p—caN
—c2N(A=p
Zd/ﬁwillk(s,O,d)ds <c <2N<1+e> te P ) (4.7)

deN
then substituting (4.6) and (4.7) into the bound for P(V,N) gives

N N N—k
- 1 Na-p e~ c’
N —c2
E PV, ) <C <2N(1+e) +e +72k ) <

E

= 9N
k=0 k=0

for some C’ > 0 uniformly over all large ¢t and N and we are done.
If we denote Z% = X%t — X% (Z4)* = Z% v 0 and 19 = inf{s’ : Z% = 0},
then by translation invariance, it is not difficult to see that

> P(XP <0< X Taara>t—s)=E[(Z] )" m>t—s] <Cd,
€L

where the inequality with C' > 0 uniform over d and t is a standard result for
random walks (see Lemma 2 in [4]).
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Finally, to show (4.7), we note that the left hand side is the expected over-
shoot of relevant crossings where one of the two random walks after the crossing
is at 0. By translation invariance this is bounded above by the expected over-
shoot associated with relevant crossings in the time interval (4*=1, 4¥] involving
(0,4%=1) and (y,4%~1) for every y > 0, which is estimated in (4.5). Indeed, let
Fy(z,y; m, m+d) be the indicator function of the event that a relevant crossover
occurs before time 4% due to random walks starting at sites z and y at time
41" and immediately after the crossover the walks are at positions m and
m + d. Then by translation invariance and a change of variable

lZ/ k(s,0,d)d ] E ZdZFk(x,y;O,d)
deN 745

deN =<y

EY d Y Filw,z+y0,d)

deN zeZ,y>0

SE|D dY F(0,y;—x,—z +d)

y>0 deN z€Z

IN

4.3 Proof of (iii) in Theorem 1.4

We know from [3] that if v > 2, then the voter model interface evolves as a
positive recurrent chain, and hence the equilibrium distribution 7 exists. In
particular, m{&y} > 0 where &; is the trivial interface of the Heavyside configu-
ration 1y,0. Let & denote the interface configuration at time ¢ starting with &,
and let v denote its distribution. Then

m{&:T() = n} > m{&}r{T(&) = n} (4.8)

for all ¢ > 0. To prove (1.5), it then suffices to show

>
lim sup log V{Il‘fgnZ) n} - a. (4.9)
n—oo n

Let X?" and X" denote the positions at time ¢ of two independent random
walks starting at 2n and 5n at time 0. Let A denote the event that X" € [n, 3n]
for all ¢ € [0,n2], and Let By, s € [0,n2], denote the event that X" € [4n, 6n]
for all t € [0,5) and X" € (—oo, —n] for all t € [s,n?]. Event B can only occur
if X" makes a large negative jump at time s. By duality between voter models
and coalescing random walks,

v{T(e) =30} > Pq | (AnB)p=PA) P |J Bop.  (410)

s€[0,n?] s€[0,n?]
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Condition on X;™ staying inside [4n,6n] before time s and making a negative
jump of size at least —8n at time s, we have by the strong Markov property
that

2

P \J By = /nP ﬂ{XE”e[4n,6n]} PRI

s€[0,n2] 0 te[0,s) y<-8n

- P ﬂ {thm < fn} ‘ XSS" < —2n p ds.

te([s,n?]

By Donsker’s invariance principle, the probability of each of the three events:

A, m {X5" [4n 6n]} and { ﬂ {XPm < —n}| X" < —2n}, is at least
te[0,s) te[s,n?]

3 for some 3 > 0 independent of n and s € [0,n2]. Therefore,

AT(Ez) = n} > v{T(6e) 2 30} > 6%0% | D p(y) |, (4.11)

y<-—8n
which we may symmetrize to obtain

D6 =) > 20t [ 30 p)). (112)

ly|>8n
If (4.9) fails, then there exists some ng € N and € > 0 such that, for all n > ny,
C
> ply) < Fn QV{F(£n2) 2n} < (4.13)

ly|>8n

which implies that

> lyl* e p(y) < oo, (4.14)

YyEZL

contradicting our assumption. This proves the first part of the proposition.
To find random walk jump kernel p(-) satisfying (1.6), we can choose p(-) with
2 ly1>n PY) ~ Cn~« for some C' > 0. (1.6) then follows directly from (4.8) and

(4.12). O

5 Technical Estimates

The following lemmas for random walks will be needed.
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Lemma 5.1 Let X; be a centered continuous time one-dimensional random
walk starting at the origin and with finite 3 + € moment for some € > 0. Then
for every 0 < B < 1, there exists ¢, C' > 0 such that

M2
C(eicTﬂ‘ei%"‘ﬁ), T>M

]P’(sup|X|ZM)S _
t C(e_CMlﬁ-l-ﬁ), T<M

t<T

for all T, M > 0. In particular

- cM? T
[P’(sup|Xt|2M> §C’<e_CM1 ﬁ+e_%+ )
t<T

M3+e
for all T, M > 0.

Proof: By the reflection principle for random walks, we only have to show that
for every 0 < 3 < 1, there exists ¢, C' > 0 such that

cMi

C’(e_CT—i—e_ 7{2“1‘%)7 T>M
C (e_CMliﬁ + MZ—R) ) T S M

P(|Xr| > M) < (5.1)

for all M,T > 0. To prove this inequality, we consider the following usual repre-
sentation of X;: there exist centered i.i.d. random variables (Y;,),>1 on Z with
finite 3 4+ ¢ moment and a Poisson process (N;);>o of parameter 1 independent
of the Y,,’s, such that

Ny
Xe=) Y= 5,
j=0

where Yy = 0. The analogue of (5.1) for discrete time random walks appears as
corollary 1.8 in [8], from which we obtain

_eM? nE||Y; 3te

P(|S,| > M)<C <e "+ %) (5.2)

It then follows that
P(|Xr| > M) =" P(|S| > M)P(Ny = k)
k
_en?  kE[IYq]3TC
<oy (oo BN iy,
k

_en2  E[Np|E[|Y;]3te

<C (P(NT >3T) +e 51 + %) . (5.3)

By basic large deviations results for Poisson distribution, we have P(Np >
3T) < C'e=¢T for some ¢/,C’ > 0. Then after adjusting the constants, we
obtain

o2 TE[|Y[3¢
IP’(XTzM)gC(e_CT—i—e e [”])

M3+e
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for every M > 0 and T > 0.
We now suppose T < M. Back to the term after the first inequality in
equation (5.3),

_en? kE[Y7]3Te
3 (e B e,
2

_ 3+€
< o ((pove 2 a9y 4 e TP

M3+e

Since

k TM1+K3 MM1+5
m = (M1+8)! < (M1+B)"

By Stirling’s formula, we can choose C' > 0 large enough such that for all M > 0,
P(Np > M't8) < C’e’CMl_ﬁ, thus concluding the proof. [J

Lemma 5.2 Let X and X} be two independent identically distributed contin-
uwous time homogeneous random walks with finite second moments starting from
positions x and y at time 0. Let 7, = inf{t > 0 : X7 = X/} be the first
meeting time of the two walks. Then there exists Cy > 0 such that

Co
P(rpy >T) < —|x —

for all x,y and T > 0.

Proof. This is a standard result. See, e.g., Proposition P4 in Section 32 of
[10], or Lemma 2.2 of [9]. Both results are stated for discrete time random
walks, but the continuous time analogue follows readily from a standard large
deviation estimate for Poisson processes.

Lemma 5.3 Given a system of 2J coalescing random walks indexed by their
starting positions {a:gl),x(;), . azg‘]),xgj)} at time 0, if

(1)

< Ty @)

<...<3;1 7')

< )

<-oo<al ()

Igl) < Ty

and sup; |x§” - xgi)\ < M for some M > 0, then for any fixed time T >
CZM? with Cy satisfying Lemma 5.2, the number of coalesced walks by time T
stochastically dominates the sum of J independent Bernoulli random variables
{Y1,...,Y;}, each with parameter 1 — CoM/\/T. In particular

P(the number of coalesced particles by time T is smaller than N)

gP(ii@gN).

i=1
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Proof: To prove the lemma, we construct the system of coalescing random
walks from the system of independent walks. Given the trajectories of a system
of independent walks starting from positions {mgl), xgl), - xg‘]), x(QJ)} at time 0,

the first time some walk, say xgi), jumps to the position of another walk, say xéj ),

the walk chl) is considered coalesced, i.e., from that time on, it follows the same
trajectory as walk xéj ), while the trajectory of walk xéj ) remains unchanged.
Among the remaining distinct trajectories, we iterate this procedure until no
more coalescing takes place. Note that this construction is well defined, since
almost surely no two random walk jumps take place at the same time. The
resulting collection of random walk trajectories is distributed as a system of
coalescing random walks.

In the above construction, almost surely, the number of coalesced walks by
time T in the coalescing system is bounded from below by the number of pairs
{x(li),x(;)} (1 < ¢ < J) for which mgi) and xg) meet before time 7" in the
independent system. If xgl) meets xg) in the independent system at time t < T,
then in the coalescing system, either :l;gi) and mgi) haven’t coalesced with other
walks before time ¢, in which case the two will coalesce at time ¢; or one of
the two walks has coalesced with another walk before time ¢. In either case,
whenever xgi) and xg) meet in the independent system, at least one of them
will be coalesced in the coalescing system. The asserted stochastic domination
then follows by noting that Lemma 5.2 implies that each pair {xgi),xéi)} has
probability at least 1 — CoM/+/T of meeting before time 7" in the independent

system. [

Proposition 5.4 Let % < p < 1 be fired. Consider a system of coalescing
random walks starting with at most vL particles inside an interval of length L

2
at time 0. Let Ky = %,
there exist constants C, c depending only on p such that, the probability that the

number of particles alive at time T = % is greater than pyL is bounded above
by Ce=7E,

where Cy is as in Lemma 5.2. If yL > %, then

Proof: The basic idea is to apply Lemma 5.3 and large deviation bounds for
Bernoulli random variables. The choice of the constants Ky and T will become
apparent in the proof.

Without loss of generality, we assume yL € N. We only need to consider a
system starting with L particles. If the initial number of particles is less than
vL, we can always add extra particles to the system which only increases the
probability of having pyL particles survive by time T

Let M be a positive integer to be determined later. Since the yL particles
partition the interval of length L into vL + 1 pieces, the number of adjacent
pairs of particles of distance at most M — 1 apart is at least yL — 1 — ﬁ
Therefore the number of disjoint pairs of adjacent particles of distance at most
M — 1 apart is at least %(WL —-2-— ﬁ) Each such pair coalesces before time T’
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with probability at least 1 —CyM/ VT. By Lemma 5.3, the number of coalesced
particles stochastically dominates the sum of m := 3(yL—2—+) i.i.d. Bernoulli

random variables with parameter 1 —CyM/ VT, which we denote by Y7, - - -, Y.
If by time T', more than pyL particles survive, then we must have

ZYZ- < (1-pnL. (5.4)

Let p = 14< with € € (0,1), then we can rewrite (5.4) as

1 (1-p)vL 1—e¢
EZYZS lyL—2- L) -1z _ 1~ (5.5)
i—1 27 M 7L T M

By our assumption

64C2

T = (QCQM )2 _ 0
€

< i(zp_ 1) = £. If we choose M = %, and let

2
~L 4

s = %, then we have

1 & 1—c¢
NV < —— <1-CM/NT=1-¢/2.
m; *l—e/2< CoM/ ¢/

By standard large deviation estimates for Bernoulli random variables with pa-
rameter 1 — ¢/2, the probability of the event in (5.4) is bounded above by
Ce=¢™ for some C,c¢ depending only on p. Since m = %(’yL -2 — ﬁ) >

(1/2 — €/4)yL by our choice of M and the assumption yL > %%1’ we have

Ce¢'m < Qe (1/2=¢/47L — Ce~"E, which concludes the proof of the lemma.
O

The next result allows us to carry out the first step in the chain argument
of section 2.

Lemma 5.5 In the system of backward coalescing random walks {X*°} ;. oyczxr
dual to the voter model, assume the random walk increment distribution p () has
finite 3+ ¢ moment. Then there exist C > 0 depending only on p (-), such that
forall K > 1,

P{ for some (z,s) € 2R, 2" R] x [0, R?,

2k3 -1
|X;"’f’5x|2(logg)2f0rsom60§u§5KLSK J}

s bounded above by
CK (log R)?(3+9)
22k+3eRe

for all R sufficiently large.

Proof: Let V, ; be the event as above but concerning only the random walk
X%, then denote the event in the statement by V' which is the union of V4
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over all (z,s) € [2¥R, 2T R] x [0, R?]. Due to the coalescence, event V occurs
only if V, , occurs either for some (z,s) with s € {K,2K,---, LR%JK} U {R?},
or for some (x,s) which is a Poisson point in the Harris representation of the
voter model detailed in Section 1. Therefore we can bound P(V') by the ex-
pected number of such points, which by the Strong Markov property of Poisson
processes can in turn be bounded by

2kR

R2
PR(— + 1)+ 2R3\ P |X,]| > ——
( R(K U R) (' 2 (log R)?

forsome0<u<K>,
where X, is a random walk starting at the origin with transition probability

p(+). By our assumption that p (-) has finite 3+ € moment, we can apply Lemma
5.1 and obtain

R? (2R y1-5 K
P(V) < (2’“R(K +1) +2kR3> C- (e (ezr) " 4 (“ﬂ“) ,
log? R
where C' depends only on p (:). The Lemma then follows if we take R sufficiently
large. [J

We finish by stating a result on the lifetime of a single particle voter model.

Lemma 5.6 Let ¢* be the process of coalescing random walks starting from
Z at time 0 where all random walk increments are distributed according to a
transition probability p(-) with finite second moment. Then for all t > 0

C
PO e &f) < —
( gt)—\/{
for some C > 0.

Proof: See Lemma 2.0.7 and the remark that follows it in [11].
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