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Abstract

We consider a two-type contact process on Z in which both types have equal finite range and
supercritical infection rate. We show that a given type becomes extinct with probability 1 if and
only if, in the initial configuration, it is confined to a finite interval [—L, L] and the other type
occupies infinitely many sites both in (—oo, L) and (L, o0). Additionally, we show that if both
types are present in finite number in the initial configuration, then there is a positive probability
that they are both present for all times. Finally, it is shown that, starting from the configuration
in which all sites in (—o0, 0] are occupied by type 1 particles and all sites in (0, 00) are occupied
by type 2 particles, the process p, defined by the size of the interface area between the two types
at time t is tight.
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1 Introduction

The contact process on Z is the spin system with generator
Qf (=Y (F) = FQ)ex, ) {€{0,1}”

where

COV=CWitx Ay 1 i () = 1;
E7(x) =1 {(x); T AL )Py %) L) =0;

for A > 0 and p(-) a probability kernel. We take p to be symmetric and to have finite range R =
max{x : p(x) > 0}.

The contact process is usually taken as a model for the spread of an infection; configuration { &
{0,1}7 is the state in which an infection is present at x € Z if and only if {(x) = 1. With this in
mind, the dynamics may be interpreted as follows: each infected site waits an exponential time of
parameter 1, after which it heals, and additionally each infected site waits an exponential time of
parameter A, after which it chooses, according to the kernel p, some other site to which the infection
is transmitted if not already present.

We refer the reader to [[13]] for a complete account of the contact process. Here we mention only the
most fundamental fact. Let { and O be the configurations identically equal to 1 and 0, respectively,
S(t) the semi-group associated to 2, P, the probability measure under which the process has rate A
and ¢ ? the configuration at time ¢, started from the configuration where only the origin is infected.
There exists A., depending on p, such that

o if A <A, then P;\(C? #0Vt)=0and 555(15) — 0p;

o if A > A, then P, (¢ (t) #0Vt)>0and 6 évS(t) converges, as t — 00, to some non-trivial invariant
measure.

Again, see [[13]] for the proof. Throughout this paper, we fix A > A..

The multitype contact process was introduced in [[15] as a modification of the above system. Here
we consider a two-type contact process, defined as the particle system (&,),>o with state space
{0,1,2}% and generator

Af(E)= D (FEX0) - FEN+

E ()0
Z [(FED = F(E) cr(x, )+ (F(E*) = fF(E)) calx,8)]; & €10,1,2}%,
x:E(x)=0
where . ‘
{ g% — Ay 6i(x,8) =22, Ligyy=y - Py =),
i=0,1,2; =12

(1 denotes indicator function).

This is thought of as a model for competition of two biological species. Each site in Z corresponds
to a region of space, which can be either empty or occupied by an individual of one of the two
species. Occupied regions become empty at rate 1, meaning natural death of the occupant, and
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empty regions become occupied at a rate that depends on the number of individuals of each species
living in neighboring sites, and this means a new birth. The important point is that occupancy is
strong in the sense that, if a site has an individual of, say, type 1, the only way it will later contain
an individual of type 2 is if the current individual dies and a new birth occurs originated from a type
2 individual.

Let us point out some properties of the above dynamics. First, it is symmetric for the two species:
both die and give birth following the same rules and restrictions. Second, if only one of the two
species is present in the initial configuration, then the process evolves exactly like in the one-type
contact process. Third, if we only distinguish occupied sites from non-occupied ones, thus ignoring
which of the two types is present at each site, again we see the evolution of the one-type contact pro-
cess. We also point out that both the contact and the multitype contact processes can be constructed
with families of Poisson processes which are interpreted as transmissions and healings. These fam-
ilies are called graphical constructions, or Harris constructions. Although we will provide formal
definitions in the next section, we will implicitly adopt the terminology of Harris constructions in
the rest of this Introduction.

The first question we address is: for which initial configurations does a given type (say, type 1)

become extinct with probability one? By extinction we mean: for some time t, (and hence all
t > to), &, (x) # 1 for all x. We prove

Theorem 1.1. Assume at least one site is occupied by a 1 in £,. The 1’s become extinct with probability
one if and only if there exists L > 0 such that

(A) &Eo(x)#1Vx¢[—L,L]and
(B) #{xe(—oo,—L]:&Ep(x)=2}=#{x € [L,00):&Ey(x) =2} =o0.

(# denotes cardinality). This result is a generalization of Theorem 1.1. in [[1]], which is the exact
same statement in the nearest neighbour context (i.e., p(1) = p(—1) = 1/2). Although there are
some points in common between our proof and the one in that work, our general approach is
completely different. Additionally, their methods do not readily apply in our setting, as we now
briefly explain. Let & = {£ € {0,1,2}%: £&(x) = 1,E(y) = 2 => x < y}. When the range R = 1,
&g € & implies &, € & for all t > 0. In [1]], the proof of both directions of the equivalence of
Theorem [I. 1] rely on this fact (see for example Corollary 3.1 in that paper), which does not hold for
R>1.

If both types are present in finite number in the initial configuration, there is obviously positive prob-
ability that one of them is present for all times, because the process is supercritical. The following
theorem says that there is positive probability that they are both present for all times.

Theorem 1.2. Assume that
0 < #{x:&E(x) =1}, #{x: Ep(x) =2} < o0.
Then, with positive probability, for all t > 0O there exist x,y € Z such that £,(x) =1, §,(y) =2.

Now assume that R > 1. Define the “heaviside” configuration as £" = T (00,01 72+ 1(g,) and denote
by &, the two-type contact process with initial condition &, = £". Define

re=supf{x: & (x)=1}, [ =inf{x:&(x)=2}, p,=r —1.
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We have p, = —1, and at a given time t both events {p, > 0} and {p, < 0} have positive probability.
If p; > 0, we call the interval [[,, ;] the interface area. The question we want to ask is: if t is large,
is it reasonable to expect a large interface? We answer this question negatively.

Theorem 1.3. The law of (p,),>q is tight; that is, for any € > 0, there exists L > 0 such that P(|p,| >
L) < e forevery t > 0.

There are several works concerning interface tightness in one-dimensional particle systems, the first
of which is [5]], where interface tightness is established for the voter model. Others are [3]], [4],
[17] and [2].

In [2], it is shown that interface tightness also occurs on another variant of the contact process,
namely the grass-bushes-trees model considered in [8]], with both species having same infection
rate and non-nearest neighbor interaction. The difference between the grass-bushes- trees model
and the multitype contact process considered here is that, in the former, one of the two species, say
the 1’s, is privileged in the sense that it is allowed to invade sites occupied by the 2’s. For this reason,
from the point of view of the 1’s, the presence of the 2’s is irrelevant. It is thus possible to restrict
attention to the evolution of the 1’s, and it is shown that they form barriers that prevent entrance
from outside; with this at hand, interface tightness is guaranteed regardless of the evolution of the
2’s. Here, however, we do not have this advantage, since we cannot study the evolution of any of
the species while ignoring the other.

Our results depend on a careful examination of the temporal dual process; that is, rather than
moving forward in time and following the descendancy of individuals, we move backwards in time
and trace ancestries. The dual of the multitype contact process was first studied by Neuhauser in
[15] and may be briefly described as follows. Each site x € Z at (primal) time s has a random
(and possibly empty) ancestor sequence, which is a list of sites y € Z such that the presence of an
infection in (y,0) would imply the presence of an infection in (x,s) (in other words, such that there
is an infection path connecting (y,0) and (x,s)). The ancestors on the list are ranked in decreasing
order; the idea is that if the first ancestor is not occupied in &, then we look at the second, and
so on, until we find the first on the list that is occupied in &, and take its type as the one passed
to x. We denote this sequence (77)1(,5’ n’z(’s, ...). By moving in time in the opposite direction as that
of the original process and using the graphical representation of the contact process for “negative”
primal times, we can define the ancestry process of x, ((n] ,,m3,>--.))i>0- The process given by the
first element of the sequence, (n’l"t)tzo, is called the first ancestor process. We point out three key
properties of the ancestry process:

e First ancestor processes have embedded random walks. In [[I5] it is proven that, on the
event that a site x has a nonempty ancestry at all times t > 0, we can define an increasing
sequence of random renewal times (7}, ),>o with the property that the space-time increments

x x x x . . . o .
(nmﬁ+1 My Tpgr T T ) are independent and identically distributed. This fact enormously

simplifies the study of the first ancestor process, which is not markovian and at first seems
very complicated.

e Ancestries coalesce. If we are to use the dual process to obtain information about the joint
distribution of the states at sites x and y at a given time, we must study the joint behavior of
two ancestry processes, specially of two first ancestor processes. The intuitive picture is that
this behavior resembles that of two random walks that are independent until they meet, at
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which time they coalesce. We give a new approach to formalizing this notion, one that we
believe provides a clear understanding of the picture and allows for detailed results.

In order to follow two first ancestor processes simultaneously, we define joint renewals
(tn? )n=o and argue that the law of the processes after a joint renewal only depends on their
initial difference at the instant of the renewal. Thus, the discrete-time process defined by the
difference between the two processes at the instants of renewals is a Markov chain on Z. For
this chain, zero is an absorbing state and corresponds to coalescence of first ancestors. We
also show that, far from the origin, the transition probabilities of the chain become close to
a symmetric measure on Z, and from this fact we are able to show that the tail of the distri-
bution of the hitting time of O for the chain looks like the one associated to a simple random
walk on Z. From this construction and estimate we also bound the expected distance between
ancestors at a given time.

e Ancestries become sparse with time. Consider the system of coalescing random walks in
which each site of Z starts with one particle at time 0. The density of occupied sites at time t,
which is equal to the probability of the origin being occupied, tends to 0 as t — co. We prove
a similar result for our ancestry sequences. Fix a truncation level N and, at dual time t, mark
the N first ancestors of each site at dual time O (this gives the set {n}, : 1<n <N,x € Z:

the ancestry of x reaches time t}). We show that the density of this random set tends to O as
t — 00, and estimate the speed of this convergence depending on N.

From this last fact, we can immediately prove Theorem [I.T] under the stronger hypothesis that all
sites outside [—L, L] are occupied by 2’s in £,. To obtain the general case, we then use a structure
called a descendancy barrier, whose existence was established in [2]]. Theorem [I.2]is obtained quite
easily from Theorem [I.1l The proof of Theorem [I.3]is more intricate, and follows the main steps of
[5]], which studies the voter model.

We believe that our results and general approach may prove useful in other questions concerning the
multitype contact process, in particular those that relate to almost sure properties of the trajectories
t — &, of the process, as opposed to properties of its limit measures.

2 Ancestry process

We will start describing the familiar construction of the one-type contact process from its graphical
representation. We will then show how the same representation can be used to construct the mul-
titype contact process, present the definition of the ancestry process together with some facts from
[15], and finally prove a simple lemma.

Suppose given a collection of independent Poisson processes on [0, 00):
(D*) ez with rate 1, (N(X’Y))x’yez with rate A - p(y — x).

A Harris construction H is a realization of all such processes. H can thus be understood as a point
measure on (Z U Z?) x [0,00). Sometimes we abuse notation and denote the collection of processes
itself by H. Given (x,t) € Z x [0, 00), let 8(x, t)(H) be the Harris construction obtained by shifting
H so that (x, t) becomes the space-time origin. By translation invariance of the space-time construc-
tion, 6(x, t)(H) and H have the same distribution. We will also write H[ ;] to denote the restriction
of H to Z x [0, t], and refer to such restrictions as finite-time Harris constructions.
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Given a Harris construction H and (x,s),(y,t) € Z x [0,00) with s < t, we write (x,s) « (y,t) (in
H) if there exists a piecewise constant, right-continuous function y : [s, t] — Z such that
ev(s)=x,7(t)=y;

o y(r)#y(r—)ifand only if r € NO=)y(r),

o fs <r <twithreDr,

One such function y is called a path determined by H. The points in the processes {D*} are usually
called death marks, and the points in {N®¥)} are called arrows. Thus, a path can be thought of as
a line going up from (x,s) to (y, t) following the arrows and not crossing any death marks.

Given AC Z,(x,t) € Z x [0,00) and a Harris construction H, put

[C?(X)] (H) = ]l{For some y€A,(y,0)«=(x,t) in H}*

Under the law of H, (gf) has the distribution of the contact process with parameter A, kernel p and
initial state 1 ,; see [|6] for details. From now on, we omit dependency on the Harris construction
and write (for instance) ¢, instead of {,(H).

Before going into the multitype contact process, we list some properties of the one-type contact
process that will be very useful. Fix (x,s) € Z x [0,00) and t > s. Define the time of death and
maximal distance traveled until time t for an infection that starts at (x,s),

TS =inf{s’ > s : By : (x,5) — (3,5},

Mt(x’s) =sup{|ly — x| : (x,s) < (y,s’) for some s’ € s, t]}
(these only depend on H and are thus well-defined regardless of £,(x)). When s = 0, we omit it and
write T, M. If A C Z, we also define TA=inf{t >0:3x €Ay e€Z:(x,0) — (y,t)}. We start

by observing that M t(x’s) is stochastically dominated by a multiple of a Poisson random variable, so
there exist k, ¢, C > 0 such that

P(M) > «kt)<Ce " Vx€Z,t>0. 2.1

Remark 2.1. Throughout this paper; letters that denote universal constants whose particular values are
irrelevant, such as c, C, k in the above, will have different values in different contexts and will sometimes
change from line to line in equations.

Next, since we are taking A > A, we have P(T* = 00) = P(T° = 00) > 0 for all x, and
P(TX=TY =00) > P(T° = x0)? >0, Vx,y € Z. (2.2)

This follows from the self-duality of the contact process and the fact that its upper invariant measure
has positive correlations; see [[12]]. Our last property is that there exist ¢,C > 0 such that, for any
ACZand t >0,

P(t < TA < 00) < Ce . (2.3)

For the case R = 1, this is Theorem 2.30 in [13]]. The proof uses a comparison with oriented
percolation and can be easily adapted to the case R > 1.

We now turn to our treatment of the multitype contact process and its dual, the ancestry process,
through graphical constructions. We will proceed in three steps.

Step 1: Graphical construction of the multitype contact process. The construction is done as for the
one-type contact process, with the difference that we must ignore the arrows whose endpoints are
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already occupied. This was first done in [15]; there, an algorithmic procedure is provided to find
the state of each site at a given time. Here we provide an approach that is formally different but
amounts to the same. Fix (x,t) € Z x [0,00), a Harris construction H and &, € {0,1,2}%. Let ri
be the set of paths y that connect points of Z X {0} to (x,t) in H. Assume that #I'7 < oo; this
happens with probability one if H is sampled from the processes described above. For the moment,
also assume that I'Y # . Given y,y’ € I'], let us write y < y’ if there exists § € (0,t) such that
y(s) = y'(s) Vs € [5,t] and y(5) # y(5-),Y’(5) = y/(5—). From the fact that these paths are all
piecewise constant, have finitely many jumps and the same endpoint, we deduce that < is a total
order on I'f. We can then find y7, the maximal path in I'}. Now define I'; = {y € I'] : v(0) # v7(0)}
and v} as the maximal path in I';. Then define I'; = {y S F : v(0) # v5(0)}, and so on, until
I'y =0. For 1 <n <N, denote 5 =171,(0), and for n >N put 5", = A. We claim that

i)

Vn < N, Vs such that y}(s—) # v,,(s), we have y7.(s) ¢ {,_ 2.4)

(Here {. continues to denote the one-type contact process defined from H). In words, if y; makes a
jump that lands on a space-time pomt (x,s), then for some positive € the set {x} X [s — €,s) cannot
be reached by paths coming from £* L LEX N—1,¢> and so the jump is not obstructed. If this were
not the case, we could obtain m < n,s € [0, t] and y with y(0) = Aﬁ cand vy (s=) # 7y, (s)=y(s) =
y(s—). But we could then construct a path v’ coinciding with y on fO,s] and with y; on (s, t], and
v’ would contradict the maximality that defined y .

If fo(éﬁ,t) =0 for all n < N, put &,(x) = 0. Otherwise, if k = min{n : 50(52(’[) # 0}, put &,(x) =
fo(éfﬁ ;). In this second case, using (2.4), we see that there is a path connecting (E;{‘ »0) to (x,t)
which is not obstructed by any of the paths connecting {y # & vt - €o(y) # 0} x {0} to (x, t). Finally,

if '} =0, put 5 = A for every n and set £,(x) = 0. We can proceed similarly for every x € Z and
get a conﬁguratlon (&:(x))yez- It now follows that (&,(x)),ez has the distribution of the multitype
contact process at time t with initial state £,. Additionally, by applying this construction to every
t > 0, we get a trajectory (£,),>o of the process that is right continuous with left limits. We will
sometimes write &,(H) to make the dependence on the Harris construction explicit.

Step 2: Ancestry process. This will be our main object of investigation. Fix x € Z, t € [0,00) and
a Harris construction H. Let W] be the set of paths 1) connecting (x,0) to Z X {t} in H. Assume
for the moment that #¥7 > 0. Given v,v’ € WY, write v "3” if there exists § € (0,t) such that
P(s) = P’(s) Vs € [0,5) and Y (5) # YP(E—),y’(5) = ¢'(5—). As before, we can check that “ is a
total order on W}. Let 1] be the maximal path, define W3 = {3 € W7 : 2p(t) # 7(t)}, let 37 be
the maximal path in ¥7, and so on, until ¥}, = 0. For 1 <n < N, we then define fr)it = (t). For
n=N,weputn,, = A. Finally, if ¥ = 0, we put M = A for all n.

Applying this construction for every t > 0, we get a (Z U {A})*-valued process t — (n’l"t, UL 2.
We call it the ancestry process of x. nﬁ’t is called the nth ancestor of x at time t. Of course, we
may also jointly take, for every x € Z, the processes (n’l"t, Ny - Je>o- Finally, we will write n’é’t(H )

when we need to make the dependence on the Harris construction explicit.
Given x € Z and 0 < s < t, we define n(x ) = nﬁt ,(0(0,s)(H)) (that is, the nth ancestor in the
graph that grows from (x,s) up to time t). Also, when n = 1, we omit it, writing 77}, nt *) instead of
n} n(lxts) Finally, we write 775< ) — {n(x ) € 7. n > 1} (notice that we are excluding the A state),

and similarly for 77*: The set 77*( has the same distribution as {* tx} , the set of infected sites of a
one-type contact process started from the configuration where only x is infected. For this reason,
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if we ignore the A state, the process t — (n’f,t, T)JZ(,LL’ ...) can be seen as a one-type contact process
started from 1,; and such that at each time, infected sites have numerical ranks.

Step 3: Joint construction of the multitype contact process and the ancestry process. We now ex-
plain the duality relation that connects the two processes described above. Fix t > 0 and let
H = ((D¥), (N*¥))) be a Harris construction on Z x [0, t] (this means that the Poisson processes that
constitute H are only defined on [0, t]). Let .%,(H) be the Harris construction on [0, t] obtained from
H by inverting the direction of time and of the arrows; formally, .%,(H) = ((D*), (N (.3))), where
D*(s) = D*(t —s), N&Y)(s) = N0 (¢t —5), 0 <s < t,x,y € Z. Two immediate facts are that the
laws of Hpg .1 and 4,(H) are equal and that (x,0) < (y,t) in H if and only if (y,0) < (x,t) in
£.(H).

Given &, € {0,1,2}%, we now take the pair

(&5(H) Jo<s<e»> ( T)J,i,s(jt(H)) )neN, 0<s<t, x€Z*

We thus have a coupling of the contact process started at £, and the ancestry process of every site,
both up to time t. We should think of time for the multitype contact process as running on the
opposite direction as time for the ancestry processes. This is illustrated on Figure [Tl

Time of the multitype contact process
x
t— 0 0 2 2 1 0
¥
0 0 1 0 2 1 1 t
x x x x
x UPK: Mme M3 T4t
Time of the ancestry process

Figure 1: On the left, we have the multitype contact process starting from &, € {0,1,2}* and
following a Harris construction H. Time is increasing from bottom to top, thick lines represent the
evolution of the 1’s and dashed lines represent the evolution of the 2’s. On the right, we have the
ancestry process of x € Z following .#,(H). Time is increasing from top to bottom. The facts that

€o(ny ) =&o(n3,) =0and &y(n3 ) = 2 imply that &,(x) = 2.

We now write our fundamental duality relation: for each x € Z,

0 if for each n, either Eo(ny; ) =0o0rn; , =A;

’ i 2.5
gO(ni*(x),t)’ Othel’WISe, ( )

Et(X)={

where n*(x) = inf{n : £y(n} ,) # 0}. This can be seen at work in Figure[Il Its formal justification
is straightforward and relies on the following. Given x € Z, define a bijection ¢, : '] — ¥{ by
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(£:7)(s) =v((t —s)+); £ is thus y ran backwards and repaired so that we get a right continuous
path. We then have y <y’ & ¢,y ¢y, so all maximality properties can be translated from one
space of paths to the other.

The obvious utility of (2.5) is that it allows us to relate properties of the distributions of the multitype
contact process and of the ancestry processes at a fixed time. Let us state two such relations. First,

Vx, either n}, =0, or
P(Vx,E,(x)#1)=P| &oisequaltoOon njf,t, or |, (2.6)
5o(nﬁ*(x)’t) =2

where n*(x) was defined after (2.5). This will be useful for our proof of Theorem[I.Tl Second, taking
£, = E" (the heaviside configuration defined in the Introduction) and p, as in the Introduction,

P(lp,| > L) =P(|sup{x : Tff,t <0} —inf{x: n’f’t >0} >1L). 2.7)

This will be useful in our proof of Theorem We have now concluded Step 3.

Even though the relations of Step 3 will be extremely useful, our standard point of view will be the
one of Step 2. This means that, from now on, unless explicitly stated otherwise, we will have an
infinite-time Harris construction H used to jointly define, for every x € Z, the ancestry processes
(M7, Jnen)e>0- Whenever we mention a function of the Harris construction, such as TS or Mt(x’s),
we mean to apply it to the Harris construction used to define the ancestry process.

The following is an easy consequence of the definition of the ancestry process with the ordering of
paths “ defined above.

Lemma 2.2. (i.) Let O <s < t, assume that 0 # A and T%?) > ¢. Then, n} = T)Ens M particular,
if TU59) = oo, then for all s’ > s we have ny = ni,ns ),

(ii.)Let 0 <s < t,%1,...,2y € Z and assume

N # A, n:’?s’s) =0, 1<i<n

(My555) )
n)r:,‘g#A:(nl’t >"'7nN’t ):(zl)'”)zN)

(that is, the first n — 1 ancestors of x at time s do not reach time t, but the n-th one does, with ancestors
21,...,2y at time t). Then, we have (07 ,,...,My ) = (21,...,25).

Given x € Z, on {T* = oo}, define
i =inf{t > 1: T = o},

the first time after 1 at which the first ancestor of x lives forever. It is useful to think of 77 as the
result of a sequence of attempts, as we now explain and illustrate on Figure 2l Define 0y =1 and,
forn>1,
400 if o = +00;
X
O = x x (28)
=1 (o) |
" T\To° ") otherwise.

* is thought of as the time of the n-th attempt to find a first ancestor of x that lives forever. If

(n%x,07) = (n7,1) lives forever (that is, if 71D = o), we have 7] = o7 and say that the first
1

o
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attempt succeeds. Otherwise, we must wait until o3 = TV to start the second attempt. This is
because for any t € (07,0%), we have nin(,a{,%) = 7y as a consequence of Lemma [2.2(i.), so in
particular ('flziu 07) < (n7,t) and then T8 < T(n’;;{,ai“) < 0o. Next, if (77%,0’2() lives forever,
then the second attempt succeeds and we have 17 = 073 ; otherwise we must wait for (17 5 o3) to
die, and so on.

On {T* = oo}, also define 7 =0 and, forn > 1,

x X 0 X X
Tht1 = Th + 10 9(7}7;1(, Tn)'
ijme of the
ancestry process (0%, %)
75
T:?f
5 +1
2 (3ss ) |
7_21 L .
v +1 -
. . (7> ) = (15, 0F)
03 =71 -
o3 £
____________ (77%7 O-f)
of =1 Ce
X

Figure 2: Renewal times. We detail the attempts o to find the first renewal, 77. The first ancestor
process is given by the thick line. The top of the figure means that (1., 73) lives forever.
3

For the sake of readability, we will sometimes write P*(-) and £*(-) instead of P(:|T* = o0) and
E(-|T* = 00). In Proposition 1 in [I5], it is shown that under P*, the times T work as renewal
times for the process 1, that is, the (Time length, Trajectory) pairs

(T =T 1€ 10,754y = T3] > ey = 05)
are independent and identically distributed. This follows from an idea of Kuczek ([9]]) which has be-
come an important tool in the particle systems literature. In our current setting, it can be explained
as follows. The probability P* is the original probability for the process conditioned on the event
{(x,0) lives forever}. But (x,0) being connected to (17 o 71) and (ni,{, 77) living forever imply that
(x,0) lives forever, the event of the former conditioning. This and the fact that, under PP, restrictions
of H to disjoint time intervals are independent yield that, under P*, the shifted Harris construction
0(n7x, 71)(H) has same law as H. The argument is then repeated for all 7;,n > 1.
1
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We now list the properties of the renewal times that we will need.

Proposition 2.3. (i.) I?”O(T?l <o0)=1Vn.

(ii.) For n >0, let
Hy=Hiosot,  Hu = 0000, 7)(H).

Given an event A on finite-time Harris constructions and an event B on Harris constructions, we have
P°(H, € A,H,, € B)=PF°(H, €A)-P°(H € B).

(iii.) Under B~ the Z-valued process (n’;x)nzo is a symmetric random walk starting at x and with
transitions
%0 (0
P(z,w)="P (nT? =w—23).

(iv.) There exist c,C > 0 such that
BO(7? VM?1 >r)<Ce .

Except for part (ii.), the above proposition is contained in Proposition (1), page 474, of [15] ((i.)
and (iv.) are explicitly on the statement of the proposition and (iii.) is a direct consequence of (i.)).
Part (ii.) is an adaption of Lemma 7 in [[14] to our context; since its proof also uses ideas similar to
the ones of Proposition (1) in [15]], we omit it.

To conclude this section, we prove some simples properties of the first ancestor process.

Remark 2.4. Every time we write events involving a random variable 1 that may take the value A,
such as {n < 0}, we mean {n # A,n < 0}. This applies to part (iii) of the following lemma. Also, by
convention we put E(f (1)) = E(f (n);n # A) for every function f : Z — R.

Lemma 2.5. (i.) There exist c,C > 0 such that, for all 0 <a < b,
5004 . .0 —c(b—
B#n: 7% € [a,b]) < Ce (079,
(ii.) There exists C > 0 such that, for all 0 <s < t,
E°((n?)? - (n)?*) <C+C(t—s).
(iii.) There exist c,C > 0 such that for all [ > 0,
0 —cl? —cl
P(|n°] > 1) < Ce '/t + ce™e.
Proof. Define on {T° = oo}, for t >0,

T = sup{rg <t:n€N}, Ty = inf{Tg >t:n€N}, Y, = MT(Z”"T“) V(Tiy —Ti)-
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Using Proposition [2.3((ii.) and (iv.),

o0
BO(xp, > x) :ZI@O(TQ <t TN, =t P, >x)
k=0

e T

t
J PO (T(l) >t—s, MS? Y T(l) > x) @0(72 eds)
0

IA

[t] i
J [I@’O (T? >t —s) A B0 (Mf(l) \% T(l) > x)} ]13’0(72 eds)
=0i=1Ji-1

t
Ce =D A Ce™* 3 PO (20 e[i—1,i]
k
k=0

>~

—
—

IA

M= IM

[Cem DA Ce™] BO(#{n: 7§ € [i - 1,i1}). (2.9)

i=1

Observe that the above expectation is less than 1, because there is at most one renewal in each unit
interval. is thus less than

o0 o0
CZ[e_Ci ANe ] <C[x]e " +C Z el < Ce %,
i=1 i=[x]+1

since this does not depend on t, we get
P(y, > x) < Ce™* (2.10)

for some ¢, C > 0 and all t > 0. Let us now prove the two statements of the lemma.
(i.)For0<a<b,

PO(Fn : Tg €[a,b]) <Pty — T >b—a) <F(¢Yp, >b—a) < Cec(b=a),

(ii.) The definition of v, and (2.10) imply

Y =n2, 1, n2 —nPl In2, —n? | <29 (2.11)
C:= sgg EO((2,)?) < oo. (2.12)
t=

Next, for t > 0, since T?ﬂ >[t]>t, wehave 7., € {Tg, T(l), ees, T?ﬂ}, SO

o ((TISH)Z) <E° ( max (ngp)z)

1<i<[t]

By the reflection principle (see [7]], page 285), the expectation on the right-hand side is less than
2 EO((WSO ) =2Tt] EO((ngo)Z), so we have
[t] 1

EX(m? )Y <C-Tt1<C-(t+1), (2.13)
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With (2.11), 2.12) and (2.13) at hand, we are ready to estimate
B () —(n?)*)
_Eo((oz_(o 2 [0 0 2 _ (..032 [0 0 Y2 _ (.0 32 2.14
= n¢ n:, ) ) HE (e )" =) | +E( (n; )" =(n; )" ). (214

Let us treat each of the three terms separately.

i (22 = (n2)?)

=° ((n? =03 _+nl P+ -0l + n?tf)z)

=E((n) =02 Y +2n2 (Y —n2 )= —nd Y -2n) (2 —n))

=E0((n? —n?, ) -E%((?, —nY )™ (2.15)
since, by the independence of increments between different pairs of renewals and symmetry,
E%(n? (Y —n3 ) = IFZO(T;QF(T;?[+ — 13 )) = 0. Using (2II), I5) can be bounded by
210((22,)?), then by (Z.12) we get

0 042 0 2 -

i ((m) ~@2) ) <2¢. (2.16)
Similarly,

E%((n7 )" = (nd*) < 2C. (2.17)
Finally,

BO (0 2= ) = B((n2, —n% Y+202 (% —n2))
t
- B, -, = | B, PP <an)

By (2.13), this is less than

Cft(t —r+1)P(r,, €dr) < C(t —s+1).
Putting this, and (2.17) back in (2.14) completes the proof.
(iii.) For [ > 0,
P(In?] > 1) =P(t < T° < 00, |n?| > 1)+ P(T° = 00) PO(|n?| > ).
The first term is less than
P(T° < 00, M2, > 1) <P(l/x < T° < 00) +IP(MZO/K >0,

where « is as in (2.1). Now use (2.1) and (Z.3) to get that this last sum is less than Ce ™. Next, we
have

BO(In?l >I)SIP’°( max 1Y >l/2) + By, > 1/2),
1<i<|t] T

because there are at most | t | renewals until time ¢. By (2.10), P°(yp, > 1/2) < Ce~L. By Proposition
2.1.2 in [10], B° ( mai(J Ingol > Z/Z) < Ce/lt) < ce~<*/t This completes the proof. [ |
1<i<|t i
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3 Pairs and sets of ancestries

In this section, we study the joint behavior of ancestral paths. For pairs of ancestries, we define joint
renewal points that have properties similar to the ones just discussed for single renewals, and then
use these properties to study the speed of coalescence of first ancestors. For sets of ancestries, we
show that, given N > 0, the overall density of sites of Z occupied by ancestors of rank smaller than
or equal to N at time t tends to 0 as t — oo.

Let us define our sequence of joint renewal times. Fix x,y € Z and on {T* = T = oo} define
7Y =inf{t > 1: T = 70 = 00},

the first time after 1 at which both the first ancestor of x and the one of y live forever. In parallel
with (2.8), define 07 =1 and, for n > 1,

+00 if o =400

N x,y> Uﬁ’y) (nyx,y’ O—;C’y) .
T\ on AT\ on otherwise.

The sequence of attempts in this case works as follows. We start asking if both (ngw, a’lc’y ) and
1

Yy

(ni" vys a’f’y ) live forever. If so, we set T’f’ = 0’1"}' . Otherwise, we wait until one of them dies
1

X Xy y B
ncx,y:al xy’Gl

X,y
| | i)
out; this happens at time 07, = T( i ) A T( 7 . We then look at (n*.,, 03”) and
2
y X,y
(T)o;,y, 0,” ), and so on.

Also define ;" =0 and, forn > 1, on {T* = T = o0, n;‘x,y =3z, n};x,y = w}, define

XY Xy 4 W x.y
T =Ty 1y 0000, TY).

For x,y € Z, we write P*Y(:) = P(:|T* = TY = 00) and E¥Y(-) = E(:|T¥ = T” = o0). Note that
prXX = pX £** = &* and T>* = 17 for any x and n. We have the following analog of Lemma 2.3}

Proposition 3.1. (i.) P*Y (1, <o0)=1Vn,x,y.

(ii.) Forn >0, let
Hy=Hioxvy,  Hye = 00,737 )(H).

Given an event A on finite-time Harris constructions, an event B on Harris constructions and z,w € Z,
we have

PO (H, €A NGy =2,y =w,H €B) =P (H, €A%y =2,107., =w)-F*"(H €B).

(iii.) Under P*Y, the Z2-valued process (n’;x,y, T)Z x,y)nzo is a Markov chain starting at (x, y) and with

transitions
P((a,b),(c,d)) =B"? (7%, =c, nb,, =d).
2 T

In particular, if {T* = T” = oo} and n’T‘x,y = n};x,y, then n’T‘w = niw foralln>m.
(iv.) There exist c,C > 0 such that, for any x, Yy,

Iﬁ)x’y(max (T?I_(’y)M,lef,y)MTy)lt,y) > r) S Ce—cr'
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We omit the proof since it is an almost exact repetition of the one of Lemma[2.3} the only difference
is that, when looking for renewals, we must inspect two points instead of one.

We now study the behavior of the discrete time Markov chain mentioned in part (iii.) of the above
proposition. Our first objective is to show that the time it takes for two ancestries to coalesce has
a tail that is similar to that of the time it takes for two independent simple random walks on Z to
meet. This fact will be extended to continuous time in Lemma [3.3} in Section 5, we will establish
other similarities between pairs of ancestries and pairs of coalescing random walks.

Lemma 3.2. (i.) For z € Z, let 7, denote the probability on Z given by
m,(w) = B0 (nzo,z -n%, =2+ W) , WELZ.
T T
There exist a symmetric probability 7 on Z and c,C > 0 such that

llm, = mllpy < CeEl vzez,

where || - ||y denotes total variation distance.
(ii.) There exists C > 0 such that, for all x,y € Z and n €N,

. Clx —y|
Py X L Y -
(n,L_;r,y T’Tz:)’ ) S \/ﬁ .

Proof. (i.) Fix z € Z. For simplicity of notation, we will go through the proof in the case z > 0;
however, it will be clear how to treat the case z < 0. Let us take two random Harris constructions
H' and H? defined on a common space with probability measure P, under which H! and H? are
independent and both have the original, unconditioned distribution obtained from the construction
with Poisson processes. Define H® as a superposition of H! and H?, as follows. We include in H*:

e from H', all death marks in sites that belong to (—oo, |2/2]] and all arrows whose starting points
belong to (—oo, |2/2]];

e from H?, all death marks in sites that belong to (|z/2],00) and all arrows whose starting points
belong to (|z/2], ).

Then, H® has same law as H' and H?. We will write all processes and times defined so far as
functions of these Harris constructions: for i € {1,2,3}, we may take

ng’ft’s)(Hi) forx€Z,neN, s <t;
Mt(x’s)(Hi) and T®S(HY) for x € Z, s < t;
Tglx,y)(Hi) on {T¥(H)) = TY(H") = o0}, for x,y €Z, n €N,
as defined before and nothing new is involved. On the event {T°(H') = T*(H?) = oo}, define
702 = inf{t > 1: TOREDO(HY) = WO (H2) = oo},

Our definition of % is similar to the one of first joint renewal time of two first ancestor processes.
However, for £%%, we follow a different Harris construction for each ancestor process. We can also
think of %% as the result of a “sequence of attempts”, and define corresponding stopping times
similar to the ones illustrated on Figure 2l The same proof that establishes Proposition [3.1(iv.) can
be repeated here to show that there exist ¢, C > 0 such that

P(T(H') = T*(H?) = 00, 1% vV M%, (H) V MZ,,(H*) > 1) < Ce™", 3.1
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Now define

05 = | Mepem WD) ™ Mooy () I TO(H) = T(H?) = o0
otherwise;
p0s — | Mho(H) =ml (HY) if TO(H") = T*(H?) = oo,
o A otherwise.

Note that
m,()=PX% =2+ | X% £A), (3.2)

where 7, is defined in the statement of the lemma. Also define
n()=P(Y%® =z4+-| Y% £A). (3.3)

By the definition of Y% from independent Harris constructions, 7 is symmetric and does not depend
on z. To conclude the proof, we have two tasks. First, to show that X%* = Y%# with high probability
when z is large. Second, to show that this implies that, when z is large, ||, — 7||y is small.

Let x be as in (2.I) and define t* = z/3k. Consider the events
2 = {MX(HY) v ME(H?) <z/2},
L, ={T°(H)AT*(H?) < t*},

P T(HY) = T*(H?) = T°(H?®) = T*(H?) = o,
37 T (H?) < t4,8%% < t* '

On ¥, we have {(x,t) : 0 < t < t*, (0,0) < (x,t)in H'} C (—o0,|2/2]] x [0,t*]. Since the
restriction of H! to (—o0, |2/2]] x [0, t*] coincides with the restriction of H> to the same set and
similar considerations apply to H? and the set (|z/2],00) x [0, t*], we get that, on ¥,

m(HY =m0, (H), 0, (H)=mn; (H°), VneN,0<t<t" (3.4)

We now claim that, if the event & := (£, N %,) U (¥, N %) occurs, then X% = Y%%, To see this,
assume first that %, N %, occurs. Then, by the definition of %,, we either have T°(H') < t* or
T*(H?) < t*. In any case we have Y% = A and, also using (3:4), we either get T°(H®) < t* or
T*(H®) < t*, s0 X% = A. Now assume %, N %5 occurs. Define
t1=1%, @ = n?l(Hl), by = n'il(Hz);
0,

t2 = Tl Z(HB): as = TI?Z(HS); b2 = niz(HB)'
By (3:4) and the fact that t,t, < t*, if we show that t; = t,, we get a; = a, and b; = b,, hence
Y%% = b; —a; = by — a, = X%%. Assume t; < t,. Again by (3.4) and the fact that t; < t*, we have

ng (H) =0 (H)=ay, 0] (H?) =n] (H*)=b;. (3.5)

The definition of t; implies that T(@-(HY) = T(Lt)(H2) = 00, and then we obviously have
(a,t]) < Z x {t*} in H' and (bq,t;) < Z x {t*} in H?; since we are assuming ¢, occurs, the
paths that make these connections are also available in H>. This gives

T(al,tl)(HB) > t*, T(b1,f1)(H3) > t*. (3.6)
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We now use (3.5)), and the definition of a,, b, in Lemma [2.2(i.) to conclude that
g VH) = ay, nitH?) = (3.7)
By the definition of t,, we also have T(@2)(H3) = T(®»%2)(H3) = co; together with this yields
Tat)(g3) = Trt)(H3) = co. (3.8)

Since ty, = Tl *(H?) is defined as the 1nﬁmum over all times t > 1 that satisfy T(”?’t)(H?’) =

TMoO(H3) = 0o, we see from (3.5) and (3:8) that t, < t;, so t, = t;. A similar set of arguments
show that t, < t; implies t; = t,. This completes the proof of the claim.

Now note that the event ¢ is contained in the union of:
{M(H") > 2/2}, {M%(H*) > 2/2},

{t* < TO(HY) < o0}, {t* < T°(H®) < 00}, {t* < T*(H?) < o0}, {t* < T*(H?) < 00},
{TO(HY) = T*(H?) = 00, 7% > t*}, {T°(H®) = T*(H®) = 00, 727 (H3) > t*}.

Using our choice of t*, (2.I)), (2.3), Proposition [3.1(iii.) and (3.I)), the probability of any of these
events decreases exponentially with z.

We thus have ]P’(XO’Z # YO,Z) < Ce %, s0

Z IP(X%% = w) — P(Y%* = w)| < Ce . (3.9)
wezZU{A}
Then,
P(X%% =w) P(Y% =w)
P(X0% £ A) P(YO? # A)

I, — iy = = Zm(w) n(w)|——2

WEZ
1
<S——0——— > PX”¥=w)-PY**=w
< S 2 A);; ( ) — B( )
1 1

Z ]P(YOZ —

2 |P(Y9% £ A) P(XOZ #0)| &

e IO A D) PO £ A)

=PpxOE£A) ¢ P(XO% £ A)-P(YOF £ A)

< 1 C —CZ+ 1 1 C —Cz

TPXOT£A) L BXOFAA) BYF£A)
where we have applied (3.2) and (3.3) in the second equality and (3.9) in the last two inequalities.
We have P(X%* # A) = P(T°(H®) = T?(H®) = o0) and P(Y?* # A) = P(T°(H!) = T*(H?) =
00), and these probabilities are bounded away from zero uniformly in z by (2.2). We thus get
||, — 7||py < Ce™%. Adapting the proof to the case z < 0, we get ||7, — 7t||;y < Ce #l for any
z €7L.

(ii.) Forn > 0, x,y € 7Z, define

Y : — —
XY frlrx,y _n:x,ya fTr*=7T"=o00
L — n n
n , otherwise.
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Using Proposition B.1(iii.) and translation invariance, we see that under P*¥, X;’” is a Markov
chain that starts at y — x and has transitions

]f”x’y(X,f_’;Vl =z+wl|X)V =z)= EDO’Z(X?’Z =z+w)=m,(w).

In particular, 0 is an absorbing state. (ii.) follows from Theorem[6.1lin Section 6. Here, let us ensure
that the four conditions in the beginning of that section are satisfied by 7, and ©. Conditions
and are already established. Condition (6.2) is straightforward to check and (6.3) follows
from (B.I) and Proposition B.I(iv.). ]

We now want to define a random time J* that will work as a “first renewal after coalescence” for
the first ancestors of x and y, a time after which the two processes evolve together with the law of
a single first ancestor process. Some care should be taken, however, to treat the cases in which the
ancestries of x or of y die out. With this in mind, we put

inf{’r’,i’y : n:ﬁ,y = ni_/;t,y} on {Tx =TY = OO};

5y inf{tY :7¥ > TV} on {T* =00, TV < 0};
inf{t} : 7} > T*} on {TY =00, T* < o0};
0 on{T* <ooand T? < oco}.

This definition is symmetric: J*Y = J»*,
Lemma 3.3. (i.) There exists C > 0 such that, for any x,y € Z and t > 0,

Clx =yl
—

(ii.) Conditioned to {T* = oo}, the process t — (7)(1) t,ng ) 0 0(N7ey,J*Y) is independent of J*V.

P(JY >t)<

Additionally, the law of t — (19 ,, ng’t, )0 0(n%y,J*Y) conditioned to {T* = 0o} is equal to the law
of t = (n%,,1m9,,...) conditioned to {T° = oo}.

Proof. (i.) By Proposition [3.1(iv.), there exists y > 0 such that § := sup, ,, K" (e ") < . Using
Chebyshev’s inequality, for every x, y € Z and t > 0 we have

- p X,y _ ~ Xy
P (759 > 1) < e VLRI (e T ) = e Z i %,y (eYTn .]an_w =3, ni’w = W}) .
n—1 n—1

Z,WEZ
By Proposition [3.1](ii.), this is equal to
-t B (e T 0., =2,10"%, =w} | B2 (77" ) < Be TERXY (¥ Tuth)
e e ’r)Tx,y1 =z, nTX,y =w e < fe e .
2,WEZ n n-1

Y

Iterating, we get P*Y(7y” > t) < e 7B, so, putting n* = n*(t) = LZlogﬁ

px.y (Ti;y > t) < e "/2_ This together with Lemma 3.2 gives

t], we have

- - - Clx —
PYSY(J%Y > t) < PXY (n’;x,y # ni,{,y ) + P*Y (Ti;y > t) < % (3.10)
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for some C > 0.
Note that if T* = 0o, TY < t/2 and there exists some n such that 7}, € [t/2,t], then J*¥ < t, and
similarly exchanging the roles of x and y. Using (2.3), Lemma [2.5(i.) and (3.10), we thus have
P(J*Y > t)
<P(T* =00, TY <00,J7 > t)+P(T* <00, T =00,J > t)+P(T* = TY = 00,J%Y > t)
<P(t/2<TY <00)+P(T* =00,%n: T €[t/2,t])
+P(t/2 < T* <00)+P(TY =o00,%n: Ty e [t/2,t])
Clx -yl
—

(ii.) Let A be a borelian of [0,00) and B be an event in the o-field of Harris constructions. Using
Proposition 2.3] (ii.),

+P(T*=TY =00) -PY(J¥Y >t) <

PY(J €A, TV <00, 0(N}ey, ] )H) €B) =
o0
DB, <TY <3, TE €A, 6(nt, TX)(H) €B) =
n=1

o0
BO(H e B)-Z]@x(r;;_l <TY < 75,75 €A)=1(H € B) - P¥(J™ €A, TY <)

n=1
Using Proposition [3.1] (ii) and the fact that P** = P* for any z,

P €A, TV =00, O(n}sy,J*Y)(H) €B) =

Y — Y _
L imey R R
B(T*=00) HiZ T €A 0(z, 7Y )(H) € B

P(T* = TY = c0)

PO(H € B) - P (J* € A) =P(H € B) - P*(J*Y €A, T” = 00).
P(T* = 00)

Putting things together we get
BY(J*Y €A, 0(n}ey,J*Y)(H) € B) =P°(H € B) - P*(J* € A).

The claim is a direct consequence of this equality. |

Lemma 3.4. There exist ¢c,C > 0 such that, forany x,y € Z,N > 1and t > 0,

et , Clx—yl
P(TY, TY > t,(0) ey ) 7 (07 5o ) S CeN 760 4 —
Proof. There exists 6 > 0 such that, given a finite set A C Z, we have
P(T < 00) > 6", (3.11)

We can for instance take 6 as the probability of a particle dying out before having any children, an
observe that this occurs independently for different sites. Define

astup{sZO:0<#T)$’S <N}; 6'N=inf{s>t10<#’r)g’s§N},
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with the convention inf@ = co. Then, Gy is a stopping time and {oy > t} = {Gy < oo}. Using this,
(3.11) and the Strong Markov Property, we have

P(t<T°<o00)> Y P(Gy<oo,n’; =A)P(T"< o)
ACZ, 0<#A<N
> §N Z P(Gy <00, 00, =A)=6"P(6y < 00)="P(oy > t).
ACZ, 0<#A<N
We then have P(oy > t) < § VP(t < T° < 00); also using (2.3, we obtain

P(oy > t) < Cie®N~at, (3.12)

for some Cy,c¢q,Cq > 0.

Let x,y € Z; assume that T* = TY = oo and J™ + oy 0 0(n}.,,J”) < t. This means that first,
(n*) and (n”) have the first joint renewal at some space-time point (17].,,J*) = (nj’x,y,J ©Y) with
J*¥ <'t, and second, that the ancestry process of (17}.,,J*”) never has less than N elements after
time t. We must then have z4,...,2y € Z such that

ng,t_JX,y o G(n?}cx;}’)‘]x’y) = n?l’t_JX,)’ ° Q(T)h}I/X,y:Jx’y) = Zna 1 S n S N.
Lemma 2.2] then implies that 0, , = n%,t =2,, 1 <n <N, and we have thus shown that

{T* =T7 = 00, I + 0y 0 0(ney,J) < 1}
c{T*=TY =00, (n’l"t,...,n]’f,’t) = (n{’t, . ..,n%’t)}.
Then,
P(T* =T =00, M} s sy ) # (0] 1o o))
SP(T*=TY =00, J*Y + 0y 0 0(N] juy,J*Y) > 1)
<P(J™ > t/2)+P(0y 0 0(N] yuoy, JY)>t/2| T* =00)
C’ —
< lx — I
Vvt
where in the last inequality we used Lemma [3.3(i.) in the first term and Lemma [3.3(ii.) and (3.12)
in the second.

CN—ct
+ Ce™N ¢,

Finally, we have

P(TY, T > t,(n] 15y ) # (0] 5o )
SP(t<T*<o00)+P(t<T? <o0)+P(T*=TY = oo,(n’f’t, . ..,nl’f,’t) %+ (nit,...,n%,t))

Clx_.yl SCGCN_Ct+C|X_y|.

<2Ce™ +Ce N 4
vt vt

Proposition 3.5. There exist C,y > 0 such that, forany N > 1 and t > 0,

N
P(Oe{n’rit:er,lfnSN})SCt—y.
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Proof. Fix areal t > 0 and a positive integer [ with [ > N. Define I' = {0,...,1 — 1} and

A= () (AT =quir <G Ui e )= e O3,
{x,y}cr

that is, for all sites in ' that have non-empty ancestry at time t, the first N terms of the ancestor
sequence at time t must coincide. We can use Lemma [3.4] to bound the probability of A°:

3

P(A)S Y. B(TH,TY > t,(fr]’lc’t,...,nl’f,,t);é(nit,...,nNt))_ = +Cl2eCN=ct (3.13)
{x,y}cr

since there are less than 12 choices for {x, y} and for any of them, |x — y| <.
Letn!,={n’,€Z:xeT}andny_,={n’,€Z:x€l,1<n<N}. Wehave

1—

=

N N
DB L, Cr+HIZP < Y P SN,

n=1 n=1

Il
=}

r

A consequence of the above inequality is that there exists r* € {0,...,1 — 1} such that

N
P( A, {ng’t c(r*+1z)}) < T (3.14)

M=

n=1

Finally, for z € Z let T, = —r* + [z + I". The idea is that O seen from Iy is the same as r* seen from
[. Let A,, nﬂ; and n;"‘_ . be defined from T', as A, ngt and n{,_ . are defined from I'. We can now
proceed to our upper bound:

P(O€{n:, :x€Z 1<n<N})<> P(0Oeny )

2€Z
=Y P({0eny b A )+ P({0eny 3 AS)
2E€7Z 2E€7Z
<> ZP(AZ, M =10H)+Y. > Z P(AS, {05, =0})
2€7Z n= 2€Z x€I'y n=
:Z DIP(A fnh =1+ )+ Z DIP(AY {nf =r"+1z}). (3.15)
n=1 z€Z x€l' n=1 z€Z

Noting that

Uyer (A Nint, = {r* + z,z}}) =AN{nS, €(FHID), Uepln, = + 13} = (0%, €r* +12}

and the unions are disjoint, is equal to

N

N
Z P(A, {ng’t e +1z)}) +Z Z P(AS {ng’t er*+17})

n=1 xe€l’ n=1

c N CNZ4 3 CN ct
<Z1P’(A {nh, @ +ZZ)})+;ZP(A)<—+7+CNZ :
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1 .
We now put [ = t?; we have thus obtained

N  CNt*?
. 1/3 ,CN—
P(Oe{n;‘,t.xez,lsnSN})S(tl/g—i— 72 +CNt'/3e Cf)m

N CN
+

< 1 118 +(CNt1/36CN_Ct)/\1.
t t

The first two terms are already in the form we want, and it is straightforward to show that, for some
C’ > 0, we have (CNt/3eN=¢t)A1 < C'N/t for all N, t. |

4 Extinction, Survival and Coexistence

In this section we prove Theorems [I.1] and Our three key ingredients will be a result about
extinction under a stronger hypothesis (Lemma [4.1)), an estimate for the edge speed of one of the
types when obstructed by the other (Lemma [4.2)) and the formation of “descendancy barriers” for
the contact process on Z (Lemma [4.3)).

We recall our notation from the Introduction: the letters & and 1 will be used for the multitype
contact process and the ancestry process, respectively. Throughout this section, in contrast with the
rest of the paper, Harris constructions and statements related to them, such as “(x,s) <« (y,t)”,
refer to the construction for £ rather than the one for 7.

Lemma 4.1. For the process (§,) with initial state £ such that there exists A > 0 such that £,(x) =2
for all x with |x| > A, the 1’s almost surely die out, i.e. almost surely there exists t such that &,(x) #
1Vx.

Proof. Using (2.6]), for any t; > 0 we have

Vx, either n:’to =0, or
P(At:Vx, & (x) #1) 2 P(Vx, &, (x) #1) =P | &EpisequaltoOonny, , or
Eo(nﬁ*(x),to) =2

Vx, either nY, =0 or A
> > *,t0 > _ . X — 7
=F ( N, € (CAA ) =1 iZ:_APGX M = D
By (3.5) each of the probabilities in the last sum converges to 0 as t, — 0o. |

Lemma 4.2. Fix 3 > 0. For any € > 0, there exists K > 0 such that, if §, = £ = T —0001 2 1(0,00)
then
P(sup{x : §,(x) =1} <K+ ptVt)>1—e.

Proof. For K > 0, consider the events

A, = {&,(x)=1forsome x >K/2+ f3n/2},
B, = {(x,n)<—(y,t)forsome x <K/2+fn/2, y>K+pn, t€[n,n+1]},

2241



ne{0,1,2,...}. Now, using Lemma [2.5] (iii.),

P(uz‘;oAn)si f} P(ni‘,nSO)Si i P(In? | > x)

n=0 x=K/2+4+fn/2 n=0 x=K/24+fn/2

o0 o0
<> D (cenycem)
n=0 x=K/2+fn/2
o0 00

SCZZe < +f5”+z +CZZ —c +’5"+1

n=0 i=0 n=0 i=

o0
B /3n
Ze (B+E+l)(E+Br4i +CZZ K+B041)
n=0 i=0 n=0i=
(0.0]

B (K4t 47) _g(w _cﬁ_n)(oo —ci) K00
e 2 +Ce 2 Ze 2 Ze — 0

n=0 i=0
Next, event B, requires the existence of a path that advances a distance of at least K/2 + ffn/2 in
a unit time interval; by a comparison with a multiple of a Poisson random variable as in (2.1)), this

occurs with probability smaller than Ce~*®/2+87/2) for some ¢, C > 0, so P(U,B,,) < > P(B,) %0
as well. This gives P(N,(A},NB;)) — 1 as K — oo, and to conclude the proof note that on N, (A7 NB),
the set {(x, t) : £,(x) =1} is contained in {(x,t) : x <K+ ft}. [ |

For p > 0, define V(p) = {(x,t) C Z x [0,00) : —pt < x < pt}. We say that site O forms a p-
descendancy barrier (according to the Harris construction H) if

(D1) for any x,y € Z and t > 0 with (x,0) < (y, t) and (y, t) € V(p), we have (0,0) < (y, t);
(D2) for any x,y € Z with opposite signs and t > 0 such that (x,0) < (y, t), we have (0,0) «—
(v, £).

Say that x € Z forms a p-descendancy barrier if the origin forms a p-descendancy barrier according
to 8(x,0)(H).

Lemma 4.3. For any € > 0, there exists 3,K > 0 such that

P(dx € [0,K] : x forms a [3-descendancy barrier) > 1 — €.

The proof is in [[2]]; see Proposition 2.7 and the definition of the event s in page 10 of that paper.

Before the proof of Theorem [I.T] we state two more lemmas. Their proofs are straightforward and
we omit them. For the following, as is usual, we abbreviate {x : £,(x) =i} as {&, =i}.

Lemma 4.4. Let (£),(&7) be two realizations of the multitype contact process built with the same
Harris construction and such that

{&o=11o1{&; =1} {§ =2} c{&=2}

Then,
g =)o =1}, {&=20ciE =2 Vi>0.
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This can be verified by looking at the generator of the multitype contact process. It is an attractive-
ness property: defining the partial order £’ < £” & {&' =1} D {&”" =1}, {&' =2} c {£” = 2}, the
above lemma says that the set {(§/,&”) : & < £”} is invariant under the coupled dynamics we are
considering.

Lemma 4.5. Assume at least one site is occupied by a 1 in &, and let K € N.
(i.) If conditions (A) and (B) of Theorem [L1] are satisfied, then almost surely there exist (random)
L’,a;,a, € Z with L’ > 0,a; < —L’,a, > L’ such that

A) &E(x)#1Vx ¢ [-L,L'];
(B") #{xe(~00,L']:&1(x) =2} =#{x € [L,00): &;(x) = 2} = 00;
(C) &y(x)=2Vxe€[a; —K,a;]U[ay,a, +K].

(ii.) Assume condition (A) of Theorem [I1lis satisfied but condition (B) is not (say, with finitely many
2’s in [0,00)) and, for a given a € Z, we have £y(a) = 1. Then, with positive probability,

A") &(x)=1Vxe€[a,a+K];
(B”) &(x)#2Vx>a+K.

(iii.) Assume the hypotheses of Theorem [I.2] are satisfied and, for given b,c € Z with b < ¢, we have
Eo(b) =1, Ey(c) =j, where {i, j} = {1,2}. Then, with positive probability,

(A")  &1(x) #jVx € (—00,c —K);
(B”) &;(x)=iVxe[c—K,c);
(C") &(x)=jVx € [c,c+K);
(D) &y(x)#iVx€[c+K,o0).

Proof of Theorem[I.Il We first prove that, if conditions (A) and (B) in the statement of the theorem
are satisfied, then the 1’s almost surely become extinct. Fix € > 0. As in Lemma [4.3] choose f3,K;
corresponding to €, then as in Lemma4.2] choose K, corresponding to € and 3. Let K = K; +K,+2R.
Using Lemma [4.5(i.) with this value of K and relabeling time so as to start looking at the process
at time 1, we may assume that there exist a;, a,, L’ such that (4’), (B’) and (C’) are satisfied by &,
(rather than by &,).

Let (& }),(Ef),(i gz) and (5%1) be realizations of the multitype contact process all built using the
same Harris construction as the original process (£,) and having initial configurations

g(1) = ]1(111412) +2- ]1[01—1(#11] +2- ]l[az,az""K];
gg = ]l(apaz) +2- ]1(01"12)6;

12 _ .
0 = Lmoo,a) T2 Liay,0003

21 __
0 =2 L—eoa1* Lig),00)-

By a series of comparisons and uses of the previous lemmas, we will show that in £*, the 1’s become
extinct with high probability. An application of Lemma 4.4 to the pair £1, & then implies that in &,
the 1’s become extinct with high probability.

Define the events

%1 - {Vt, 1nf{§?1 = 1} >a; _KZ - ,31:}, (gz - {Vt, Sup{ggz = 1} <day +K2 +[5t}}
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By the choice of K,, we have P(¥%;),P(%,) > 1 — €. Defining W = {(x,t) : a; — K, — Pt < x <
a, + K, + Bt} and applying Lemma [4.4] to the pairs £'2,£2 and £21, &2, we get that

on¥% N%Y, {(xt): Ef(x) =1}lcw. 4.1)
Also define
Yy ={3b; € [a; —K,a; —K +K;] : b; forms a -descendancy barrier};

Y, ={3by € [ay + K —K;,a, + K] : b, forms a f8-descendancy barrier}.

The choice of K; and f8 gives P(%3),P(%;) > 1—€. Put W, = {(x,t):a; — K, —2R—ft < x <
as + K, + 2R + fBt}; a consequence of the definition of descendancy barriers is that

on¥Y;NY, V(x,t)eW, E(x)=0=&3(x)=0. (4.2)

Indeed, assume that %; N ¥, occurs, (x,t) € W, and & f(x) # 0. Then, there exist y € Z with
& g( y)# 0 and a path y : [0, t] — Z determined by the graphical construction and connecting (y, 0)
to (x, t), as explained in the beginning of Section 2. We can also choose by, b, as in the definition
of %3, %,. Using the facts that (x,t) € W,,b, € [a; —K,a; —K+K;],by € [ay +K —K;,a, + K], we
see that at least one of the following five cases hold:

e yc[a; —K,a, +K]. Then, 5(1)(}/) #0, so 5}(3/) #0.

e (x,t) € V(b;). Then, by (D1) in the definition of descendancy barrier we must have (b;,0) <
(x, t); since E(l)(bl) # 0 also holds, we get Eg(x) #£0.

e (x,t) e V(by). We get Eg(x) # 0 as in the previous case.
e y — by, x — b; have opposite signs. Then, by (D2) we have (b;,0) < (x, t), so 5}(x) #0.
e y — by, x — by, have opposite signs. We get & }(x) # 0 as in the previous case.

We now claim that, on ﬂ?zl‘gi,{(x, t) : gi(x) =1} = {(x,t) : Sf(x) = 1}. This claim, together
with Lemma 4.1} will imply that with probability larger than 1 — 4e, the 1’s die out in &', and we
will be done. To prove the claim, we start observing that {(x, t) : Eg(x) =1} D> {(x,t): E?(x) =1}
always holds by Lemma(4.4l To establish the opposite inclusion in the occurrence of the good events,
suppose to the contrary that for some t, {5} =1} ¢ {5% = 1}. Then we can find (x*, t*) such that
}*(x*) = 1,55*(x*) # 1 and {5} =1} = {5% =1} Vt € [0, t*). We must then have £, (x*) =0,
since &}, _(x*) = 2 would be incompatible with &.(x*) = 1 and &]._(x*) = 1 would imply, by the
choice of t*,if*_(x*) = 1 and then Ef*(x*) = 1, a contradiction. Now, since 5#_(3(*) = 0 and
g*(x*) = 1 there must exist y* with |y* — x*| < R such that 53*_()/*) = }*(y*) = 1 and there
exists an arrow from (y*,t*) to (x*, t*). But then, again by the choice of t*, & }*_(y*) = 1 implies
Ef*_(y*) =1, so Ef*(y*) = 1. Using (4.1)), we can then conclude that (y*,t*) € W, so (x*,t*) is in
the interior of W,. This, (4.2) and 5}*_()(*) = 0 imply that Ef*_(x*) =0, so §f*(x*) = 1, another
contradiction. This completes the proof.
To prove the converse, we start noting that the case where there are infinitely many 1’s in &, is
trivial because then, at any t > 0 there almost surely exists some x € Z such that £,(x) = 1 and
no death mark is present on {x} x [0, t], so the 1’s are almost surely always present. We must thus
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show that, if condition (A) of the theorem is satisfied but condition (B) is not, then the 1’s have
positive probability of surviving. We will first treat the case of £y = iglK =2 T (_o0,0)+ Lok let
us show that

Kliir;op(w, g2 =11#0)=1. (4.3)

Fix € > 0 and choose 3,K; and K, as before. We will need another constant K53 whose choice will
depend on the following. Let a > 0 be the edge speed for our contact process (i.e., the almost sure
limit as t — oo of %sup{y :dx € (—00,0] : (x,0) < (y,t)}. See Theorem 2.19 in [12] for the
existence of the limit; the proof is easily seen to apply to our non-nearest neighbor context). Given
a’ € (0,a), we have

lim P(Vt, 3x € [0,K'],y > a’'t : (x,0) < (y,t)) = 1. (4.4)
K'—o0
This is a consequence of the definition of @ and the fact that limg/_,., P(V¢t, Ix € [0,K'],y € Z :
(x,0) < (y,t)) = 1; we omit the details. We may assume that the 3 we have chosen is strictly
smaller than a: it is readily verified that if x € Z forms a 3-descendancy barrier, then it forms a f’-
descendancy barrier for any 8’ < f3; hence, we may decrease f3 if required. We choose K5 such that,
putting K’ = K5 and o’ = 3, the probability in (4.4) is larger than 1 — €. Set K = K; + K5 + K3 + 2R.
Recycling some of the notation from before, define (5?1) with the same Harris construction as that
of (&,), with
0 =2 To0)F Lo,0)

and the events

9 ={Vt, sup{&?! =2} <K, + Bt};
9, ={3Ix € (K, + 2R,K, + 2R+ K;] : x forms a 3-descendancy barrier};
@y =1{Vt, Ix €(Ky+ 2R+ K, K], y > Ky + 2R+ K, + Bt : (x,0) — (¥, )}

By the choices of K;, K, and K3, we get P(ﬂ?zl%i) > 1 — 3e. We can argue as before to the effect
that, on 9, N%,, {&?! = 2} = {&, = 2} holds for all ¢, so sup{&, = 2} < K,+ft for all t. Additionally,
on %, for every t there exists y > K+ fft such that £,(y) # 0, so it must be the case that §,(y) = 1.
This shows that for all ¢, {&, = 1} # 0. The proof of (4.3) is now complete.

Now assume that &, € {0,1,2}Z is a general configuration containing at least one 1 and satisfying
(A) but not (B) in the statement of the theorem. Reflecting £ about O if necessary, we may assume
that there are finitely many 2’s in [0,00) (such a reflection does not alter the property we want
to prove, since the law of the Harris construction is invariant by it). Choose K > 0 such that
P(Vt, {£21K = 1} # 0) > 0; this is possible by (4.3). Next, choose a € Z such that £y(a) = 1. Then,
with positive probability, &, satisfies (A”) and (B”) in Lemma [4.5] corresponding to the chosen a and
K. On this event, we can use Lemma .4 with &, E%?!X, where £%*1K = 2. 1_, o+ L[g a1k O
conclude that the 1’s survive with positive probability. Together with the Markov property, this gives

P(Vt,{E, = 1} #0) > P(&; satisfies (A”), (B”)) - P(Vt, {E¥?K =1} #£0) > 0.
|

Proof of Theorem Choose K such that the probability in (4.3) is larger than 2/3. Using the
Markov property and Lemma [4.5(iii.) as in the end of the above proof, it suffices to prove the
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statement for &g =i-1[_g_q1 _17+Jj Lok, with {i, j} = {1,2}. Letgi. =11 _,0)ti Lok 50 =
i-1_g—1-1] +J - 1j0,00); again we will consider the processes (EUK) (51,:{1]) (&,) defined with the

same Harris construction. By the choice of K, the event {Vt, {&; UK — = j} # 0} n{Vt, {gK” =i} # 0}
has positive probability. Comparing the two pairs & UK & and £XU & via Lemma [4.4, we see that

Ve g7 = 1 #0 N {Ve, (&1 =i} #0} € {Ve,{€, = j} #0} N {¥t, {E, = i} # 0}, completing the
proof. |

5 Interface tightness

We now carry out the proof outlined at the end of the Introduction. It is instructive to restate
Theorem [1.3]in its dualized form, which follows from (2.7):
Theorem [1.3] dual version For any € > 0, there exists L > 0 such that

P(|sup{x : n; <0} —inf{x : 7y > 0}| > L) < e for every t > 0.

We start with two Lemmas concerning the expectation of the distance between two first ancestors.
Lemma [5.1] shows a resemblance to the case of two random walks that evolve independently until
they meet, at which time they coalesce. Lemma is a generalization that allows us to integrate
over the event of death of a preassigned set of sites.

Lemma 5.1. There exists C > 0 such that, forallx <y €Zand t > 0,
@E(In{ —nf1) < Cly — x);
(ii)E((n] — NY)") < C, wherez~ = —(z A 0).

Proof. By translation invariance, it suffices to treat x = 0 < y. It also suffices to prove (i.) and (ii.)
for t sufficiently large (not depending on x, y), because

E(In{ —=n1) <y +E(In?) +E(In) —y|) <y +EM))+EM;) = y + 2E(M));
E((m) =7 <E((MDT)+E((n! —y)” ) SEMD) +EM]) = 2E(M)),

and these expectations grow polynomially in t, by comparisons with Poisson random variables.
Finally,

E(nf=n) = Y l—wlP(n?=zn =w)
z,w

= ZIz—wlP(nt—z nY =w, TGO = T = 60) P(TED = T = o0) 7"

Z,W

CE(In?—nll, T° =T = 0);

IA

the second equality follows from independence of Hp ) and 6(0, t)(H), and the inequaility follows
from ([2.2). We can treat E( (n; —n?)™) similarly, so it suffices to prove (i.) and (ii.) on the event
{T®=TY = 00}.
(i.) We have
E(ln{ =ngl; T°=TY =00)
<Sy+E(IN T°=TY =00, J% > t )+ E(|n) —y|; T°=TY =00, J* > 1)
=y+2E(In%; T°=TY =00, J*Y >t ) (5.1
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by symmetry. By Cauchy-Schwarz, this last expectation is less than

1

(E(()% TO=T7 =00, J% > ) - P(T* =T? =00, J% > 1)), (5.2)

Let us estimate the expectation.
E((mN* T°=TY =00, J% >1t)

<— E((MD* T°=TY =00, J% > ¢
SEO((n?)Z, Joy >t)
=E2((n))?) —E°((n?)?% J%Y <t)
=B (M) =B (0] = 100, 0> + (0%, )% +21%, () =10%,); J* <t).  (5.3)

By Lemma [3.3((ii.), we have

t

E°((n} —myon ) J% <t) = J B ((np_,)*) - B0 eds), (5.4)
0

Eo( n3o,y(n? - n?o,y); JO"y <t ) =0. (5.5)

Using and (5.5) and ignoring the term (ﬂ?o,y )2, the expression in (5.3) is less than

E°((n))?) —J E°((n?_)*) -B°(U% eds)
0

<EO((9)?) - BOU% > o)+ f B2 ()" = (mf_)") - PO e ds)
0

C ‘ )
< (C1t+C2)T);+f (C1$+C2) P(Jo’y EdS)
0

by Lemma [2.5(7i.) and Lemma[3.3[(i.). Now we can continue as in Lemma 1 in [[5]: the above is less
than

Cy\/_+—+Cf }P’(Joy>u)du+C<Cy\/_+CJ du<Cy«/_

when t > 1. This and another application of Lemma [3.3(i.) show that (5.2) is less than
,/C_y\/_ <Cy going back to (5.1), we get

E(In?—nll; T°=TY =) <Cy.

(ii.) To treat the expectation on the event {T® = T¥ = oo}, we will separately consider two cases,
depending on whether or not the ancestor processes of 0 and y had a joint renewal in inverted order
before time t. To this end, define

* s . 0
T —mf{’rn.n 0y <M O’y}
Ty Ty
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(we set 7% = oo if the set is empty). Now,

E((nl =n)) 5 T°=TY =00, 7" <t)
J]Ezw(lnts—nt J)P(T°=T" =00, n).=2,n% =w, v eds) (5.6)
z<w 0

For each z,w, we have IN[*ZZ’W(In‘;“_S - DSP(T*=T" = 00)~ - Clw —z| < C|lw — 2| by part (i.)
and (2.2). Then, (5.6) is less than

CZ (W—Z)JP’(TO Ty—oon =z, 1 =w;tteds)

z<w JO

SCZ(W—Z)IP’(TOZTy:oo, n). =z, n% =w, 1" <00)
z<w

=CE((n),—n2); T°=T" =00, ¥ < 0), (5.7)

which is bounded by Lemma
Finally, as in Lemma [2.5] define on the event {T® = T = oo} the random variables ’r(t)f' TO Y and

M e VA4 .

¢t = o,
Trf t+
We then have
0 0 y Y
T)t - nTO’y 5 77[ - nTO,y S ¢t

on {T° = TY = 0o0}. Since on {T° = TY =00, 7* > t}, n° Y <n’ 0 also holds, we have

E((n{ =n))73 T°=TY =00, 7" >t ) SE(2¢; T°=T" =00, 7" > t). (5.8)

As in the proof of Lemma[Z.5] we can then show that E(¢,; T® = T = o0) is bounded uniformly in
y and t. Putting together (5.7) and (5.8), we get the result. |

Lemma 5.2. There exist ¢,C > 0 such that, for all x < y € Z,t > 0 and finite A C Z,
() E(|nY —n¥l; TA< t) < C(y — x)e~°M;
() E((n) —n¥)7; TA<t) < Ce™W.

Proof. Since both estimates are treated similarly, we will only show part (ii.):
E((n{ —n)75 T <t)
o0
=D B =0 T <, MG VMY, =k)

k k

+5,14 +,T\ "~
> E( (T - al ) s M v, =k )
i=—k j=—k

IA

M8 ipe

IA

k
J > Z E((n)] — D7) | B(TA e ds, M2, v MY, =k)
0

i=—k j=—k

=
Il

1
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Ifx+i<y+j, then E( (n{jsj —n**1)7 ) < C by Lemma[5I(ii.). If x +i > y + j, since we also
have (x +1) —(y +j) < 2k, we get E( ’nfjsj - nffsi‘ ) <2Ck by Lemma[5.1](i.). Hence, in all cases

the expectation is less than Ck, and the above sum is less than

o0
cZk3 P(TA < ¢, My, VM, =k)<CE ( (M3, \/M%'A)3; T < oo)
k=1
<CE((ML)% T" <o) +CE ((M%A)% TA < oo) . (5.9)
Now, by Cauchy-Schwarz,
E((M5)% T < 0) < (B ((M5)% T < 00) -P( T4 < 00 ))1/2. (5.10)
The probability in the right-hand side decreases exponentially with |A| (see Section 11b in [6]).
Using the bound
P(M*, >1, T4 <]P’ZTA P M, >
(M3, >1, T"<o00) < ;< <oo |+ ( o > )

with large o and using (2.3) again, we see that the expectation on the right-hand side of (5.10) is
uniformly bounded in x and A. This and the same bound applied to E ((M%’A)3 ; TA< oo) in
complete the proof.

Letz € Z,z > 0 and t > 0. The following lemma shows that the expected number of x € Z such that
Ny >0= nf“ is bounded uniformly in g and t. It also illustrates the usefulness of Lemma [5.21

Lemma 5.3. There exist c,C > 0 such that, for any integer z > 1, real t > 0 and finite A C Z,

(i.) Z P(ny >0=> n’fz, T <)< Ce M

XEZL

(i) > B(n} <0< ¥, T <) < Clale™ M.

XEZ
Proof. We start proceeding like in Lemma 4 in [5]], noticing that, by translation invariance,
]P)(nf>02n’t‘+z, TX+A<t)=IP’(n?>—x2nf, TA < t),
+ +A _ 0 A
P(nf <0<y, T <t)=P(n, <—x<n}, T"<t)

and summing over x to obtain

D IB(nE >0 i, T <) =E((nf - )7 TA<t),

XEZL

D IP(nF <0< nftE, T <) =E(|n? -0l TA<t);

XEZL

see Lemma 4 in [[5] for more details. Also recall our conventions about the A state in Remark [2.4l
Now, it suffices to apply Lemma[5.2] |
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(x,8) (y,S)

Fix 0 <s < t. Given integers x < y, we say that x and y make an [s, t ]-inversion if ;"> > 0 > n;
Given A C Z, we say that A contains an [s, t ]-inversion if there is some pair x, y € A such that x and
y make an [s, t]-inversion. Of course,

Ix,y€A x<y: ™) >0>n" o
dx,y€A x<y: n(tx’s) >0> n?’”, TES) <tz e (x,¥y)NA.

or, in other words,

Lemma 5.4. A C Z contains an [s, t]-inversion if and only if there exist x,y € A, x < y such that x
and y make an [s, t]-inversion and T%®*) < t for every z € (x,y) NA.

Again fix 0 < s < t. For x € Z such that n}, # 0, let n be the smallest integer such that (n} ,s)
survives up to time t (as in the statement of Lemma [2.2(ii.)). Define R}, = n} .. Then define
Ry ={R{, : x € Z,m;, # 0}. This Will be understood as a set of “relevant” sites. The reason is that,

s) ;

by Lemma[2.2]we have n} = nE for all x such that n;, # 0, hence n(y ”’ is relevant to determine

the values of {0} : x € Z} if and only if y €R; .
Finally define
Yot = {Rs’t contains no [s, t]-inversions} . (5.11)

The following is a direct consequence of the equality n{ = n(t o)

Lemma 5.5. Let a,b € Z,a <b. On ¥, N{T* > t}N {T? > t}, a and b make a [0, t]-inversion if

b
(B2, 5) R?,.s)

and only R, >Rb cand . * >02n(

Proposition 5.6. lim inf P(¥,,)=1.
§—00 t>s ’

Proof. We fix s < t and an integer N to be chosen later. We will write %,R instead of ¥ ;,R; ;, and
in general omit the dependence on s, t,N.

Fix d with 1 >d > P(0 € {n;, ne (XE€Z,1=<n< N1}) and let X be a random variable with uniform
distribution on {0,...,[1/d] — 1} and independent of the Harris construction. Define

Rz{n’ris:er,lSnSN}U(X+[1/d]Z).

R is a random subset of Z; its law is invariant with respect to shifts in Z and P(0 € R) < 2d.
Additionally, it only depends on the Harris construction on times in [0,s], and of course on X. Put

={x€Z:n, ts) # (0}. Note that by the definition of R, we have R C #; also, by our conventions,
when we say for example n(x ) > 0, we are implying that x € .
We will proceed in three steps.

Step 1. We start establishing an upper bound for the probability of R containing an [s, t]-inversion.
Using Lemma we have

R contains an c Ix,y€R,x<y:(x,y)NRN =0,
[s, t]-inversion x,y make an [s, t]-inversion ’
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so that

R contains an R o) o)
< _ , S .
]P( [s, t]-inversion ) —XZ;P( [x,yInNRNS ={x,y}, 7" >0=n;"")

< > Y P(Ixx+2]nR={x,x +z}U(x +A), x +AC F5, 0 > 0> 5 )
x€Z,221 AcC(0,z)

=Y P([0,z]NR=1{0,2}UA) - D P(T* ™ <t—s, g >0>n**),
2,A XEL

where we have written y = x + 2, used the facts that {[x,x +2] NR = {x,x + 2z} U(x +A)} and
{x+AcC ¥, ngx’s) >0> n%x+z’s)} are independent and that P([x, x +2]NR = {x, x +z}U(x+A)) =
P([0,2] NR = {0,2} UA) by translation invariance. Applying Lemma [5.3]to the inner sum, we get
that the above is less than

CY eV p([0,z]NR=1{0,2}UA)

2,A
<cdlek > > P([0,z]nR=1{0,2}UA)

k>0 z>k+1 AC(0,2):#A=k
< CZ ekp(0 € R) < Cd.
k>0

We thus have
IP( R contains an [s, t]-inversion ) < Cd. (5.12)
Step 2. Our next goal is to bound the probability of
{RUR contains an [s, t]-inversion, R contains no [s, t]-inversion} (5.13)

We claim that this event is contained in

Ix <y,x €R—R,(x,y)NRN¥ =0, Ix<y,y €R—-R,(x,y)NRN¥ =0,
SR UJ SR . (5.14)
x,y make an [s, t]-inversion x,y make an [s, t]-inversion

Indeed, assume that (5.13) occurs. Then, by Lemma there exist x < y in R UR such that
(x,y)NRN< C (x,y)N(RUR)N< = 0 and x and y make an [s, t]-inversion. We cannot have
X,y € R, because this would imply that R contains an [s, t]-inversion, contradicting the definition
of the event in (5.13). Hence, at least one of x, y is in R — R, so at least one of the events in (5.14)
occurs.
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The probability of the first event in is less than

ZP(XER—R, (x,y)ﬂRﬂjﬁ:(Z), T)EX’S) >02,r’5y’5))

x<y
<
SDINDIND I
X€Z,221 AC(0,2) a€Z,m>N (ay,...,a,,_1)EZMm"1
W= =k Vi<
Pl (x,x+2)NR=x+A,
x+a, ¢ FVi<m, x+Ac F, n > 0> plEt=s)

< Z P(ng,=0,n{ =a;Vi<m, (0,2)NR=A)-

z,A,a,m,(a;)
ZIP’( TV <t—sVi<m, T"M <t—s, ' >0>n"")
XEZL
<cC Z e c((#FA)vm) P(n?.=0,n! = Vi<m, (0,2)NR=A)
z,A,a,m,(a;)
<C > e FAVMp(pa =0, (0,z)NR=A)
2,A,a,m ’
=CcY Dl tvm (N 3 p(0=1%,, (0,2)NR=A)
k>0 m>N a€Z z>k+1 AC(0,2):#A=k
=CY e M N N p(o=n,, #((0,z)NR)=k). (5.15)
k>0 m>N a€”Z z>k+1

Now note that, since X + [1/d]Z C R, there are no intervals of length larger than [1/d] that do not
intersect R. Hence, when z > 22 we have #((0,2) NR) > k, hence P(#((0,2) NR) = k) = 0. When

d
k+2 _ Sy _ S
z < ==, we use the bound P(0 = nfn’s, #((0,z2)NR)=k)<P(0= n‘;m). So the expression in (5.15)

is less than k2
Y >, — e vm D> P(0=n5,). (5.16)

k>0 m>N aE€z

The inner sum is less than

DY P(0en?,)=E#{acZ:0en}.

a€”Z

By a routine comparison with a Poisson random variable, the latter is less than Cs for some C > 0.
Hence the expression in (5.16) is less than

Cs Cs S
- —c(kvm) « =27 —(c/2)k —(c/2) Z ,—cN
g E E (k + 2)e~cevm) < 7 E (k+2)e™ ¢ E e ¢ mSCde ¢

k>0m=N k=0 m=N

for some ¢, C > 0.
By symmetry, the same bound applies to the second event in (5.14), so we have:

e . . . e . . . S —
P( RUR contains an [s, t]-inversion, R contains no [s, t]-inversion ) < Cge N (5.17)
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Step 3. From and (5.17), we have

RUR contains an
P(¥)<P . .
[s, t]-inversion
R contains an RUR contains an [s, t]-inversion, - _S .
<P ) : t ; s, t] : <Cd+C=e N
[s, t]-inversion R contains no [s, t]-inversion d

for some ¢ > 0,0 < C < oo. Since these bounds are uniform in t,

- _S _
supP(%, ) < Cd + CEe_CN.

t=>s

Take C,y as in Proposition [3.5 and set N = [s7/2]. Recall from the beginning of this proof that d
must satisfy
P(Oe{n, :x€Z1<n<N}<d<Ll

By Proposition [3.5] we may putd = C sﬁr (provided that s is large enough so that this is less than 1).
|'Sy/2'| _ gl

<)< @ —els7/21
We then conclude that S;ISDP(%’J <CC 7 +C s/ e —> 0 ass — oo. |

Following the terminology in [5]], define B, = #{(x,y) : x < y,ny >0 > n7}. Our next-to-last
result before the proof of Theorem [I.3]will be

Proposition 5.7. The process (B, );>q is tight.

Proof. Let € > 0. By Proposition[5.6] there exists s such that P(4°,) < €/2 for any t >s. Fix t >s.
Using Lemma 5.5 we have

EB; %) = Y .P(n'>0=n" 4, )

a<b
S Z Z P(Rg,t = y, Ré’,t =X, ngx,s) S 0< n(ty,s) )
a<b x<y
< Z ZP(}’ € TI:,S, X € T)E,s’ nEX’S) <0< n(ty,s))
a<b x<y
< Y Y P( <0<ntF) Y p(xtzen?, xent,).  (5.18)
z>1 x€Z ~

The inner sum is equal to Y., _, P(z €%, 0 €n’ ) by translation invariance. By (21D, there exist
¢ (that depends on s) such that

P(zen® )AP(0e€nt, ) <PM? > |a—z) AP(M? > |b]) < e~cUa==IVIBD,
SO

SE(zenl, 0en? ) <D (emlazMbh),

a<b a<b
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We write a = (i — j)/2, b= (i +j)/2 with i,j € Z, j > 0 and use the bound e~*#~?l if i < z/2 and
eIl if { > z/2; the above is less than

Z Z e~ c=(i=1)/2) 4 Z Ze%((iﬂ)/@ <C Z e cz-1/2) 4 Z e /2 | <ce™,

i<z/2 j=0 i>z/2 j=0 i<z/2 i>z/2

Using this and Lemma[5.3] we see that the expression in (5.18) is less than

CX:e_CZ Z]P’( n(tx’s) <0< ngx+z’s) ) < Ci:ze_CZ < 00.

z>1 XEZL z>1

Recall that the choice of t in (s, 00) was arbitrary, so the above derivation shows that we can choose

E(B;;%.
E@B%.) 5 forall t >s, and thus

L large enough that —

9 € E(Bt;(gs,t)
P(B, > L) <P(4)+P(B. > L, %)< 5 +——F—— <6,

Noticing that the trajectories of (B,) are right continuous with left limits, we can increase L if
necessary so that this inequality also holds for t <, completing the proof. |

Proof of Theorem [I.3l We separately show that (p, A 0) and (p, V 0) are tight. We start with the
first. Given L > 0, for the event {p, > L} to occur, there necessarily exist two sites x, y such that
y—x>Landn! <0< ny. If N <L and {B, < N} also occurs, then we cannot have more than N
sites g € (x, y) such that ni’t # ), because every such site makes a [0, t]-inversion either with x or
with y and thus increases B, by one. So we have, for all t > 0,

P(B, <N,p,>L)< Z P(n*>0>n, T&IM <t for some Ac (x,y), #A<N )

X<y,y—x>L

< Z Z ZP( natc >0> natc+z, Flex+2)\(x+4) OO)

z>L AC(0,2):#A<N X€Z

Using Lemma [5.3] on the innermost sum and counting the possible choices of A, the above is less

than
Z Z
C —¢(z=N)
2o (v Jre

which tends to 0 as L — oo. So, given € > 0, choose N > 0 such that P(B, > N) < €/2 Vt, then
choose L such that P(B, < N,p, > L) < €/2 Vt, so that P(p, > L) < P(B, > N)+P(B, <N, p, >
L) < € Vt, and we are done.

Now we treat (p, v 0). This is easier: given L > 0, for {p, < —L} to occur we must have x < y such
that n} <0< n? and Ny, =0 Vw € (x,y). Then, for any t,

Plp,<-L)< Y. P(nf<o<nl, TV <t)

xX<y,y—x>L
+z  F(x,x+ -
SZ ZP(nfSO<nf 2 plox Z)<t) SCZze &
z>L XE€EZ z>1
which tends to zero as L. — oo. [ |
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6 Estimate for a perturbed random walk

In what follows, 7 and (7,),c;, are probability distributions on Z. We assume:

7 is symmetric (i.e. w(—x) = w(x) Vx); (6.1)

n(x), 7, (x)>0forall x € Z,z € Z — {0}; (6.2)

There exist f,F > 0 such that ©(x), 7, (x) < Fe ' forall x € 2,2 € Z; (6.3)
There exist g, G > 0 such that ||, — 7|y < Ge $Fl for all z € 7. (6.4)

Given x € Z, let P, be a probability under which a process (X,,) is a Markov chain with transitions
P(z,w) = m,(w —2) and P, (X, = x) = 1. Define H, = inf{n > 0 : X,, = 0}.

Theorem 6.1. There exists C > 0 such that, for x € Z,

P.(Hy > N) x|
> < —_—
o VN

The proof of Theorem [6.1] will be carried out in a series of results. Fix L > 0 such that Ge ¢! < 1
andlet I = [—L,L]. Pute, = Ge 8"l forz € I° and €, = 1 for z € I. A consequence of is that,
for all z € Z, there exist probabilities g,, b;, bg on Z such that

M, = eby + (1 - €,)8.; (6.5)
nzezb§+(1—ez)gz. (6.6)

(Of course, if z € I we must have b; = T, bz2 = ).

We will construct the process (X,,) coupled with other processes of interest. Let (X,,, Z,,) be a Markov
chain on Z x {0, 1} with transitions

Q(x, D), (y,j))={ € by =) ifj=1 ©.7)

(1-e)-g(y—x) ifj=0.

We write P, to represent any probability for this chain with X; = x, regardless of the law of Z.
This abuse of notation is justified by the fact that Z, has no influence on the distribution of the other
variables of the chain, nor on the random variables to be defined below. Let (%,) be the natural
filtration of the chain, and T =inf{n >1:Z, =1}.

Let (¥, ),z be random variables defined on the same probability space as the chain above, indepen-

. . d . e
dent of the chain and with laws ¥, = b2. Additionally, let (®,,),>0 be a random walk with increment
law m, initial state 0, also defined on the same space as the previous variables and independent of
them. For n > 0, define

y, = { X ifn<T; 6.8)

XT—l + \I’XT—l + (I)H—T’ if n >T.

We can use (6.5) and (6.6) to check that under P,, (X,,) is a Markov chain with transitions P(z,w) =
m,(w — 2) and initial state x, and (Y,) is a random walk with increment distribution 7 and initial
state x. They satisfy X,, =Y, on {T > n}.
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We now define some more stopping times. Let Hg = inf{fn > 0 : Y, = 0},H; = inf{n >
0:X, €1}L,79 = 0,7y = H AT and Tyy; = T+ 7106, for k > 1, where 6, denotes
the shift operation 6,((X,,,Z,)n>0) = Xt4n>Zian)n>o- Note that {T; = n} occurs if and only if
Xoseor Xn1¢1,21,...,Z,_1 =0 and either X,, € I or Z, = 1 (or both). Also, 7, < H; for all k and,
if T, = H; and m > k, then 7,, = H;. Finally, we have 7; < Hg, because if Y, = 0 for some n, then
either X, = 0, in which case 7, <H; <Hy < n, or X, #0, in which case 7 < T < n.

We will need the following standard facts about random walk on Z:

Lemma 6.2. (i.) IP’X(Hg >N)< %for some C>0andall x €Z;
(ii.) E, (#{n <Hg 1Y, =y}) < Cly| for some C > 0and all x,y € Z.

Proof. (i) is in [16]: see P4 in Section 32 and Section 29. For (ii), we have E, (#{n < Hg 1Y, =
YHD<E,(#{n<H :Y,=yD=P,(H} < H§+)_1, where H§+ =inf{n > 1:Y, = y}, so it suffices
to show that P, (Hg < H;f 4+)>c/y for some ¢ > 0 and all y € Z. This can be done using Thomson’s
Principle for electric networks (see for example [[11]], Theorem 9.10 and Section 21.2 for the infinite
network case): if y > 0, take the unit flow 8(zw) =1ifz € {1,...,y},w =2 —1 and 8(zw) =0
otherwise, and similarly if y < 0. [

Lemma 6.3. (i.)P, (1, =00)=0Vx €Z.
(ii.) There exist c,C > 0 such that P,.(|X. | > 1,71 <H;) < Ce™ for all x € Z,r > 0.
(iii.) A:=sup,ez E (X, |) < o0.

Proof. For (i.), since 71 < Hg, P.(t; >N) < IP’X(Hg >N) 220 by Lemma [6.2](i.). For (ii.), note
that if x € I, then 7; = H; = 0 and the stated inequality is trivial. If x ¢ I,

Pe(Xz | > 1,710 <Hp) =Py (IX: [ > 1,71 < 00,71 <H)

o0
=3 PXoy o Xy €1X, =221, 2y =0, Zpy = 1, X1 €15, Xy > 1)

n=0z€l®

o0
= Y P (Yoo Y €1V, = 2,21, Zy = 0, Zyy = 1, Xy €15, Xy | > 1),

n=0z€I°

simply because the events are the same. This is further equal to

o0
ZZIP’X(YO,...,YH €Iy, =2,2,,...,2,=0)-P(Z, = 1,X, €I°,|X,| > )
n=0zel*¢
o0
SZZ]P’X(YO,...,Yn el Y, =2) €,- bzl{w dlwl = r—2l},
n=0ge€l°

using (6.7). Since €,b}(E) < 7,(E) for any event E, we have €,b!(E) < €, A ,(E). The above is
less than

Z (e; Amfw:lw| > |r —2[}) E (#{n<H]} : Y, =2})

z€I°

<€D lel((Ge 8F) A (Fe /1) < ce™;

2EZ
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we have used Lemma [6.2(ii.) to bound the expectation. This finishes the proof of (ii.). Finally, we
have

Vx, Ex(lxrl )= Ex(|X71 ; Ty <Hp)+ ]Ex(IXﬁ l; T1 =Hj);
the first term can be bounded uniformly in x by summing the two sides of the inequality in (ii.) and

the second term is less than L, so (iii.) is proved. [ |

Corollary 6.4. Increasing L if necessary,
(i.) o :=inf ey P (71 = H; < 00) > 0;
(ii.) For all x,P,.(tx < H;) < (1 —0)k;
(iii.) For all x,P,(H; =00) =0.

Proof. For (i.), note that
P(1y=H; <00)=1-P,(1; =H; =00) =Py (1, < 00,7 <Hj)
=1-0-P,(7; <o00,|X; |>L)>1—Ce ™,
which can be made positive by increasing L. Now, if k > 1,

Po(ti <H) =E,(Lisy_cpiyFy, (11 <HD) S (1= 0P, (T4y <H))

by (i.), and continuing we get (ii.) Finally, note that
o0
P,.(H; = 00) < P (H; = 00,7y < 00 Yk) + Y | P,.(H; = 00, T = 00).
k=1
The first term is zero by (ii.) and, using Lemma[6.3((i.),

k-1 k-1

P, (1) =00) = ZIPX(Ti <00,Tij; ] =00)= ZEX(]I{TI,<OO}IPXTI_(71 =00))=0,
i=0 i=0

so (iii.) follows. [ |
Lemma 6.5. There exists C > 0 such that, for all x € Z,
P.(H; >N) < Clx|
> S —.
X 1 m

Proof. If x €1, the left-hand side is zero. Assume that x ¢ I.

o
P.(H; > N) =P, (H; = 00) + Y Py (H; > N, Ty < T4y = H; < 00)
k=0

0 k+1
ZZPX (Z(Ti —Ti1)>N, 7, <71 =H; < oo)
k=0 i=1

N
P, (Ti_ri—l > m,Tk<HI)
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We will show that, fork >0and 1 <i<k+1,

Clx| k-2
P.(t;—7;.1>L T <H;) =< 7(1 —0) (6.9)

for some C > 0. So the above sum is less than

oo k+1 /
k+1 _ C’|x|
E E C|X|VT(1—0)k 257

k=0 i=1
as required. To get (6.9), note that, if i < k, by Corollary[6.4(ii.),
Py(ti—Ti-1 > Lt <Hp)= Ex(]l{ri—'ri_l>l}PXTi(Tk—i <H))<A-0)"P(r;— 71> 1),
so foranyi e {1,...,k+1},
P(T;—T; 1> L1 <H)<A—-0)"P.(1; — 7,1 > D). (6.10)

(the bound for i = k + 1 is trivial, since (1 — o)~! > 1). Now, using the fact that 7; — 7;_; can only
be positive when 7;_; < Hj, the inequality 7; < H} and Lemma[6.2(i.),

Po(ti=Tis1 > D) =E, (L, <np PXTFI(Tl >1D)<E (L, <ny PXTH(HS/ >1))
< (C/VDE (Lgs iy Xe,, D)
If i = 1, the above expectation is equal to |x|1Ly¢p}; if i > 1 it is equal to
By yarny Bx (Ko T et ,)) = (T ey Ex, (Kol Loy )
SAP(Tiy <H) SA(1-0)"2
by Lemma [6.3] (iii.) and Corollary[6.4] (ii.). So, foranyi € {1,...,k+ 1},

| x| o
P(t;—T,;.1 >0 <AC—(1—-0)"" (6.11)
( 1> ﬂ( )

Putting together (6.10) and (6.11), we get (6.9). |

From here to the proof of Theorem[6.1] it is a matter of reapplying the ideas that established Corol-
lary[6.4] and Lemma so we simply sketch the main steps.

Define T’ = inf{n > 0 : {Xy,....X,} NI # 0,{Xg,..., X} NI°# 0L Ay = 0,4 = T' AHp, Ajyq =
Ak + Ay 086, fork>1. From (6.2), we get

6 :=inf P(x,0)=inf ,(—x) > 0. (6.12)
xel xel
Two consequences are
supP,(A; >N)< (1 -8 (6.13)
x€l
and
ian:Px(Al == HO < OO) Z 5 (6.14)
xe
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Now, (6.13)) and Corollary[6.4(iii.) together imply
Vx €Z,P,(A; =00)=0. (6.15)

Also, (6.14) gives
Vx € Z, P, (A < Hp) < (1 —6)%/2; (6.16)

this is justified by the fact that, if A; < H,, then at least |k/2| times X, must have left I without
touching the origin. As in the proof of Corollary[6.4] (iii.), (6.15) and (6.16) are used to establish

Vx,P,.(Hy =00) =0. (6.17)
The last ingredient is an analog of Lemma[6.3] (iii.),

B :=supE,(|X;, |) =supE,(IX;,, |; A1 < Hp) < oo, (6.18)
x€l x€l

which follows from (6.3) and the fact that I is finite.

We can now write

o0
P.(Hy>N)=P,(Hy=00)+ Y Py(Ho >N, A < Ay = Hy < 00)
k=0

and then, as in the preceeding proof, use (6.15), Lemma (6.13), (6.16), and (6.18) to show
that the above sum is less than % for some C > 0.

To conclude, we mention the following result, for use in the proof of Lemma We omit its proof
since it is simply a repetition of the above arguments.

Lemma 6.6. Let H_,, oy = inf{n : X;, < 0}. Then,

SUPEX( |XH(—00,0)|; H(—oo,O) <Hy ) < supE, |XH(—oo,o)| < .
x>0 x>0
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