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We consider the grass-bushes-trees process, which is a two-type contact process in which one of the types
is dominant. Individuals of the dominant type can give birth on empty sites and sites occupied by non-
dominant individuals, whereas non-dominant individuals can only give birth at empty sites. We study the
shifted version of this process so that it is ‘seen from the rightmost dominant individual’ (which is well
defined if the process occurs in an appropriate subset of the configuration space); we call this shifted process
the grass-bushes-trees interface (GBTI) process. The set of stationary distributions of the GBTI process is
fully characterized, and precise conditions for convergence to these distributions are given.

Keywords: contact process; interacting particle systems

1. Introduction

The grass-bushes-trees (GBT) process is a continuous-time Markov process (&;);>0 on {0, 1, 2}Z
defined as follows. We endow {0, 1, 2}% with the product topology and endow the vector space
of continuous real-valued functions on {0, 1, 2}Z with the supremum norm, making it a Banach
space. We then consider the operator, defined on a suitable subspace of this Banach space, given
by

LrE= > <81-(f($°_’x)—f(é))+)\1~ > (f(él_’y)—f(é))>

x:E(x)=1 y:0<|y—x|<Kj:
§(y)=0or2
+ ) (82 (FET) = @)+ D (fET) - f(S))),
x:E(x)=2 y:0<|y—x|<K>:
§(»)=0
where 61,82, A1, A2 >0, Kq, K» € N, and
iox i ifz=ux,
§ @)= {E (2) otherwise.
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The domain of £ can be taken as the set of functions f satisfying

> sup{| &) — f()] 6.8 € (0. 1,27, £(») =&'(») forall y # x} < co.

X€Z

By Theorems 2.9 and 3.9 of Chapter 1 of [10], the closure of £ is a Markov generator, which
uniquely determines the Markov process (£);>0 on the space of trajectories on {0, 1, 2}% which
are right continuous and have left limits.

Given disjoint sets A, B C Z, we will write (é?zA’B)zZo to denote the GBT process with initial
configuration 56‘ B 1,442 14 (though we will omit the superscripts when the initial config-
uration is clear from the context or unimportant). We refer the reader to [5] and [6], where the
grass-bushes-trees process was first considered.

This process can be seen as a model for biological competition between two species, denoted
1 and 2: a vertex in state O is empty, whereas a vertex in state 1 or 2 contains an individual of
the corresponding species. The above infinitesimal generator gives the following rules for the
dynamics (with i =1 or 2):

e an individual of species i dies with rate §;;
e an individual of species i gives birth at sites within range K; with rate A;, but
e an individual of type 2 cannot be born at a site containing an individual of type 1.

The name of the process is due to the interpretation in which a vertex in state 0, 1 or 2 is respec-
tively said to contain grass, a tree or a bush (so that trees can produce offspring over grass and
bushes, whereas bushes can only produce offspring over grass).

Here we will be interested in the following choice of parameters:

51 =06 =1, AM=X=A>0, Ki=K,=KeN. (1.1)

The important feature of this choice of parameters is that (using the common abuse of notation
in which a set A C Z is identified with its indicator function 1 4) both processes

(fri&@#0]),., and (fr:&0 =1},

are contact processes with rate A and range K (see [10] and [11] for expositions on the contact
process). Thus, in the grass-bushes-trees dynamics, 1’s evolve as a contact process, whereas 2’s
evolve as a contact process in a dynamic random environment: they can only occupy vertices that
are not taken by 1’s (this idea is made precise in the proof of Lemma 2.1 below).

The contact process on Z¢ exhibits a phase transition delimited by A.(Z%, K) € (0, 00). If
A < X¢, then the process is ergodic and the only stationary distribution is 8z, which gives full
mass to the configuration in which all vertices are zero. If A > A, the process is not ergodic and
apart from 8, there is one more extremal stationary distribution, obtained as the distributional
limit, as time is taken to infinity, of the process started from full occupancy. Throughout this
paper, we fix d =1, K € N and also fix A in the corresponding supercritical region, that is,

A > Ae(Z, K). (1.2)
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In [2], motivated by a conjecture in [4], the authors considered the grass-bushes-trees process
with parameters given by (1.1) and (1.2) and the initial configuration in which all vertices x <0
are in state 1 and all vertices x > 0 are in state 2. For this process, defining R; = sup{x : §&(x) =
1} and L, = inf{x : & (x) = 2}, the interval delimited by R; and L, is called the interface and
|R; — L;| is the interface size (note that R, — L; is necessarily negative when the range K =1,
whereas it can be positive or negative if K > 1). It was then shown that the interface size is
stochastically tight (in (2.10) below we reproduce the exact statement). This leads to the natural
conjecture that the process “seen from the interface” converges in distribution, and in the present
paper we address this point (moreover, as we will explain shortly, we allow for more general
initial configurations).

Let us give some definitions in order to state our results. We define the set of configurations

Y={&e{0,1,2}” inf{x : £(x) = 1} = —o0, sup{x : £(x) = 1} < 00}. (1.3)

We remark that the GBT process (&;);>0 started from a configuration in ) almost surely never
leaves ). Then, defining as above R; = sup{x : & (x) = 1}, we have —oo < R; < oo for all ¢ and
we can introduce the shifted version of the process,

E)=Ex+R), xeZi1>=0.
(ét)zzo is itself a Markov process in the set of configurations
Yo=1{€ €{0,1,2)” :inf{x : E(x) = 1} = —o0, sup{x : (x) = 1} = 0}. (1.4)

We call (ét) the grass-bushes-trees interface (GBTI) process. We fully describe the set of extremal
stationary distributions for the GBTI process and give sharp conditions for convergence to these
distributions.

Theorem 1.1. For the GBTI process with rates given by (1.1) and (1.2), the set of stationary
and extremal distributions consists of two measures v and v. These measures are mutually sin-
gular: v is supported on configurations where 2’s are absent, and Vv is supported on the set of
configurations

. inf{x:E(x) =1} = —o0, E(x)=1}=0,
Vo= SG{O,I,Z}Z:m{x £00 =1} = —oo.supfx 1600 = 1] } (1.5)

inf{x :5(x)=2} > —oo,sup{x :§(x)=2} =00

Theorem 1.2. Let (§,),20 be the GBTI process with parameters given by (1.1) and (1.2) and
started from a (deterministic) initial configuration &y € Yy. Then,

(a) (§,),Zo converges to V if and only if

forall M > 0, gngo#{x € [M/n,2n — M/n]: &(x) =2} = cc. (%)

(b) (5,),20 converges to v if and only if

sup{x : §o(x) = 2} < 0. (%)
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Condition (x) fails for initial configurations in which the vertices in state 2 appear either in
finite number or quite sparsely. For example, if & is such that & (x) = 2 if and only if x = 2%
for some n € N, then (x) fails for any M.

A byproduct of our proofs of the above results is of independent interest. Namely, we establish
the impossibility of coexistence of 1’s and 2’s in the GBT process.

Theorem 1.3. Let (§):>0 be the GBT process with parameters given by (1.1) and (1.2) and
started from a configuration with finitely many 2’s. Then,

P(Vr 3x, y: &(x) =1,&(y) =2) =0. (1.6)

In particular, if the initial configuration has infinitely many 1’s and finitely many 2’s, then the
2’s eventually disappear, and if the initial configuration has finitely many 1’s and 2’s, then the 2’s
can only survive if the 1’s disappear.

It is worth contrasting this result with the case of a related competition model, Neuhauser’s
multitype contact process (MCP) introduced in [14]. The MCP differs from the GBT in that in
the MCP, both 1’s and 2’s are forbidden from giving birth at occupied vertices, so that the model
is symmetric (as long as one takes birth and death rates to be the same for the two types). In [1]
and [15], it was shown that for the (symmetric) MCP with A > A.(Z), coexistence of the two
types is in fact possible: for example, if the process is started from finitely many 1’s and 2’s, then
with positive probability neither type ever disappears. It would be very interesting to determine
whether or not the corresponding fact holds for the multidimensional versions of the GBT and
MCP.

While on this topic, let us also mention that it would be interesting to investigate the stationary
distributions of the interface process obtained from the MCP. As of now, what is known is that,
if the process is started from all 1’s to the left of the origin and all 2’s to the right of the origin,
then the size of the interface is tight ([15]) and its position moves diffusively ([12]).

To conclude this Introduction, let us detail how the rest of the paper is organized. In Section 2,
we introduce notation and give a few results about the original (one-type) contact process and
the grass-bushes-trees process, including a useful stochastic domination result (Lemma 2.1). In
Section 3, we prove Theorem 1.3. Sections 4 and 5 are dedicated to the definitions of the measures
v and v, respectively. Finally, Section 6 is dedicated to the proof of Theorem 1.2 and Section 7
to the proof of Theorem 1.1.

2. Notation and preliminary results

Sets and configurations

We denote Zy = {1,2,...}, Z_ = —Zy, 77} = (Z-)° and Z* = (Z)°. We will often abuse
notation in our treatment of intervals, for example writing an interval as (a, b) when we mean
the integer interval {x € Z : a < x < b}. We adopt the usual convention that inf @ = oo and
sup @ = —oo. The cardinality of a set A will be denoted by #A.
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We will often refer to the sets ) and )y introduced in (1.3) and (1.4), and also define
X ={¢e{0, )% inf{x: ¢(x) = 1} = —oo, sup{x : £ (x) = 1} < o0}, (2.1)
Xo = {C € {0, 1}Z :inf{x L(x) = 1} = —00, sup{x L(x) = 1} = 0}. (2.2)

We will often associate a set A to its indicator function 1 4, which will allow us to write things like
Ae X or AeAXp. Similarly, if A, B C Z are disjoint, we will identify the pair (A, B) with the
configuration 14 + 2 - 15, so we will for example, write (A, B) € ) or (A, B) € ). Throughout
this paper, spaces as {0, 1}Z and {0, 1,2}Z are endowed with the product topology and any of
their subspaces with the corresponding subspace topology.

Graphical construction

As mentioned in the Introduction, throughout the paper we fix K € N and A larger than A.(Z, K),
the critical parameter of the one-dimensional contact process with range K. We will construct
all the processes we are interested in using a single graphical construction, that is, a family of
Poisson processes commanding the transitions in the dynamics; although this construction is
quite well known, let us present it in order to fix notation. A Harris system is a collection H of
independent Poisson point processes on [0, 00),

{D*:x ez}, each with rate 1,
{D(x’y) X, yE€Z,|x —y| SK}, each with rate A.

Given a realization of all these processes and (x, t1), (v, r2) € Z x [0, 00) with #] < fp, an in-
fection path from (x, #1) to (y, t2) is a cadlag function y : [t1, 2] — Z such that: (1) y (¢;) = x,
Q) ym) =y, 3)t¢ DYD forall r and (4) t € DY@ whenever y () # y(t—). In case
there is an infection path from (x, #1) to (y, #2), we say that the two space—time points are con-
nected by an infection path, and write (x, #;) <> (y, f2) in H (though dependence on H will in
general be omitted). Given sets A, B C Z, we write A X {t;} < B x {} if (x,#1) < (y, t2) for
some x € A and y € B. We write (x, 1) <> B X {2} instead of {x} x {t;} <> B x {2} and write
A x {t1} < (y,1) instead of A x {t1} < {y} x {r2}.
ForACZ,xeZandt >0, we let

¢ () =1{A x {0} < (x,0)}.

Then, (£);>0 is a contact process with initial occupancy on A. In case sup A < 0o, we almost
surely have sup g“tA < oo for all ¢, so we can define

§tA(x+RtA)’ ifgtA;é@,

RA =supcA, ‘A x) =
: P& GrO=1 otherwise,

where A denotes a cemetery state. Then, (E;A)tzo is the contact process with initial occupancy
on A seen from the rightmost site in state 1.
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For disjoint sets A, B C Z, x € Z and t > 0, we let

1 if A x {0} < (x,1),
P00 =12 A X (0} (x,1), B x (0} & (x,1),
0 otherwise.

Then, (E,A’B),Zo is a grass-bushes-trees process started with 1’s on A and 2’s on B. In case
sup A < 00, also let

can & RY it e,
& T(x)= .
A otherwise.
Then, (ézA’B) 1>0 18 the process defined above seen from the rightmost 1.

Let us remark that, in case #A = oo, we almost surely have g“tA # &, hence g:tA # A and
é,A’B %+ A for all ¢.

Unless we explicitly state otherwise, we will always assume that the processes we consider
are all defined in the same probability space using a single graphical construction. We will then
be able to take advantage of useful properties of this coupling, such as

g =1)={x:tom=1}, [P £0)={x: ¢ #£0)

(we could of course not have introduced the notations {,A and Z’,A and instead write S,A’z and
§,A’z, respectively, but we find it convenient to be able to refer to the one-type processes exclu-
sively). We will also omit the superscripts of ¢ and & when the initial configuration is clear from
the context or unimportant.

Behavior of the right edge

One of the elementary facts about the supercritical contact process is that the right edge moves
with positive speed, that is,

7*
R;

Ja=a(A,K)>0: 2% & almost surely and in Ll; 2.3)

the proof, which is based on the subadditive ergodic theorem, is carried out in [10] for K =1,
but works equally well for any K € N. A Central Limit theorem is also known to hold:

"
R,™——a-t 150

NG @

This was proved in [7] for K = 1 and in [13] for K € N. The constants ¢ and o of (2.3) and (2.4)
will be fixed throughout the paper.

JdJo =0}, K):

N(0,02). (2.4)
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Partial order on configurations

We define a partial order < on {0, 1, 2}Z by setting & < &’ if and only if
{x:6)=1}c{x:&x) =1} and {x:6(x)=2}2{x:&'(x)=2}. (2.5)

This induces a relation of stochastic domination, also denoted by <, on pairs of random con-
figurations (or pairs of probability measures) on {0, 1,2}%. However, whenever we write £ < &’
for a pair of random configurations & and &’, it should be understood that the configurations are
defined in the same probability space and the inequality holds in the almost sure sense.

The joint graphical construction given above reveals that:

Claim 2.1. If§ and &' are (deterministic or random) configurations such that & < &' and (§);>0
and (&])t>0 are grass-bushes-trees processes started from & and &', respectively, then & < &/ for

allt > 0.
Still regarding the partial order <, the following will be a useful tool.

Lemma 2.1. Assume A, B C Z are disjoint, and let (C;A)tzoa (E,B),Z() be two independent con-
tact processes started from occupancy in A and B, respectively. Then, there exists a version
(%‘,A’B),zo of the grass-bushes-trees process started from 14 + 2 - 1p such that

A 21— E <M forallt>o0. (2.6)

Proof. Let H and H be two independent Harris systems with rate A and range K. We construct
(C,A)zzo using H and (E;B)zzo using H. Then, for each t > 0, we let & be defined as follows. In
case g‘tA (x) =1, we set & (x) = 1. In case there exists an infection path y in H from B x {0} to
(x, ) such that ¢ (y (s)) = 0 for each s € [0, 1], we set & (x) = 2.

Inspecting the rates at which the transitions occur in the process (&;);>0 reveals that it is a
version of the grass-bushes-trees process started from 14 + 2 - 1. Moreover, we have

xigfy=1)={x:&" @) =1}, [x:¢2@) =0, =1} 2 {x:&"P ) =2}

O

Insulating points

Given 8 > 0 and a Harris system H, we say that a point x € Z is B-insulating if the following
hold:

e forallt, & # @, supg) > x and inf ¢ < x;
e if (y,0) <> (z,t) for some y < x and z > x — B¢, then (x,0) < (z,1);
e if (y,0) <> (z,1) for some y > x and z < x + Bz, then (x, 0) < (z,1).
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In case x is B-insulating, the cone {y € Z : x — Bt <y < x + Bt} is called a descendancy barrier.
In [13] and [2], it was shown by the following proposition.

Proposition 2.1. For any K € N and A > A.(Z, K), there exist B > 0, 8 > 0 such that
P is ,B_—insulating) >8 and 2.7
Ve >03n:VA CZ with#A > n, P(no point of A is B-insulating) < ¢. (2.8)

(In Lemma 2.6(i) of [2] it is shown that a vertex x satisfies certain properties in the Harris
system with positive probability, and then Proposition 2.7(i) and (iii) of [2] imply that a vertex
satisfying the mentioned list of properties is B-insulating in the sense that we give here. Property
(2.8) above can be obtained from Lemma 2.6(ii) of [2] through a routine argument that we will
omit). The constants B and § of the above proposition will be fixed throughout the paper.

One immediate consequence of the definition of B-insulating points is:

(0, 0) is B-insulating

. . (2.9)
= forallzt, R,Z’ = R? > —Bt and ;,Z* = Cto on [—ft, 00).
Interface tightness. In [2], the following has been proved:
Ve>03L>0:
77 27 (2.10)
(St T(x)#£2forallx < —L, & +(x):2f0rsomex§L)>1—s vt > 0.

Using the coupled construction of the one-type process and the GBT process using a single Harris
system, we see that the above is the same as

Ve>03L >0:

{Zi and ¢Z coincide on( 00, RZi — L] (2.11)
P ! >1l—¢  Vt>0.

but not on (R —L, R + L]

3. Extinction of bushes and a consequence

Lemma 3.1. For any L > 0 there exists t* > 0 such that
z* - 1
PR = R0 - |

Proof. For any ¢ > 0 we have

PR’ =R™M) = P(supfx & M) = 1) > supfr 1 7 ) =2)

2 (= OoL]),

7 3.1
P(sup¢, ~ > supg,
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Z* A= .
where (¢, ~)>0 and (g“t( OO’L])tzo are two independent contact processes (see Lemma 2.1). Now,

by (2.4), the probability in (3.1) converges to % ast — oo. ]
Lemma 3.2. For any disjoint sets A, B satisfying inf A = —o0 and #B < 00, there exists t* such
that

(3.2)

0| —

P(sup{x ZS;:’B()C) = 1} > sup{x :E;}’B(x) = 2}) >

Proof. Using (2.8), we choose N > 0 such that, for any D C Z with #D > N, the probability
that some point of D is B-insulating is larger than %. We then take a, b, c € Z, a < b < ¢ so that
#(AN[a,b]) > N and B C [b, c]. Next, we choose t* corresponding to L = ¢ — a in the previous
lemma. Then, with probability larger than % both the following events occur:

E| = {El)c’k €AN[a,b]:x*is B-insulating},
Ey = {R° =R,
On E| N E; we have
RA = Ry ) R0 5 gTooal — R0l > RE:

the inequality R;‘l > Rﬁ is the same as the event in (3.2). ]

Lemma 3.3. For any disjoint sets A, B satisfying inf A = —oo, #B < co and B C [inf A, sup A],
there exists t* such that

N | oo

PP () #2Vx) > -,
where § is as in Proposition 2.1

Proof. Using (2.8), wecanfinda,b e Z,a <b <inf B,

P(3x* € AN[a, b]: x* is B-insulating) > 1 —

N | o

Hence, with probability larger than % the event in the above probability occurs and moreover,
y* = sup A is B-insulating. In that case, at time t* = (y* — a)/(28), the descendancy barrier
growing from some point x* in A N [a, b] and the one growing from y* intersect, and it then
follows from the definition of descendancy barriers that {x : 5;2’3 x)=2}=02. (|

Lemma 3.4. If A, B C Z are disjoint sets with #A = 00 and #B < 00, then

P(3r: &P ) #£2vx) = 1.
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Proof. By symmetry, it suffices to treat the case in which inf A = —oo. The result is an immedi-
ate consequence of Lemmas 3.2 and 3.3 and the Markov property. (]

Proof of Theorem 1.3. Since on {;“,A #+ & Vt} we have #{lA 2% 5 almost surely, the theorem
will follow from proving

Ve>03N :#A> N, #B <co = P(Ir:g " x)#2Vx)>1—e. (3.3)

Fix & > 0. Using (2.8), we choose N such that any subset of Z with at least N points has at least
one B-insulating point with probability larger than 1 — ¢. Then assume A, B C Z are disjoint sets
with #4 > N and #B < oo. We define, for all x € Z,

r(x, B) — inf{t . {t(_OO’X] — é.t(—oo,x]UB, é_l[x,oo) — {,[X’OO)UB}-
By Lemma 3.4, we have t(x, B) < oo almost surely for all x, hence the event

U {t(x, B) < o0, xis B—insulating}

xX€eA

has probability larger than 1 — ¢. We now claim that if this event occurs, there exists # > 0 such
that & (x) # 2 for all x. Indeed, assume that x* is a point of A which is B-insulating and so that
T(x*, B) < 00. Assume (z,0) <> (v, t(x*, B)) for some z € B and y € Z. If z > x*, it follows

from {T((_XZ?’I;;] = {T((_xii”;)*]UB that (x*, 0) < (v, T(x*, B)), so 52’){5’3)()1) = 1. The case z < x*
is treated similarly, so the proof is complete. O

Corollary 3.1. For any ¢ > 0 and any A C Z infinite and bounded from above, there exists
to = to(e, A) such that, for all t > 1y,

P(R{ = RE A= on [RY — Bt RA]) > 1 —e. (3.4)
Proof. Fix & > 0. Using (2.8), we choose a € Z* such that
P(3x € AN[a,0]:x is B-insulating) > 1 — &/3 (3.5)
and then, using (2.4) and Theorem 1.3, we choose #y such that, for all ¢ > 19,
P(RT>0)>1-¢/3 and (3.6)
Pe M =Y > 1—e/3. 3.7)

Now let # > #p and assume the events that appear in (3.5), (3.6) and (3.7) all occur. Fix a 5—
insulating point x* € A N [a, 0]. We will prove that

R’ >0, ;“,ZiUA =" on [x* — Br, 00). (3.8)
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It is not hard to see that the event described in (3.8) is contained in the event inside the probability
in (3.4).
In order to prove (3.8), we start with
o Y S )

Next, fix y > x* — Bt such that {lZ_UA (y) = 1. Since we assume that the event in (3.7) occurs,
there exists z < a such that (z,0) <> (v, 1). Since (z,0) and (y, ¢) are on opposite s1des of the

llne {(x* — ﬁs s):s 2_0} we must also have (x*, 0) <> (v, ¢). This shows that {,Z N[x* —
Bt,00) C ;,x* N [x* — Bt, 00); the reverse inequality is trivial, so we are done. O
4. One-type process seen from the right edge: The measure v

In this section, we focus on the (supercritical, one-type) contact process seen from the right edge,
(¢&1)>0. We will prove the following.

Proposition 4.1. The supercritical contact process seen from the right edge has a unique sta-
tionary distribution v on Xy. For any A € Xy, Cz converges in distribution to v as t — 00.

Remark 4.1. The measure v of Proposition 4.1 is obviously also stationary for the GBTI process
(&/)+>0, and is indeed one of the two measures mentioned in Theorem 1.1.

Remark 4.2. For the case when the process has range K = 1, the statement of Proposition 4.1
has already been proved in [7]. Since here we allow for range K > 1, we give a full proof.

In order to prove Proposition 4.1, we will first need to prove the following lemma.

Lemma 4.1. Let p; denote the distribution of E,Z_. Then, for any € > 0 and k > O there exists
L > 0 such that

T L
limsup%/ Mt({EeXO:Z§(—i)§k}>dt<e. (4.1)
0

T—o0 i=1

Proof. First, note that there exists a constant ¢; > 0 such that

Mt+l<{E€XO3gE(—U=O}>2%'!’4(! éf }) 4.2)

L

1 (T NN 1 1 (7 8
liTnLS;lop;/o m({{:Ef(—i)sdetsaliTmﬁs:op;/O m({; l; {(—i)=0 })
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Noting that

7* L
dE(R, ~ - -
%S—L-m< 3 E(=i)=0 >+c,

where C is constant depending only on the rate A and range R, we obtain
7 L
E(R;) L (T - -
— 5—?/(; e g“.‘E (—=i)=0¢ Jdr +C.

By (2.3), lim7_, 00 E(R2)/T = > 0, 50

1 (7 - c
limsup—f 7 - f(—i)y=0})dr < —=.
T 1 Jo ' ; L
Therefore the conclusion of the lemma holds for any L > Lk% 0
Proof of Proposition 4.1. For eachn € Z., let
l n
u't = —/ e dr. 4.3)
n Jo

For each ¢ > 0, using Lemma 4.1, we can obtain an increasing sequence (Lj)kez, such that,
setting

Ly
K:{EeXO:ZE(—i)zkforauk} (4.4)

i=1
we have
wWHK)>1—¢ for all n.

Noting that K is a compact subset of Xp, this shows that the family {u" : n € Z. } is tight. Hence,
by Prohorov’s theorem (see Section 5 of [3]), there exists an increasing sequence (n;);cz, and a
measure v on Xp such that ") converges weakly to v on Xp. Any measure on Xp obtained as
a limit of the measures (4.3) is stationary for (¢;); for a proof of this, see Proposition 1.8(e) in
[10]. Hence, v is stationary.
Now, Corollary 3.1 implies that
~ oA — 7P T e —

VL >0,¢>0, tlingog({A eXo:P(g = on[-L,0])>1—¢})=1. 4.5)
This shows that EIZ_ converges in distribution to v. Now, for any A € &), another application of
Corollary 3.1 shows that

. A zZ* _ _
VL >0, tlggop(;t ={, on[—L,0])=1,

so that E;A converges to v as well. The uniqueness of v then readily follows. (]
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5. Two-type process seen from the interface: The measure v

We now define the second stationary measure mentioned in Theorem 1.1 as the limit of the
GBTI process in which, in the initial configuration, the set of 1’s is given by v and every vertex
not occupied by a 1 is occupied by a 2.

Proposition 5.1. Let (ét*)lzo be the GBTI process with initial distribution
§g=1A+2'ﬂ-AC, with A ~ v.

Then, as t — 00, §,* converges in distribution to a measure v on ), which is stationary for the
GBTI.

Proof. For each r > 0, let v; denote the distribution of §t*. Since {x : §t (x) =1} ~ v for every f,
it can be shown using sets K similar to the one in (4.4) that {v, : # > 0} is a tight family of
probabilities on ).

Define

E(L, Ao, Bo) ={(A,B) € Yo: AN[—L,0]= Ao, BN[—-L,L]D By},
for L € Zy, Ao C[—-L,0], By C[—L, L], AgN By=@.
We claim that, for all L, Ag, By,
t v (E(L, Ao, Bp)) is decreasing. (5.1

To see this, fix r, s > 0. Let (ét**)tzo be the GBTI process with initial distribution v,.. Now, con-
struct (ét*) and (5,**) with the same graphical representation and with initial conditions verifying
{x:F(x) =1} = {x : £*(x) = 1}. Then,
[x:&f) =1} ={x:E*x) =1}, and {x:&x)=2}2{x:E*x) =2}
Si S () :
ince £/ = &, , this proves (5.1).

Now, the statement that v; converges weakly as ¢ — oo is equivalent to the statement that
any sequence (vy,);ez, with (¢;) increasing and t; — oo has a weakly convergent subsequence,
and the limiting measure does not depend on the choice of (#;). With this in mind, fix (¢;). By

tightness and Prohorov’s theorem, there exists a subsequence (#; i )jez., and a probability v on V)
such that v,ij — V. Additionally, for all L, Ag and By,

V(E(L, Ao, By)) = lim v, (E(L, Ao, Bo)) "=’ lim v, (E(L, Ao, Bo)).
j—oo 1 t—00

This and the inclusion-exclusion formula imply that, defining
E'(L, Ao, Bo) = {(A,B) € Yo: AN[—L,0]1 = Ao, BN[-L, L] = By},
forLeZy,Ao C[—L,0],Bo C[-L,L],AoN By=2,
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we also have
V(E'(L, Ao, By)) = tlim vi(E'(L, Ao, Bo)) VL, Ao, By.
— 00

This shows that v is uniquely determined.
Finally, the fact that v is stationary follows from Proposition 1.8(d) in [10]. (]

6. Convergence to v and v

6.1. Condition (x) implies convergence to v

Lemma 6.1. We have
Jim lliggfIF’(gnz/i = (2, on (=oo,n— My/nl) =1, 6.1)
where a is as in (2.3).
Proof. Using (2.4) and (2.11), given ¢ > 0 we can choose L and M such that, for n large enough,
P(Rf}a >n— %\/ﬁ) >1—¢/2,

y/l 7
IP)(g‘n/o: = é‘nZ/oz on (—OO, Rn/a - L]) >1-— 8/2.

Additionally assuming that n is large enough that % n > L, the probability in (6.1) is larger
than 1 — ¢, so we are done. (I

Lemma 6.2. Letting

B(M,n)={B CZ:#(BN[M«/n,2n— M/n]) =M}, (6.2)
we have
. . . M M
A}Tmlkﬂgfgeé%,mp(g”% = gnz/“ on |:n B 7\/_’ et 7\/’;:|) =1 ©.3)

Proof. Fix ¢ > 0. By the previous lemma we can choose My > 0 and ng > 0 such that, if n > ng,
IP(;VLZ/; = ;“nz/a on (—oo,n — %\/ﬁ]) > 1 —¢/2. By (2.8), we can choose M| > My such that
any subset of Z with at least M /2 points has at least one B-insulating point with probability at
least 1 —¢g/2.

Now letn > ng so that n 3> M|./n and assume B C Z satisfies #(BN[M|/n, 2n — M/n]) >
M. We either have #(B N [M1/n,n]) > My/2 or #(B N [n,2n — M\/n]) > M/2; we can
assume that the first case holds, as the other can then be treated by symmetry.
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Define the events
Ey={3x € BN[M;+/n,n]: x is B-insulating},
Ey= {0 = (2, on (—c0.n + My /n/21),

sothat P(E{ N Ey) >1—¢. Letus prove that E1 N E3 is contained in the event that appears in
(6.3). Let x* € B N [M14/n,n] be a f-insulating point. Fix y € [n — 4L \/n,n + ML /n] with
g“nZ/a(y) = 1. By the definition of E, there exists z < M14/n such that (z, 0) <> (y,n/a). Since

(z,0) and (y,n/a) are on opposite sides of the line {(x* — Bs, s) : s > 0}, we must also have
GaM =150, () =1. O

Lemma 6.3. For all € > 0 there exists My > O such that the following holds. For any A C Z with
infA = —o0, supA =0,
there exists ng = no(e, A) such that, if n > ng and B C Z satisfies
BNA=0, #(B N [Mo/n, 2n — Mo+/n]) = Mo,

then
z* Z* 7 My My
IP)(Rf/w = Ryja-bnjor =Enja O [R?/a =V R+ o D Zlme 08
Proof. For M >0,n €N, A, B C Z, define the events

* M M
Ei(M,n)= Rf/?x € |:n— Z\/ﬁ,n+ I\/};]},

z: 7 n
Ex(A,n) ={RMYy =R, 0 Cuoy = Gy OD (—ﬁ;,oo)},

M M
E3(B.M.n)=1¢l, =5, on [n—;«/ﬁ,n—l—?«/ﬁi“.

Recall the definition of B(M, n) in (6.2). Given ¢ > 0, using (2.4) and Lemma 6.2, we choose
M such that, for n large enough and any B € 3(My, n) we have

P(E1 (Mo, n) N E3(B, Mo, n)) > 1 —¢/2. (6.5)

Now fix A C Z with inf A = —oo and sup A = 0. Choose nq so that for n > ng the following
conditions hold:

n > My/n, (6.5) holds, and P(Ez(A,n))>1—¢/2



Grass-bushes-trees interface 2271

(the third condition is satisfied for n large enough due to Corollary 3.1). Now let us show that, if
Ei, E; and E3 all occur, we have

7* |7 My My
En/a + = ;«:4/’0(3 on |:i’l— 7 n,l’l—i—?«/l’_l ) (66)
. Z* . .
together with n — %«/ﬁ < R,‘?/a =R,/ <N+ %\/ﬁ, this guarantees that the event inside the

probability in (6.4) occurs. Fix x € [n — %\/ﬁ ,n+ @\/ﬁ]; there are three possibilities:

[/l /
1. if En/a *(x) =0, then CnZ/a(x) =0, so 5,;4/’,13 (x)=0;

2. if Enz/i’m (x) =1, then {nz/i (x) =1, so (using the definitions of £ and E3) {rf‘/a x)=1,s0
A,B .
‘i:n/o( (-x) = 17
/A z* .. A Z* 2y
3. if én/a (x) = 2, then Cn/a(x) =0, so (by the definition E3) g“n/a(x) =0. En/a x) =

2 also implies that an/a(x) = 1, so (by the definition of E3) g“f/a(x) = 1. Therefore,
AB, \ ]
ghl@ =2

~7* 7 _
Corollary 6.1. The process (¢, +),20 converges in distribution to v.

Proof. By Lemma 6.3, for any infinite set A C Z with sup A =0 and any K > 0 we have

—0o0

~ c ~7* VA
PEM =& " on[-K,K]) =5 1.
The statement of the corollary then follows from recalling that

- . I c
v=lim &, where A ~ v.
11— 00 |:|

Proof of Theorem 1.2(a), sufficiency of (x). Assume (A, B) € )) satisfies condition (x). Then,
for all M we have #(B N[M./n,2n — M \/n]) > M if n is large enough. By Lemma 6.3, for any
K > 0 we have

PENS =&, " on[-K, K1) =5 1.

nja nja
From this, it is straightforward to show that
. ~7* T
PEME =& on[—K,K]) = 1.

Then, by Corollary 6.1, §,A’B converges to V in distribution as t — oo. (]

Corollary 6.2. The measure v is supported on the set ), defined in (1.5).
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Proof. By Corollary 6.1, for any L > 0,
v({(A,B): BN (=00, —L]=@,BN[-L, L] #2})

= lim P(étzi’h (x)#2forallx < —L, é,Zi’Z+ (x) =2 for some x € [—L, L]).
—00

By (2.10), we can make the right-hand side arbitrarily close to 1 by choosing L large. ]

6.2. Convergence to v implies condition (x)
Recall the definition of B(M, n) from (6.2).

Lemma 6.4. Forall M > 0,

liminf  inf ]P’(g“f/a =0on[n—2M/n,n+ 2Mﬁ]) > 0. (6.7)
n—>0o0 BeB(M,n)¢

Proof. It is easy to verify that

liminf  inf ]P’({lB =0on [M+/n,2n — Mﬁ]) > 0.
n—00 BeB(M,n)

Hence, it is enough to prove (6.7) with B(M, N)¢ replaced by
C(M,n)={BCZ:BN[Myn,2n—M/n)=a}.

Fix M and n and let B € C(M, n). Let B] = (—00, M\/n]NZ and By = [2n — M /n, o) NZ,
so that B C By U B,. We then have

P(¢5, =0o0n[n—2M/n,n+2M/n])
> P(g, 2 N In = 2M/n,n + 2M /n] = @)

>P(Ry), <n—2My/n) P(L73, >n+2M/n)

_p(RE

n/a

<n—3Myn)’.

We now observe that, by (2.4), for fixed M, the right-hand side is bounded away from zero as
n— 0o. ]

Lemma 6.5. For M > 0 sufficiently large there exists § > 0 such that the following holds for n
sufficiently large. If A, B C Z are disjoint sets with

supA =0, B eB(M,n)°,

then

P(g. (0) #2Vx € [RY, — M/, Ry + M/n]) > 6. 6.8)
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Proof. Using (2.4), we choose M > 0 such that, for n large enough,

(|Rn/a—n|5Mﬁ)>1—S/z, (6.9)

where § is as in (2.7). Then choose § > 0 smaller than the square of the left-hand side of (6.7)
and so that

§/2> 82, (6.10)

Now, fix n € N and A, B as in the statement of the claim. Let (¢);>0 and (QC,B)zZo be two
independent contact processes started from occupancy in A and B, respectively. By Lemma 2.1,
the desired bound (6.8) follows from

P(sup;rf‘/ae[n—M«/ﬁ,n+M\/ﬁ])>81/2 and (6.11)
P(55, Nin—2M/n n+2M/n]=2) > 8'/2. (6.12)

Now, (6.12) holds for n large by the choice of § and (6.7). By (2.9), the left-hand side of (6.11)
is larger than

P(0 is B-insulating and |Rf/ia — n| < M./n)

— (6 9) 8 (6. 1())
> P(0is B-insulating) — P(|R, e — | > M) = S =082

if n is large. U
Proof of Theorem 1.2(a), necessity of (x). If (x) fails, then there exists M > 0 and an increasing
sequence (ng)g>0 such that, for all k, #{x € [M/n,2n — M \/n] : &(x) =2} < M. Lemma 6.5

then implies that

l}(m infP(&,, j(x) # 2 Vx € [~ M /ng, M J/ng]) > 0.

Together with Corollary 6.2, this shows that (£;) cannot converge to v. (]

6.3. Condition (*) implies convergence to v

Proof of Theorem 1.2(b), sufficiency of (). Fix disjoint sets A, B C Z with
infA = —o0, supA =0, sup B < oo.

By Proposition 4.1,

—>0o0

(v 0= 1))y =5 0.
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so the fact that §,A’B also converges in distribution to v will follow from
VL > 0, tgrgop(gﬁﬂ(x) #2Vxe[R—L,RM+L])=1. (6.13)
Letting D = (—o0, sup B] N Z, it is straightforward to check that
e8Py #2va e [RA— L, RA+ L]} 2 {RA=RP, ¢ =¢P on [RA — L, R1]),

so (6.13) follows from Corollary 3.1 and translation invariance. O

6.4. Convergence to v implies condition ()

Proof of Theorem 1.2(b), necessity of (x). Fix disjoint sets A, B satisfying
infA = —o0, supA =0, sup B = o0;

let us show that §IA’B does not converge to v in distribution as ¢t — oo.
Fix an increasing sequence (n)x>o such that ny € B for each k. Using (2.7), (2.4) and Corol-
lary 3.1, we can first choose M > 0 and then kg € N such that, for all & > ko,

V/ _
P(Rnk/a € [nk — Mg, nic + M/ngl) > 1 — §/4,
P& 0 = iy 00 [k = By, nig + Brg fal) > 3,
A zx .z _ A _
P(R 0= Ry o Gt o = o 7o 00 [~ Bricfer, R o ]) > 1= 5/4,

so the probability that the three above events all occur is at least §/2. Similarly to the proof of
Lemma 6.3, we can show that if these three events occur, we have

Pt Py
Erﬁ(/i = Sn/a ’ on [—M . /ni, M./ng].

We then have, for any L > 0,

.. ~ 1) . ~7* 7
1}g£ﬂ@>(ax e[-L,L]: $’i’/ﬁ(x) =2)> 3 limsupP(£, » " (x) #2Vx € [-L, L]);

k— 00

by (2.10), the second term on the right-hand side can be made arbitrarily close to zero if L is
taken large enough. (]

7. v and v are the only extremal stationary measures of GBTI

In this section, we will prove Theorem 1.1. The fact that v is supported on A} is obvious and
the fact that v is supported on the set given in (1.5) was proved in Corollary 6.2. It will follow
from Lemma 7.1 below that, if v is a stationary and extremal measure for the GBTI process
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&) >0, then either v = v or v = . It will be useful to consider measures v in ) which satisfy
the following property:

VM >0, grgou{(A,B):#(Bm[Mﬁ,zn—Mﬁ])zM}:l. (%)

Lemma 7.1. Let v be a stationary measure for (ét)tzo-

1. If v is extremal, then v(Xp) € {0, 1}.

2. If v(Xy) =1, then v = v.

3. If v does not satisfy (%), then v(Xp) > 0.
4. If v satisfies (%), then v = V.

Proof.

1. Assume v is stationary and v(Xp) € (0, 1); let us show that v is not extremal. We can write
v =1(Xp) - D+ (1 = v(Xp)) - D, (7.1)

where D(-) = v(:|Xp) and D(-) = v(-|A}). For t > 0, let i, and ¥, denote the distribution of
é, when §o is distributed as b and D, respectively. Since v is stationary, we have

v =1(Xp) - D1 + (1 — (X)) - Dy (7.2)

We evidently have (Xp) = ;(Xp) = 1 and \%(Xo) = 0; using these facts and also v(Xp) €
(0, 1) in equations (7.1) and (7.2), we obtain ﬁt(Xo) = 0. This implies that, if E is any
measurable subset of Xy, we have ﬁ(E) = ﬁ,(E) =0,s0(7.1) and (7.2) yield D(E) = D, (E).
This shows that U = 1y, that is, D is stationary, from which it follows that 5 is also stationary.
Hence, v is not extremal.

2. This is an immediate consequence of Proposition 4.1.

3. If v does not satisfy (%), then there exist M > 0, k > 0 and a sequence (ny)r>0 such that,
for all &,

v{(A, B) :#(B N [M/nx,2nx — M J/ni]) < M} > k.

We now choose § = (M) and ng = no(M) as in Lemma 6.5. Then, taking n; > n shows
that

v{(A, B): ]P(E,ﬁ’/i(x) #2Vx € R} o — M/nk R o + M /ni]) > 8} >«

or equivalently, if (§);>0 is a grass-bushes-trees process with initial distribution v, then
with probability larger than § - k, at time nj there is no 2 within distance M /nj of the
rightmost 1. Since v is stationary, this shows that for any L > 0 we have

v{(A,B):BN[-L,L1=02}>6«,

sov(Xp) =>68-«>0.
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4. Assume (%) holds. Given ¢ > 0 and K > 0, using Lemma 6.3, we can find M > 0 and then

n € N so that

v({(A, B) :P(érf‘/’aB Eénzi’h on[—K, K]) >1-— 8}) >1—e.

The result now follows from Corollary 6.1.
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