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A forest-fire model on the upper half-plane”

Robert Graft

Abstract

We consider a discrete forest-fire model on the upper half-plane of the
two-dimensional square lattice. Each site can have one of the following two states:
“vacant” or “occupied by a tree”. At the starting time all sites are vacant. Then the
process is governed by the following random dynamics: Trees grow at rate 1,
independently for all sites. If an occupied cluster reaches the boundary of the
upper half-plane or if it is about to become infinite, the cluster is instantaneously
destroyed, i.e. all of its sites turn vacant. Additionally, we demand that the model is
invariant under translations along the z-axis.

We prove that such a model exists and arises naturally as a subsequential limit of
forest-fire processes in finite boxes when the box size tends to infinity.

Moreover, the model exhibits a phase transition in the following sense: There
exists a critical time t. (which corresponds with the critical probability p. in ordinary
site percolation by 1 — e~ = p.) such that before ¢, only sites close to the boundary
have been affected by destruction, whereas after t., sites on the entire half-plane
have been affected by destruction.
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1 Introduction and statement of the main results

Forest-fire models were first introduced in the physics literature by B. Drossel and
F. Schwabl in [6] and subsequently studied by various mathematicians, e.g. by J. van
den Berg and R. Brouwer (see [17], [18]), by M. Diirre (see [7], [8], [9]), by A. Stahl (see
[16]), by B. Rath and B. Téth (see [14]), and by X. Bressaud and N. Fournier (see [3],
[4]). They were devised as an example of self-organized criticality, a concept brought
up by P. Bak, C. Tang and K. Wiesenfeld in their seminal paper [2]. Let us begin with a
brief description of critical states and self-organized criticality. Models in equilibrium
statistical mechanics such as independent site percolation or the Ising model usually
have a model parameter which greatly influences their behaviour (the density p of open
sites in the case of percolation and the inverse temperature ( in the case of the Ising
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model). As the parameter varies, the system experiences a phase transition at the
critical value of the parameter (the critical probability p. for percolation and the critical
temperature . for the Ising model). Formally, the critical value can be defined as the
threshold between the regime with no infinite cluster and the regime with one infinite
cluster. The critical state is typically characterized by a power law behaviour of the
cluster size distribution and fractal structures in the scaling limit. These phenomena
are frequently observed in nature, which seems strange in the context of equilibrium
statistical mechanics because this would require the model parameter to be tuned at
exactly the right value. To explain this paradoxon, the authors of [2] predicted the
existence of dynamical systems which are governed by local interactions and which are
inherently driven towards an unstable critical state. This critical state shows properties
similar to the equilibrium case. What is more, at the critical state the local interactions
build up to trigger global “catastrophic” events and thus possibly return the system
back into a more stable state. These kinds of systems are said to exhibit self-organized
criticality. A detailed introduction to this concept with many examples of dynamical
systems can be found in [1] and [12].

The forest-fire models we consider in this paper will all be defined on subsets of the
square lattice Z?2. We always assume the vertex set Z? to be equipped with the standard
lattice edge set, where two sites in Z? are connected by an edge if and only if they have
Euclidean distance 1. For practical purposes we will identify Z? C R? with Z +iZ c C
(where i := /-1 = (0, 1)) and mostly use the complex number notation even though we
do not use the multiplicative structure of C. The finite volume versions of the model
will be defined on boxes

B, (w) :=w + [-n,n)* N Z?

with centre w € Z?* and radius n € IN. To begin with, we endow the vertex set B,,(w) with
the standard edges inherited from the square lattice Z? and we denote this by writing
B: (w) instead of B, (w). Later on, for each k € {—n,—n + 1,...,n}, we will insert an
additional edge between the vertex w — n + ik on the left and the vertex w + n + ik on
the right in order to make the setup periodic in the z-direction; in this case we write
BP(w) instead of B, (w). The graph BP(w) is best visualized as a cylinder. The infinite
volume version of the forest-fire model will be defined on the “closed” upper half-plane

H:={x+iy€Z+iZ:y >0},

which we endow with the edges inherited from the square lattice Z2. We will also
denote by

H:={z+iye€Z+iZ:y >0}

the “open” upper half-plane.

In order to explain some more notation, let us for a moment consider an arbitrary
connected graph with vertex set V. (In practice, this will usually be one of the graphs
Bs(w), Z?2, BR(w) or H.) For a subset S C V, we write

0S:={veV\S§:(FweS:vand w are neighbours)}

for the (outer) boundary of S in V. For the subset H C H, for instance, we simply
have OH = Z. At any given time, the forest-fire model will be described by a random
configuration (v, ),cv € {0,1}", which induces a subgraph of V on the vertex set {v €
V : a, = 1}. For z € V the maximal connected component of this subgraph containing
z is called the cluster of z in the configuration («,),cv. If @, = 0, then the cluster of 2z
is just the empty set.
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We are now ready to describe the forest-fire model on the box B:(0) (n € IN) which
is the starting point of our work. It is a continuous-time Markov process on the state
space {0, 1}sz<0), where a site with “1” is said to be “occupied by a tree” and a site with
“0” is said to be “vacant”. At the starting time all sites are vacant. Then the process is
governed by the following two conflicting mechanisms:

[GROWTH] Sites turn from “vacant” to “occupied” according to independent
rate 1 Poisson processes.

[DESTRUCTION] If an occupied cluster reaches the inner boundary B, (0) \ B,—1(0)
of the box!, it is instantaneously destroyed, i.e. all of its sites turn
vacant.

The most interesting aspect about this model is the question of what happens in
the limit n — oo (provided that it exists in a suitable sense). It is in this limit that the
model is expected to exhibit self-organized criticality, and the intuitive reasoning goes
as follows: For large n, small clusters are unlikely to get destroyed but sufficiently large
clusters are still vulnerable to destruction. So a hypothetical limit process on Z? might
have the following dynamics: At the starting time all sites are vacant. Then the process
is governed by the following two conflicting mechanisms:

[GROWTH] Sites turn from “vacant” to “occupied” according to independent
rate 1 Poisson processes.

[DESTRUCTION] If an occupied cluster becomes infinite, it is instantaneously de-
stroyed, i.e. all of its sites turn vacant.

In such a process the states with an emergent infinite cluster could be dubbed self-
organized critical, and the destruction of the infinite cluster would correspond to the
global “catastrophic” events mentioned above. However, it is not even clear that such
a process exists at all (see [17] for a discussion of that question), and a mathematically
rigorous treatment of the question of convergence for n — oo currently seems hard to
achieve.

A first step towards a better understanding of the n — oo limit probably lies in the
analysis of the behaviour of the sites close to the inner boundary when n is large. We
therefore change our perspective in the following way:

* Instead of keeping the centre of the box fixed and letting the box tend to infinity
in all four directions, we keep the bottom side fixed and let the box tend to infinity
in the remaining three directions. In other words, we consider the process on the
box B, (in) instead of the box B, (0). In the (subsequential) limit n — oo we thus
get a process on the upper half-plane H.

Additionally, we make the following changes, which are natural for the new setting:

¢ We restrict the destruction mechanism [DESTRUCTION] to clusters which reach
the fixed bottom side instead of destroying clusters at all four sides.

* We use periodic boundary conditions in the z-direction, i.e. we work on BE(in)
instead of B¢ (in).

Let us define this new process more formally, in a fashion similar to the definition
of the Max Dirre forest-fire model in [7]. We include the underlying Poisson growth
processes into our notation and thus obtain a continuous-time process on the state
space ({0,1} x INg)B=("™) For convenience we henceforth abbreviate B, := BE(in).
Figure 1 depicts the box B,, and its edges, embedded into the upper half-plane H. In

lwhere we set By (0) := {0}
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Figure 1: The box B,, := BP(in) for n = 3 (black) and the upper half-plane H (grey)

accordance with the periodic boundary conditions of B,,, for z € B,, and « € Z we define
“periodic addition” by

2@z :=[((Rez+z)+n)mod 2n+1)] —n+ilmz € B,.

Moreover, for a function [0,00) 5 ¢ — f; € R we write f;- := limgy fs for the left-sided
limit at ¢ > 0, provided the limit exists.

Definition 1.1. Letn € N. Let (}',, G}, )i>0,-eB, be a process* with values in ({0,1} x
INg)[0:>9)>Bn - initial condition 1§, = 0 for z € B,, and boundary condition n}', = 0 for
t >0,z € 9HN B,,. Suppose that for all z € B,, the process (n;',, G} ,)i>o is cadlag, i.e.
right-continuous with left limits. For z € B,, andt > 0, let Ctn,’z denote the cluster of z
in the configuration (1} , )weB, -

Then (7722, G?,z)tzo,ze%zn is called a B,,-forest-fire process if the following conditions
are satisfied:

[POISSON] The processes (Gfﬁz)tzo, z € B,, are independent Poisson pro-
cesses with rate 1.

[ROT-INV] The distribution of (n;',, G} ,)i>0,-eB, is invariant under rotations
of the cylinder B,, ie. the processes (n,,G}.)t>0.-eB, and
(0t 201, G 201)t>0,z¢ B, have the same distribution.

[GROWTH] Forallt > 0 and all z € HN B,, the following implications hold:

0 G, <Gy,=mn.=1
i.e. the growth of a tree at the site z at time t implies that the
site z is occupied at time t;

(i) mit  <mi. = G <Gi.,
i.e. if the site z gets occupied at time t, there must have been
the growth of a tree at the site z at time .

2A more precise but more cumbersome notation would be ((n2,,G?,).cB, )t>0.
, ; >
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[DESTRUCTION] Forallt>0andallx € 90HN B, z € HN B,, the following implica-
tions hold:

1) G, <G, =YwelCL . =0,
i.e. if the cluster at x + i grows to the boundary OH N B,, at
time t, it is destroyed at time t;

(i) m~ >, = e dC NOH:GL <GPy,
i.e. if the site z is destroyed at time t, its cluster must have
grown to the boundary O0H N B,, at time t.

Due to the finiteness of the box B,,, the existence and uniqueness (in distribution) of
a B, -forest-fire process is clear: Given independent rate 1 Poisson processes (GZZ)QO,
z € B,, a unique corresponding cadlag process (ngfz)tzo, z € B,, which has the re-
quired initial and boundary conditions and satisfies [GROWTH] and [DESTRUCTION]
can be obtained by a so-called graphical construction, and [ROT-INV] then follows au-
tomatically by the rotation-invariance of the cylinder B,,. For more details on graphical
constructions, the reader is referred to [13].

Above, we raised the question of what happens with forest-fire processes on boxes
of size n when n — oo. As far as the dynamics are concerned, this question is partially
answered for B, -forest-fire processes by the following result, where Qg = QN [0,00)
denotes the set of non-negative rational numbers:

Theorem 1.2. Forn € N let (n;,,G},)i>0..¢B, be a B,-forest-fire process. Embed
this process into the upper half-plane H by setting (n;',,G7.) := (0,0) for z € H\ B,
and all t > 0. Then for any strictly increasing sequence (ny)ren of natural numbers,

Nk

there exists a subsequence (ng,)iew such that (nt’zl,Gzzl)tEQJ,zeﬁ converges weakly
to some random variable (77827 GSZ) teQy ,-€H where convergence is understood in the

space ({0,1} x ]No)QU+ *H endowed with the product topology. Moreover, the right-sided
limit

(Utm Gt,z) = lim (n?za ng)' t Z Ov zZ € ﬁ,
slt,seQf '

exists a.s., and restricted to the complement of a null set, the resulting process
(2, Gt,2) 10,21 1S an H-forest-fire process in the sense of Definition 1.3 below.
Definition 1.3. Let (1);.-, G1 -),5¢ .ci be a process® with values in ({0, 1} x No)[0-o2)*H,
initial condition 1y, = 0 for z € H and boundary condition Nty = 0 fort > 0,2 € OH.
Suppose that for all z € H the process (1., Gy,-)i>0 is cadlag. For z € H and t > 0, let
Cy- . denote the cluster of z in the configuration (”t*,w)weﬁ-

Then (11,2, Gt,2) >0 . 1S called an H-forest-fire process if the following conditions
are satisfied:

[POISSON] The processes (G )i>0, 2 € H, are independent Poisson processes
with rate 1.
[TRANSL-INV] The distribution of (1:.,Gt:);>0.c IS invariant under

translations along the real line, i.e. the processes (1 ., Gt,z)t>0 2
and (t,z+1, Gt,2+1) >0 . have the same distribution.

[GROWTH] Forallt > 0 and all z € H the following implications hold:

3Again, a more precise but more cumbersome notation would be ((77,5,27 Gtvz)zeﬁ)po'
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(1) Gt*’z < Gt,z = Nt,z = 1/
i.e. the growth of a tree at the site z at time t implies that the
site z is occupied at time t;

(11) nt*,z < 77t,z = Gt*ﬁ < Gt,z/
i.e. if the site z gets occupied at time t, there must have been
the growth of a tree at the site z at time .

[DESTRUCTION] Forallt > 0 and all z € OH, z € H the following implications hold:

(i) (G- 2 < Gio = Yw € Cp- 41yt Mw = 0) A
(|Ct*,z| =00 =VYwe Ct*,z CMw = 0);
i.e. if the cluster at x + ¢ grows to the boundary OH at time
t, it is destroyed at time t, and if the cluster at z is about to
become infinite at time t, it is destroyed at time t;

(ﬁ) U > Ntz
= ((Hu €0C- ,NOH : Gy , < Gt)u) V|G- .| = oo),
i.e. if the site z is destroyed at time t, its cluster either must
have grown to the boundary 0H at time ¢ or it must have been
about to become infinite at time t.

For the remainder of this section, let (1 ., Gt,z)t>0,zeﬁ be any H-forest-fire process
(not necessarily the specific process constructed in Theorem 1.2). A closely related
auxiliary process is the pure growth process (o), .cp, which is obtained when
the destruction mechanism [DESTRUCTION] in Definition 1.3 is omitted, and which is
formally defined by

Ot,z = 1{G1,72>0}' tZO,Zeﬁ, (11)

where we write 14 for the indicator function of an event A. Obviously, (Ut,Z)t>o LcH 18
monotone increasing in ¢ and dominates (7;,.),~ g in the sense that

Oty >0s5:,>ns. 0<s<tzeH, (1.2)

holds. For a fixed time ¢, the configuration (o .), cfi 1s simply independent site percola-
tion on H, where each site is open with probability 1 — e~¢. In particular, if p. denotes
the critical probability of independent site percolation on H (or equivalently Z?), then
the critical time t., defined by 1 — e~%¢ = p,, has the property that a.s. for t < ¢., there
exists no infinite cluster in the configuration (Ut,Z)zeﬁ' while for ¢ > t., there exists
exactly one infinite cluster in the configuration (oy,.), -

However, [DESTRUCTION] in Definition 1.3 and the fact that the paths of
(M2 Gt,z)t>o,zeﬁ are cadlag imply that for all ¢ > 0 there exists no infinite cluster in
the configuration (Wt,z)zeﬁ‘ This gives rise to the question to what extent the processes
(nt,z)t>07z€ﬁ and (Ut,z>t20,z < differ, which motivates the following definition:

Definition 1.4. Fort > 0, z € 0H let
Yip:i=sup{y e N: (30 <t <t”" <t:myapyiy =1, 24iy =0)} V0 € INgU{oo}

be the height up to which points with real part x have been destroyed up to time t. We
callY; , the height of destruction at the point x up to time t.

Note that for ¢ > 0 and x € 0H
{}/t,z < OO} C {VO <s< tVy > }/t,x +1: Os,x+iy — 773,w+iy} (1.3)
holds. It turns out that as a function of time, the height of destruction experiences a

phase transition:
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Theorem 1.5. Let (7., Gt2),~ e be an H-forest-fire process and let (Yi2)t>0,zcom
be the corresponding heights of destruction. Then for all x € OH, the following holds
a.s.:Y,, <oofort<t.andV,, = oo fort > t..

Informally speaking, this means that after the critical time ¢., the influence of the
destruction mechanism [DESTRUCTION] in Definition 1.3 is not just confined to areas
close to the boundary 0H but is global on all of H.

We will prove Theorems 1.2 and 1.5 in Sections 3 and 4, respectively. In Section 2
we draw the reader’s attention to some obvious but open questions about H-forest-fire
processes.

2 Open problems

The following natural questions about H-forest-fire processes (; ., Gt,2)i>0..cm and

the corresponding heights of destruction (Y; »)t>0.4com remain open:

* Are H-forest-fire processes unique in distribution? Is (1 ., Gt.- )~ .cm @dapted to
the filtration generated by the growth processes (Gt,z),5¢ .cq?

* Does there exist z € H such that the event {3t > 0:|C;- .| = oo} has positive
probability (where C}- . is defined as in Definition 1.3), i.e. do infinite clusters in
the left-sided limit occur with positive probability?

* How does the height of destruction behave at the critical time ¢.? For instance,
does Y;, , < oo a.s. hold for z € oH?

3 Proof of Theorem 1.2

The construction of the limit process in Theorem 1.2 is partly analogous to the con-
struction of the infinite volume Max Diirre forest-fire model in [7]. However, a new
strategy is needed when it comes to infinite clusters in the process. This is where we
will make use of the translation-invariance property [TRANSL-INV] of the process. We
will only give a brief sketch of the parts that are similar to [7] in Sections 3.1, 3.2 and
3.3 and then focus on the issue of infinite clusters in Sections 3.4 and 3.5.

For the remainder of this section, consider the following setup: For n € IN let
(nf;z, G{fz)tzo,zegn be a B,,-forest-fire process. Embed this process into the upper half-
plane H by setting (17", G},) := (0,0) for z € H\ B, and all ¢ > 0. Let (nx)ren be a
strictly increasing seqﬁence of natural numbers.

3.1 Construction of the limit process and easy properties
Lemma 3.1. (i) The sequence (7;, Gﬁz)tng e € N, is tight in the space ({0, 1} x
]NO)QarXﬁ endowed with the product topology.

il X1 u u Nk, )leN u u u
(ii) There exists a subsequence e of natural numbers such that
n n .
(b, Gy o )icq+ -cm = converges  weakly to some random  variable
; ; o,

(ng?za G?,z)terJr,zeﬁ'

Proof. First note that since the index set Qg x H is countable, the product spaces
— + o —
{0,132 <8 N ™ and ({0,1} x IN)@ *® are metrizable and, in fact, are Polish spaces.
By Tychonoff’s theorem, the space {0, 1}Q0+X1H is compact and hence the sequence
(nﬁz)tEQ§7Zeﬁ, n € IN, is trivially tight. Moreover, the sequence (G?Lz)tng,zeﬁ' n e, is
clearly convergent and therefore tight by Prokhorov’s theorem. As we work in the prod-
uct topology, we conclude that the joint sequence (7', Gﬁz)tng,zeﬁ, n € N, is tight, as
well. This proves (i). Part (ii) then follows from (i) by another application of Prokhorov’s
theorem (in the opposite direction). O
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It is easy to see that the limit random variable (nga G?,Z)tng .cm can be extended
to a process (1., Gt,z)t>0’zeﬁ, which we henceforth call the limit process:

Lemma 3.2. A.s. the right-sided limit

(Mt,2,Gt,z) == lim (ngz, G?Z) t>0,2€H,
s,Lt,sGQO+
exists.
Proof. This is proved analogously to Lemma 7 in [7]. O

We now realize the processes (1;,,GV.);>q .cir » € IN, and (0t2, Gt.2)y>¢ . ON @
joint probability space (2, A, P), where A is the completion of the o-field

o (G i, Gz it >0,z€ Hon€N).

There is a very useful relation between the limit process (7., thz)t>o LT and the B, -
forest-fire processes (n;',, G, ),>( .cm Which allows to transfer properties from the B,,-
forest-fire processes to the limit process:

Lemma 3.3. Let A be an event which is described by the configuration of finitely many
sites and finitely many points in time, i.e. there exist h € IN and a finite set S ¢ H
such that A € P(({0,1} x INy)!"*9), where P(X) denotes the power set of a set X and
[h] :={1,2,...,h}. If there exists N € IN such that forall 0 < t; <ty < ... <t} and all
n>N

P [(Ufj,za G, 2)jeln) zes € A} =0
holds, then
PEH0<t; <to<...<tp:(m,. Gt z)ien)-es € Al =0
also holds.

Proof. This is proved analogously to Lemma 9 in [7]. O

The construction of the limit process in Lemma 3.2 immediately implies that a.s. for
all z € H the process (1., Gy,.)t>0 is cadlag. For z € H and ¢t > 0, let C; , denote the
cluster of z in the configuration (7.,),,cj and for z € Hand ¢ > 0, let C;- , denote the
cluster of z in the configuration (7;- ,,) Then the following properties of the limit
process are straightforward:

wel"

Lemma 3.4. A.s. the process (1, ., Gm)p0 <@ Satisfies the initial condition g , = 0 for

z € H and the boundary condition n;, = 0 fort > 0,z € H. Moreover, it a.s. has the
properties [POISSON] and [GROWTH] (ii) of Definition 1.3 and satisfies [TRANSL-INV].

Proof. The proofs for the initial condition and the property [GROWTH] (ii) are easy
consequences of Lemma 3.3 above and are analogous to the proofs of Lemmas 26 and
10 in [7]. The proof of the property [POISSON] is identical to the proof of Lemma 5
in [7]. The zero boundary condition for the limit process is trivial since the same
boundary condition is satisfied by the B, -forest-fire processes for all n. Finally, the
translation-invariance [TRANSL-INV] of the limit process is a consequence of the
rotation-invariance [ROT-INV] of the B, -forest-fire processes for all n. O
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3.2 Some auxiliary lemmas

It thus remains to show that the process (7., Gt,z)t>0,z€ﬁ also a.s. has the properties
[GROWTH] (i) and [DESTRUCTION] (i), (ii) of Definition 1.3. In this section we state
some auxiliary lemmas, which are in a sense weaker versions of these properties.

We first introduce some further notation: For 0 < s <t, z € Hand n € N, let

Gs,t,z = {GSJ < Gt,z}; Gg,t,z = {G?7Z < GZZ}

be the events that the growth of a tree occurs at the site z in the time interval (s, ¢], and
forO0<s<t,zeHandn € N, let

Goe = {Gu 2 < Goo},  Gl,i= {60 <Gi)

be the events that the growth of a tree occurs at the site z in the time interval s, ¢].
Moreover, if X 5> x — f, € U is any function from a set X to a set U, then for X’ C X,
u € U we abbreviate the expression Vo € X' : f, = u by fx/ = u. Finally, if A, B are two
events, we will denote the complement of A by CA, and (in slight abuse of notation) we
will write {A, B} instead of AN B.

Lemma 3.5 is a weaker version of [GROWTH] (i):

Lemma 3.5. Suppose that w, z € H are neighbouring sites. Then
P [Ht >0 =1,Gi= 1202 = 0} =0

holds; in other words: A.s. if there is the growth of a tree at the site z at some time t and
a neighbouring site w is occupied at time t, then the site z is also occupied at time t.

Proof. Let w,z € H be neighbouring sites. Since (G}.,)i>0 and (Gy,.)i>0 are indepen-
dent Poisson processes (see Lemma 3.4), a.s. they do not have jumps at the same
time. Using this and the fact that Poisson process paths are a.s. piecewise constant
and cadlag, we obtain

a.s.

{Elt >0: Maw = LGt*,t,zant,z = 0} - {Elt >0: [:Gt*,t,want,w = 17Gt*,t,za77t,z = 0}
a.s.
- {30 <s<t: CGs,t,wvnt,w = 17Gt*,t,z777t,z = 0}
a.s.
C {30 <s<t: CGs,t,w7nt,w = 1aGs,t,z777t,z = O} .

Now for all sufficiently large n (such that w, z € B,) and arbitrary 0 < s < ¢, it is easy
to deduce from [GROWTH] and [DESTRUCTION] in Definition 1.1 that B,,-forest-fire
processes satisfy

P[CGY, 0w =1,Gy, ... =0 =0.
The result therefore follows from Lemma 3.3. O
Lemmas 3.6 and 3.7 are about the destruction of occupied clusters:
Lemma 3.6. For all w,z € H we have
PEH0<s<t:weCsuymw=0,m.=10G.] =0;

in other words: A.s. if a site w was occupied at some time s but is vacant at some later
time t > s, then any other site z which was in the cluster of w at time s must be vacant
at time t unless there is the growth of a tree at that site in the time interval (s, t].

EJP 19 (2014), paper 8. ejp.ejpecp.org
Page 9/27


http://dx.doi.org/10.1214/EJP.v19-2625
http://ejp.ejpecp.org/

A forest-fire model on the upper half-plane

Proof. This is a consequence of Lemma 3.3 above and is proved analogously to Lemma
12 in [7]. O
Lemma 3.7 is the first half of [DESTRUCTIONT] (i) in Definition 1.3:
Lemma 3.7. For all x € O0H we have
P [Ht >0:Gy- 40, 3WEC gii My = 1] =0;

in other words: A.s. if the cluster at x + i grows to the boundary 0H at some time t, it is
destroyed at time t.

Proof. Let x € OH. For 2 € H, let C?n denote the (countable) set of all finite connected
subsets of H which contain the site z. Due to the equality

{Ht >0: Gt*,t,rm Jw € Ct:z+z‘ FMtw = 1}
= U U {Ht >0: Gt*,t,mnt*,S =Lnw = 1}

Secfiiy weS

it suffices to show that for all S Cg‘ﬁzy andw e S

P [EIt >0: Gt—7t}1777t—,5’ = 1777t,w = 1] =0

holds. Solet S € C’fc‘izy and w € S be fixed. Since (G )i>0 and (G )i>0 are indepen-

dent Poisson processes (see Lemma 3.4), a.s. they do not have jumps at the same time.
Using this and the fact that the paths of the limit process are a.s. piecewise constant
and cadlag, we obtain
a.s.
{Ht >0: Gt*,t,zvnt*,s = 1777t,'w = 1} C {30 <s<t: Gs,t,xans,S = 1a7]t,w = 178Gs,t,w} .

Now for all sufficiently large n (such that {z} US C B,) and arbitrary 0 < s < ¢, it is
easy to deduce from [GROWTH] and [DESTRUCTION] in Definition 1.1 that B,,-forest-
fire processes satisfy

P [G:l,t,z7n?,s = 15 ngw = 17 B Gy

s,t,w

| =o.

The result therefore follows from Lemma 3.3. O

3.3 A Markov-type property of the limit process

Let (F:)i>0 be the completion of the canonical filtration of the limit process
(Me,z, Gtxz>t20,z€ﬁ’ i.e. F; is the completion of the o-field

0 ((Ms,2,Gs,2) 1 0< s < t,z € H)

generated up to time ¢ > 0. As is customary, if 7" is a stopping time with respect to
(Fi)i>0, we define the o-field up to time T by

Fr={AeA:(Vt>0: An{T <t} e F)},

where A is the full o-field introduced in the paragraph below Lemma 3.2. Then the limit
process satisfies the following Markov-type property:

Lemma 3.8. Let T be a stopping time with respect to (F;);>o. Then for all A € Fr
P (Gre,z — GT,z)tZO,zeﬁ €. T< oo,A} =P {(Gt,Z)tzo@eﬁ € } P [T < o0, 4]

holds; in other words: On the event {T < oo}, the increments (G711, — Gr..)i>0, 2 € H,
of the Poisson processes after time T are independent of the o-field Fr and are again
independent Poisson processes.

Proof. This is proved analogously to Lemma 19 in [7]. O
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3.4 Non-existence of infinite clusters

The aim of this section is to prove Lemma 3.12, which states that a.s. there do not
exist infinite clusters in the process (7:,2),~¢ ,cm-

Lemma 3.9. Forallt >0, z € I and R € IN we have
P [|{'IU S Ct,z cImw = R}I = OO] — O;

in other words: For any fixed time t there a.s. does not exist a cluster which contains
infinitely many sites with the same distance R from 0H.

Intuitively, the reason why Lemma 3.9 should hold is the following: Suppose that the
cluster C; . contains infinitely many sites w with distance Imw = R from 0H. Lemma 3.6
and the fact that the paths of the limit process are a.s. piecewise constant and cadlag
imply that a.s. the cluster C; . persists during time [t,t + €] for some ¢ > 0. However,
for any € > 0 there a.s. is a growth sequence within [¢,¢ + €] from one of the sites w
with Imw = R downto the boundary 0H, which causes the cluster at z to be destroyed
before time t + ¢ - a contradiction. We now make this argument rigorous.

Proof. Lett >0, 2 € Hand R € IN. We abbreviate
Et7z = {‘{w S Ct’z cImw = R}| = oo} .

On the event F; ., let (Wj)rez be a disjoint enumeration of the sites w € C,, with
Imw = R. Moreover, forw € Hand s > 0, v > 0 let

V-GROWTH-SEQ(w, 5,7) := {v]' e{l,....Imw}: G, %Sﬂji-w_jz}

denote the event that there is a vertical growth sequence from the site w — ¢ to the
boundary 0H between times s and s + v (with the jth growth event between times
s+ ﬂ;i,y and s + 7y forj =1,...,Imw).

Since the paths of the limit process are a.s. piecewise constant and cadlag, we have

a.s.
E;. C {Et,z7 Je € QN (0,00) : Nt p4e),z = 1, C Gt,t+e,z} .
It therefore suffices to show
P [Et,zvn[t,t+e],z = 178Gt7t+672} =0 (3.1)

for arbitrary € > 0.

So pick € > 0. Lemma 3.8 implies that conditional on E, , (we can assume P[E, .| > 0
without loss of generality), the events V-GROWTH-SEQ(W},t,€), k € Z, are indepen-
dent with

P [V-GROWTH-SEQ(W, t,¢)| E; ] = P [V-GROWTH-SEQ(:iR, 0,¢€)] > 0
for all k € Z. We therefore conclude from the Borel-Cantelli lemma that
E,. € {E,.,V-GROWTH-SEQ(W,t, ¢) for infinitely many k} (3.2)

holds.

For the moment, let k& € Z be fixed. Considering the first R — 1 growth events (in H)
of the event V-GROWTH-SEQ(Wj, t, ¢) and applying Lemmas 3.5 and 3.6 repeatedly,
we see that

{Et,zv Mt,t+el,z = 1, C Gt,t-i—e,za V'GROWTH_SEQ(ka t, 6)}
s. -1
e {Et,z,vs e+ Bt i w— (R—1)ie c} (3.3)

R —_—
=Re Wi +1
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However, considering the last growth event (in OH) of the event
V-GROWTH-SEQ(Wy, t, ¢) and using (3.3) and Lemma 3.7, it follows that

{Et,z, n[t,t+e],z = 1, C Gt,t+e,z, ‘/—G‘rl%OVVrI‘I'I—SE(Q(VVk7 t, 6)}
(3.4)

a.s

.C. {Etyz,ﬂs S [t+

€,t+ € :nS,Z:O}.

Since the condition 3s € [t + %e,t + €] : ns. = 0 on the right side of (3.4) contradicts
the condition 7} 1, = 1 on its left side, we conclude that

P [Ei .0t i+e,> = 1,CGiipe,z, V-GROWTH-SEQ(Wy, t,€)] =0 (3.5)

for all k € Z.
Equation (3.1) is now a direct consequence of (3.2) and (3.5). O

Definition 3.10. Fort > 0 let N; € Ny U {oo} denote the number of infinite clusters in
the configuration (1;,.), .-
Lemma 3.11. For allt > 0 we have P [N, = 0] = 1; in other words: For any fixed time t
there a.s. does not exist an infinite cluster in the configuration (1;,.),cp-

Intuitively, the reason why Lemma 3.11 should hold is the following: Due to the
translation-invariance [TRANSL-INV] of the limit process we expect N; € {0,1, 00} a.s.
If N, = 1, then the translation-invariance implies that a.s. there exists R € IN such
that there are infinitely many sites w with Imw = R in the unique infinite cluster at
time ¢, but this is ruled out by Lemma 3.9. On the other hand, if N; = oo, then the
translation-invariance implies that a.s. there exists R € IN such that there are infinitely
many infinite clusters with distance R from 0H at time ¢. But due to the translation-
invariance and the limited amount of space these clusters must be very close to one
another. Using this observation and the fact that the paths of the limit process are a.s.
piecewise constant and cadlag, we find that a.s. there exists ¢ > 0 such that by time
t + ¢, the above-mentioned clusters have grown together to form one infinite cluster
containing infinitely many sites with distance R from 0H. Yet once more, this is ruled
out by Lemma 3.9. It should be noted that the classical Burton-Keane argument to rule
out the case N; = oo cannot be applied here because we work on the half-plane H
and not on 72, and because the translation-invariance [TRANSL-INV] only holds in the
z-direction. We now make the above heuristics rigorous.

Proof. Lett > 0. In the following, for a subset S C H we write
dist(S,0H) := min {Imw : w € S}

for its vertical distance from 0H. Let us call a site z € H the rightmost lowest point of
its cluster C; . (hereinafter abbreviated by z = RLP(C, ,)) if

* Im z is minimal in C, ,, i.e. Im z = dist(C} ., 0H), and

* Rezis maximal among all w € C; , with Imw = dist(C; ., 0H).

Lemma 3.9 implies that a.s. every non-empty cluster in the configuration (Wtﬁz)zeﬁ has
a rightmost lowest point, so that
a.s. .
{Nt Z 1} C {HCC € Z 3y c ]N T+ 1Yy = RLP(Cf,T_Hy), |Ot,.’t+iy| = OO} .
Let y € N be fixed, and set
At,z = {l’ -+ Zy = RLP(Ct’I_A,.iy), |Ct,m+iy| = OO}
EJP 19 (2014), paper 8. ejp.ejpecp.org
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_@_

Figure 2: A visualisation of the event A, , and the associated random variables R?)I,
Dy,

for all z € Z. Due to the translation-invariance [TRANSL-INV] of the limit process we
have P[4, ;] = P[A, ] for all z € Z, and it thus suffices to prove P[4, ] = 0.

Step 1: Using the translation-invariance [TRANSL-INV] of the limit process again,
we see that for all z € Z

Ay Yl {A;,, for infinitely many u € Ny} (3.6)

holds by the Poincaré recurrence theorem (see e.g. [15], Section V.1, Theorem 1). Since
the rightmost lowest point of a cluster is unique (if it exists), (3.6) in particular implies
that on the event A; ,, there a.s. exist infinitely many infinite clusters at time ¢ which
are to the right of the cluster C, ,;, and have vertical distance y from JH. For x € Z
and integer i > y, on the event 4, ,, let

Rﬁx =max{r € Z:r+ih € C gyiy} +ih
be the rightmost point of the cluster C; ., at height h, and let

D}, :=min {d €W : [Cypr il = 00,dist(Cy gy g, 0H) = y}

be the horizontal distance from Ri‘,z to the “next” infinite cluster with vertical distance
y from OH. On the event 4, ,, Rﬁm and DZI are a.s. well-defined because obviously

Apw CH{AVh > yIr € Zir +ih € Cropiy}

holds, and because of Lemma 3.9 and the observation below equation (3.6). See Fig-
ure 2 for a visualisation of the event A, , and the associated random variables Ri’x D{L,I.
The aim of Step 1 is to prove that

A, € {At,x,hhm inf D' < oo} (3.7)
L —> 00 ’
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holds for all x € Z.
Suppose that (3.7) is not true. Then there exist sequences (cp)n>, and (dp)n>y Of
natural numbers with d;, 1 oo as h — oo such that the events

By :={At,Vh >y |[ReRl, — x| < e, DP, > dy)

have positive probability for all z € Z. (Of course, the translation-invariance [TRANSL-
INV] of the limit process implies P[B; ;] = P[B, | for all « € Z.) From the translation-
invariance [TRANSL-INV] of the limit process and the Birkhoff ergodic theorem (see
e.g. [15], Section V.3, Theorem 1) we thus deduce that there exists 5 > 0 such that

P

n—1
Z 1p,, > Bn eventually as n — oo] > 0.
=0

On the event {ZZ;& 1p,, > Bn eventually as n — oo}, for large n the sites

iy,1 +iy,...,(n — 1) 4+ iy are part of at least [Sn] different infinite clusters for which
the following holds: For h > y their rightmost points at height h are all contained in
the interval [—cp, (n — 1) + ¢p] + ih and have at least horizontal distance dj, from one
another. Hence the horizontal distance between the right-most points at height h
of the first and the [On]th cluster is less than n + 2¢; but greater than or equal to
([Bn] — 1)d},. In particular, it holds that

Bl =1 <14 2on,
n n
Letting n — oo, we obtain 8d; < 1 for all h > y. But since 8 > 0, this contradicts the
condition that dj, 1 oo for h — co. We have thus proven (3.7).
Step 2: We now prove P[4, o] = 0. Let ¢ > 0 be arbitrary; since the paths of the limit
process are a.s. piecewise constant and cadlag, it suffices to show

P [At,Oa n[t,t+e],iy = 17 [: Gt,t—i—s,iy] =0.
In fact, we will prove
a.s.
{Av0, Mt 14a,iy = 1,CGriteiy} C {{w € Cryeiy : Imw = y}| = oo}, (3.8)

and the latter is a null set by Lemma 3.9. Let K € N be arbitrary; the inclusion (3.8)
then follows if we can show

{ A0, Mt 44e)iy = 1.CGriteiy} i {Hw € Ciyeiy : Imw = y}| > K} . (3.9)
On the event A, o, we recursively define
X1:=0, Z1 :=1y
and for k > 2
X := min {x > Xp_1:1a,, = 1}, Zy, = Xg + 1y,

which is a.s. well-defined by (3.6). Informally speaking, for k¥ € N, C, z, is “the kth
infinite cluster with distance y from 0H”, where we count clusters from left to right,
starting with the cluster at iy. Since the paths of the limit process are a.s. piecewise
constant and cadlag, and because of (3.7), we have

a.s. ~
At70 C {At70,3€ € Q n (0,6),3(1 S ]NVk S {1, .. ,K} . 77[t,t+€],Zk+1 = 17EGt,t+€,Zk.+1a

liminf D", <db.
imint D, <4
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Solet 0 < € < e and d € IN be arbitrary. For the proof of (3.9) it then suffices to show

{At,Oa Nt t+el,iy = 1, C Gt,t+67iy7v]€ € {L ceey K} Mt t4E), Zepr — L, C Gt,t+€,2k+1a
(3.10)
L. h a.s.
hhmmet,Xk < d} C {{w € Ciye,iy : Imw =y}| > K}.

— 00 .

During the next two paragraphs, let £ € {1,...,K} be fixed. On the event

{At,o, hhn_1> i£f D} . < d ¢, we recursively define

. h
Hy 1= mln{h >y Dth < d}
and for ! > 2
Hk:,l = min{h > Hk,lfl : D,{L,Xk < d} .
(This is well-defined since Dﬁ X is integer-valued.) Then for [ € NN, Rf ;}; is the “Ith
rightmost point of the cluster C; 7, whose horizontal distance to the cluster C; 7, ,, is
less than or equal to d”, where we count these points from bottom to top. Moreover, for
weMH, celNand s >0, v >0 let
H-GROWTH-SEQ(w, ¢, 5, 7) := {Vj ef{l,...,¢c}: GH%%H%W“}

denote the event that there is a horizontal growth sequence from the site w + 1 to the
site w + ¢ between times s and s + v (with the jth growth event between times s + %’y
and s+ Zyforj=1,...,¢).

Lemma 3.8 implies that conditional on A, ¢ (we can assume P[4, o] > 0 without loss

of generality), the events H—GROWTH—SEQ(Rf X,:dt,€), 1 € N, are independent with

P [H-GROWTH-SEQ(RS;;;,d, ¢, g)’ Aw} — P [H-GROWTH-SEQ(i, d,0,8)] > 0

for all [ € IN. We therefore conclude from the Borel-Cantelli lemma that

Ao € {At,o, H-GROWTH-SEQ(R/"%!, d, t,¢) for infinitely many z} (3.11)
holds.
But for any fixed numbers [1,...,lx € IN repeated applications of Lemmas 3.5 and
3.6 yield

{At,Oan[t,t—Q—e],iy = 1aEGt,t+e,¢y7W€ € {1» ceey K} SNt t4-€), Zps1 = 1aEGt,t+€,Zk+17

liminf D} x, < d, H-GROWTH-SEQ(R; +'*, d, 1, e)}

—00 ’ ’
s K+1 (3.12)
C {At,OaCt+e,iy > U Ct,Zk}

k=1
a.CS. {{w e Cigeiy : Imw = y > K +1}.

Equation (3.10) is now a direct consequence of (3.11) and (3.12). O

Lemma 3.12. We have P [Vt > 0: N, = 0] = 1; in other words: A.s. there does not exist
an infinite cluster in the configuration (1 .), i for any time t > 0.
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Proof. Using the fact that the paths of the limit process are a.s. piecewise constant and
cadlag, and then applying Lemma 3.6, we obtain

a.s.

{E't >0:N; > 1} C {E't >0dzeHde > 0: |Ct,z| = 00, N[t,t+e],z2 = laEGt,t-l—e,z}
a.CS. {Elt > 0dz€Hde>0: |Ct,2| = OO,V’U) € Ct,z : n[t,t-ﬁ-e],w = 1}
C{IteqQi : N >1}.

Since the set Q(J{ is countable, the last event is a null set by Lemma 3.11. O

3.5 Infinite clusters in the left-sided limit

The aim of this section is to prove Lemma 3.18, which states that a.s. clusters in the
process (7:,z);~ .. are destroyed if they are about to become infinite. We start with
the following weaker version of this statement:

Lemma 3.13. For all z € H we have
P[3t>0:|C- .| =00,0G¢.om.=1] =0;

in other words: A.s. if the left-sided limit of the cluster at z is infinite at some time t,
then the site z gets destroyed at time t unless there is the growth of a tree at z at time t.

Proof. Let z € H. Since a.s. \Ct,z| < 00 holds for any time ¢t > 0 (Lemma 3.12) and since
the paths of the limit process are a.s. piecewise constant and cadlag, it follows that

{Ht >0:|C- | = Ooz[:Gt*,t,zvnt,z = 1}
a.s.
C {Elt >0: |Ct—,z‘ = OO,[:Gt—7t,Z77’]t7Z = 1,3’[1) S Ct—,z CMtaw = 0}
a.s.
C {30 S s<t: EGs,t,zant,z = 1,310 € 0572 Ptw = O} .
But the latter is a null set by Lemma 3.6. O
Lemma 3.14. (i) For all z € H we have
P[I0<s<t:]|Cs- .| =00,|C- .| =00,0G4-,.] =0; (3.13)

in other words: A.s. if the left-sided limit of the cluster at z is infinite at some
time s, the left-sided limit of the cluster cannot be infinite at some later time t > s
unless there is the growth of a tree at z in the time interval [s, t].

(i) For all z € H the set {t > 0: |Cy- ,| = 0o} of times at which the left-sided limit of
the cluster at z is infinite a.s. has no accumulation points.

Proof. Let z € H. Lemma 3.13 and the property [GROWTH] (ii) of the limit process (see
Lemma 3.4) imply

{EIO <s<t: ‘Cs_,z| = 00, |Ct_,z| = OO7CGS_,t,Z}
a.s.
C {ElO <s<t:ins.=0,0Gss., |Cy- .| = oo}
a.s.
C{I0<s<t:ngy.=0,]C .| =00}.

But since the conditions 7, 4. = 0 and |C;- .| = oo in the last event obviously contradict
each other, we conclude that (3.13) holds indeed.

It now follows from (3.13) that a.s. if the set {t >0: |C’t_7z\ = oo} has an accumula-
tion point, then the set {t >0: Gt:t,z} of times at which a tree grows at the site z also
has an accumulation point. But since (G .);>o is a Poisson process, this happens with
probability zero. O
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For z € H, we recursively define Ty , := 0 and for k € IN
Ty, » := inf {t > T,z |C- o] = oo} € (0, 00].
Lemma 3.14 (ii) implies that a.s. the inclusion
{t>0:]C)- .| =00} C{Tk,. : k € N} (3.14)

holds. This allows us to treat the issue of infinite left-sided clusters at z by considering
the countable sequence of random times 7} ., £ € IN. In fact, these random times are
predictable stopping times with respect to the filtration (F;);>o introduced in Section
3.3, where predictability is defined as follows:

Definition 3.15. A stopping time T with respect to (F;);>o is called predictable if
there exists an increasing sequence (T),)nen Of stopping times with respect to (F;)i>o
which a.s. satisfy T,, 1T forn — oo and T,, < T for alln € IN. In this case, the sequence
(T)nen is said to announce the stopping time T.

Lemma 3.16. Forall z € H and k € N, T}, , is a predictable stopping time with respect
to (F¢)e>o0-

Proof. Let z € I and k¥ € IN. Then T} , is obviously a stopping time with respect to
(Ft)i>0. We now prove that T}, , is announced by the sequence

Tiem =Inf {t > Tj_1,:|Ci.| > n} An, n € IN.

Clearly, for each n € N, T} ., is a stopping time with respect to (F;);>0, which a.s.
satisfies T}, . ,, < Tj . and Ty, ; p, < Tk .. nt1. Consequently, the limit 7}, . 1= limy, 00 Tk 2

exists a.s. and satisfies T}, , < T} , a.s. From the latter we deduce that
Tk’z =T}, . a.s. on the event {Tk’z = oo}

holds. On the other hand, the definition of T}, . ,, and the fact that the paths of the limit
process are a.s. piecewise constant and cadlag imply that for all n € IN

{Tk,z < OO}
a.s. ~ ~ ~
C {T;W < 00,35 €[0,T)z) : |Cs 2| > 1,V € [5,Th ) Vw € Hp(2) : M = nsm,}
holds, where H,,(z) := z + [-n,n]*> N H. Since n is arbitrary, this yields
{Th: <00} € {Ths < 00,Cp- | =00} (3.15)

Moreover, since a.s. no two growth events occur at the same time, Lemma 3.13 in
particular shows that on the event {Tk,z < oo}, we a.s. have \Ckal,z.,z| < 1 and hence

T;m > Ty_1,.. We can therefore conclude from (3.15) that
TN;M =T}, a.s. on the event {TNW < oo}
holds, which completes the proof of the lemma. O
The Markov-type property stated in Lemma 3.8 now implies the following:

Lemma 3.17. (i) Let T be a predictable stopping time with respect to (F,);>o. Then
for all z € H we have

P [T < o00,Gr- 7] = 0. (3.16)
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(ii) For any w € H, »z € H it holds that
P [Et > O . |C’t*,w| = OO?Gt’,t,Z] = 0

Proof. Part (i): Let T be a predictable stopping time which is announced by some se-
quence (T},),en of stopping times. Let z € H. Pick ¢ > 0 arbitrary. Then the definition
of predictability yields

P [T < OO7GT_,T7Z] m P [T < OO,T - Tn < €7GT_,T7Z] .

=1
n—oo
Fixing n € IN, we obtain
P [T < oo, T—1T, <, GTf,Tyz] <P[T <00, T—T, <¢€,Gr, 1, +e,:]
S P [GTann"FQZ]
= P [GO,e,z] = 1 — 676,
where we used Lemma 3.8 for the penultimate equality. It thus follows that
P [T < 00, GT*,T,Z] S 1—e"".
Since € > 0 is arbitrary, this proves equation (3.16).
Part (ii): Let w € H, z € H. Equation (3.14) implies
a.s.
{3 0:1C ] =00,Gi- v} € {BREN: Ty <00, Gy}

But the latter is a null set by part (i) because T}, ,, is a predictable stopping time for all
k € N by Lemma 3.16. O

We have thus proved that the limit process a.s. satisfies the second half of [DE-
STRUCTION] (i) in Definition 1.3:

Lemma 3.18. For all z € H we have
P 3> 0:(Cr o =00, —1] =0;

in other words: A.s. if the left-sided limit of the cluster at z is infinite at some time t,
the site z becomes vacant at time t.

Proof. This is an immediate consequence of Lemma 3.13 and Lemma 3.17 (ii). O

3.6 Completion of the proof of Theorem 1.2

We next prove that the limit process (7, Gt7z)t>0 LcH a-S- satisfies [DESTRUCTION]
(ii) in Definition 1.3:

Lemma 3.19. For all z € H we have
P [Et > 0 . 'I/]t—7z > 'I’]t’z, |Ct772| < OO,VU/ € actiz M 8]H . EGt’,t,u] = 0,’

in other words: A.s. if the site z becomes vacant at some time t and its cluster was not
about to become infinite at time t, its cluster must have grown to the boundary at time t.

Proof. The following argument is similar to the proof of Lemma 23 in [7]. Let z € H.
As in Lemma 3.7, let Cﬁn denote the (countable) set of all finite connected subsets of H
which contain the site z. Then the relation

{3t>0:m- . >m.,|C .| <oo,Vu€IC,- ,NOH:CGy- 4, }
= |J Bt>0n-.>meCr . =S VuecdSNOH:CGy- )}
SecCfin

C U {3t>0:Ds;.}
SeCtin
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holds, where we abbreviate
Dgy . = {Ur,z > Ny, Yw € 08 iy 4, =0,Yu € 0SNOH : BGt*,t,u} .

So let S € Cfin; it then suffices to show P [3t > 0: Dg, .] = 0. We distinguish whether
or not at time ¢ there is the growth of a tree at some site in 95 N H and thus obtain

{Ht >0: DS,t,z} = A57z U Bg,.
with

As . = {Ht >0:Dgy.,YvedSNH: UGt77t,U} s
BS,Z = {Elt >0: DS,I‘/,27E|/U S 35 NH: Gt*,t,v} .

We first consider the event Ag .: Since the paths of the limit process are a.s. piece-
wise constant and cadlag, and since the set 05 is finite, it follows that

a.s.
As. C {EIO <s<tins, >Ny, VwE DS sy = O,UGS_,tyw} .

Now for all sufficiently large n (such that S U0S C B,,, where the boundary 05 is taken
in ) and arbitrary 0 < s < t, it is easy to deduce from [GROWTH] and [DESTRUCTION]
in Definition 1.1 that B, -forest-fire processes satisfy

Py, >nt.,YwedS:n},=0C0G,, ] =0

s,t,w
Hence Lemma 3.3 yields P[Ag ,] = 0.
We now consider the event Bg ,: Resorting to Lemma 3.17 (ii), we obtain
Bg . & {Ht >0:Dgy.,wecdSNH: G-y, Ve el |Cp- 4| < oo}
c {Ht >0:Dsy.,F0€dSNH: Gy, 38" € CE 8" = SUw}U | Ct,t}

zed{v}
- U {3t>0:7’]t77z >nt’Z,Vw€aSI Z’r]tf’w :O,EI’UESI :Gt*,t,v}
S/Gcgn
a.s. / ’
C U {Ht >0:m- 5 >0, Vw €08 - 4, = OvﬂGt*,t,w Jves: Gt*,t,v}
S/ecgin
- U AS’,ZI
S/Gcgn

where in the penultimate step we used that a.s. no two growth events occur at the same
time. So the above implies P[Bg ] = 0. O

Finally, we show that the limit process also a.s. satisfies [GROWTH] (i) in Defini-
tion 1.3:

Lemma 3.20. For all z € H we have
P[3t>0:Gy4m.=0]=0;

in other words: A.s. if a tree grows at the site z at some time t, then the site z is occupied
at time t.
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Proof. The argument to come is similar to the proof of Lemma 24 in [7]. Let z € H.
Then the following inclusions hold:

{EHZ >0: Gt—j,zant,z = 0}
a.Cs. {Ht >0: Gf,*,t,zant,z = O’Vw S H\ {Z} : CGt*,t,un ‘Ct*,w

< oo}
a'CS' {Elt >0: Gyt oM =0,Yw € 0{z} : - 4y = nt71,,,EGt7’t’w}
a.s.

C{30<s<t:Gyapzm,=0,Yw €z} : s = Mw,CGspw}-

Indeed, the first inclusion follows from Lemma 3.17 (ii) and the fact that a.s. no two
growth events occur at the same time, the second inclusion is a consequence of the
properties [GROWTH] (ii) and [DESTRUCTION] (ii) in Definition 1.3 (which have al-
ready been proved for the limit process in Lemmas 3.4 and 3.19), and the third inclu-
sion is due to the fact that the paths of the limit process are a.s. piecewise constant
and cadlag. (The case w € OH in these events is somewhat separate but trivial due
to the zero boundary condition proved in Lemma 3.4.) Now for all sufficiently large
n (such that {z} Ud{z} C B,, where the boundary d{z} is taken in H) and arbitrary
0 < s < t, it is easy to deduce from [GROWTH] and [DESTRUCTION] in Definition 1.1
that B, -forest-fire processes satisfy

P [G;’;t)z,nt’fz =0,Yw € d{z}: New = ngw,Eth}w] =0.
The result therefore follows from Lemma 3.3. O

Lemmas 3.1, 3.2, 3.4, 3.7, 3.18, 3.19 and 3.20 combined thus provide the proof of
Theorem 1.2.

4 Proof of Theorem 1.5

Throughout this section, let (1 ., Gt,z)t>0,z6ﬁ be an H-forest-fire process (see Defi-
nition 1.3), let (0.),5( . Pe the associated pure growth process defined by equation
(1.1), and let (Y7 )¢>0,zcom be the heights of destruction of the process (7;,., Gt,z)t>o,zeﬁ
(see Definition 1.4). As we already noted in Section 1, for fixed ¢ > 0 the distribution
of o, := (Ut7z)zeﬁ is independent site percolation on H, where each site is open with
probability 1 — e,

In the following, it will also be convenient to consider independent site percolation
on the whole lattice Z?. So for ¢ > 0, let & := (&..).cz2 be distributed according to
independent site percolation on Z?, where each site is open with probability 1 —e~*. We
realize both (1; ., G4.2),~( .ci @and &, t > 0, on a probability space (2, A, P).

A key concept for the treatment of site percolation on the square lattice Z2 is the
so-called matching lattice Z2*, which is obtained from the square lattice Z? by adding
diagonal edges to all faces in Z2. In this way, certain statements about open sites on the
square lattice Z? can be reformulated as statements about closed sites on the matching
lattice Z2*; see [11], Section 3.1, for more details. We therefore extend our terminology
as follows: Let W be a subset of Z? and let o := (v )wew € {0,1}" be any configuration
on W. Let Z2|,1 denote the subgraph of the square lattice Z? induced by the vertex set
{w € W : o, = 1}. Then by a 1-path in the configuration « we simply mean any path on
the graph 72|, ;. Similarly, let Z*|, o denote the subgraph of the matching lattice Z**
induced by the vertex set {w € W : a,, = 0}. Then a Ox-path in the configuration « is
simply any path on the graph Z%*|, 0.

For w € Z? and n € IN, let

B, (w) :=w+[-n,n>NZ>={z € Z*: |Re(z — w)| < n,|Im(z — w)| < n} 4.1)
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denote the box with centre w and radius n, and let

Sp(w) :={z € Z* : |Re(z — w)| = n, |Im(z — w)| < n}
U{z€Z®:|Re(z —w)| < n,|Im(z — w)| = n}

denote the inner boundary of that box. For later reference we also define the left side
L,(w) :={z € Z* : Re(z — w) = —n, |Im(z — w)| < n} (4.2)
and the right side
R, (w) :={z € Z* : Re(z — w) = n, |Im(z — w)| < n} (4.3)

of the box B, (w).
We will need the following two well-known results from percolation theory:

Correlation length. For all ¢ > ¢, the “inverse correlation length”

. logP [¢ contains a 0x-path from 0 to S, (0)]
c(t) := lim

n—oo —n

is well-defined, and there exist universal constants p, o > 0 such that
pnfle*“’(t)" < P [£; contains a 0x-path from 0 to S,,(0)] < one—c®n (4.4)

holds for all ¢ > . and all n € IN (see [11], Section 6.1, for instance?). We will only use
the left inequality in (4.4).

Percolation on subsets of the half-plane. Lett > t.. Define the bijective function
ht : e, 00) — [%,oo) by

1
hi(y) == 0 (logy +3loglogy), y>e, (4.5)

and let g, : [ﬁ, o0) — [e, 00) be its inverse function. Extend g; continuously to [0, c0) by
setting

1
gi():=e, 0<z<—.

c(t)

(The specific way of the extension is immaterial.) Then
P [(Ut,x-l-iy)wzmyzgt(w) contains an infinite cluster} =1 (4.6)

holds; in other words: A.s. the restriction of o, to the area {a: +iyeH:2>0,y > gt(x)}
(endowed with the edges inherited from H) contains an infinite cluster. A more detailed
account of this topic can be found in [11], Section 11.5, or in the original papers [10],
[51°.

“4In this reference the statement is proved for independent bond percolation on Z2 but the proof is identical
for independent site percolation on Z?2.

5Again, in these references the statement is proved for independent bond percolation on Z? but the proof
carries over to independent site percolation on Z?2 when duality of lattices is replaced by matching of lattices.
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Remark 4.1. A closer look shows that the core of the proof of Theorem 1.5 only relies
on the following weaker versions of equations (4.4) and (4.6): For allt > t. there exists
a(t) > 0 such that for alln € IN

P [¢, contains a 0x-path from 0 to S,,(0)] > e~®)"
holds and there exists b(t) > 0 such that
P [(0t,0+iy)a>0.y>evv= CONtains an infinite cluster] = 1

holds. However, if we used only these equations, the statements of some of the lemmas
to come would have to be weakened accordingly, e.g. the width of the semi-infinite tube
in Lemma 4.3 would then also depend on t.

As a direct consequence of (4.6), we deduce the following lemma:

Lemma 4.2. Fort > t. define the function f; : (0,00) — (0,00) by

fi(z) == Wz 2>,

Then for allt > t. we have
P Y., > fi(x) for infinitely many z € IN] = 1. 4.7)

Proof. Lett > t.. From equations (1.3) and (4.6), together with the fact that the config-
uration (7 .),cp @.s. does not contain an infinite cluster, we conclude

P [Y: . > gi(x) for infinitely many z € IN] = 1.
It is therefore enough to show that g:(z) > f:(«) holds for all sufficiently large = € IN.
Indeed, the definition of g; (below (4.5)) yields
1
c(t) c(t

and applying f; on both sides of this equation gives

( log g:() ) @), z> L
log :() + 3loglog g, (x) ) " = ey

1
z = —— (loggi(x) + 3loglog gs()), x> POk

fi(z) =

Since g;(z) > e for z > ﬁ we have

’

( log g () )3 -1
log g¢(x) + 3loglog g:(x) ) —

which completes the proof. O
The first inequality in (4.4) also implies the following:

Lemma 4.3. Fort >t.andx € N let

P [%x, %z] X [%ft(x),oo) NH

s

be the semi-infinite tube with vertical midline at x, width 2|%| and starting height
[ fi(2)], and let

Diy = [32,22] x {[Lfi(2)]} NH
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Tt,:r
|
fil@) p-——--pz==1
1 BL%J (Zt,x,Kt,:n)
. BL%J (Zt,z,S)
| ——|
€1 BL%J (Zt,z,Q)
| ——|
€1 BL%J (Zt,z,l)
’—%ft(xﬂ |
| |
| |
| |
| |

Figure 3: Partition of the tube T; , into K, , boxes

be its baseline. Additionally, let
PATH-IN-TUBE, , := {3y > f,(z) : 0, contains a 1-path from = + iy to D, , within T . }

be the event that in the configuration o, there exists a site with real part x and imaginary
part at least f;(x) which is connected by a 1-path to the baseline D, , within the tube
T, . Then for allt > t. we have

P [PATH-IN-TUBE, , for infinitely many « € IN] = 0. (4.8)

Proof. Lett > t. and € IN. As depicted in Figure 3, we partition the tube 7} , upto
height f;(x) into disjoint boxes of radius |§| such that adjacent boxes have vertical

distance 1. Let K, , = {w

IESES J be the number of these boxes, and for k €
4
{1, ey Kt,x} let

Zrak =2+ ([3fi(@)] + 2k = D3] + (k= 1))

be the centre of the kth such box. Recalling the notation introduced in equations (4.1),
(4.2) and (4.3), and passing from the lattice 72 to the matching lattice 72*, we obtain

P [PATH-IN-TUBE, ]
<P [Vk‘ €{l,...,K;,}: o, contains no Ox-path from L= (2t.0.k)

t0 Rz (21,0,) Within Bz (20.0.) |

Kt o
= (1 -P [gt contains a 0*-path from L= (0) to R|=(0) within B« (O)D .
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Now an argument similar to the proof of Theorem 11.55 in [11] gives
P [gt contains a O*-path from L= (0) to R| = (0) within Bz (O)}

>P {é} contains a 0+-path from Lz (0) through 0 to R = (0) within B =(0)

Vv

1 2
<4 P [Et contains a 0*-path from 0 to S| = (0)})
1 1 w
> 2 em2e)lF]

16" |12

de()

29(6 6‘”) for x — oo.

Here the second inequality is obtained by an application of the FKG inequality, the third
inequality is a consequence of (4.4), and in the last inequality we use Landau notation.
In addition, it is evident from the definition of K, , that

5¢(t)
szﬂ(e G I) forx — oo

holds. From all this we conclude that P [PATH-IN-TUBE, ,] decays at least exponen-
tially for x — oo, in particular

> P [PATH-IN-TUBE, ,] < oo
x=1

holds. Equation (4.8) therefore follows from the Borel-Cantelli lemma. O

In Lemma 4.2 we saw that for any time ¢ there are a.s. infinitely many x € IN with
Yi. > fi(z). Very roughly speaking, we now want to prove that if V; , > fi(«) holds
for some x € NN, then for all Z of order z the corresponding height of destruction Y; 3
is also of order at least f:(x), i.e. there cannot be “large fluctuations” in the heights of
destruction at time ¢. The precise statement is as follows:

Lemma 4.4. Fort >t.andx € IN let

LARGE-FLUCT; ;. := {Yta: > fi(x),Jz1, 220 € N % <ap <z <z < g%
}/t,a:l < %ft(x)an,wz < %ft(x)}

denote the event that the height of destruction at x up to time t is at least fi(x) but
there exist 3z < 1 < x < x5 < 2 such that the height of destruction at z, and x5 up
to time t is less than %ft (z) (see Figure 4). Then for allt > t. we have

P [LARGE-FLUCT, , for infinitely many x € IN] = 0. (4.9)

Proof. Lett > t. and z € IN. We are going to prove

LARGE-FLUCT,,, ¢ PATH-IN-TUBE,, (4.10)
from which equation (4.9) follows by Lemma 4.3. So assume that the event
LARGE-FLUCT; , occurs. Then by the definition of the height of destruction, there
exist y > fi(x) and 0 < s < ¢ such that

T]s*,a:+iy = 1,773,x+iy =0
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Figure 4: A visualisation of the event LARGE-FLUCT, ,

holds. According to the property [DESTRUCTION] in Definition 1.3, this means that
one of the following two cases occurs:

Case 1: |Cys- ;14| = 00.

Case 2: Cys- ., contains a site in OH + 1.

However, the condition Y;,, < %fi(z),Y;s, < ifi(z) in the event LARGE-FLUCT, ,
implies that all sites of the form x; + iy1,x2 + ty2 with y1,y2 > %ft(at) cannot be part
of Cs- 4y It is easy to see that a.s. in both cases this implies that the configuration
(Ns-,2).cm contains a 1-path which runs from z + iy to the baseline

(z1,22) x {[3fe(2)]} NH
within the half-infinite tube
(z1,m2) X [4 fe(x), 00) NH. (4.11)

(For case 1 observe that a.s. there exists v > y with 7,- ,4,, = 0 for all u € {z,2; +
1,...,x2} so that the cluster C,- ,;, cannot stretch to infinity within the tube (4.11).)
Since the tube (4.11) is a subset of the tube T; , and because of the basic inequality
(1.2), this proves the inclusion (4.10). O

Lemmas 4.2 and 4.4 enable us to prove the following lemma, which is only slightly
weaker than Theorem 1.5:

Lemma 4.5. Forallt > t. we have P [Y; o = oo] = 1.

Proof. Let t > t.. Suppose that the lemma is not true; then there exists y € INg with
P [Y,0 = y] > 0. The translation-invariance of H-forest-fire processes ([TRANSL-INV] in

Definition 1.3) and the Birkhoff ergodic theorem (see e.g. [15], Section V.3, Theorem 1)
imply that the sequence % Z;é 1{y, .=y}, n € N, is a Cauchy sequence a.s. and that

there exists ¢ > 0 such that the event

n
=0

n—1
1
A= { Z ]‘{Yt,w:y} > ¢ eventually as n — oo}
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satisfies P[A] > 0. Consequently, on the event A there a.s. exists nyg € IN such that for
all ni,ng Z o

1 ni—1 1 ngo—1
n ; e ;::o Livia=uy| <3¢ (4.12)
and
ni—1
- D vy > €
JAg ;!
hold.

However, given n on the event A, it follows from Lemmas 4.2 and 4.4 that there a.s
exists n; > max{n, 8} such that for all z € {n,,

holds. With this n; and ny := n; + [+ ] we obtain
1 ’nl*l 1 n271 1 ’ﬂlfl
— SNl o —— S 1y = —
ny ;J (Yio=h} Nng Z Few=hy =

n
o (1)
=0 1 =0

ny+ [
1 1
>e€- 1_%_L Z§€'

ni

which is opposed to (4.12). Hence P[A] > 0 cannot hold - a contradiction.

O
Theorem 1.5 is now an immediate consequence of Lemma 4.5: The translation-
invariance [TRANSL-INV] implies that we only need to consider the case x = 0 in

Theorem 1.5. Since Y o is obviously monotone increasing in ¢, we have

{Mt>t.:Yig=o00}={Vt € (t;,00)NQ:Y; =00}
so that

PVt>t.:Yo=00]=1

(1.2) yield

(4.13)
follows from Lemma 4.5. Moreover, if 0 < ¢t < t. and y € Ny, then the definition of
the height of destruction, the condition [DESTRUCTION] in Definition 1.3 and equation

{Y1,0 >y} C {3v >y : oy contains a 1-path from v to OH} .

As a consequence of the exponential decay of the radius for subcritical independent site
percolation on Z?2, the probability of the latter event decays to zero as y — oo so that

P[Yio=00]= lim P[Y;p>y]=0
y*)OO
holds for 0 <t < t.. Herefrom we readily deduce

P30<t<t,:Y,0=o00=0

(4.14)
by a similar monotonicity argument as above. Equations (4.13) and (4.14) complete the
proof of Theorem 1.5.
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