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Abstract

We introduce a new percolation model on planar lattices. First, impurities (“holes”)
are removed independently from the lattice. On the remaining part, we then consider
site percolation with some parameter p close to the critical value p.. The mentioned
impurities are not only microscopic, but allowed to be mesoscopic (“heavy-tailed”, in
some sense). For technical reasons (the proofs of our results use quite precise bounds
on critical exponents in Bernoulli percolation), our study focuses on the triangular
lattice. We determine explicitly the range of parameters in the distribution of impu-
rities for which the connectivity properties of percolation remain of the same order
as without impurities, for distances below a certain characteristic length. This gener-
alizes a celebrated result by Kesten for classical near-critical percolation (which can
be viewed as critical percolation with single-site impurities). New challenges arise
from the potentially large impurities. This generalization, which is also of indepen-
dent interest, turns out to be crucial to study models of forest fires (or epidemics).
In these models, all vertices are initially vacant, and then become occupied at rate
1. If an occupied vertex is hit by lightning, which occurs at a very small rate ¢, its
entire occupied cluster burns immediately, so that all its vertices become vacant. Our
results for percolation with impurities are instrumental in analyzing the behavior of
these forest fire models near and beyond the critical time (i.e. the time after which,
in a forest without fires, an infinite cluster of trees emerges). In particular, we prove
(so far, for the case when burnt trees do not recover) the existence of a sequence of
“exceptional scales” (functions of ¢). For forests on boxes with such side lengths, the
impact of fires does not vanish in the limit as ¢ N\ 0. This surprising behavior, related
to the non-monotonicity of these processes, was not predicted in the physics literature.
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1 Introduction and main results

Self-organized criticality is a fascinating phenomenon that may be used to explain
the emergence of complex structures in nature, in particular fractal shapes. It refers,
roughly speaking, to the spontaneous approximate arising of a critical regime without
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any fine-tuning of a parameter. Numerous works have been devoted to it, mostly
in statistical physics (see e.g. [4,22,35], and the references therein), but also on the
mathematical side.

In various models where this phenomenon occurs, the (near-) critical regime of
independent percolation seems to play a crucial role, even though this is not obvious
at all from the rules (dynamics) of the process. An example is a model for the displace-
ment of oil by water in a random medium [15,19,48]. Another paradigmatic example,
much less understood than the previous one, is a mathematical model of forest fires,
or, more generally, of excitable media which also include certain epidemics (where
infections from outside the population are rare, but spread out very fast) and neu-
ronal or sensor/communication networks; such models were introduced by Drossel
and Schwabl [16] in 1992. In the present paper we study versions of such processes,
where we focus on a model where burnt trees cannot be “replaced” by new trees (or,
in a sensor/communication network context, each node, i.e. sensor-transmitter in the
network, can only once send a signal to neighboring nodes). We will refer to this
version as “forest fires without recovery”, abbreviated as FFWoR.

Even though forest fire processes attracted a lot of attention, very little is known
about their long-time behavior. They are notoriously difficult to study, due to the exis-
tence of competing effects on the connectivity of the forest: since the rate of lightning
is tiny, large connected components of trees can arise, and when such components
eventually burn, they create lasting “scars” on the lattice which seem to function as
“fire lanes”, hindering the appearance of new large components. It turns out that, apart
from exceptional cases, these scars are essentially only formed near the so-called
critical percolation time. Due to the non-monotonicity, standard tools from statistical
mechanics for models on lattices cannot be used. Hence, new techniques and ideas
are required to understand the effect of large-scale connections, which play a central
role in the spread of fires.

In this work, we obtain a rigorous qualitative description of forest fire processes
near and after the critical percolation time, emphasizing their peculiar behavior and
rich structure (in particular the existence of exceptional scales) as the lightning rate
tends to 0. As we explain later in this Introduction, this relies on very accurate results
for critical and near-critical percolation in two dimensions, provided by the works of
Kesten [26], Lawler, Schramm and Werner [29,30], and Smirnov [43], in particular the
exact values of critical exponents [31,44]. For instance, to analyze the combined effect
of burnt regions when the process approaches the critical time, we use the inequality
ar > a4 — 1 for the so-called two-arm and four-arm exponents (see Sect. 1.3.2).

1.1 Frozen percolation and forest fire processes

We now describe in more detail the processes studied in, or relevant for, this paper:
Bernoulli percolation, frozen percolation, and, one of the two main topics in this work,
forest fire processes (the other one being percolation with “heavy-tailed” impurities
as will be explained later).

First, for the study of forest fire models, it appears to be very convenient to compare
(couple) them with the classical percolation model, introduced by Broadbent and
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Hammersley [13] in 1957. More precisely, we consider Bernoulli site percolation
with parameter p € [0, 1] on a connected, countably infinite, graph G = (V, E). In
this model, each vertex v € V is occupied (or open, denoted by 1), with probability p,
and vacant (or closed, denoted by 0), with probability 1 — p, independently of the other
vertices. There is a critical value p. = piite(G) € [0, 1] for the parameter p, below
which (almost surely) all occupied clusters are finite, and above which there may be
an infinite occupied cluster. This model and variations, such as bond percolation, have
been widely studied (see for instance [20,47]), especially on “nice” planar lattices like
the square and the triangular lattices, and on the hypercubic lattices 74, d > 3, with
nearest-neighbor edges.

We now turn to the “non-monotone” models that we are interested in. We studied
versions of the following model in [10] and, together with Kiss, in [9], motivated
by work by Aldous [2], who in turn was inspired by phenomena concerning sol-gel
transitions [45]. We will call it the N-volume-frozen percolation model, or, some-
times, simply parameter-N model. It has a parameter N > 1, typically very large,
and it is defined in terms of i.i.d. random variables (t,),cy uniformly distributed on
[0, 1]. Each vertex v is vacant at time 0, and becomes occupied at time t, unless some
neighbor of v already belongs to an occupied cluster with size (i.e. number of vertices)
at least N (in which case v remains vacant). In other words, a cluster stops growing
as soon as it has size > N: such a large cluster is said to be frozen, or “giant”.

What can we say about the probability that a given vertex eventually (i.e. at time
1) belongs to a giant cluster? Of course, this is a function of N, and we are interested
in what happens as N — oo. Does the above-mentioned probability go to 0? Or is it
bounded away from 0? What is, typically, the final size (at time 1) of the cluster of a
given vertex? Of course, it cannot be larger than d (N — 1) + 1, where d is the maximal
degree of the graph, but is it typically smaller than N, and even of smaller order than
N?

In the case where the graph is a binary tree, we showed with Kiss in [8], by extending
ideas from [2], that with high probability as N — oo, the final cluster of a given vertex
is either giant (i.e. has size > N) or “microscopic” (of order 1). For the square lattice
(and other “nice” planar lattices), we showed in [10] the existence of a sequence of
functions (v/N =) fi(N) < f>(N) < ..., that we called exceptional scales, such that
the following surprising behavior holds: for each i, for the model in the box with side
length f; (N), the probability that O is eventually in a giant cluster is bounded away from
0Oas N — oo; however, for every function f(N) with f;(N) < f(N) < fi+1(N),the
above-mentioned probability goes to0 as N — o0. In [9], we showed (in the particular
case of the triangular lattice) that this probability also tends to 0 if f(N) > f;(N) for
every i > 1, as well as for the process on the entire lattice.

As suggested above, the N-volume-frozen percolation model above can be inter-
preted as a simple model for gelation (sol-gel transition). It could also be interpreted as
amodel of forest fires (or epidemics) without recovery, where the ignitions (infections)
are very rare (N being very large), but once an ignition takes place, the fire spreads
very fast, in effect wiping out instantaneously the entire occupied cluster. Initially, at
each vertex there is one seed; once this seed has become a plant and this plant is burnt
by fire, no other plant will grow at its location, and neither at neighboring locations.
However, the role of the parameter N, i.e. that a cluster with size < N cannot burn,
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Fig. 1 Final configuration (i.e. at time t = 4-00) for the forest fires without recovery (FFWoR) process on
72 withrate ¢ = 0.01, in a box with side length 200. All sites are burnt, a lighter shade of blue corresponding
to a later time of burning

is not very realistic for this interpretation: it makes the dynamic quite rigid. Also, the
rule that nothing can grow any more on the sites along the external boundary of a burnt
cluster of plants looks a bit artificial.

More realistic, as a model of forest fires without recovery, is the following, where
time is now indexed by [0, +00), and which has a parameter { > 0, typically very
small. Again, at time 0, all vertices are vacant or, better, contain a seed. Independently
of each other, they become occupied, i.e. the seeds become plants, at rate 1. Each
occupied vertex (plant) is ignited at rate ¢, in which case its entire occupied cluster is
instantaneously burnt (and remains so: no new plant can grow on a burnt cluster). Note
that in this process, there are three possible states for a vertex: 0 (vacant, or “seed”:
initially, all vertices are in this state), 1 (occupied, or “plant”), and —1 (burnt). We will
denote this process by the earlier-mentioned abbreviation FFWoR. It is clear from the
description above that, for each ¢ > 0, the probability that a given vertex is eventually
in state —1 (i.e. burnt) is equal to 1. An example of a final configuration is depicted in
Fig. 1.

Analogs of some of the earlier questions are the following. Does, for each t > 0,
the probability that a given vertex burns before time ¢ go to 0 as ¢ N\ 0? Or are there
values of ¢ for which this probability is bounded away from 0 as ¢ \ 0? The answer
depends very much, like before, on the side length (now as a function of ¢) of the
box, i.e. the forest. We will prove that, again, there is a sequence of exceptional scales.
At first sight, one might expect that this model can be analyzed in the same way as
the “parameter-N model”, with (roughly) N replaced by % Apart from the fact that
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216 J.van den Berg, P. Nolin

this replacement is too naive, the arguments become considerably more complicated,
due to quite delicate problems concerning what we call “near-critical percolation with
impurities”, as we heuristically indicate now.

1.2 Heuristic derivation of exceptional scales

In this heuristic section, the lattice to have in mind may be any “nice” two-dimensional
lattice, and the most natural one is probably the square lattice. Later, to turn the
heuristic arguments concerning the FFWoR model into a rigorous proof, we will
restrict to the triangular lattice. The reason is that we need very precise bounds for
certain arm exponents in Bernoulli percolation which, although believed to hold for
all “reasonable” 2D lattices, have so far only been proved for the triangular lattice.

We will derive a sequence of exceptional scales for the FFWoR model, which
illustrates the non-monotonicity of this process (and indicates a rather convoluted
behavior for the process in the full plane). We will compare the FFWoR process with
parameter ¢ in a box with side length g(¢) with the parameter-N model in a box with
side length f(N). However, as we will see, the situation for the FFWoR model is
much more complicated, due to the occurrence of many microscopic (and possibly
“mesoscopic”) fires. This will lead us naturally, as explained in Sect. 1.3, to introduce a
new model of percolation with (potentially large) impurities. This percolation process,
on a graph obtained by removing randomly entire regions from the lattice, is a central
object of study in the present paper.

Letus first explain the heuristic arguments (made rigorous in [10]) for the parameter-
N model on the square lattice. If f(N) = C+/N with C > 1, then, clearly (since the
total number of vertices is > N) at least one freezing event will take place. Hence,
a positive fraction (> é) of the vertices will freeze, which suggests (and this can
be quite easily proved) that the probability that O eventually freezes is bounded away
from O (in fact, has limit é) as N — oo. Even though the above-mentioned limit

é tends to 0 as C — oo, it is possible to find a function f(N) > /N such that
the probability that O freezes is also bounded away from O uniformly in N (in other
words, we cannot exchange limits naively). To do this, let T denote the first time that
a giant cluster arises (recall that the time line in this model is the interval [0, 1]). The
biggest cluster at this (supercritical) time t has size roughly 6 () f (N )2, where 6(7)
is the probability (for Bernoulli site percolation on the whole lattice) that O lies in an
infinite occupied cluster at time 7. We thus want

6(t)f(N)* < N. (1.1)

The freezing of this cluster disconnects the box into “islands” of diameter roughly
of order L(t), the characteristic length for percolation with parameter 7 (see Sect. 2
for precise definitions of this and other notions). So if t is such that L(7) is of order
VN, then 0 will (after this freezing event) typically be in the interior of an island with
diameter of order /N, and hence be in a similar situation as the previous case (i.e.
the case where the box has side length C+/N), so that the probability that 0 freezes
is bounded away from 0. So we may choose f(N) such that besides (1.1), also the
following equation holds:
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L(x) < vV/N (1.2)

(in particular, this implies that t — p. as N — 00).

A celebrated and classical result by Kesten [26] says that 6(t) < m1(L(7)) [see
(2.10) below], where 1 (.) is the one-arm probability at p. (defined in (2.1)). Com-
bining (1.1) and (1.2) with this result gives (v/N) f(N)? < N, hence

N
N)x |————. 1.3
JF(N) ‘/m(«/ﬁ) (1.3)

As a conclusion, if f(N) is indeed of this order, then, for the parameter-N model in a
box with side length f (), the probability that O freezes is bounded away from 0 as
N — oo. On the other hand, if the side length of the box is much larger than /N but
much smaller than the r.h.s. of (1.3), then, for similar reasons as above, 0 is, after the
first freezing event in the box, very likely to be located in an island with diameter much
smaller than ~/N, and therefore not to freeze. We say that /N is the first exceptional
scale, and the r.h.s. of (1.3) above is the second. Iterating this procedure produces a
sequence of exceptional scales.

We now turn to the FFWoR model with parameter { > 0. It turns out that, again,
the existence of a sequence of exceptional scales can be proved (see Theorem 1.3
in Sect. 1.3.2). However, the proof is much harder than for the parameter-N model.
During and directly after the following heuristic sketch, we briefly point out the main
source of new complications, which had to be handled.

First of all, similarly as in the parameter-N model, it is not hard to see that for
the process in a box with side length =< %, for each ¢ > f., the probability that O
burns before time ¢ is bounded away from 0 as ¢ N\ 0. Here time ¢ is related to the
percolation parameter p by p = 1 —e~". In particular, the critical time . is defined by
the relation p. = 1 — e~ . Note that ¢, is the time after which, in the process without
fires, an infinite occupied cluster emerges.

The heuristic argument to find the next scale (call it g(¢) for the moment) for which
this happens is now as follows. Let 7 be the first time that a big burning takes place,
after which 0 is separated from the boundary of the box. Analogously to the beginning
of the argument for the parameter-N model, the size of the biggest cluster at time
T > 118

O(1 — e Mg(0) (1.4)

At time ¢, it is much smaller, but at time ’”;‘r it has already a size of order (1.4). So,

to have a reasonable chance that the cluster burns “near” time 7, we need

((x—1)0(1 —e Mg ) < 1. 1.5

We apply again the earlier-mentioned relation by Kesten, which in the current notation
is

O(l—e ) xm(L(l —e™ ")), (1.6)
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218 J.van den Berg, P. Nolin

Fig.2 In order to analyze the behavior around time 7. of the FFWoR process, we first consider the process
where ignitions stop at a slightly earlier time, #. — ¢. The clusters burnt before that time are depicted in red,
and may be viewed as “impurities”. Here, ¢ = 0.1

as well as the following relation, also established by Kesten in [26] (see (2.11) below):
(t —to)ma(L(1 —e 7))Ll — e‘f)2 =1 (1.7)

(m4(.) is the probability at p. of observing four arms with alternating types from a
given vertex, see (2.1)). Combining (1.5), (1.6) and (1.7) gives

(i (L(1— e ))g(0)? < ma(L( — e ™)L —e ") (1.8)

Analogously as for the parameter- N case, we want to take g(¢) suchthat L(1—e™ %) x
—L_ (so that after the burning, 0 finds itself roughly in the same situation as before, i.e.

the probability that 0 burns before time ¢ does not vanish as £ \ 0). Plugging this
requirement into (1.8), we get, as an analog of (1.3),

(1.9)

(and the next exceptional scales can be derived in a similar way).

Note that the heuristics (and the formula: (1.9) involves not only 71, but, contrary to
(1.3), also m4) for the FFWoR process is more “tricky” than that for the parameter-N
model. Moreover, there is a much more serious complication. Although the reasoning
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i L
L |y =D

Fig. 3 A typical random environment induced by the fires up to time 7. — ¢ (here, ¢ = 0.1), where each
burnt cluster is replaced by an L°° ball centered on the ignited vertex. Connections with the actual FFWoR
process and with a percolation model with impurities are explained in Sects. 6.2 and 6.4 respectively

leading to (1.9) might look sound, there is a delicate issue which was “swept under
the rug” and which has no analog in the parameter-N model. Namely, we ignored
the smaller burnings which took place already before time 7 and created “impurities”
in the lattice (see Fig. 2, produced by using the same birth and ignition times as for
Fig. 1). For instance, the estimate (1.4) comes from ordinary percolation, but how do
we know that in a model with impurities, this formula is still (more or less) correct?

In fact, as we will see, the impurities are far from microscopic. Indeed, even though
the clusters burning at small times are tiny, larger and larger ones may burn as time
approaches .. We can actually consider them as “heavy-tailed”, and we have to under-
stand their cumulative effect on the connectivity of the lattice, and examine whether
in the complement of these impurities, the percolation configuration is still essentially
near-critical. This effect turns out to be much more complicated and interesting than
we anticipated in the short, speculative, last section of [9]. Figure 3 gives an illustration
of the type of environments that we have to analyze.

This motivated (or even “forced”) us to define and study a class of percolation
models with impurities. This is done in the next subsection. Later we will see that
such models provide a good picture of the state of the forest in the FFWoR process
slightly before time 7., in particular whether it is sufficiently connected to enable large-
scale fires. It turned out that investigating a more general class than what corresponds
to the FFWoR process gave substantially more insight, while requiring little extra
effort. Moreover, this more general setup may be useful for the analysis of other forest
fire models.
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1.3 Percolation with impurities and statement of results

In Sect. 1.3.1 below, we define a class of percolation models with impurities. The
models make sense for any graph embedded in the plane. However, for reasons men-
tioned before, we will soon (starting in Sect. 1.3.2) restrict to the triangular lattice
(with its standard embedding in the plane, i.e. there is a vertex at the origin, and each
face of the lattice is a triangle with sides of length 1, one of which being parallel to
the x-axis).

These models happen to be crucial for a thorough analysis of the behavior of forest
fire processes near (and beyond) the critical time, and in particular for handling the
delicate issue mentioned at the end of Sect. 1.2. Roughly speaking, we will show
that, for a certain class of “impurities”, the “global” connectivity properties of the
percolation model are not (too) much worse than in the model without impurities
(i.e. ordinary percolation). This generalizes, but also makes heavy use of, results and
techniques in Kesten’s celebrated paper [26].

A precise formulation of our main results for percolation with impurities, and of our
FFWoR results for which they were needed, is given in Sect. 1.3.2. Section 1.3.3 briefly
discusses some ideas for further extensions of our results, and Sect. 1.3.4 mentions
works on related subjects in the literature.

1.3.1 Definition of the model with impurities

The models of impurities that we introduce and study are parametrized by a positive
integer denoted by m, and they can be described as follows. Each vertex v € V,
independently of the other vertices, is the center of an impurity (a square box with
a random radius) with a probability that we denote by 7 ™). If there is an impurity
centered at v, the probability that it has a radius (with respect to the L* norm) > r
is written as ,0(’") ([r, +00)), for all > 0. After removing all the impurities from the
lattice, we perform Bernoulli percolation with a parameter p on the remaining graph.
In other words, all vertices in the impurities are declared vacant, and for each other
vertex we flip a coin: if the outcome is “heads” (which happens with probability p),
we declare the vertex occupied, and otherwise we declare it vacant. We will refer to
this percolation model as percolation with impurities.

Let us describe our choice of 7™ and p(m) more precisely. Let ¢, c2, c3 > 0 be
constants, as well as & and 8. We suppose that p™ and ™ are of the form

p ™ (Ir, +00)) = c1r®2e=/M (r > 1) and 7™ =c3mF.  (1.10)

Note that this model can be seen as a generalization of classical near-critical percola-
tion, which corresponds to critical percolation with single-site impurities, i.e. the case
a = —oo formally.

Despite its key importance for forest fires and related processes, this model has, to
our knowledge, not been studied before. It was actually surprising to us that forest fire
processes can be adequately approximated, even well into the near-critical regime, by
a model with independent impurities having a rather simple size distribution of the
form (1.10) (for some specific m = m({) — oo as the ignition rate ¢ \ 0).
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1.3.2 Main results

From now on, we restrict to the triangular lattice T, although we believe that our
results hold for all planar lattices with enough symmetries, such as Z2. For Bernoulli
site percolation on T, many precise results are known (especially (2.7) below), thanks
to the SLE (Schramm-Loewner Evolution) technology. The proofs of our main results
require a good control on arm events, as explained in the beginning of Sect. 4.3. At
the moment, the bounds available for other lattices are not sufficiently accurate.

We establish two kinds of results.

(D) Stability properties for percolation with impurities. Results of this type say that
the percolation model with impurities, introduced in the previous subsection,
satisfies, under certain conditions, connectivity properties comparable to these of
the pure percolation model. In particular, we show that, under some hypotheses
on the values of @ and 8 in (1.10), and on the relation between m and L(p), the
four-arm probabilities are (at most) of the same order as those for the Bernoulli

model without impurities. More precisely, if we denote by @;m) the probability
measure governing the percolation model with impurities, we have the following.

Theorem 1.1 Let, for fixed ¢y, cp,c3 > 0, ,0(’") and 7™ be as in (1.10), with a €
(%, 2) and B > «a. There exists C such that: for all m large enough, all p € (0, 1) and
alln <m A L(p),

@;m) (there are “four arms” from O to vertices at a distance n) < Cmyq(n).
Here, “four arms” means four disjoint paths of alternating types (occupied/vacant),
each starting from a neighbor of 0. Actually, for later applications of this result, we
prove a stronger, more general version, namely Theorem 4.1 (however, we do not see
a proof of Theorem 1.1 which is essentially simpler than that of Theorem 4.1).

The four-arm stability result (Theorem 4.1) turns out to be rather subtle. Indeed,
we have to understand the effect of (possibly “mesoscopic”) impurities on “pivotal”
events, which relies on a delicate balance between “helping” vacant arms with the
impurities, but “hindering” occupied arms. Our proof uses the inequality oy > oy —
1 between the two- and four-arm exponents for critical percolation, which can be
checked (it is even an equality) from the actual values of these exponents, which were
established in [44] using conformal invariance and Schramm-Loewner Evolutions.
See (2.7), Remark 4.2 and Sect. 4.3 for more background and details.

Four-arm events are crucial to estimate connection probabilities, such as, for
instance, one-arm probabilities: roughly speaking, a vertex (or, in our situation with
impurities, a “region”) whose state is “pivotal” for the existence of a certain one-arm
event is the “center” of a four-arm event (see Fig. 9). Indeed, we then use the above the-
orem to show stability results for one-arm probabilities and box-crossing probabilities
(Propositions 5.1 and 5.2). Finally, we use those to extend, to the percolation model
with impurities, a classical estimate in Bernoulli percolation for the largest cluster in
a big box (see [11]). Note that in the result below, the sequence (py,)n>1 approaches
pc from above as m — 00, but not “too fast”.
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Proposition 1.2 Let p™ and n™ be as in Theorem 1.1, and let (Pm)m=>1 be a
sequence in (p¢, 1) such that L(ppy) < m. Further, let (n,,)m>1 be a sequence of
integers such that n,, > m(log m)? as m — oo. Then

max
|

1
| B, |0 (pm) m—o00

(1.11)

in probability (w.r.t. the sequence of measures @;’:’1) ), where By, is the box with side

length n,, centered at 0, and |C%7fx| is the volume of the largest occupied cluster in
m

this box.

Again, we prove (for later purposes in the paper, in particular to control the occurrence
of “macroscopic” fires in the FFWoR process) a stronger form, involving a so-called
“net”: see Proposition 5.5 (and Remark 5.6).

We want to underline that (1.11) is far from obvious, and does not simply follow
from the fact that the probability to belong to an impurity tends to 0 as m — oo. For
example, if ¢ < B < %, as we explain in Sect. 1.4, the configuration is essentially
subcritical, so that the ratio in the left-hand side of (1.11) goes to 0 as m — o0, even
though the density of impurities tends to 0.

II. Exceptional scales for forest fires with Poisson ignitions. The results of type I
above will then be used to derive the second type of results, involving applications
to the model of forest fires without recovery (i.e. the FFWoR model). In particular,
this includes a rigorous proof of the existence of exceptional scales mentioned
(and heuristically predicted) in Sect. 1.2. This is done in Sect. 6 (where the relation
with the general model with impurities is proved), and Sect. 7. More precisely, we
establish the following property of the FFWOR process as the ignition rate { N\ 0.
There exists a sequence of functions «/L? =mi({) K mi) Kmll) K ...,

where each my4 1 is related to my in a way similar to (1.9), namely

3 my () 7'[4(mk(§))
mk+1(§) - ﬁ T (mk(f))’

such that the following dichotomy holds.

Theorem 1.3 Let M(¢) be a function of ¢, and consider the FFWoR process with
ignition rate { on the box By ¢y (with center 0 and side length M ({)).

1) If M(¢) < my(¢) for some k > 1, then: forall t > t.,

lizn\f(r)lf ]P’(on By (¢), 0 burns before time t) > 0.
1) Ifmp(2) K M(¢) K my41(¢) for some k > 1, then: for everyt > 0,
lim ]P(on Buy(cy, 0 burns before time t) =0.

N0
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Again, we actually prove stronger, more “uniform” results, Theorems7.1 and 7.2.
These stronger forms, which arise naturally from the proofs, are more flexible, and
seem better suited for potential future use, in particular for studying the FFWoR model
on boxes having side length M (¢) > m(¢) for every k (or on the full lattice), and
for studying forest fires with recovery (see Sect. 8).

1.3.3 Extensions and future work

As said earlier, our main motivation in this paper comes from the FFWoR model,
but we expect that the techniques on near-critical percolation with impurities that we
develop are also instrumental for obtaining new results about other related models.

In the FFWoR model, when a vertex v is ignited, its occupied cluster burns, but
not the vacant sites along its boundary: these vertices will thus become occupied (and
then burn) at later times. However, let us mention that our proofs of Theorems 7.1 and
7.2 also apply in the case when the occupied cluster is burnt together with its outer
boundary, i.e. the seeds on the boundary “die” and never become a tree. In addition,
we hope that, with extra work (and a suitable generalization of the results of [27]), our
results can be extended to forest fires with recovery, see the discussion in Sect. 8.

The results in [10] were an important ingredient in our earlier-mentioned joint
paper [9] with Kiss, where it was proved that the parameter-N model in the full plane
exhibits a deconcentration property for the size of the final cluster of the origin. We
hope that the results in the present paper will yield similar deconcentration results for
the full-plane FFWoR process, and so reach a rather complete description of the final
configuration in this model. This, again provided that a proper extension of [27] can
be derived, could also give considerable new insight into the behavior of forest fire
processes with recovery near ¢, (and up to a time strictly larger than #.).

1.3.4 Other related works

We conclude this section by mentioning other works in the mathematics literature
where versions of forest fires, frozen percolation and related models have been studied
(although the questions and techniques in our paper are quite different in nature).
It is a relatively young subject and the vocabulary (or “practical” interpretation of
mathematical models) varies between authors. For instance, the process studied in the
paper [36] may also be interpreted as a model of forest fires without recovery (on a
complete graph), where the growth mechanism does not involve the vertices, but the
edges.

Quite explicit quantitative results have been obtained for models where the under-
lying graph is a tree (e.g. in [2], and in the very recent preprint [37]), a complete
graph (see, for instance, [38], and the already mentioned paper [36]), and the one-
dimensional lattice (see e.g. [12]). A problem related to forest fires on 74, with high
d, has been studied in [1]. An extensive list of papers on forest fires and frozen perco-
lation (with a brief summary of the main results of each paper) is given in Section 1.7
of [37].

Percolation on fractal-like graphs has been studied in e.g. [21,23,28,40—42] (see
also the discussion in Section 2.1 of [32]). There is also an extensive literature about a
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Fig.4 Near-critical percolation with impurities displays different behaviors according to the values of the
exponents « and . Here, % = %, where v is the critical exponent for the characteristic length L

random walk/Brownian motion among randomly distributed obstacles: see for example
the classical reference [46], the recent review [3], and the references therein.

1.4 Further discussion about the process with impurities

In this section we comment a bit further on the percolation process with impurities, still
assuming that ™ and 7 ™ are of the form (1.10). Different behaviors arise according
to the values of & and 8, and, remarkably, we are able to obtain the full “phase diagram”,
depicted in Fig. 4. After the present section, we will focus exclusively on Domain I
in that figure, i.e. o € (%, 2) and B > o (this is Assumption 2 in Sect. 3.1), which
contains the relevant values for forest fires: typically, o = % +vand B = a+ v/, for
some arbitrarily small v, v’ > 0.

We want to emphasize that also the other parts of the phase diagram (Domains II,
11, and 1V) can be established completely rigorously, even though we do not give all
the details for the sake of conciseness. These other domains are not required for the
understanding of the rest of the paper.

First, note that as a special case, our framework contains classical near-critical
percolation, studied in [14,18,26,34]. Indeed, near-critical percolation with parameter
p < pc can be constructed from the critical regime by performing single-site updates,
i.e. letting the sites independently switch from occupied to vacant. It is obtained by

taking p™ = 8 (i.e. the Dirac mass at 0, so that only impurities of radius 0 are
1
created) and 7" = — 1 = m vW where v = % is the critical exponent
m=m4(m) 3

associated with L. This means that if we start from the critical regime and update
the sites with a probability 7™ =< m~#, the resulting configuration is subcritical for
B < % = %, and it stays near-critical for § > %
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We now briefly discuss the various domains in Fig. 4. Observe that a short compu-
tation (similar to the one in Lemma 3.2 below) shows that the “density” of impurities,
i.e. the probability for each vertex to be contained in at least one impurity, is of order
m®+~P (where ;. = max (e, 0)).

e Domain I: As mentioned in the previous section, we will show that under appropri-
ate hypotheses, percolation in the complement of the impurities stays comparable,
in terms of connectedness, to ordinary percolation near criticality. We want to high-
light that this behavior holds even when g is very close to «, which means that the
exponent o — f for the density of impurities can be made arbitrarily close to 0. This
stands in contrast with the usual case of single-site updates, where this density has

to stay below m—i+o), Roughly speaking, the behavior exhibited in Domain I
comes from the particular way in which updates of sites are “arranged” spatially.
Since they are grouped into balls, each of them has individually less effect. It
emerges from explicit computations that the contribution of pivotal impurities is
mainly produced by large impurities, with a radius of order m.

e Domain II: Similar properties as in Domain I hold in this case, which is essentially
covered by our proofs (see Sect. 4.2.4 below). However, the phenomenology in
this domain is rather different since the main contribution of pivotal impurities is
produced by microscopic impurities. Hence, the fact that the percolation configu-
ration stays near-critical comes essentially from the same reasons as for single-site
updates (this classical case corresponds to « = —oo formally). Furthermore, for a
given o < 3’—1, the exponent oy — f in the density of impurities stays smaller than
o4 — %, and so cannot be made arbitrarily close to 0, contrary to Domain I.

e Domain III: In this case, the configuration with impurities is clearly dominated
by a configuration of Bernoulli percolation, obtained by using the same 7 ), but
with single-site updates (i.e. o™ = 8y). We know that in this case, the resulting
configuration is subcritical for f < %.

e Domain IV: When @ > S, the process is completely “degenerate”. For example,
it is easy to see that for all K > 0, with high probability (as m — 00), there exists
an impurity centered on some v € Bk, that covers entirely Bg,.

1.5 Organization of the paper

Section 2 contains preliminaries about usual Bernoulli percolation. We first set
notations, and then we collect classical results on the behavior of two-dimensional
percolation through its phase transition, i.e. at and near its critical point.

In Sects. 3 to 5, we analyze the percolation process with impurities. In Sect. 3
we revisit and slightly extend its construction, and prove some elementary but useful
properties. Section 4 is devoted to stating and proving a stability result for four-
arm events in the near-critical regime. This property is instrumental to derive further
stability results, which we do in Sect. 5, culminating with a volume estimate for the
largest connected component in a box.

We then make the connection with forest fire processes in Sect. 6: we introduce
the exceptional scales (m(¢))k>1, and we collect some of their properties. We also
explain how forest fires can be coupled to the process with impurities. In Sect. 7, we
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present applications of the results developed earlier: we show that the scales my are
indeed exceptional for forest fire processes without recovery. Finally, in Sect. 8, we
briefly discuss forest fire processes with recovery.

2 Phase transition of two-dimensional Bernoulli percolation

The proofs of our main results in Sect. 1.3.2 rely heavily on a precise understanding
of 2D Bernoulli percolation at and near criticality. We start by setting notations in
Sect. 2.1. We then list in Sect. 2.2 all the classical properties which are needed later,
before deriving some additional results in Sect. 2.3.

2.1 Setting and notations

We work with the triangular lattice T = (V, E), with vertex set
V= {x+yei”/3eC : x,yeZ}

and edge set E := {{v,v'} : v,v" € V with |v — v'| = 1} (using the standard
identification R?> ~ C). Two vertices v, v’ € V are said to be neighbors if they are
connected by an edge, and we denote it by v ~ v’. From now on, we always use the
L norm ||.|| = ||.|lcc- The inner (resp. outer) boundary of a subset A C V is defined
as 3MA :={v € A : v ~ v/ for some v/ € A€} (resp. 9°"A := 9"(A°)), and its
volume, denoted by |A|, is simply the number of vertices that it contains.

Recall that Bernoulli site percolation on T with parameter p € [0, 1] is obtained by
declaring each vertex v € V either occupied or vacant, with respective probabilities
p and 1 — p, independently of the other vertices. We denote by IP,, the corresponding
product probability measure on configurations of sites (w,)yey € {0, 1}V =: Q.

A path of length k (k > 0) is a sequence of vertices vop ~ v; ~ ... ~ vg. Two
vertices v, v’ € V are connected (denoted by v <> v’) if there exists a path of length
k from v to v/, for some k > 0, containing only occupied sites (in particular, v and
v/ have to be occupied). More generally, two subsets A, A’ C V are connected if
there exist v € A and v’ € A’ such that v < v/, which we denote by A < A’
Occupied vertices can be grouped into maximal connected components, or clusters.
For a vertex v € V, we denote by C(v) the occupied cluster of v, setting C(v) = @
when v is vacant. We write v <> oo for the event that |C(v)| = oo, i.e. v lies in an
infinite occupied cluster, and we introduce 6(p) := P, (0 < oo)._Site percolation on
T displays a phase transition at the percolation threshold p. = p$'®(T), and it is now
a classical result [24] that p, = % Moreover, it is also known that 6(p.) = 0. Hence,
foreach p < p. = %, there is almost surely no infinite cluster, while for p > %, there
is almost surely a unique such cluster. The reader can consult the classical references
[20,25] for more background on percolation theory.

For a rectangle of the form R = [x1,x2] X [y1, y2] (x1 < x2, y1 < y2), an
occupied path in R “connecting the left and right (resp. top and bottom) sides” is
called a horizontal (resp. vertical) crossing. Here, we use quotation marks because R
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does not exactly “fit” the triangular lattice T, so the definition needs to be made more
accurate: this can be done easily, see for instance Definition 1 in Section 3.3 of [25]
(the same remark applies to arm events, defined below). The event that such a crossing
exists is denoted by Cy (R) (resp. Cy (R)). We also write Cj, (R) and Cy, (R) for the
corresponding events with paths of vacant vertices.

Let B, := [—n, n]? be the ball of radius n > 0 around 0 for I.llco. For0 < ny < ny,
we denote by A, n, := By, \ By, the annulus with radii ny and n; centered at 0. For
z € C, we write B, (z) := z + By, and Ay, »,(z) := z + Ap, »,. Finally, we denote
Ay, 00(2) := (By,(2))¢. For an annulus A = A, ,,(z) (0 <n1 <ny <00,z € C),
a circuit in A is a path vg ~ vy ~ ... ~ v; with some length k, where the vertices
V0, ..., Vk—1 are distinct and vg = vg, which surrounds By, (z). We denote by O(A)
(resp. O*(A)) the existence of an occupied (resp. vacant) circuit in A. For k > 1
and 0 € &; := {0, v}* (where 0 and v stand for “occupied” and “vacant”, resp.),
we introduce the arm event A, (A) that there exist k disjoint paths (y;)i<j<¢ in A,
in counter-clockwise order, each with type prescribed by o; (i.e. occupied or vacant
path) and connecting 9°"' B, (z) to 8i“B,,2 (z). We use the notation

(N, ny) = IP)p(. (»Aa (Anl,nz))v 2.1

and we write 7, (n) := 7, (1, n). For kK > 1, we use the shorthand notations A and
7k in the particular case when o = (ovo...) € Gy is alternating.

2.2 2D percolation at and near criticality

The usual characteristic length L is defined by:

for p < p. = % L(p) :=min{n > 1 : P,(Cy ([0, 2n] x [0,n])) < 0.001},
(2.2)

and L(p) = L(1 — p) for p > p.. It follows from the Russo-Seymour-Welsh (RSW)
bounds that at p = p,, the probability in the right-hand side of (2.2) is > 0.001 for all
n>1,s0 L(p) - oo as p — p, and we define L(p.) := oo. In the present paper,
we consider a regularized version L defined as follows. First, we set L( p) = L(p)at
each point of dlSCOHtIHUIty p € (0, pc)U(pe, 1) of L, L(O) L(l) = 0, and then we
extend linearly L to [0, 1]\ {pc}. The function L has the additional property of being
continuous and strictly increasing (resp. strictly decreasing) on [0, p.) (resp. (pc, 1]).
In particular, it is a bijection from [0, p.) (resp. (pc, 1]) to [0, 0o0). In the following,
we simply write L instead of L.

Throughout the paper, we make use of the following classical properties of Bernoulli
percolation, at and near the critical point p,.

(i) RSW-type bounds. For all K > 1, there exists a constant §4 = §4(K) > 0 such
that: for all p € (0, 1) andn < KL(p),

P,(Cr([0,4n] x [0,n])) > 84 and P,(Cj ([0, 4n] x [0,n])) > 84. (2.3)
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Note that since L(p.) = 00, the first inequality actually holds for all p > p,
andn > 1.

(i1) Exponential decay property. There exist universal constants C1, C» > 0 such
that: for all p > p.andn > 1,

P, (Cu (10, 4n] x [0, n])) > 1 — Cre” 2@ (2.4)

(see Lemma 39 in [33]).
(iii) Extendability of arm events. For all k > 1 and o € G, there exists a constant
C > 0 (that depends on o only) such that: for all 0 < n;| < n»,

ni
Ty (7”2) 7o (n1,2n2) > Cng(ny, na) (2.5)

(see Proposition 16 in [33]).
(iv) Quasi-multiplicativity of arm events. For all k > 1 and 0 € Gy, there exist
C1, C; > 0 (depending only on o) such that: for all 0 < n; < ny < ns,

Ci7s (n1,n3) < g (ny, n2)mg (n2, n3) < Comg(ny, n3) (2.6)

(see Proposition 17 in [33]).
(v) Arm exponents at criticality. For all k > 1, and 0 € &, there exists oy > 0
such that

% t+o() a9 — 00, 2.7

ny(k,n) =n
Moreover, the value of «, is known, except in the monochromatic case (for
k > 2 arms of the same type).

e Fork=1,a, = %.
e Forall k > 2, and o € G containing both types, oy = %
These arm exponents were derived in [31,44], based on the conformal invariance
property of critical percolation [43] and properties of the Schramm-Loewner
Evolution (SLE) processes (with parameter 6, here) [29,30].

(vi) Upper bound on monochromatic arm events. For all k > 2,leto = (0...0) €
G/ be the monochromatic sequence of length k. There exist C, fr > 0 such
that: for all 0 < ny < ny,

ni B
g (ny1, np) < Ck<n—2> ik (ny, n2). (2.8)

This follows from the proof of Theorem 5 in [5] (see in particular Step 1).
(vii) Stability for arm events near criticality. Forallk > 1,0 € G, and K > 1,
there exist constants Cq1, C; > 0 (depending on ¢ and K) such that: for all
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pe,1),andall0 <n; <ny < KL(p),
Ci75(n1,n2) < Pp(As(Anyny)) < Como(ny, n2) (2.9

(see Theorem 27 in [33]).

(viii) Asymptotic equivalences for 0 and L. We have

O(p) < mi(L(p)) asp \( pe (2.10)
(see Theorem 2 in [26], or (7.25) in [33]), and
P = pe|L(pY’ma(L(p)) =< 1 as p — pe 2.11)

(see (4.5) in [26], or Proposition 34 in [33]).

(ix) A-priori bounds on arm events. There exist universal constants C; > 0 (1 <

9]

i <4)and B; > 0 (1 < j < 3) such that the following inequalities hold. For
all p € (0,1)and 0 < ny; < ny < L(p),

1/2 B
i (ﬂ) <Py (A1(Any ) < cz(’“) (2.12)

nz nz

(the upper bound is an immediate consequence of (2.3), while the lower bound
follows from the van den Berg-Kesten inequality), and

2—pa 1+83
C3<”_‘> 51PP(A4(A,11,,,2))5C4<”‘> . (2.13)

na na

The left-hand inequality in (2.13) follows from the “universal” arm exponent
for A5 which is equal to 2 (see Theorem 24 (3) in [33]) together with (2.12),
and the right-hand inequality is proved in Appendix B of [39].

Volume estimates. Let (ny)r>1 be a sequence of integers, with ny — oo as
k — oo, and (py)i>1 satisfying p. < px < 1.If L(pr) < ni ask — oo, then

Cmax

B ¢(1—8,1+8))—)0, (2.14)

foralle >0, Pp | ——
| Bn, 10 (px) k— 00

where we denote by |C$:‘k"| the volume of the largest occupied cluster in B,
(see Theorem 3.2 in [11]).

2.3 Additional results

The following geometric construction is used repeatedly in our proofs.
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Fig.5 This figure depicts the event N (1, k) that there exists a net “spanning” the box By,. The definition
of this event only involves the sites in the gray areas: in particular, it does not depend on the sites in By

Definition 2.1 For k, n > 1, let \V, p(n, ) be the event that there exists a p-occupied
crossing in the long direction in each of the (horizontal and vertical) rectangles of the
form

g([—4, 4] x [-1, 114 (6i,6j —3)) and g([—l, 1] x [—4,4] + (6i —3,6)))

(i, j integers) that intersect the box B, (see Fig. 5).

For the percolation configuration inside B,,, the event N, p(n, k) implies the exis-
tence of a p-occupied connected set A such that all the connected components of its
complement (so in particular, all the p-occupied and p-vacant connected components
other than the cluster Cos of N in B,) have a diameter at most 4«. Such a set A is
called net with mesh k. Note also that N}, (n, ) does not depend on the sites in B,.

Lemma 2.2 There exist universal constants C1, Cy > 0 such that: foralln > k > 1
and p > pe,
n\2 _c, &
PN, (n, 1)) > 1 — cl(—) e T, (2.15)
K

Proof of Lemma 2.2 Observe that the definition of A}, (n, k) involves of order (f)2
rectangles, each with side lengths x and 4« . Hence, (2.15) is an immediate consequence
of the exponential decay property (2.4). O

Recall the following exponential upper bound for the probability of observing
abnormally large clusters (see Lemma 4.4 in [9]).
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Lemma 2.3 There exist universal constants C1, C2, X > 0 such that: for all p > pc,
n > L(p), andx > X,

2
Py (ICh] = wn?0(p)) < Cre”  H07 (2.16)

Remark 2.4 Note that with high probability as k — oo, C§** in (2.14) contains a net
Nk

N with mesh (n;L( pk))l/ 2 Indeed, it follows from Lemma 2.2 that N exists with

high probability, and such an A then subdivides By, into of order L?pkk) “cells”, each

with a diameter at most 4 (ny L (px)) 1/2 Hence, Lemma 2.3 implies that the probability
that one cluster, other than Cxr, has a volume > %9( Di)| By, | is at most

@ Lipp)/?)?

, Nk —Cox Lipp)? , (2'17)

AT

with x = 5[ By, |/ (4 L(pi) /)2 = ni/L(pr) — 00 as k — oc.
We will also need a more uniform version of (2.7).

Lemma2.5 Forallk > 1, 0 € &, and ¢ > 0, there exist 0 < Cy < C; (depending
on o and ) such that: for all 0 < ny < no,

ni Uy +¢€ ni Oy —¢&
Ci (—) < 7g(ng,ny) < Cz(—) . (2.18)
nz ny

Proof of Lemma 2.5 This follows easily from (2.6), and the property that: for all k > 1
and o € G,

lim 75 (n, An) = A% 00 451 — o0 (2.19)
n—oo

(see e.g. [44]). O

3 Percolation with impurities: elementary results

We now return to the percolation process with impurities, introduced in Sect. 1.3.1.
First, in Sect. 3.1, we repeat the definition of the process, in a slightly more general
form than before. Then, in Sect. 3.2, we establish an elementary upper bound on the
probability of having “large” impurities in an annulus, which will be quite useful in
the subsequent sections.

3.1 Definition (revisited)

We already gave a concise introduction to the percolation model with impurities in
Sect. 1.3.1. That was necessary to formulate our main results in Sect. 1.3.2. For
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Fig.6 The lattice T “perforated” by holes of varying sizes

technical reasons we now define the model in a bit more generality. In particular,
the assumption (1.10) (which involved equalities) is replaced by the corresponding
inequalities. To enhance the readability, we made the current section independent of
Sect. 1.3.1 (so, inevitably, there is considerable overlap with that earlier section).

Recall that we consider the triangular lattice T = (V, E). We impose impurities
(also called holes from now on) onto V in the following way. Let v be a parameter in
[0, 1], and p a distribution on [0, +00) that describes the radii of the holes. For each
vertex v € V, independently of the other vertices, we draw a radius r, distributed
according to p, and we put a hole centered at v with a probability  (typically <« 1):
in this case, we remove from the lattice all the vertices in the hole H, := B, (v),
i.e. within a distance r, (for the norm ||.||s) from v (see Fig. 6). If there is no hole
centered at v, we set Hy := (.

For technical reasons, we also need to allow 7 to depend on v, i.e. we consider
inhomogeneous w = (7,)yev. Let I, be the indicator that there is a hole centered at
v (so that I, = 1 with probability m,). We always assume that the random variables
(Iy)vev and (ry)yey are independent.

We obtain in this way a random subgraph of T, and we are interested in its connect-
edness. In particular, we want to study independent site percolation with parameter
p € [0, 1] on this subgraph, i.e. on the complement of the holes. Note that a totally
equivalent way of seeing it is by first considering an independent site percolation con-
figuration on T, and then partially “destroy” it with holes (we think of the vertices in
the holes as simply being vacant): are the large-scale connectivity properties of the
percolation configuration significantly affected by the holes? We obtain a probability
measure on configurations of holes and percolation configurations on the complement
of the holes, that we denote by @Z’p. Sometimes, we forget about the dependence on

and p, when they are clear from the context, and we just write @p. For events regarding
only the configuration of holes, we use the notation P,

Remark 3.1 For future use, observe that the FKG inequality holds for the @Z’p process
with independent holes. Indeed, if we denote by X, (v € V) the indicator of the event
that v is occupied in the underlying percolation process, and by Y, the indicator of the
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event that v is occupied in the model with holes, then for each v € V, Y, is increasing
in the X-values, and decreasing in the /- and -values. Moreover, the random variables
(Xv)vev, (Iy)vey and (ry)yev are independent, so the collection (Yy)yey is positively
associated (this can be seen by following the proof of the Harris inequality).

Of course, the macroscopic behavior of the @Z’p process depends on the particular
choice of 7 and p, and we focus on the following setting where they depend on a
parameter m — 0o. We assume that o™ is in some sense “heavy-tailed”, and that a

- : (m) .
uniform power-law upper bound on r,,’ holds. More precisely:

Assumption 1 For some constants c1, ¢2, ¢3 € (0, 400), and some exponents o < 2
and B8 > 0, we have for all sufficiently large m:

p(m)([r, +oo)) < clr“_ze_czr/m forallr > 1, and nsm) < C3m_‘3 forallve V. (3.1)

In this particular setting where  and p are parametrized by m, we write

— — g (m) (m)
P =P, . (3.2)

We will be mostly interested in values of p in near-critical windows around p. of
the form {p : L(p) > km}, for fixed « > 0. As we explain in Sect. 6.4, the ﬁgn)
processes arise naturally in the study of forest fires, at times close to the critical time
t.. In this case, the truncation parameter m (the typical radius of the largest holes)
plays the role of a characteristic scale for the holes created by fires up to some time

slightly before #,.

As we mentioned in Sect. 1.4, the E(,,m) process behaves asymptotically (asm — 00)
in very different ways according to the values of « < 2 and 8 > 0. For applications
to forest fires, the relevant values turn out to belong to Domain I of Fig. 4. We thus
focus on this domain, i.e. we assume the following in the remainder of the paper.

Assumption 2 The exponents « and S satisfy

o€ (%, 2> and B > «. (3.3)

As we will see, the most interesting behavior arises precisely in this domain. We
prove that for any such « and g, the holes do not have a significant effect on the
connectedness of the lattice, in the following sense. As m — oo, for values p €
(pe, 1) satisfying L(p) < m, percolation outside the holes stays “near-critical”: it
is comparable to critical percolation up to scales of order m, and to supercritical
percolation on larger scales (see Sects. 4 and 5 for precise statements).

3.2 Crossing holes

Recall that from now on (and until the end of Sect. 5), we consider a sequence of
) —g (M) pm)

measures @;m = ]P’p , where we assume that ,0(’") and (n,ﬁ’”)),,ev satisfy (3.1)
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An1.2n1 (Z) v

Fig.7 Example of a hole H, crossing the (gray) annulus A, 2y, (2)

for some given cy, ¢z, c3 € (0, +00), and (¢, B) as in (3.3), i.e. in Domain 1. All the
asymptotic results stated below for m — oo are uniform in such ,0(’") and (n,ﬂ’“)vev,
although we will not repeat it every time, for the sake of conciseness. In all upcoming
proofs for the model with impurities, we use Cy, Ca, . . . to denote “constants” of which
the precise value does not matter. They are allowed to depend on cy, ¢2, ¢3, @, and B,
but not on other quantities (such as, e.g., m, n, nz, and z in Lemma 3.2 below).

The following lemma turns out to be particularly handy, and we make repeated use
of it in our proofs. For an annulus A = A, ,,(z) (z € C, 1 < n1 < ny), we introduce
the event that it is “crossed” by a hole, i.e.

H(A):={Iw eV : H,NB, (2) # ¥ and H, N 0By, (2) # 9} (3.4)

Note that in this definition, we do not require the vertex v to be in A: the crossing hole
is allowed to be centered outside of A. Occasionally, we will use the straightforward
generalization of (3.4) when instead of B, (z) and B, (z), we have rectangles R and
R with R C R'.

Lemma 3.2 There exist C, C' (depending on c, ¢, c3, o, B) such that the following

holds. For allm > 1, for all annuli A = Ap, p,(2) withz € Vand1 <n; < ”72

—(m C /
P (H(A)) < —g—e Cmm, (3.5)
m
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Proof of Lemma 3.2 Since obviously H(A) € H(Ap, 2r,(2)), we may assume wlog
that np = 2n1. We consider all possible locations for the center v of a crossing hole.
For that, we introduce the concentric annuli Azin1’2i+lnl (z) (i = 1), as well as the ball
Bon, (2) (see Fig. 7). We note that if v € Ay, jit1,,(z) for i > 1, then necessarily
ry > % .2ip; = 2i=1p,, and the same holds true when v € By, (z), with i = 0.
Hence,

F" (1) < 3 B" (Hy 0By, () # B and H, 09 Boy, (2) # 0)

veV
< (esm™P) 3 (|Byy, @ 0 (127 1, +00)) )
i>0
< (C3m_ﬂ) . Z (Cl (2i+ln1)2 . Cl(2i—lnl)a—2€—822i71nl/m> (36)
i>0

[using the assumption (3.1) for 7™, and then for p].

We now distinguish the two cases n; < m and n; > m. We first assume n; < m,
and we let I := Llogz (r’l"—l)J > 0 (so that 2Iny <m < 2I+1n1). We subdivide the
sum in (3.6) into two sums, overi < I + 1 and i > I + 2. On the one hand,

I+1 ,
Z ((2i+1n1)2 ) (zi—lnl)a—Ze—cﬂ”lnl/m>
i=0
I+1
< Conf - ) _(2)% < CG2'n)Y < Csm® (3.7)
i=0

(we used that @ > 0). On the other hand,

Z <(2i+1n1)2 . (zi—lnl)a—2e—622"‘1n1/m> < Cym® - Z(zi)ae—cgf < C5ma‘ (3.8)
i>1+2 i>0

We can now obtain the desired upper bound by combining (3.6), (3.7) and (3.8).
In the case n| > m, we write

Z <(2i+1n1)2 . (2i—1n1)a—26—cz2i’1n1/m)
i>0

< C6n?efczn1/(4m) . Z(zi)ae—cz(ziﬂ,zfz)n]/m
" i>0 _
< C6ma<ﬂ> e—cznl/(4m) . Z(zi)ae—szt—Z
= m '
i>0
< Cym®e=2m/Gm), 3.9)

which completes the proof. O
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For an annulus A = A, ,,(z) withz € Vand 1 <n; < "72, we define a big hole
in A as a hole H,, v € V, that crosses one of the sub-annuli Agn oht1(z) C A, with
h a non-negative integer. Lemma 3.2 provides immediately an upper bound on the
probability that such a hole exists: there exists C such that for all m > 1,

ﬁ””( U H(Azh,zhﬂ)) < clogm (3.10)

mb—a
h>0

For an annulus A = A, »,(z), we introduce the following sub-event of H(A):

H(A):={v eV : HiN3By, (2) # 9. HyNdBuy(2) # ¥, HyNIB (2) =4,
and H, N 3By, (z) = ¥}

(i.e. A is crossed by a hole H, which crosses neither A "oy (z) nor Ay, 2n,(2), so that
Ay, n, (2) 1s approximately “maximal”). For technical reasons, we also consider

H(A) :={FveV : HN0By () # P, HyNdBuy(2) # 0, Hy 3 By, (2),
and H, N 9By, (z) = @}
(note that H(A) D H(A) 2 H(A)).

Lemma 3.3 There exist C, C' (depending on c, ¢, c3, a, B) such that the following

holds. For allm > 1, for all annuli A = Ay, p,(2) withz € Vand1 <nj < ”72,

i (ﬁ(A)) < Cm PunglemCmim, G.11)

Proof of Lemma 3.3 This follows from a similar computation as for Lemma 3.2. If

ﬁ(Anl .1, (2)) occurs, then the properties in its definition are satisfied by H, for some
v € V. Necessarily, [[v — z|| € ("5, 2”2%], and for such a v, r, must satisfy the
inequalities

max (v =zl = n1,n2 = v = zll) < ry < min (v = z|| +n1, 2n2 = [lv = z])).

We deduce

P (HAmm@) < > Y B"(H, £0. ry € lna—r.r+m))

)
n Z Z @(m)(HU#@v rUe[r—nl,r+n1]).
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Note that in both sums, r, takes only values > , and that in each term, r, ranges
over an interval of length at most 2n. Hence, also noting that the number of vertices
v with ||v — z|| = r is at most Cyr,

np—nj
2

2ny +ny

ﬁ(m) (ﬁ(Anlwnz (Z))) = (C3m7/3) -2-C >

Z ,o(m)([r, r 4+ 2n1])

np—njy
r=—=5

< Com Py @m + 1™ ([ 22, +00) )
(since #2571 > 7). We finally obtain

B (H(Any .y (2))) < Cam™Prany(ng)®2e=Cmaim, (3.12)
which gives (3.11). O

Remark 3.4 Note that in the previous proof, the center v of a hole with the desired

properties must satisfy [|v —z[| > "2+ > ZL. This shows that the event H(An, .0y (2))
only depends on the holes centered in A"Tl 00 (D)

Forn; > 1and z € V, we also define

H(An, (2) = [ JH(A,, 20, @) (3.13)

i>1

4 Four-arm stability for percolation with impurities

Recall that we are considering probability measures @;m) satisfying Assumption 1
and Assumption 2. We would like to derive stability properties for percolation with
impurities, i.e to show that under certain hypotheses, the holes do not affect too much
the connectivity properties of the percolation configuration. As usual when studying
near-critical percolation and related processes, it is crucial to obtain first a good control
on the probability of four-arm events, which we do in this section, before deriving
further stability results in Sect. 5.

4.1 Notation and result

Recall the notation introduced in Sect. 2.1, in particular the paragraph containing

(2.1). We will prove that @;m)(Aél(nl, ng)) stays of order at most Cm4(ny, ns), for
some constant C = C(cy, 2, ¢3, @, B), uniformly for n; < g’—% < ny; < m,and p
in the near-critical window {p’ : L(p’) > n3}. In other words, our stability result
for four arms, as well as our other stability results obtained later, are stated for scales
up to m A L(p): the system remains near-critical on scales which are at the same
time below L(p) (which is not surprising), and below m, which can also be seen as
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a “characteristic length” (this will become more clear later, from the way m arises in
our applications).

We actually prove a stronger result, Theorem 4.1 below. Before stating it, we need to
introduce some notation. The objects that we consider depend both on the configuration
w € Q and on the collection of holes. However, to keep our notation short, we will
only emphasize the dependence on w.

Forw € Q and U C V, we denote by (w¥) := (0¥ (v)),ey the configuration
obtained from w by removing the holes centered in U, i.e.

o) =0y, 1

(recall that H,, can be empty, in the case where there is no hole centered on u). For an
annulus A := Ay, ,,(2), let

Wi(A) :={3U €V : o'V satisfies A4(A)}. 4.1

In other words, W4 (A) is the event that the configuration w together with a subcollec-
tion of the holes satisfy A4(A).

Theorem 4.1 Let K > 1. There exists C = C(cy, ¢, c3,a, 8, K) € (0, +00) such
that, for all m large enough, the following holds. For all p € (0, 1), and all 1 < n; <
ny < K(m A L(p)),

F;m)(7/"4(1‘\m,nz)) < C-m4(ny, na). 4.2)

Note that the reverse inequality (with a different C) follows immediately from the
definition (4.1) and the classical stability result (2.9).

Remark 4.2 Stability results for arm events go back to the celebrated work by Kesten
[26] (where they played a crucial role to establish certain scaling relations). More
recently, Garban, Pete and Schramm built further on these ideas [18] (where it was
one of the many ingredients in their construction of the scaling limits of near-critical
and dynamical percolation), and modified the arguments so as to incorporate more
flexibility, see Lemma 8.4 in that paper (we follow some of their notation). Both of
these works were in the context of single-site updates (impurities), and we expand the
techniques further, into the situation of “heavy-tailed” impurities, where new subtle
complications arise, and a more delicate analysis is required.

4.2 Proof of Theorem 4.1

Proof First, we observe that the result holds for np < 1000n1, since in this case,
m4(ny, ny) > C; for some universal constant Cy (this follows easily from (2.3)). Also,
it is enough to prove the result for all n and n; of the formn; = 2! and ny = 27, with
2/ < 2K (m A L(p)). We prove it by induction over j and (j — ). From our previous
observation, it holds for j —i < 6.
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Now, leti > 1and j > i + 7 (with 2/ < 2K (m A L(p))), and assume that the
desired inequality (4.2) holds true for all smaller values of j, and also for the same
Jj but all larger values of i. Here, we assume that (4.2) is valid for some appropriate
constant C: we explain later how to choose it. Let D be the event that ./4.4(A2i+3’2 i-3)¢
holds without the holes.

421 Casea > 1

We first consider o € (1,2), since the combinatorics in the proof turns out to be
somewhat simpler in this case. Moreover, as we explain in Sect. 6.4, our applications
to forest fire processes involve only values of « in this interval. In Sect. 4.2.2, we treat
the general case o € (%, 2).

We introduce the following two events [recall the definition of a big hole above
(3.10)].

o &) := {there is no big hole in A,i »;}.
e & := {there is at least one big hole in Agi i}

We start by writing

B (Wa(Ayi ) N D) < Bo” (WalAy ) ND N E) + B (Wa(Ay ) N E2)

=: (Term 1) + (Term 2). 4.3)

We now handle these two terms separately, showing that each of themis a o(7r4 (2, 27))
as m — o0.

Term 1 : Suppose that W4 (A,i ,;) and D occur. Take w and U as in the definition
of Wy(Ayi »j), and let " = o . Hence,

o o' satisfies A4(Ayi 5)),
e while w does not satisfy Ay (Agit3 5j-3) (since w € D).

We first “add” the holes with centers in (A’)¢, where A’ := Ajit2 pj-2. More precisely,

we consider the configuration wWNAY) From the event &; that there is no big hole
in Ay o, A4(A2;+3)2_/_3) is still not satisfied at this stage. Indeed, none of the holes
centered in (A")° can intersect A,i+3 »j-3 so they have no influence on the occurrence
(or not) of A4(Azit3 5j-3).

We then add one by one the holes of ' that are centered in the annulus A’, until
A4(Ayi ,;) is satisfied. Let @ denote the corresponding configuration, and let H, be
the last added hole (v € A’), which is thus “pivotal”. Let! € {i +2, ..., j —3} be such
that v € Ay 1. From the event &1, H, does not intersect By-1 and 3" Byi+2. The
configuration @ satisfies A4(A,, 21-1(v)), which does not involve the regions By -1 and
(Byi+2)¢. In these two regions, @ satisfies, respectively, A4 (Ayi 5-1) and A4 (Asr42 5)).
We thus obtain
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j=3 1
Term D) < > Y Y B (H, £0. r, € 27, 2"))

[=i+2 v€A2] ol+1 h=1

(m) (W(l)) . (m) (W(Z))

B (W), (4.4)

with the folowing events:

W(l) {EU(I) C Agi2 it @) satisfies A4(A2h+l’2l—l(v))},
Wf) = {3U® C By-» : 0¥ satisfies A4(Ayi 23},
e W= {3U® C Ayis o, 0™ satisfies Ag(Agia )}

So, informally speaking, Wil) is the event that W4 (A1 51-1(v)) occurs “with only
the holes centered in A,i-2 5i+3”, and analogously for Wf) and Wf) (in the remainder
of the paper, we will frequently use such informal terminology, with similar meaning).
Note that these three events are independent (see Fig. 8 for an illustration). We also
note that, if ny > ny, we consider A4(Ap, »,(2)) to be automatically satisfied, and
m4(ny, ny) to be equal to 1.

It then follows from the induction hypothesis that

Jj—3 !
(Term 1) < Y > > esm P p™ (12", 400)) OOy 2", 2171
I=i+2veAy yii1 h=1
a2 224 27
j=3 I
<Cim P Y By | Y@ P ma @ 2 Hr 2, ),
I=i+2 h=1
j-3 l
< Com B2, 2)) Z 2 Z(zh)a—2n4(2h+l’2l—l)’
I=i+2  h=Il
using the assumption (3.1) for 7™ and p™, and the properties (2.5) and (2.6) for
4. Lemma 2.5 implies that for any v > 0 fixed,

i3 i j=3 oh+1 3-v
Z 22] Z(zh)a 27T (2h+1 21 l) < C Z 221 Z(Zh)c{ 2(21 1)

I=i+2 h=1 [=i+2 h=1
j=3 1
<Cy Y @Y i @)
I=i+2 h=1

By assumption (3.3), « > % (actually, in this subsection we even assume o > 1,
but we do not use it at this point), so we can pick v > 0 sufficiently small so that
o — % — v > 0. We deduce

j=3 l j—3

Z 22[ Z(zh)ol72n,4(2/’l+1’ 2171) S C5 Z (2[)%4»1}(2[)0(7%71)
I=i+42 h=1 I=i+2
< Cs(2))* < Cs(2Km)®. (4.6)
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24

Fig.8 The three shaded regions (in grey) are the annuli A2h+ 1 gl—1 (v), A2,- -3 and A21+4 2)s where we

look for four arms with alternating types (in the events W(l), Wiz) and W(3), respectively). The annuli
Asi—3 51-2, Agi=2 5i—15 Agi42 5143 and A,i43 5144 are “safety areas”™: we know from £ that none of them
is crossed by a hole

We thus obtain
(Term 1) < Crm* Pra(2%,27) = o(ms (2}, 27)) 4.7)

as m — oo, which is the desired upper bound for Term 1.

Term 2 : Assume that the event W4 (Ayi 57) N & occurs. There exists 7 € {i, ...,
J — 1} for which A,i Hnt1 is crossed by a big hole, and we let h be the smallest such
h.Forheli,...,j—1},

o(m)

P, W 0 Aoy (Aai 2) NH(Agn ),

4.8)
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where ,Zl(,,o) (Agh 5j) denotes the event that the monochromatic two-arm event
A(Uu)(Azh’z ;) occurs without the holes, and W(l) the event that W4 (A,i pr-2) occurs
with only the holes centered in B,;-1. Recall also the definition of ﬁ(A_’*) in (3.13).

Note that we use the event 7, and not simply the event 7, in order to take into account
the case h = i. Indeed, the big hole in this case may cross further annuli inside, and
even cover the origin, but it is not allowed to cover the whole of B, (since otherwise,
no occupied arm in A,i ,; could exist).

It follows from Remark 3.4 that ﬂ(Azh,*) only depends on the holes centered in
Agi-1 o, s0 that the three events in the right-hand side of (4.8) are independent. Hence,

Wi(Ayi 2)) NE N {h = h})

(
P, (
< B WO )P, (Ao (A 2)) B (A ). 4.9)

We first claim that for some (universal) v > 0,

— — _ 2h v .
Py (Ao (A 20)) P (A ) < C'm*F (27) m(2",2). (4.10)
Indeed, using the assumption « > 1, we obtain from Lemma 3.3 that

P (H(An .+ (2)) < S P" (H(A,, 200, () < C'm Prym®™". (@.11)
k>1

On the other hand, (2.9) implies (since 2/ < 2K L(p))
Py (Ao (Azi 21)) < Ci7o0) (2", 29). (4.12)

It follows from the inequality (2.8) between the monochromatic and the polychromatic
two-arm events, and Lemma 2.5, that: for some v’ > 0 small enough,

2/1 Z+U
P (Aoo) (A 2))) < Cz( 5 ]) . (4.13)

Hence, by combining (4.11), (4.13), and then m~!' < 2K (2/)~!,

2h Z+U
PP(A(OO)(AZ”,Z./)) (H(Azh *)) < Cym™ Bohy,a— 1(2]>

hy 34+
<2KCym* P (2—> )
< 3 57

oh ”7/ honi
gc4m“—ﬂ<g> (2", 27)
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(using Lemma 2.5 for the last inequality, with ¢ = ”7/), which establishes (4.10).
By combining (4.9) and (4.10), and applying the induction hypothesis for

(m) (W(l)) we deduce [using also the properties (2.5) and (2.6) for 4]

2 .
B (Wa(Ay2) N & N [ = h)) < Crg(@,272) - €'~ ﬂ(2j> a2 20)
2\ o
< Csm“ﬂ<—.> (21, 29).
2J
We then sum over the possible values of /:

i1
(Term2) = 3 B (WiAy 1) N & N {h = h}) < Com® Pma(2,27). (4.14)
h=i

By combining (4.3), (4.7), and (4.14), and using that 8 > «, we obtain (in the case
a e (1,2)

P (Wa(Ay 2) N D) = o(ws(2,27)) asm — oo. (4.15)

In Sect. 4.2.3, we will show that this implies (4.2).

4.2.2 General case a > %

We now prove (4.15) for a general « € (% 2). We need to introduce the following
three events, for a well-chosen M = M(«, B).

e &) := {there is no big hole in Aji »;}.
o &) := {there are between 1 and M big holes in Ayi »;}.
o &3 := {there are at least M + 1 big holes in Ai 5 }.

We write

BU" (Wa(Ay2) N D) < B (Wi(Ay 1) DN E) + Py (Wa(Ay 2) N E2)

P, (&)
= (Term 1) 4+ (Term 2) + (Term 3). (4.16)

Similarly to the case o € (1, 2), we need to show that each term is a o(m4(2,27)) as
m — oo.
Term 1 : It can be handled in exactly the same way as before (as the reader can
check, for that term we did not use the fact that « > 1), and we obtain again (4.7).
Term 3 : As we now explain, this term can be handled easily by choosing a suffi-
ciently large value of M. For that, we derive an upper bound on the probability that
there exists a large number of big holes, i.e. of vy, ..., vy € V distinct such that
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each H,; (1 <i < M + 1) is a big hole: we claim that there exists M = M («, ) for
which

(m)

P (there are at least M + 1 big holes in Azi,z./’) = o(my(m)) asm — oo.

4.17)
Indeed, since the events { H, is a big hole in Agi pj }, v € V, are independent, we have

(m)

P (Jvi, ..., vy € V distinct s.t. all (Hy,)1<i<m+1 are big holes)
. M+1
< (IP’(m) (v € V s.t. Hy is a big hole))
1 M+1
< (cpym+1 dogm) (4.18)

mB—a)(M+1)

(where we used (3.10) for the last inequality). For any v > 0, ma(m) > sz’%’”
for some C, = C2(v) > 0 (from (2.7)). Hence, the right-hand side of (4.18) is a
o(ma(m)) for all M large enough (so that (8 — a)(M + 1) > %), which gives (4.17).
From now on, we assume M to be chosen in that way, so that (Term 3) = o(w4(m)),
and in particular

(Term 3) = o(74(2',27)) asm — oo. (4.19)

Term 2 : This term requires more care. Let us assume that the corresponding event
holds, so that the number b of big holes in Agi 5j satisfies 1 < b < M. We list
which sub-annuli are crossed by such big holes: there are integers 1 < n < M,
i<h <h <:--<hy,<jadi <k <k <+ <k, < j,withh <k
(~1 < £ < n), such that the following subevent of & holds, which we denote by
52 = Sg(n,hl, ...,hn,kl, ...,kn).

e Foralll </ <n, ﬁ(A2hl’2k1) holds (unless / = n and k,, = j, in which case we

require ﬁ(Azhn ) instead),
e and no other sub-annuli are crossed by big holes: for all i < h < j — 1 with
(7, h + 11 € U <<, lhi, ki, H(Agn pne1) does not occur.

Note that it may be the case that n < b.

We now group the big holes as follows. We say that two successive intervals [h;, k;]
and [hy41, kj4+1] “overlap” if h;41 < k;. Consider a block of overlapping intervals
(A, ki), ool k]l (D < 1 < I < n), i.e. such that any two successive intervals
overlap. Later, we will “label” such a block simply by [#;, k;]. For simplicity, let us
first assume that we are not in the case / = n and k, = j. By “independence”, and
then using Lemma 3.3, we have

1=l

i oo
ﬁ(’”)<ﬂﬁm2h,,2k,)) < T1P" (HcAyp ) (4.20)
=1
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:IM

(Cm=F @My @2ky*T)

~
I~

-1
< (Cm )l l+12h1 (2](])0( 1 l_[ (2](1)0{ l(2hl+1)) (421)
1=l
For each term in the product, since h;4+1 < k;, we have

Qknye=tmy < kY < Ccym®, (4.22)

using also 2k < 2/ < 2Km (this is where we have to be careful that « mightbe < 1,
and use the “overlapping” assumption). On the other hand,

ket = @fnr 2k~ < oyme k)71 (4.23)
We deduce from (4.21), (4.22), and (4.23), that
B ( ﬂ H( Ay o1 )) < (Cym®=F)/ gk gl =1 (4.24)
1=l

"[his implies that for some v > 0 small enough, using (4.13) [recall the definition
of Ay from the line below (4.8)],

(m) (A(ou)(A Iy 2kl) N m H(A,m 2A,))

< Py (Ao (Ayp i) (czm“—ﬂ) Il k) =1 (4.25)
1
2h£ ztv
563<%> (Com®=B) EH gl k)1
5
2/’@ Ftv PN
< (Cym*F) gy 2N 247y (4.26)

(where the last inequality follows from Lemma 2.5).
In the case | = n and k, = j, the same reasonings apply, except that in the

product (4.20), P(m) (_ (A2 7 oM )) has to be replaced by @(m) (ﬁ(Ath *)). It follows
from Lemma 3.3 that ’

P" (F(Ay, ) < Cim™P @) (logm) - max (21)*~", m*~")
< Cym=P @) (logmym® (2*1)~!
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(the extra log m is here for the case @ = 1), and the rest of the calculations is identical
to those that led to (4.26), now with an additional log m factor.

We now group the intervals [h[, k] (1 < [ < n) into maximal blocks of overlap-
ping intervals [[hl,kl]] wherei <hy <ky <hy <--- < k <j,andg (n < M)
is the number of such blocks. We denote by n; the number of overlapping inter-
vals that the /th block contains, so that ny + ...+ n, = n. For h < k, we denote

W4(A2h,2k) := {W4(Apn or) occurs with only the holes centered in Ayi-1 r+1}. For
notational convenience, we set, for & > k, W4(A2h’2k) = Q and n4(2h, 2") =1.
Observe that, on the event Wy (A, 5i) N &, for each block [[ﬁl, 121]] the event in the

left-hand side of (4.25) holds (with h; and k; replaced by /; and k;, respectively), and
that (if / < g — 1) for the annulus between this block and the next one (i.e. the block
[Ai141, kix1]), the event Wi (A Si2 2,;1“,2) holds. Such considerations, together with

appropriate use of independence (and application of (4.26)) gives

(m) (W4(A21 2/) N 52)

q—1
=(m) 1% =(m) % =(m) 1%
<P, )(W4(A2,—,2/§1—2))<1_[P; (W4(A21;,+2,251+1-z)))ﬂ]’p (W4(A2/;q+z’2_,~))
I=1

q . -
. (]_[ (Cam® =P (logm))" a2, 2"l)>.

=1
Then, by applying g + 1 times the induction hypothesis, we obtain
(m)
(W4(Azz 2i) N 52)
gq—1

< (Cmy(?, 2’51‘2»( [Tcmh2, 2’31“—2)) (Cra @42, 27))
=1

q ~ ~
. ( l_[ 7{4(2/!1 , 2k/)> (C4mot7ﬂ (log m))rn +..4ng '

=1

This yields, using (2.5) and (2.6) (for 74) repeatedly,

P, (WiAy 21) N &) < CT(C5)Mmy(@, 27)(Cam™F (log m))".
Hence,

(Term 2) = BY" (Wa(Ayi 1) N &)
< Z S B WAy o) NE i, i k)

I<sn<Mi<h)<--<h,<j
i<ky<--<kp<j
hy<k;(1<l<n)

< M(Celogm)*™ M (Cum® P (logm))ma(2',27)
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(in the last inequality, we used the fact that m*~#(logm) — 0 as m — oo, since
B > ), so

(Term 2) = o(74(2',27)) asm — oo. (4.27)

By combining (4.16), (4.7), (4.27), and (4.19), we obtain again (4.15), now for the
general case o € (%, 2).

4.2.3 End of the proof of Theorem 4.1

We are now in a position to conclude. We can write

—(m) —(m)
Pp (W4(A2i’2j)) < Pp

(D) + B\ (Wa(Ay ) N D). (4.28)
We also have @;m)(DC) =P, (As(Agis3 5j-3)) < Cry(2',27) [using (2.5), (2.9), and
2/ < 2K L(p) for the inequality]. Note that o) depends only on K. Combining this
with (4.15), we get that

P (Wa(Ay 2) < Cra(2',2) + o(ma(2,2)) asm — oo, (4.29)

This implies that if we choose C > C, the inequality in (4.2) holds for all m large
enough (depending on c1, ¢2, ¢3, @, B, and K), uniformly in i and j satisfying the
requirements in the statement of the theorem. This completes the proof of Theorem
4.1. O

4.2.4 Remark on Domain Il

Note that, strictly speaking, by monotonicity Domain II is covered by Domain I
(indeed, for every («, 8) in Domain II, we can find (¢’, 8) in Domain I with o’ > «).
Still, it might be interesting to see “what happens to our computations” in the case of
Domain II.

The main difference appears just below (4.5): o < % soforanyv > 0,a— % —v < 0.

Hence, 22:1(2’1)“_%_” < C’ < 00, and (4.6) becomes
i3 ! =3 3 .3
Y2y @) @M 2 <65 YT @DITVC < Ce2)) Y. (430)
I=i+2  h=I I=i+2
This implies the following analog of (4.7):
3tu-8 i j
(Term 1) < Com3 TV Py (2 27, 4.31)

which is a 0(4(2!, 27)) as m — oo, if we choose v small enough so that 8 > % +u.
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This computation shows that the phenomenology in Domain 1II is different from
Domain I, in the sense that the contribution of pivotal holes is mostly produced by
microscopic holes. As the reader can check, exactly the same calculation would appear
in the “further stability results” below: for one-arm events (see the reasonings after
(5.9)), and for crossing probabilities (see below (5.21)). In both (5.13) and (5.21), the

term m®~# would become m%+“_ﬂ, as in (4.31).

4.3 General comments on the stability of arm events

In this section, we use the notation «; := o, for the critical arm exponent in the
case when 0 = (ovo...) € §; is alternating (j > 1). The four-arm stability result,
Theorem 4.1, comes from a subtle balance between opposite effects of the holes on the
occupied and vacant arms. Atits core, the proof relies on the inequality ct(y0) > o4 —1:
in the computations below (4.12) (for the case o > 1), and below (4.24) (for the general
case). This inequality itself comes from «(,,) > a2 (from (2.8)), and the numerical
values ar = i and aq = % (see the paragraph below (2.7)). But there does not seem
to be any conceptual reason why the four-arm event should be stable.

Also, note that the a-priori bounds available for other lattices, e.g. the square lattice
72, do not seem to be accurate enough to make our proof of four-arm stability work
there. Maybe a more detailed geometric analysis could still provide a proof for those
lattices, but this is not clear at the moment (and beyond the main purpose of this paper).

Further stability results will be derived in Sect. 5, in particular for one occupied
arm (i.e. A; = A(y), see Proposition 5.1. In order to illustrate that arm stability is not
obvious at all, we now point out that it does not hold for all types of arm events. To
make things more concrete, let us assume (in this section only) that ,0(’”) ([r, +oo)) =
c1r®2e=c2r/m (for r > 1) and n,fm) = c3m P (for all v € V), for some o and B as in
(3.3).

First, it is easy to see that the one-arm event for ¢ = (v) (one vacant arm) is not
stable if B —a < a1 (= %): indeed, we have that for some v > 0 small enough,

Py (A (Anyn (@) = B (H(Any (@) = m*F

> m”TY > Py (A (Any i (2))

as m — 0o, if ny is fixed (or n; grows at most like mv/, for some sufficiently small
v’ > 0), using (2.7). In fact, this argument shows that for every o = (v...v) € G,
the event A, is not stable.

Now, we will point out that even sequences containing occupied arms are not nec-
essarily stable. Indeed, let us consider the j-arm event with sequence o = (ov...v) €
6, (with one occupied arm, and j — 1 vacant arms). A similar computation as for
Lemma 3.3 yields

P HY M Ay ) = mPrym® asm — oo, (4.32)
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A ](A) denotes the event that ﬂ(A) is realized by a hole

that furthermore stays in the quarter-plane (0, +00)2. Using the notation AB/ for

where (for an annulus A) H
the one-arm event in the complementary three-quarter plane R? \ (0, —i—oo)Z, we can
write

(m) (m)
P (Ao (Anym) = B (A (Any ) N H

= IP)1/2( (%4 (An1 m)) (m)(

[1/4]
W (Anl/Z,m))

1/4
WA Ay 2m)). (4.33)

The arm exponent o’ [3/4] corresponding to AE%M can be obtained from the half-plane
one-arm exponentall/ 2 é, as a?/ - % -oagl/ 2 _ % (by “conformal invariance”).

Hence, combined with (4.32) and (4.33), we obtain that for any v > 0,

50m) ni )5t ) o
Py )y (Ao (Anym)) = C<—) m Pum®*~! = cm* P (—) . (434)
m m
Forall j > 4, aj > %, so for B — o small enough, we can find v > 0 so that

oj—v
(m) ny\’
P1r72 (Ao’ (An,,m)) > (Z) > 7 (n1,m)

as m — oo [using (2.7)], where again n is fixed or grows as a small power of m.
Hence, the j-arm event with sequence o is not stable as soon as j > 4. Note that a
similar construction can be made for sequences o containing more than one occupied
arm, as long as there are enough vacant arms.

Let us also mention that we expect the six-arm event with sequence (ovvovv) to
be of particular importance. This event is a classical a-priori estimate for near-critical
percolation, which plays in particular a central role in [27]. It should be relevant for
extending our results in Sect. 7 to forest fires with recovery (see the discussion in
Sect. 8). This event turns out to be stable as well, but proving it requires more careful
combinatorics than for Theorem 4.1, and we plan to write it out in detail in a separate

paper.

5 Further stability results

In this section, we still suppose that the probability measures @;m) (see (3.2)) satisty
Assumptions 1 and 2. Recall that «, 8, c1, ¢z and c¢3 are parameters appearing in the
definition of these measures. In our setting of percolation with holes, we prove several
results which extend classical properties of usual Bernoulli percolation. We first use
the four-arm stability result Theorem 4.1 to prove the stability of one-arm events
(Sect. 5.1), and of crossing events in rectangles (Sect. 5.2). The stability of crossing
probabilities is then used in Sect. 5.3 to establish an exponential decay property for
these probabilities, similar to (2.4). Finally, in Sect. 5.4 we combine the one-arm
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stability result and the exponential decay property to obtain estimates for the volume
of the largest cluster in a box, analogous to (2.14).

5.1 One-arm event

In this section, we prove stability for the existence of one occupied arm.

Proposition 5.1 Let K > 1. We have
P (A1 (Any)) = Py (A1 (A ) - (L 4+0(1) asm — oo, (5.1)

uniformlyinp € (0,1),and1 <n; < ’31—5 <ny < K(mAL(p)) (i.e. the o(1) depends
oncy, ¢z, ¢3, &, B and K, but not on p, ny and nj satisfying the conditions stated).

Proof of Proposition 5.1 We first assume that n; > m#/3. Let n € (0, %). We consider
the annuli A := Anl,nz, A/ = A(l—n)nl,(l—i-r])nz’ and A// = A(1—217)n1,(1+217)n2' We
prove that

P (A1(A) = By (A1(A") - (1 +o(1)) asm — oo, (5.2)
which is enough to establish Proposition 5.1. Indeed, it follows from standard argu-
ments for ordinary Bernoulli percolation (from the fact that the critical exponent for
three arms in a half plane is equal to 2, so in particular strictly larger than 1, see for
example Theorem 24 in [33]) that the ratio of P, (.4;(A”)) and P (A;(A)) can be
made arbitrarily close to 1 by choosing n > 0 small enough, uniformly in p € (0, 1)
and mP/3 <n| < '31—5 <ny < KL(p), for m large enough (note that this is where we
use the conditionn| > m#?/ 3 to ensure that n1 — oo and avoid potential combinatorial
obstructions, which may arise for small values of ny).

Because of boundary effects, we first “add” (in a similar sense as in Sect. 4.2.1) the
holes with centers in A’ (i.e. at a sufficient distance from the boundary of A”), and
then the remaining holes, with centers in (A"). For that, we introduce the intermediate
families m/)(m) = nlgm)lveA/ and rr{)/(m) = mgm)llve(A/)c (so that 7™ = 7/0m 4
770" If we denote by A;(A”) the event that A; (A”) holds without the holes, we
have A;(A”) € A;(A") so

—l(m)_p(m)
P

) )

(Ai(A") =P,

—g/(m) pm)

(Ai(a") — P, (A1(A")\ Aj (A7)
(A (A \ A1(Ah).  (5.3)

_ ]P)p (Al (A”)) B ﬁz/(m)’p(m)

We claim that

/) )
P

(A1(A")\ A1(A")) =P, (A1(A") - o(D), (5.4
which we now prove.
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9i—1 91 i+l 2i+2

Fig. 9 If Hy is a “pivotal” hole, with center v € AZ,- 2itl and radius ry € [2j, 2j+1) (J<i—4),we
consider the three events W4 (A, j+1 2i-2 (v)), A] (A(lizn)n1721_| ) and fll (A2i+2,(l+2n)n2)

We follow a similar procedure as for Theorem 4.1. By adding the holes with centers
in A’ one by one, until the one-arm event fails, we see that there must exist a “pivotal”
hole H,, withv € A’. Leti > 0 be such that v € Agi git1. Clearly, either r, > 2i=3
or2/ < r, <2/t forsome j < i — 4. In the latter case, the event Wa(Ayj+i 5i-2(v))
occurs (see Fig. 9). We deduce, with I := [log,(n2)],

o
P

(A1(A")\ A(A")

_ﬂ/(m) pm

<czm ﬂZ|BZ,+1| |: (m)(2l -3 +OO)) (A (A//))

i<l

1(m) ,(m)
n Z[ (m) [21 +00)) - P Pf (Wa(Agjs1 5i—2(v)))
j=0
. F7[_:/(;:1)’/0(m) (A(l)) . @7;/("1)’[)('”) (A(z))]i| ’ (55)

where AV 1= A4, (A(1—2p)n, 2i-1) and A® = Al(A2i+2,(l+2n)n2) (note that the three
events above Wi (Ayj+1 5i-2(v)), AD and AP are independent, since they involve
disjoint regions of the plane, and only Wy (A j+1 5i-2(v)) involves the holes). We know
from Theorem 4.1 that

) m) . . o
b Wa(Agi 2 (0) < Crma27H1,272) < Coma(27,2) (5.6)
7/ (m)
(the second inequality follows from (2.5)). We also have IP’ * (AI(A”)) =
P,(A1(A"), and
/) pm) ) o)
P, 7 (AT) P, (AY)
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=P (A1(Aq_apyn; 2i-D)) - Pp (A1 (Agis2 (1520n,))
< C3P,(A1(A")). (5.7)

Hence, by combining (5.5), (5.6) and (5.7), and using (3.1), we obtain

) ()

P, (A1(A")\ A(A")

i—4
< Cym™PY 2% [(2" Y [(21‘)“—2 -4 (27, 2")]} P (A1(A"). (5.8)
Jj=0

i<l

Lemma 2.5 implies that for any v > 0 fixed,

=4 o =4 20\ 3-v
(@) mel 2h] = ¢ Z(zf)“—z(y)
=0 j=0
i—4
_ C5(2i)_g+v Z(Zj)a—2+%—v. 5.9
Jj=0

By Assumption 2, we have o« —2 > _45‘1 [see (3.3)], so we can choose v small enough
sothata — 2 + % — v > 0, and we deduce

~

i—

(@772 w2, 2] = Co@NTH @D = Co2) 2 (5.10)

Il
=)

J
It then follows from (5.8) and (5.10) that

—/m)_(m)

P, (A1(A") \ AL(A") < CaPp(AL(A")) - m™P Y 2% - (C + 1)(2)*
= (5.11)
Since
D 2@ =) ()Y < Cr(n)® < CrK m® (5.12)
i<l i<l
(where we used @ > 0), we finally obtain
B0 (A AT\ ALAT)) < CoPy(A1AT)) - mo P, (5.13)

which (since > «) establishes (5.4).
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By using monotonicity, and then combining (5.3) and (5.4), we obtain

_n’(m)’p("l) _n/(m)’p(m)

P, (Ai(4)) =P, (A1(A") =P, (AI(A") - (1 +0(1)). (5.14)

We then add the holes with centers in (A’)¢, and use Lemma 3.2. We can write

— g ), (m) —m) pm) = —gm) pm) =
LT (A@) =P T () -F, T (A(A)\ Ai(A))
—g/(m) () —gm) pm) =
=P, (A1(4) - P, (A1(A)\ A1(4)),  (5.15)

where we denote by ]11 (A) the event that A (A) holds without the holes in (A")¢. Let
H:=HAq-pny,n) Y HAn,, 1+nn,). We have

g m) ) % —m) () —g/m)_(m)

» (AL Al(D) <P (H)-P, (A1(4)
2C —g/(m),(m)
< —=F, 7 (A1(A) (5.16)

(using Lemma 3.2). By combining (5.15) and (5.16), we obtain

—m)_pm)

B /(m) p(m)
P

(Ai(4) =P, (A1(A) - (1 +o0(1)). (5.17)

The desired result (5.2) then follows immediately from (5.14) and (5.17).

In the case when n| < m#?/3, we proceed in a similar way, but we handle separately
the holes with centers close to 9™ By, . For that, we start by adding the holes centered
in By, s/3: with probability 1 — Om=P/ 3), there are no such holes [using (3.1)]. If
ny < 2mP’3, we can conclude immediately by using Lemma 3.2 that with probability
1 — O(m=P3) — 0(m*P), no hole intersects Ay, n,. Otherwise, the remainder of
the proof is the same as in the case n| > mbP/3. O

In the proof above, we distinguished the two cases n| > mP/3 and ny < mP/3. We
want to mention that our choice of the exponent g is quite arbitrary, and any value in

the interval (0, é) would work, as the reader can check.

5.2 Box crossing probabilities

In this section, we establish stability for certain box crossing events.

Proposition5.2 Let K > 1. We have

B (Co(10. 201 x 0. 1) = B, (1 (10,20 x [0,n]) + o(1) asm — oo,
(5.18)

uniformly in p € (0, 1), and 1 <n < K(m A L(p)) (i.e. the o(1) depends on ci, c2,
c3, o, B and K, but not on p and n).
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R

”—\_/_\“ (1—4n)n ’——\_/_\“

(2+4n)n
R
T~ L ’—_\_/\\\
Vir
(2+4n)n
R
'_\/—\ A '_\/—\

-— »
2n

Fig. 10 In order to take care of the boundary effects, we add the holes in three successive steps. We denote
by Vy, Vi and Vjj; the corresponding subsets of vertices

Proof of Proposition 5.2 First, note that we can assume n > mP/3: otherwise, it follows
from (3.1) and Lemma 3.2 that with probability 1 — O(m=P3) — 0(m*P), no hole
intersects [0, 2n] x [0, n].

We are interested in horizontal crossings of the rectangle R := [0, 2n] x [0, n].
Let n € (0, %), and consider the auxiliary rectangles R’ := [—2nn, (2 + 2n)n] x
[2nn, (1 —2n)n] and R” := [—2nn, (2+ 2n)n] x [0, n] (see Fig. 10). In order to take
care of boundary effects, we add successively the holes centered in the following three
regions, forming a partition of V':

o V= ((=3nn, 2+3nn) x (g, (1 —nn)) NV,

o Vir == (([=nn, @+ mn] x [nn, (1 = mn]) N V) \ Vp,

e and Vyy; == ((([=3nn, —yn] U [(2 4+ mn, 2+ 3n)n]) x [pn, (1 —nal) N V) \
(ViU V).

We thus introduce 77/ and 77"/, defined by
)™ = g™ l,ey, and 7/ = 7M™ 1ey,uy, (e V).
First, it follows from a similar computation as in the proof of Lemma 3.2 that

]I_D;m)(Elv eV, : HHNR # Q)) =0m*?) asm — oo,
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uniformly in # and p with the required properties (for a fixed n > 0). Hence,

—gp/(m) () , , o
Py, " (Cu(R)) =Pp(Cu(R)) + O(m*P). (5.19)

By monotonicity, we have

—/m)_(m) "

(m)
P Cu@®N) =P, " (Cu(R)). (5.20)

We now add the holes with centers in the “middle” of R”, i.e. at a distance at least nn
from the boundary of R”. This is the region that we denote by V;;, and we claim that

—g"m) () —g/m) ,(m)

Py (Ca®RN) =P, T (Cu(R")) + O(m*F). (5.21)

Indeed, this follows from a similar reasoning as for Proposition 5.1: by adding the
holes with centers in V;; one by one, until the crossing event fails, we see that there
must be a “pivotal” hole H, (v € V;;) from which four arms originate to the four
sides of R”. For J := |log,(nn)], we obtain, by distinguishing whether r, > 2/~1,
or2/ <r, <2/t forsome j < J —2,

B )~ B (e (RY)
<em™ 3 | p™ (277 +00)

UEV”
J=2
+ 3P (12, +o0) B

j=0

_77”(’") p(m)

(Wa(Agjsi o (U)))]

/(m) (m) .
(similarly to (5.5)). Using IP " (Wa(Agj+1 21 (v)) < Ci4(27,27) (from The-

orem 4.1 and (2.5)) and (3. 1) we obtain

_7-[/(’71) p(m) _n,//(m) p(m)

P, " (Cu(R) - (Cu(R")
J=-2
< cam PV - [c1(2’—1>“—2 + Y @) Cima(, 2’)}
j=0

< Com Pn? . no2

(by a summation argument similar to (5.9), (5.10)), which establishes the claim (5.21)
(since n < Km).
Using again monotonicity,

Cn®) =Fr """ (Cu(r"). (5.22)

—grm) pom)
p
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Finally, we add the holes with centers in Vj;;: a similar computation as for (5.19)
yields

— g (m) (m) —/1(m) (m)
Py (CaR) =P, " (Ca(R) + 0m P, (5.23)

Combining (5.19), (5.20), (5.21), (5.22) and (5.23), we obtain
B (Cu(R)) = Py (Ch (R)) + o(1). (5.24)

This allows us to conclude, since we can make P, (C H(R’)) as close as we want to
P, (CH (R)) by choosing 7 > 0 small enough, uniformly in p € (0, 1) and m#/3 <
n < K L(p),for m large enough [using similar standard arguments as those mentioned
below (5.2), involving three-arm events in half planes]. O

5.3 Exponential decay property

We now establish a (stretched) exponential convergence to 1 for the probability under
ﬁ;m) of crossing a rectangle in the supercritical regime p > p., using the stability
result, Proposition 5.2, for these probabilities. Obviously, we can only hope for such
a property on scales above L(p) (so that the supercritical behavior emerges in the
underlying Bernoulli percolation process). However, note that we also need the rect-
angles crossed to be of size at least m. Indeed, on scales below m, the probability to
observe a crossing hole (which would block occupied crossings) is only polynomially
small in m, so not decaying fast enough.

Proposition5.3 Let K > 1 and y € (0, 1). There exist L1, Ay > 0 (depending on cy,
¢y, 3, o, B, K and y) such that for all m sufficiently large, we have: for alln > 1,
and all p > p. with L(p) < Km,

P," (Cu (0. 2n] x [0, n]) = 1 — Aje~?20/m". (5.25)

Proof of Proposition 5.3 In the proof, we adapt a standard block argument for the anal-
ogous result in Bernoulli percolation. Adaptations are needed to control the effect of
large holes, disturbing the spatial independence (this is also the reason why we do
not obtain (5.25) for y = 1). We describe in detail which modifications are made,
up to a point from which the proposition can be obtained from fairly straightforward
computations.

For some given p and m as in the statement, letus denote f(n) := F;m) (C"’} ([0, 2n]x
[0, n])) (n>1).Wefixn=n(y) e (O, 4—1‘] small enough so that

log2
o8 > . (5.26)
log?2 + log(1 + 7)

Let us consider, for some n > 1, the construction depicted in Fig. 11: the two 5n by
n rectangles R, and R, , and the “fattened” open rectangles ?: and R, , with side
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Fig. 11 The block argument on which the proof of Proposition 5.3 relies. We use “safety strips” of width
nn around the rectangles RZ‘ and R,

lengths (5 4 2n)n and (1 4+ 2n)n. We also denote by R, the rectangle obtained as the
convex hull of R and R;;, which has side lengths 5n and 2(1 + n)n.

We now derive an upper bound on f(2(1 + n)n) in terms of f(n)>. Here, extra
care is needed (compared with Bernoulli percolation), due to the potential existence
of holes overlapping both the upper and the lower rectangles R," and R, (and thus
helping vacant crossings in both). For that, we use the “safety strips” around R, and
R, . Recall the definition (3.4) of H(.), and the notational remark a few lines below
it. The same computation as for Lemma 3.2 yields that for some C, C’ (depending on
c1, ¢, €3, @, B, and also on 1),

P (H®\ RD) < e=Cnim. (5.27)

mb—a

and similarly for ﬁ(m) (H(ﬁ; \ R, )). Let (?;“, (R (resp. (?;", (R;,)) denote the event
that Cy; (IS,;L ) (resp. Cy, ~(Rn_ )) occurs without the holes centered in (ﬁ:)c (resp. (ﬁ;)c).
Clearly, Cy, (RF)andC v (R,) are independent, and contained in C, (RF)andC v(RY)
respectively. Hence, also using (5.27) and > «, we obtain

(H@®R\ RD)) +B™

(m)

+IF’[,

m(m)

Sm)
]P)P

(CV(R) <P (H(R, \ R)))
5 S0m) (5
(CVRD)E,"(CH(R))
el (m) =(m) -
<2Ce MM L BV (CH(RD)P, (C(R,)). (5.28)
We then observe that if Cy; (R;") occurs, then at least one of four specified “horizontal”

2n by n rectangles (see Fig. 11) has a vertical vacant crossing, or at least one of the
three n by n squares located in the “middle” of R, has a horizontal vacant crossing.
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We deduce

m(m) (m)

P, (Cy (D) < 4P p

(C3 (10, 2n] x [0, n])) 4 3P, (C5;([0. n]*)) < 7 £ ().

(5.29)

and similarly for @;’”)(c; (R, )). Combined with (5.28), this implies (note that
4(1 4+ n)n < S5n, from our assumption n < %)

FQA+nn) < P07 (Ch(R) < 2Ce "™ 1€ fn)?, (5.30)

where C” = 7.

Note that the derivation above is not completely valid, since, strictly speaking, the
crossing events are not translation invariant (the rectangles considered do not “fit” the
lattice T). However, this issue can easily be solved by considering the maximum over
all translated rectangles z + [0, 2n] x [0, n], z € C, in the definition of f(n), and
adapting the subsequent arguments accordingly.

We now use (5.30) iteratively, starting from ng = Kom, where Ky is chosen suffi-
ciently large so that

f(Kom) = (5.31)

4c”

for m large enough, uniformly in p as in the statement (i.e. for all m > mgy =
mo(c1, c2,¢3, ¢, B, K),and all p > p. with L(p) < Km). Such a Ky exists, from
(2.4) and Proposition 5.2. We can also assume that K is large enough so that

: 1 c’
202~ Cnko/log2 < and Ko > 1 (5.32)
4c” 2log?2

(recall that n is fixed, and depends only on the choice of y). Let A :=2(1+4n) € (2, %]
We claim that

forallk >0, f(fng) < —272" (5.33)

- 2C//

This can be proved by induction (note that the case k = 0 corresponds to (5.31)), and
we omit the details.

Hence, with A, = %,
KO
S0t no) = 5 C//z—zk < e~ log2 _ o=aa(alno/m)” (5.34)

since 2K = pklog2/logh > 3 kv from (5.26). We can then write, as for (5.29),

Py (C (10, 53k no] x [0, Hnol)) < 7 (Hng) < Te~22mo/m? (5 35)
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From this, (5.25) follows easily for a general n > ng, while the case n < no is an
immediate consequence of ng = Kom. This completes the proof of Proposition 5.3. O

Corollary 5.4 Let K > 1.

(i) There exist A, A, g >0 (depending on cy, ca, 3, «, B and K ) such that: for all
m > mo, all p > p. with K lm < L(p) < Km, and alln > K~ m,

20(p) <P (0 < 0" B,) <70(p). (5.36)

(ii) Moreover, for all ¢ > 0, there exist kg and m (depending on cy, 2, ¢3, o, B, K
and ¢€) such that: for all m > mg, all p > p. with K 'm < L(p) < Km, and
alln > kom,

(1—e)8(p) <PV (0 < 0"B,) < (1+£)6(p). (5.37)

Proof of Corollary 5.4 As for Proposition 5.3, the proof is a suitable adaptation of that
for a similar result in Bernoulli percolation.

(i) Using a sequence of overlapping rectangles as in Fig. 12 (first with ng = n, and
then with ng = K ~'m), we deduce from Proposition 5.3 and the FKG inequality
(for the process with holes, see Remark 3.1), combined with Proposition 5.2 and
(2.3), that for all m sufficiently large,

P (0 < 9B,) < PU7(0 © 00) < PV (0 < 0" Byo1,) (538

P n) =Ep ) =T K='m :
uniformly in n and p with the required properties. Using Proposition 5.1, we
have

P (0 < 0™ By1,,) = Pp(0 < 0By 1,,) - (1 +o(1)) (5.39)

as m — oo. Finally, (i) now follows from the standard result for Bernoulli

percolation that P, (0 <~ 0B K—lm) =< 6(p) (which can easily be obtained from

(2.4) and (2.3)).

(i1) This follows from similar reasonings, noting that @ﬁ,’")(o < 8inBKOm) and

P, (0 <~ ainBKOm) can be made arbitrarily close to, respectively, ﬁ;m) (0 < 0)
and 6(p) (in ratio), by choosing ko > K large enough.

]

5.4 Largest cluster in a box
We now prove an analog of (2.14) in our setting, for boxes with side length > m.

This result, Proposition 5.5 below, is of key importance for our analysis of forest
fire processes (FFWoR) in Sect. 7. Its proof follows similar ideas as for the analogous
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8TLO

2ng j—\/
\

<>
no

< »
< L

47’7,0

Fig. 12 We use a sequence of overlapping, “horizontal” and “vertical” rectangles, with side lengths i+l ng
and 2'ng (i > 0), for some well-chosen ng > 1

result for Bernoulli percolation in [11], with extra care needed to handle the disturbing
effect of large holes. We emphasize that, to do this, the four-arm stability in Sect. 4 is
crucial, although this is not immediately visible in the proof of Proposition 5.5: it is
used indirectly, via other stability results treated earlier in Sect. 5.

Recall the definition of a net in Definition 2.1.

Proposition 5.5 Let K > 1, and (ppn)m=1 in (pc, 1) satisfying K~ 'm < L(pp) <
Km. If (ny)m>1 is a sequence of integers such that n,, > m(log m)2 asm — oo,
then for all ¢ > 0: with high F;’Z) -probability as m — oo, there exists a net N in
By, with mesh n,, = (n,um)/2, and the cluster Cnr of this net (in By,,) has a volume
satisfying

ICn|
B 10om) e(l—eg1+4¢). (5.40)
Remark 5.6 Though we will not use this fact, note that Cxs then has to be the largest
cluster in B, , with high probability (similarly to Remark 2.4). We also remark that
the assumption n,, > m(logm)? is not optimal, but it is enough for our purpose.
Indeed, we will typically (in Sect. 7) apply Proposition 5.5 to cases where n,, /m is at
least a small power of m.
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Proof of Proposition 5.5 For similar reasons as for Lemma 2.2 (now using Proposition
5.3,e.g.withy = %, instead of (2.4)), a net \V as stated in the proposition exists with
high probability:

_ 2 SN2
PU" (W exists) = 1 — € ”’") —Ca(32)
m n

)e i ()" (5.41)

m—)oo

—1—c1(

m

On the event that A exists, the volume of its cluster Cs satisfies

Yin Z1CN| < Yoo + i, (5.42)

Ymi= > Leognpy o and mmi= > Lgig, o (543)

XEBnm —4it, XEBnm\Bnm —4it,

We now use a second-moment argument for Y,,,. We have, denoting by E;’Z) the

expectation with respect to @;’:l),

(1B, | = C3iimnn) By (0 <> 8 Baz,,) < By’ [¥n] < |By,, [Py (0 <> 07 By, ).

Pm
(5.44)
Since 4n,, > m, we can apply (ii) of Corollary 5.4: for m large enough,
€ ) in
(1 - Z)e(pm) <P, (0« 9" Bu,) < (1 + )9(pm) (5.45)
and thus
€ —=(m) &
(1= 3)1But0m) < B[] = (14 5) 1B 0(). (5:46)

We now estimate Var(Y},), and for that we denote Ej, := {x < 81“34,5", X))} x eV).
Note that, contrary to the Bernoulli percolation case, even if x and y are far apart,
the events E, and Ej, are not independent. This is due to the possible existence of
large holes coming close to both x and y. To control the effect of this, we introduce
the auxiliary events E,’; = {x « 8“‘B4ﬁm (x) occurs without the holes centered in
(Bsi,, (x))€}. We have

By (Lpe # Lry) < Py (H(As, 55, (0)) - Py (E3), (5.47)
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where EZ is the event that x < 8™ By;, (x) occurs without the holes (and thus is
independent of H(A4z,,.87,,(X))). We obtain from Lemma 3.2 that

(m)( 7& ]lEA ) Le—cqﬁm/m . Ppm (0 < Bi“BMm)

<
Pm — mﬁ—a
< Cae=Gm/m g (p,), (5.48)
using also that
P, (0 <> 3" Bag, ) < C"0(pm) (5.49)

(this follows easily from (2.4) and (2.3)). Moreover, for x, y € V with [lx — y[loc >
1671, we have that E, and Ej,, are independent, so Cov(1 BroLiy ) = 0. We deduce,

for such x, y,
COV(ﬂE;fl, lE;X,) = COV(]lE’);, ]lE;\,L) — COV(]IEX s 15,}”)
= COV(]lE;fl — 15*‘ s lEy) —I—COV(]IEX s ]lE;:, — ]lérvn)
< [ (m)( 75 ]lEV) . (m)(E)7)]1/2
— ~ 1/2
+ [P;’Z><Ef,,> By (1 # 1)

(applying the Cauchy-Schwarz inequality twice). Hence, (5.48) and (5.49) imply (still
for x, y as mentioned above)

Cov(1gy. 1) < Coe™ /™0 (p,). (5.50)

We now write

Var(Y,) = > Cov(lgy. 1)
X,Y€By,, —4iiy,
Z Cov(]lErxn, ]lE’));) + |Bnm|2 . C6€_C7(nm/m)1/29(pm).

XEBnm74ﬁm B
yillx=ylloo<16my

IA

(5.51)

For any x € By, —4i,,

> Cov(ig,lg)

y: le_y‘loofl()ﬁm
< > B(ErnE)
Y llx=ylloo=16mm

< Y P (x o 9"Ba, )N {y < 9" Baz, (1))

yillx=ylleo=<16iy
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i 2
< Cs|Bigi,, [Pp, (0 <> 9" Bus,, )
< Coiim)*0 (pm)* (5.52)
where the third inequality follows from a standard summation argument (over y €

Agi pit1(x), 0 < i < [logy(167,,)]), and the fourth inequality uses (5.49). By com-
bining (5.51) and (5.52), we obtain

- — 12
Var(Yn) < Co|Bu,,| - (im)*6(pm)* + |Bu,, > - Coe™ 7" /™ 760 (py)
< Cio(1m)’m0 (pm)* + Cri () *m™'0 (p)*.
For the last inequality, we used that 8 (p,,) > m~" for some v > 0 (from the assump-

tion L(pp) < Km, (2.10) and (2.12)), so e=C70m/m'* < 1y=1g(p,) for m large
enough (since n,,/m > (log m)z). Hence,

Var(Y) < (1) *0(pm)* = By [V ])?

[using (5.46)], so

Y 3e 3e
__m ¢ (1 L —) w.h.p. as m — 00. (5.53)
| By, 10 (Pm) 4 4
Finally,
E;’:? (1] < C12nmﬁmﬁg:? (0 <> 3™ Buz,) < 1By, 10(pm) (5.54)

as m — oo [using (5.45)], so we obtain from Markov’s inequality that

Nm &
—— < — w.h.p.asm — oo. (5.55)
| B, 10(pm) — 4
This allows us to conclude, by combining (5.42), (5.53) and (5.55). O

Remark 5.7 In Sect. 7, we also need a version of Proposition 5.5 in annuli A -
(instead of balls By, ). It is easy to see that the same proof applies in this setting, so

that an analogous result holds true, with | B, | replaced by |A Lt |

6 Application: forest fires

We now turn to the forest fire processes, with or without recovery, that were already
mentioned in the Introduction. After setting notation in Sect. 6.1, we explain in Sect. 6.2
how to couple these processes with a process where “cluster-distributed” holes are
independently “removed” at the ignition times. This coupling provides in particular
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a lower bound for the forest fire processes at a time ¢, — ¢ slightly before 7., and we
estimate quantitatively this lower bound in Sect. 6.4. More precisely, we explain how
it fits into the framework of percolation with holes, studied in Sections 3 to 5, for some
m and p that we compute. Before that, we need to introduce the exceptional scales
for the forest fire processes, which we do in Sect. 6.3. Even if this section seems to
pertain only to usual near-critical Bernoulli percolation, it contains some computations
required for Sect. 6.4, and it is central to Sect. 7.

6.1 Definition of the processes

We now give further notation for the various processes under consideration. Let G be
a finite subgraph of the full lattice T, with set of vertices V.

The first process that we consider is well-known, and it has a simple dynamics: we
call it the pure birth (or pure growth) process. Initially, each vertex in Vg is vacant
(state 0). Vacant vertices become occupied (state 1), independently of each other, at
rate 1, and then remain occupied forever. Let X, (v) denote the state of vertex v € Vg
at time ¢. Clearly, at each given time ¢, the random variables X,(v), v € Vg, are
ii.d., equal to O or 1 with respective probabilities e’ and 1 — e~’. We can thus see
(X/(v))vev, as a percolation configuration with parameter 1 — e~'. We denote by
C;(v) the occupied cluster of v at time ¢.

We also consider forest fires without recovery, still abbreviated as FFWoR. Again,
each vertex is initially vacant (state 0), and it becomes occupied (state 1) at rate 1.
However, there is now an additional mechanism: vertices are ignited (hit by lightning)
at rate ¢, the parameter of this model. If an occupied vertex is ignited, then its entire
occupied cluster is burnt immediately: all vertices in the cluster become vacant, and
remain vacant forever; we call these vertices burnt (state —1). The configuration at
time ¢ is denoted by (o;(v))yev; -

Occasionally, we mention other processes, in particular forest fires with recovery.
This process corresponds to the classical Drossel-Schwabl model [16], and we use the
notation ¢ for it. The difference with the previous model is that now, burnt vertices
behave the same as “ordinary” vacant vertices: they become occupied at rate 1 (so this
process has just two states: 0 and 1).

Remark 6.1 The processes above were defined for finite subgraphs of T. Obviously,
the X process can be defined for the full lattice T as well. This is not clear at all for the
o and o processes, but it can be/has been done, by using clever arguments by Diirre
[17] (this stands in contrast with parameter-N volume-frozen percolation, which can
be represented as a finite-range interacting particle system, so that the general theory
of such systems can be applied). However, in this paper we restrict to finite graphs, for
which existence is clear. Also, we focus on the o process. Several of the results that
we prove for o can be proved (in a very similar way) for & as well. Unfortunately, we
cannot (yet) prove analogs for & of our main results in Sect. 7: see the comments in
Sect. 8.
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6.2 Coupling with independently removed clusters

The description of the processes (X;) and (o;) shows immediately (by using the
obvious coupling) that (with the natural order —1 < 0 < 1), the former dominates the
latter. It is important for our purposes to also have at our disposal a domination relation
in the other direction: for each t > 0, o; dominates an auxiliary process obtained from
X, by removing, at each “ignition event” (t, v), with T < ¢, an “independent copy”
of C (v) := C;(v) U (0°"'C; (v)). This additional process, that we denote by Y, will
provide a connection with the general theory of percolation with impurities from
Sects. 3-5 (this connection is established more explicitly in Sect. 6.4, and we then
apply it to obtain our main results for o in Sect. 7).

More formally, for each v € Vg, let 7, be the (random) set of ignition times at
v,andfors > 0,7/ :={r €T, : © <t}.Forv € Vg and ¢t > 0, we denote by
Wy, the distribution of the occupied cluster C;(v) of v in the configuration X,. We
then introduce the marked Poisson point process obtained from the Poisson process
of ignitions, by assigning, for each v € V and each v € 7, a random “mark” C, ,
drawn independently, according to the distribution ., . Finally, we define ¥; obtained
from X; by “removing” the subsets C,, ; = Cy, r U (80“‘(3”,1) weVg,teT,,T<t),
ie.

Y;(v) .= X;(v)1 (v € Vg).

U¢Uv’ev,re’T’, Co e
v

As said above, we claim that o dominates, in some sense, Y. Some nuance is needed
here, because o has states —1, 0 and 1, while Y has only states 0 and 1. More precisely,
our claim is the following.

Lemma 6.2 Forallt > 0, (1,,(»)=1)vev; Stochastically dominates (Y;(v))yevg-

So, informally speaking, the ¢ configuration at time ¢, with state —1 “read” as 0,
stochastically dominates the Y configuration.

Proofof Lemma 6.2 Let t > 0, and fix all the ignitions before time ¢, denoted by
51,00, ...,Gpyv) 0 <51 <--- <5, <t,and vy, ..., v, € Vi). Note that it is
sufficient to prove the desired stochastic domination with fixed ignitions (and random
births), which we do now.

Let P denote the random process of births up to time #. We can visualize this process
‘P in the usual way: to each vertex v, we assign a half-line (corresponding to [0, 00)),
and for each of these half-lines, we consider a Poisson point process with intensity
1. The X process corresponding to P is then, clearly, described as follows: for each
s € (0,1),

Xs() =1 (Phasa point before time s (v e Vi).
on the half-line assigned to v}

The proof is based on a coupling argument, and to do that, it is convenient (due to
the notion of “independent copy” in the definition of the Y process) to introduce n + 1
independent copies of P, denoted by (73(’)) 1<i<n+1, that we use to build a realization
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0 L 0
v -
CPY(vy)

PO 51 P2
A y
1‘7 t,
Sod - b - Tt H-+-L 1 & ¢ Sod bt Tttt =8-}-}-}F-F-}-
Y M N Ny N M S GO P SP P S H FCFJ M N S N S S P S G U . P U
0 0
P(2) P(2) 2
CL7 (v2) € CL7 (v2) PO PG

Fig. 13 We construct the coupling in an iterative way: (1) the modified configuration P@ s obtained from
1
P by erasing all births before time s1 on 801“(357?( )(vl), and all births on Czlj(l) (v1), (2) the modified

- e

configuration PG is obtained from 73) by erasing all births before time s, on BOU[CAZ;( ) (v2), all births
1 1 5

before time s1 on 3"‘“03713( ) (v1), and all births on cgf( ) (v U Cg( )(vz), (3) we keep proceeding in the

same way, producing a sequence of configurations PO CcpD i=4,...  n+1

of the o process. The X process corresponding to P (1 < i < n+ 1) is then denoted
by X PO (and similarly for clusters), so for example, X;P(t) (v) is the indicator function
of {P¥) has a point before time s on the half-line assigned to v}.

Here is, somewhat informally described, the construction (illustrated on Fig. 13).
Up to time 51, we let the forest fire without recovery (FFWoR) process run, “driven” by
PWM Then, as we should, we “burn” the cluster at time s1, i.e. all vertices of CZID(” (v1)
become vacant, and remain so forever. What information does this cluster give us
about the states of the other vertices at time s; in the FFWoR process? Of course,
the vertices on the outer boundary of this cluster are vacant at time s, but this is all

information we have: all the vertices outside CP“) (v) = CP(I) (v U (80‘“631)(1) (vl))

are still distributed as in X PO

Hence, (the law of) the future evolution of the FFWoR process does not change
if, as we will do, we replace the pM configurations on the entire timelines of these
vertices by P configurations. The same holds for the half-lines above time s1 of
the vertices in 80‘“(3571)(1) (v1). Finally, since the vertices of Czl)(l) (v1) burn at time s
and remain vacant forever, we may (without changing the distribution of the FFWoR
process after time s1) remove all the points from the entire timelines of these vertices.
We denote the resulting point configuration by P, Note that, considered as sets of
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points, we clearly have that P@ < P@ . Itis also clear from the above observations
and definitions that, at each time s € [s1, 52), the FFWOR process at time s (with state

—1 “read” as 0) has the same distribution as X Pe ).
B2 . .
Now, at time s;, the occupied cluster of vy, i.e. CZ;( )(vz), is burnt (note that it

. . . @ . .
is contained in CZ; (v2)). Using the same arguments as for the first burning event,
i.e. (s1, v1), we replace the point configurations of the entire timelines of the vertices

outside CP“)(vl) U CP( ) (v2) by those of P®). For the timelines of the vertices in

8°“tC£(2)( 2) \ CS1 (v1), we replace the point configurations after time s, by those

of P, For the timelines of the vertices in BoutCZl)“) (v1) \ Cg(z) (v2), we replace the
configurations after time s1 by those of 7). Finally, the points on the entire timelines
of the vertices in C‘ZID(]) (v1) are removed, and we do this also for C‘ng (v2). We denote
the resulting point configuration by P which is clearly a subset of P,

Again, one can check that, for each time s € [s2, 53), the FFWoR process (with —1
read as 0) has the same distribution as X ZDG). At time 53, we burn CZ;G) (v3) (which is

contained in CZ;G) (v3)), and so on. Iterating this procedure, we obtain
P PQ cp@ Pt ¢ path,

and conclude that the FFWoR process at time ¢ (with the state —1 read as 0) has the
. . . D(n+1 . .
same distribution as X ,P( +) . Moreover, it follows from the procedure that, outside of

CPY () UCP? (1) U...UCP™ (uy), 6.1)

p(n+l1) . n+1
XZJ( s equal to le( .

Finally, since the set of vertices in (6.1) is contained in the union of the sets Cf(i) (vi),

1 < i < n, and these n sets are (clearly) independent of each other and of X,P(Hl),

the result follows. O

Remark 6.3 Note that Lemma 6.2 still holds (with practically the same proof) in the
case when the ignition and birth rates are vertex- and time-dependent, and also when
the boundary of a burnt cluster stays vacant forever. Moreover, it is valid for forest fires
with recovery as well, i.e. for the o process, up to minor modifications: for instance,
to produce P from PP, remove only the points below time s (instead of all the
points) from the timelines of the vertices in C;’f(l) (v1) (since these vertices burn at time
s1, but they are allowed to recover at a later time).

For a subset of vertices A € Vg, we can consider the FFWoR process on A, i.e.
obtained when restricting the “geographic universe” to the graph (A, E(A)), where
E(A) == {e = {x,y} € E : x,y € A}. Note that this process on A does not
necessarily coincide with the restriction to A of the FFWoR process on the whole of
V. For all t > 0, we denote by o,A = (o,A (v))vea the configuration at time ¢ of the
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FFWoR process on A. We will actually make use of the following “uniform” version
of Lemma 6.2.

Remark 6.4 Let V; (1 < i < I) be subsets of Vi, and let W := ﬂlsisl V;. Then,
with Y; as before (“living” on the entire graph G), it follows from the same cou-
pling argument as for Lemma 6.2 that (Il stochastically dominates

(Y: (v)vew-

minj<i<; o, (v):l)UGW

6.3 Exceptional scales

In this section, we explicitly define certain length scales (as functions of the parameter
), and call them “exceptional”. In Sect. 7, we will prove that the FFWoR process on
boxes with these length scales indeed exhibit an exceptional behavior, in the sense of
Sect. 1.2 in the Introduction.

Let p(¢) := 1 — e~ be the percolation parameter at time ¢, and ¢, := — log(1 — p.)
be the unique value of ¢ for which p(¢) = p.. For the sake of convenience, we write,
with a slight abuse of notation, 6(¢) = 6(p(¢)) and L(t) = L(p(t)).

We make repeated use of the correspondence, for r > f., between “times” and
“scales”, viat <> L(t).Recall that we consider a regularized version of L, as explained
in Sect. 2.2, which is in particular (seen as a function of time #) a bijection from (., 00)
to (0, 00). We define the transformation ¥, : 1 € (fo,00) > 7 = i(t,¢) € (tc, 00)
satisfying

LD 1| =¢! (6.2)

(similar to (7.1) in [9]). Note that it is well-defined since 9(.)|. — tc| is continuous
and strictly increasing on [z., 00), from 0 to co. Moreover, L is strictly decreasing on
(tc, 00) s0 Y is strictly increasing, and v (1) — oo as t — oo since L(z) — 0.

It follows immediately from (6.2), combined with (2.10) and (2.11), that

L) =<¢7'L IZM. 6.3
(1)° = ¢ L(D) L) (6.3)
Lemma 6.5 Fort € (i, 00), let ¢(1) := L(t)*0(t)|t — tc|. We have
¢(t)—> 00 and ¢(t) — 0. (6.4)
t\ile t—>00

Proof of Lemma 6.5 Since L(t) tends to 0 exponentially fast as 1 — oo, the same is
true for ¢(¢), which gives the second limit.
For the first limit, we use successively (2.10) and (2.11) to obtain: as ¢ | f.,

L
L@t — 1] = Lo (L) — 1] = % 6.5)
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We then deduce from the Harris inequality and the observation that L(t) — oo as
t — t. (see the paragraph below (2.2)) that

71 (L(1)) —1

_— > L(t —> 00. 6.6

ma(Lny = O ©0
We get the desired result by combining (6.5) and (6.6). O

Since ¢ is continuous on (f., o), Lemma 6.5 implies that for all ¢ > 0, there exists
t € (t;, 00) such that

L0t —t|=¢7". 6.7)

This leads us to introduce the “fixed point” ¢, of . Since there may be several of
them (¢ is not necessarily monotone), we adopt the following definition.

Definition 6.6 For ¢ > 0, we introduce

foo = too(¢) :=sup{t > tc : Y (1) =1t} > 1, (6.8)

and we let mqo(¢) := L(to(2)).

It follows from the fact that ¢ () — 0 as t — oo that: to, < 00, and for all # > o,
f > t. Note also that f5,(¢) — . as £ \ 0.

Since V¢ (1) — tc ast | t, Y is a bijection from (%, co) onto itself. We define
the exceptional times ty, = t;(¢) (k > 0) by induction as follows. We take

fo :==2t., andforallk >0, #,1(¢) := Wg_l(tk@)) (6.9)

(the choice of 1y is completely arbitrary, and any fixed value > ¢, would work). In the
following, we always assume that ¢ is small enough so that #,(¢) < fo, which implies
that # () > t0(¢) for all k > 0, and that for a fixed value ¢, (#(¢))k>0 is strictly
decreasing.

We also consider the corresponding exceptional scales my(¢) := L(#(¢)) (k > 0),
which satisfy (from (6.3))

—1 274 (my)
mzﬂ =< lm% .
1 (mp)

(6.10)

For future use, note that mo(¢) = L(tg) = L(2t.) is a constant, and (from (6.10))
< L
mi(¢) < N/

By combining (2.10) and (2.11) with the fact that 7z; (n) = n=% 10 (as n — 00)
fori = 1,4, with o] = 45—8 and a4 = % (see (2.7) and the paragraph below), we can
obtain L(t) = |t — tcl_%”(l) ast — te,and 6(1) = (t — tc)%+0(l) ast \( t.. Hence,
too = te + £PT0W and 1 = 1. + % FoW) ag £ N\ 0, with
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The corresponding exponents for my and m, then follow readily:
me(@) = ¢ 73900 and mog(@) = ¢TI ase N0 (6.12)

(in particular, for all k > 0, mg41(Z) > mg(2)).
The following lemma ensures that L(f) < L(t) for ¢ “much larger” than f,, (more
precisely, for ¢ such that |t — 7.| > |teoc — t|).

Lemma 6.7 There exist universal constants C, B > 0 such that: for all ¢ < 1 and
1= 100(8),

2 B
& < C( L® ) . (6.13)
Loy~ L)

Proofof Lemma 6.7 We can assume wlog that + < 10t.. First, we have
L)?0(D)|f — te] = ¢! = L(too)?0(too) |too — te| (from (6.2) and (6.8)), so

L®® _ 6ls0) |t —1c]
L) 0()  |i—t|

(6.14)

On the one hand,

Oli) (o 1(LlEx))
o)~ mLd)

[using successively (2.10), (2.6) and (2.12)]. On the other hand,

A 1/2
> Cymi (L), Litoo)) = c3< LL(EI))) 6.15)

oo —te| _ ., L@Pma(l@) _ ., LG)?

74 (L(D), L(tso)) ™!

f—1.] 7 'Lltoo)?ma(L(tos)) ~  *L(ts0)?
, L2 [ L@\
i (i) 1

[using (2.11), (2.6) and (2.13)]. The desired result then follows (with 8 = %) by
combining (6.14), (6.15) and (6.16). O

6.4 Comparison to percolation with holes

In this section, we consider the particular case of the forest fire processes on finite
subsets of T, with homogeneous birth and ignition rates, respectively equal to 1 and
c.

The main difficulty in analyzing the behavior of these processes as ¢ approaches
1. is to get a good grip on how fast large connected components appear, and then
“disappear” due to the fires. For that, in Sect. 7, we first consider the forest fire process
where we stop ignition at time ¢, — ¢ (for some ¢ = €(¢) N\ 0), in boxes with side
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length n = n(¢) > L(t, — ). At all later times ¢ > . — &, a lower bound for this
process is provided by the percolation process with holes (with parameter p = p(t)),
for some well-chosen ,0(’”) and m‘,’”) = 7M™ (v € V) that we compute now. Here
the parameter is m = m({) = L(t, — €(¢)). Later, in Sect. 7, this is applied to the
original FFWoR process. Let us also mention that in all our applications, we have
m(¢) <K my(¢) for some k > 2.

For a subset C C V, letrad(C) := inf{n > 0 : C C B,} be the radius of C
(seen from 0). Similarly to Sect. 6.2, we consider a marked Poisson point process:
forallv e Vandt € T, °, we assign a mark C, , with distribution p, , i.e. the
distribution of the cluster of v at time 7. We denote by 7" the probability for a
vertex v € V to be ignited at least once during the interval [0, 7. — ], and by p™ the
distribution, conditionally on v being ignited in [0, . — ¢], of max, gre—e rad(m)
(these quantities clearly do not depend on v).

Lemma 6.8 Letk > 2, and assume that m(¢) < my(¢) as ¢ \ 0. Forany v > 0, let

1
-—+4v and B:=--— —v. (6.17)

3
o= -
800 4 Ok

W

Then there exist constants c1, ¢z, ¢3 € (0, +00) such that for all m sufficiently large,
the conditional distribution p™™ and the probability =™ satisfy (3.1):

P ([r, +00)) < c1r® 2™/ (r > 1) and 7™ < czm™F. (6.18)

Remark 6.9 Note that o = % +ve (%, 2). Moreover, since §; < dx (the sequence
(8i)i>1 being strictly increasing), we also have B > « as soon as v is chosen small
enough (depending only on k).

Proof of Lemma 6.8 First, note that since my (¢) = g“_%‘s””(l) as ¢ \, 0, we have:

_3. 1L
c<m 45k+u

for all ¢ small enough. (6.19)
Hence, the probability for v € V to be ignited at least once in [0, . — ] satisfies
M =1—e 80 < ¢ <cym™F (6.20)

for some c3 > 0.
We now estimate the distribution of radii p. We write, foratime s > Oand r > 1,

os(r) == P(rad(cs 0)) > r)
(where C;(0) denotes the occupied cluster of O at time s). In the remainder of the
proof, we forget about dependences on m in the notations. We start by considering S
uniformly distributed in [0, 7. — €], and computing

A(lr, +00)) :==P(rad(Cs(0)) = r) (r = 1),
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by distinguishing the two cases r > m and r < m. Let J := | log, (35) | > 0, so that
%tc <7 —-27¢ < %tc. For later use, note also that: for all s < ¢, and r > L(s),

ps(r) < Cry(L(s))e” /LG (6.21)

for some universal constants Cy, C > 0 (this follows from (2.4) and (2.9)).
Case r > m : we have

J—1
p([r, +00)) = ZIP’(S € (te — 27" e 1. — 27¢], 1ad(C5(0)) = r)

j=0
+P(S €0, 1. —2”¢], rad(Cs(0)) > r)
VP t.—27e _

=< . P;C_zjg(”) + . p[L,—ZJg(r)
b t. — ¢ t, —
j=0

< C3 Y @ eymi(Llte — 2 g))e /bt

j=0

where we used (6.21) for the last inequality (using that r > m = L(t, — ¢) >
L(t. — 2/¢)). We have, for some universal constants y, yl’ ,¥2,C4,C5,Ce > 0,

L(te —2/e) L. —2e)

C42)™ < p = Te_o = Cs(2/)™" (6.22)
[using (2.11), (2.6) and (2.13)], and
1L =26) _ iy (6.23)

71 (m)
[combining (6.22) with (2.6) and (2.12)]. Hence, since em?m4(m) = 1 [from (2.11)],

J . /
Al +00) < C7e Y (21)(@27)P2m) (mye=Cor @ /m
=0

J /
< Cg—nl(m) e~ Csr/m <Z(zj)l'i‘)/ze—Cgr((Zj)yl—l)/m>'

m2m4(m) —
j=0

Since ijo(2./‘)1+V26—Csr((2~f)3’1—1)/m < Zj’io(z./)Hyze—Cs((zi)V]—1) < 00 (using
r > m), we obtain: for some y3 > 0,

V3
B(lr, +00)) < Cro—2 U _=csrim _ ¢, T (TNT corim (694
m2m4(m) r2ma(r) \m
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[using (2.6), (2.12) and (2.13)], so

p(lr, +00)) < Cin le(r( i) ~Csr/2m (6.25)

Case r < m :leti > 0 be such that L(z, — 2/ T'e) < r < L(t. — 2'¢), and assume
first thati < J — 2. We have

p([r, +00)) = IP’(S € (te — 2" e, 1. — ¢l, rad(C5(0)) > r)

+ Z (S € (tc — 2716, 1, — 27¢], rad(C5(0)) > )
Jj=i+1

+P(S €10, 70— 27¢], rad@5(0) > 1)

2i+le J—1 j o

T t.—¢ -y (r) + 2Jg(r)+— 'Oh 2. (r)
‘ j=i+1 tc
i (r) J |

) : ' _ 2 g))e—Car/Ltc=2"¢)
1}’27'[4(}’) + C2 Z 2/ &) (L(t, — 27 ¢))e™ " &)

j=i+1

Now, by a similar computation as before,

J
Y @emi(Lie —2/e))e @/

j=itl
< Qe (Lt —2'e)) < q% (6.26)
(using L(t, — 2'*le) < r < L(t, — 2%¢), as well as (2.11)). Hence,
_ , ()
p(lr, +00)) < C} 6.27)

rlma(r)’

Finally, ifi > J — 1, thenr < L(%tc) and the same conclusion holds (after possibly
increasing CZ, if needed).

Hence, combining both cases (6.25) and (6.27), we find that there exist constants
C1, Ca, C3 such that: forall r > 1,

A(lr. +00)) < Cy zl(r()) SO < Gy ARG = Gy e,
Tty (r
(6.28)
with o = 48 S 4y = i — + v, as desired.

Now, for a vertex v Wthh gets ignited at least once before time #, — ¢ (and possibly
several times), we consider all the clusters of v generated during the interval [0, 7. —¢],
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and denote by 7, the maximum of their radii. We have

o N - 1 _
P(v is ignited in [0, 7. — €], 7y > 1) Z ' (¢@e — s) ~kp([r, +00))
k=1
< ¢ -tp([r, +00)) - Zkl {tc

S ; : 2t015([r7 +OO))5

which allows us to conclude [using (6.20) and (6.28)]. O

7 Existence of exceptional scales for forest fires without recovery

We now combine the results from previous sections in order to establish properties
of the forest fire without recovery (FFWoR) process, run in finite boxes with side
length M = M (¢). After setting notations in Sect. 7.1, we consider the two cases
M) < mp(¢) (Sect. 7.2), and mp(¢) < M(¢) <K myy1(¢) (Sect. 7.3), for an
arbitrary k > 1. Using the results from Sects. 4, 5 and 6, we prove the claim (mentioned
in the Introduction) that, as ¢ \ 0, the “impact” of fires vanishes in the latter case,
but does not vanish in the former case. In fact, our results, Theorems 7.1 and 7.2, are
somewhat stronger and more general than this claim suggests: they not only hold for
boxes, but also (and, in some sense, “‘uniformly’’) for domains whose boundary is a loop
in an annulus between two boxes of comparable size. This is not just generalization
for its own sake: it is needed to make the proof, which has an iterative flavor, work.

7.1 Notations

Recall that we focus on the FFWoR process, on subsets of T = (V, E), with birth rate
= | and ignition rate = ¢ (in Sect. 8, we discuss how the proofs might be adapted in
the case of forest fire processes with recovery). For a given finite Vg € V, we denote
by 0; = (0:(v))vev, the conﬁguration at time ¢ > 0 of the forest fire process on V.
We also use the notation o2 for the process “living” on a subset A C Vg (see the
discussion above Remark 6. 4) Finally, for 0 < s < ¢, we will also need to consider the
forest fire process on A where ignitions occur only until time s (i.e. nothing happens
at the later ignition times T > s), and we write US{‘, for the configuration at time ¢ of
this process.

For a circuit y, we denote by D(y) the set of vertices in its interior. For all £ > 1,
we write & (¢) = tx(¢) — t.: for future reference, note that

Cem1 () (me(©)) 6 (1 + er-1(0) = 1 (7.1)
(from (6.2), since 1—1(¢) = ¢ (% (¢)) and L(#(¢)) = mi(¢)). In this section, we

often drop the dependence on ¢ for notational convenience, writing simply my, #, &,
and so on.
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We use later that: for any fixed n # 0,
L(t. + ne) < L(t. + ¢) (7.2)

as & — 0 [from (2.11), (2.6), and (2.13)]. In particular, it follows from the definition
of my, that

L(te +nex) < L(te +&x) = L) =my as & 0, (7.3)

uniformly in & (i.e. the constants in this asymptotic equivalence only depend on 7).

The first key step of the proof strategy in Sect. 7.2 can be informally described as
follows. If we consider the process in a box with side length M = M () > %, we
introduce ¢ = £(¢) (\y 0 as ¢ N\, 0) such that for the underlying percolation process
(i.e. without any ignitions at all), we have: at time 7, 4 ¢, with high probability, the box
By contains a net N whose cluster Cps has a volume of order sl We then consider
the forest fire process with ignitions ignored after time z. — ¢, for which a lower bound
is provided by the results of Sects. 5.4, 6.2 and 6.4, so that for this process as well,
at time . + &, there exists a net N with |Car/| =< sl Hence, there is a reasonable
probability that no vertex of Cs is ignited during (¢, — ¢, t, + ¢€), but some vertex of
Cnr is ignited during (f, + &, t. + 2¢). Moreover, we have sufficient control on the
size of the island containing 0 after this burning, which allows us to repeat this step
iteratively.

Section 7.3 uses similar ideas, but the situation is somewhat more complicated.
In particular, it requires the use of time intervals of the form (¢, — ne, t. + ne) and
(t. + ne, t. + Ae), for some suitable n, A > 0.

We want to stress that the proofs of Theorems 7.1 and 7.2 also yield some infor-
mation about the size of the final cluster of the origin. This cluster has typically a
diameter of order 1 or \/LZ in the first case (M (¢) =< my(¢)), and a diameter > 1 but

< \/Lf in the second case (my(¢) € M(¢) < myy1(2)).

7.2 Case M(¢) < my (&)

For¢ <land 0 <t < f < oo, we introduce the event F“,;(m,nz) := {for all
circuits y in the annulus A, ,,, in the forest fire process with ignition rate ¢ in the
domain D(y), 0 burns during the time interval [, 7]} (0 < n; < ny). The goal of
this section is to establish the following result for forest fires in domains with “size”
comparable to some exceptional scale my (k > 1).

Theorem 7.1 Lett, <t <1t < o00. Forallk > 1 and all 0 < C| < C3,

lim inf P(Cy , 7(Cimi(§), Cami(§))) > 0. (7.4)

Proof of Theorem 7.1 The constructions that we use turn out to be quite convoluted, due
to dependences between successive scales, that need to be taken care of. We first give
a proof for the case k = 2, after which we point out how to handle a general k > 3. We
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Cymy

Fig. 14 This figure depicts the events used to prove Theorem 7.1 (in the case k = 2). The dotted circuit is
(te + 2ep)-vacant, while the circuit and the path in solid lines are occupied in the configuration

. D
miny ‘Tzc—(lsll) Jtete]
define the following six events (some of them depicted on Fig. 14), for a well-chosen
constant C3 to be determined at the end of the proof (see (7.25)). The superscript “(2)”
in the notation of these events refers to the fact that we are considering the case k = 2.
For simplicity, we assume that C; > 1 (trivial adaptations of the argument are needed

if Cy < 1).
(i) NET® = NETG,
(min, a,?gl) fete (v))v cBc.,,,» Where the minimum is taken over all circuits y

e 1m

(Cimy) is the event that the configuration

in the annulus Ac,m,.Coms >

— has a net N/ with mesh (Cyma - mp)'/2,
— and |CN/ﬂAc1 -}Ac
2

= 3]Aq
Sma,Cimy | = 2 S-ma,Cimy

0@t + &1).

Using the comparison to percolation with holes provided by Lemmas 6.2 and 6.8,
it follows from Proposition 5.5 (and Remark 5.7), with m = my, n,, = Cyma,
and p,, = p(t. + &1), that

P(NET® 1. 75
( ) N (1.5)
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(ii)

(iii)

(iv)

)

Indeed, note that L(p,,) = L(t. + €1) = m1, and also that, by (6.11) and (6.12),
n, = Ci (m1)52/‘31+"(1), where §>/8; > 1. Finally, we want to emphasize that
our application of Lemma 6.2 above (and later in this section, though it will not
be mentioned explicitly) involves a more general version of this lemma, pointed
out in Remarks 6.3 and 6.4.

NETB® = NETB®@ (g;; Coms) (where B stands for “Bernoulli”) is the event
that the largest (7. + €1)-occupied cluster (i.e. for the underlying percolation
process) C? in Bc,m, has a volume [CB| < 2 |Bc,m,|0(tc + €1), and con-
tains a net A8 with mesh (Comy - m1)1/2. Note that the cluster C? in this
definition automatically contains the net A/’ in the definition of NET®. Since
L(t. + e1) = m; < Camy, the standard volume estimates (2.14) for ordinary
Bernoulli percolation (see also Remark 2.4) give

P(NETB® 1. 7.6
( )= (7.6)

OCP® = OCP® (2my, Csm;; m3) (where the name stands for “Occupied Cir-
cuit and Path”) is the event that the configuration

(min,, at?jz]),‘ ter (v))v cBe.,,,» Where the minimum is taken over all y in
c sle 1mo
AcCymy,Com, (as in the definition of NET®),

— has an occupied circuit in Az, cym»
— which is connected by an occupied path to 0 B,,.

Note that the occupied path in this definition has to intersect the net A/’ in the
definition of NET®: indeed, N has a mesh =< (mlmz)l/ 2 which is > m and
<« my. We claim the following:

for all 6 > 0, we have that for all C3 large enough, liICn \f(l)lf IP’(OCP(2) ) >1-34.
(71.7)

Indeed, this follows from Proposition 5.2 combined with (2.3), and
Proposition 5.3 (together with the construction of Fig. 12), using again
L(t. + €1) = m1, and the lower bound produced by Lemmas 6.2 and 6.8.

VC? = VC® (2e1;my, 2my) := {there exists a (f + 2¢;)-vacant circuit in
Amy.2m, } (Where the name stands for “Vacant Circuit”). We claim that

P(VC?) > C >0, (7.8)

for some “universal” constant C, which does not depend on C1, C> or C3. Indeed,
this is an immediate consequence of (2.3), and the fact that L(7, + 2¢&1) =< m
(from (7.3)).

@ = 1(2)((81, 2e1); Smo, Cimy) = {some vertex in Cp;r N A%m’clmz is

ignited during the time interval (¢, +¢1, . +2¢€1) }, where N is as in the definition
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of NET® (the name stands for “Ignition”). Note that

1
—¢€e105|A o(te
{-e1 2| Czl mz‘C1m2| (teter)

P(I? |NET?) > 1 —e >C' >0, (7.9)

for some constant C’ = C’(C1) which depends only on Cy, using (7.1).

(vi) NI® = NI® ((—&1, €1); Camy) := {no vertex of CZ gets ignited in the time
interval (t, — ey, t. +€1) }, where C? is from the definition of NETB® (the name
stands for “No Ignition”). We have

P(NI® | NETB®) = ¢~¢212[Bem|0tren > r Lo (7.10)

for some constant C”” = C”(C5) depending only on C; [using again (7.1)].
Now, note that if all the six events (i)-(vi) above hold, then, no matter where y is
located exactly, the forest fire process in D(y ) has the property that Cxr burns in the
time interval (7. + €1, f. + 2¢1), and leaves 0 in an “island”, whose boundary is some
circuit in A, cym, . Hence,
Ly 1 7(Cima, Comy)
> NET(),, (Cim2) NNETB® (e1; Com)
NOCP? (2my, Csm1; ma) NVC? 2¢e1; my, 2my)
C
NNI® ((—e1, £1); Coma) N 1(2)((81, 2¢1); - M2, C1m2> NT;,5mi, Camy).
(7.11)

In order to avoid “interferences” with events at level m (i.e. a certain dependence
between the two successive scales), we will later write

NI? ((—¢y, 1); Cama)
= NIP((—¢1, &1); C3my, Coma) NNIP ((—¢1, £1); C3my),  (7.12)

where the first event in the right-hand side involves only vertices in the annulus
Acymy,com, - For future use, note that the second event satisfies

P(NI? ((—é1, &1); C3my)) —> 1. (7.13)
N0

We now investigate the event I'; ; 7(m 1, C3m1), for which we again need to define
several events, with similar names as before, but now with superscript “(1)” (some of
them are illustrated in Fig. 15).

iy ve = vch (2ey; %m],ml) := {there exists a (fc + 2&1)-vacant circuit in

A, } For the same reasons as for (7.8), we have
FM1,n

P(ve?) > C >0, (7.14)
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C’3m1

Fig. 15 This figure depicts the events used to prove Theorem 7.1 at scale m 1. The dotted circuit s (7. +2¢1)-
vacant, while the solid path starting from 0 is z-occupied

(i)’

(i)’

where C is a universal constant, which does not depend on Cy, C> or C3.
NID — NI(I)(ZE,‘]; my) = {no vertex of B, is ignited before time . + 2¢; }
Since m| = «/L? as ¢ N\ 0 (see below (6.10)), and &1 — 0, we have

P(NIY) > ¢’ > 0, (7.15)

for some universal constant C’, which does not depend on Cy, C; or C3.
N W(l)((%l, t —1tc); Camy) := {no vertex of B¢y, is ignited in the time

interval (7. + 2¢1q, L)}. Note that, using again m| =< «/L?’

P(ma)) > (Ot 5 hCh (7.16)

for some universal constant A > 0 (this lower bound becomes very small when
(3 is large, but it is not a problem since we will later “factorize it out”).

. (1 .
These first three events together, i.e. VC NI NNTC ), ensure that the configuration
in B - “looks like” ordinary Bernoulli percolation at time ¢. We define further events.

@iv)’

NETBY = NETB() (g— te; %ml) = {there exists a -occupied cluster in B%ml
with volume > % . |B%m1 |9(£), and containing a net N with mesh = /m; }

Again, it follows from the volume estimates (2.14), combined with the fact that
mp < «/L? — oo as ¢ \ 0, that
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P(NETBV) — 1. 7.17
( ) =3 (7.17)

(v) OPD = OPWD (¢ — 15 3my) := {there is a t-occupied path from 0 to By, b
Clearly,

P(OP") > 6(). (7.18)

i) IO = 10(t — 10,7 — 1.); %ml) := {some vertex in the cluster of NV gets
ignited in the time interval (z, 1) } (where N’V is from the definition of NETB(D).
Note that (for some universal constants ', .” > 0)

which does not depend on C1, C3 or C3 (we used again m| < \/Lf)'

If these events (i)’-(vi)” hold, then, in the forest fire process in D(y’), 0 burns in
the time interval [¢, 7] (no matter where y’ precisely is). We deduce that

L 7(my, Camy)
S veD (2e: L M) (2, iV :
2 ve® (2e1: gmi my ) ANIO ey ) VNI (@e1. 1= 10 Comy)
1 1
ANETB® (g e Eml) N OP“)(L— fo: Eml)

_ 1
N I(l)<(g 1T 1) Eml). (7.20)

Note that NIV “interferes” with some of the events at scale m»: with NET?®,
which does not matter in the computation below, since IP’(NET(Z)) — las¢ (O
(from (7.5)), but also with OCP® . We take care of this issue by writing

0CcP@ N NI = 0P NI, (7.21)

for a modified event OCP(Z) defined exactly as OCP®, but with respect to the forest
fire process where no ignitions occur in the sub-region B, . Note that from Lemma 6.2,

(7.7) holds for this event @(Z) as well.

We now combine the two inclusions (7.11) and (7.20), and to take care of depen-
dences between scales, we modify some of the events as explained (see (7.12) and
(7.21)). By using that the probabilities of several events tend to 1 as ¢ N\ 0, we obtain

liminf P(I"; , ;(C1m2, C
im in (T¢.1.7(Cima, Cama))

> 11?1\1ng[0(:13(2’ @my, Csmy: my) NVC® 2e1; my, 2my)
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C
NNIP ((—e1, £1); C3my, Coama) N 1(2)<(81,281); Tlmz, Clmz)
1
N VC(1)<281; zml, ml) N NI(I)(Z&‘[; my)
AN (@e1, £ = 10); Cymy)
M 1 M z 1

nop <£—tc; §m1>ﬂl ((L—tc,t—tc); Eml) . (7.22)
Now, we use that although the I and NI events are, strictly speaking, not independent of
each other (nor on the other events), their conditional probabilities, given other events,
are bounded from below by some positive constants depending only on (at most) C1,

C» and C3. This gives, by applying (7.10), (7.9), (7.15), (7.16), and (7.19) to (7.22),
that for some C = C(Cy, C,, C3) > 0,

11?1 \i(r)lf P(T;, #(Cima, Comy))
> C(Cy, Cy, C3) - 1ign\igfﬂ»[0CP‘2)(2m1, Csmy: ma) NVC® 2¢1: my, 2my)
M 1 M 1
nve (281; Eml,ml) noP (L—tc; zml) . (7.23)

Finally, we note that the events vC®, vc®  and OPWD are independent of each other,
and that their probabilities do not depend on C3. Hence,

.. ) (1) 1 (1) 1

lim inf P| VC® (262 my, 2my) N VC <28];—m1,m1>ﬂOP (g—tc; —ml)
N0 2 2
>C' >0, (7.24)

for some constant C’ that does not depend on C3. From (7.7) (and the remark following
the definition of OCP(2), below (7.21)), we can take C3 large enough so that

_ c’
lim inf POCP? (2my, Camy; my)) = 1 — = (7.25)

By combining (7.24) and (7.25) with (7.23), we get

!

.. ~ C
lllgn\f(r)lf P(Fc,l’;(clmz, szz)) > C(Cy,Cr,C3) - 7 (7.26)

This completes the proof of Theorem 7.1 in the case k = 2.

We now give an outline of the proof for a general k. For k > 3, we define analogous
events NET®, NETB®, OCP®, vC® 1% and NI®) . For the same reasons as in
the case k = 2, the corresponding claims (7.5), (7.6), (7.7), (7.8), (7.9) and (7.10) are
also satisfied by these events. Again by the same arguments as for k = 2, an inclusion
similar to (7.11) holds:
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L1 7(Cimy, Camy)
> NET® (Cymy) N NETB® (ex_1: Camyp) N OCP® 2my_y, Cymy—; my)

Comy
NVCH Q2eg_1; my—1, 2mk71) ANI® ((—ex_1, ex—1); Camy)

N0 (Ger-1. 260 0 & S Cimic) N T ysmi-y, Cymi-). (7.27)
We then iterate this, using (7.20) for the case k = 1 as before. We also rewrite the

events NI) (2 <j<k si_milarly as in (7.12), to avoid dependences. Using that the
events NET) and NETB) have probabilities tending to 1, as ¢ \, 0, yields

1im\inf P(T; , #(Cimy, Comy))
;

> 11m 1nf IP’|: m “I(j ) and (rewritten) NIV events”)

k k
; ; 1
N ﬂ (“OCP(/) event”) N ﬂ (“VC(-’) event”) N OP(I)(L — fe; §m1>:|
j=2 j=1
(7.28)
We now slightly modify the OCP"/) events, i.e. we replace them by OCP(/) events as

in (7.21). This allows us, as before (see the e?(planatlon just after (7.22)), to “split out”
the product of (the lower bounds for) the I(_f ) and NIV events. This product is again
bounded from below by C, for some C = C(Cq, C3, C3) > 0, so we get, similarly to
(7.23):

k
.. =~ . ~~5(/) >
1 fP(I", ;- (C ,C > C(C1,Cr,C3) -1 fIP “OCP t”
ugn\jg (Tz7(Cimg, Camy)) = C(Cy, C2, C3) lI;Il\T(I)l [ﬂ( event”)

k
. 1
N () (*vCY event”) N 0P (; _ Eml):|. (7.29)

Since the VC) events and the event OP(I)(L — 1 %ml) are independent, and have
probabilities independent of C3, we can write

. 1 _
hm 1nf IP’[ ﬂ “ycW) event”) N OP(I)(L — 1 §m1>] >C' >0, (7.30)

for some constant C’ independent of C3. Finally, we take C3 so large that

k ~/
. YA » ¢
1 fP “OCP )| > 1 . 7.31
imin |:/| _2|( even )} > 3 (7.31)
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We thus obtain from (7.29), (7.30), and (7.31) that

~/

- C
liminf P(T, , ;(Cimg, C > C(Cy,Cr,C3) - —, 7.32
im in (Ceri(Crmp, Comp)) = C(C1, €2, C3) - (7.32)
which completes the proof of Theorem 7.1. O

7.3 Case my({) K M($) <« my1(0)

For¢ < land 0 < T < oo, we introduce the event I:LT(nl, ny) := {there exists a
circuit y in the annulus A, ,, such that in the forest fire process with ignition rate ¢
in the domain D(y), 0 burns before time 7} (0 < n; < ny). We now prove the result
below, for the process in domains with “size” far away from the exceptional scales
(more precisely, between two successive exceptional scales, but far away from both,
asymptotically).

Theorem7.2 Letk > 0,6 > 0,0 < C; < Cy, and T > 0. There exists C =
C(k, 5, Cy1, Co, T) = 1 such that: for every function M (¢) satisfying

Cmi(§) < CIM() < CaM(¢) < C'myq1 (2) (7.33)
for all sufficiently small ¢, we have

lim sup P(Fe 7 (CIM(0), C2aM(£))) < 8. (7.34)
o\

In this section, we adopt the following notation. For a given M > 1, we define
fo + £ to be the “typical” time of the first macroscopic burning in By 2, and M to be
the characteristic length at this time. More precisely, with the notations from Sect. 6.3
(seeing L as a bijection on (7., 00)),

te +& =Y (L"'(M)) and M := L(t, +&). (7.35)
Similarly to (6.10), we deduce from (6.3) that

- M
_1M27T4( )

szg —.
(M)

(7.36)

Proof of Theorem 7.2 'We proceed by induction over k. We first consider the case k = 0.
Recall that mg = L(t9) = L(2t.) is a constant, and m|; = L(t]) < \/LZ (see the
sentence below (6.10)). Let §, C1, C, and T be given as in the statement. Let M (¢)
satisfying

C<CIM@) <CM@) <Cc™! (7.37)

-
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for some C > 0 and all sufficiently small ¢. We have, clearly,

Te7(CIM(C), CaM(2)) € {some v € BC*I% is ignited before time 7'}, (7.38)
T

which has a probability at most Co(C ™! \/LE)2 T = Coé (for some universal
constant Co). This can be made < § by taking C large enough, which establishes the
case k = 0 (we can choose C(0, 8, Cy, C2, T) = max(1, /CoT 5~ 1)).

Now, we assume that the result holds for a certain k > 0, and we show that it also
holds fork+1.Solets, Cy,Cr,and T be given,andletC = C(k+1,68,Cy, C2, T) > 1
be a constant that we will fix later. We consider M (¢) such that, for all sufficiently
small ¢,

Cmy41(2) < CIM(Z) < CaM(Z) < C ™ mpi2(0). (7.39)

To simplify notation, we just write M instead of M ({). We now examine the event
f‘{)T(ClM, CoM). We take a small n > 0 (depending on §, C1, Ca, and T, but not
on ¢ ), whose precise value will be specified later, and we define the following events
(similar to, but a bit different from the events in the proof of Theorem 7.1).

(i) NET := {the configuration (miny Uth—(Z;,tané (U))UEBCIM has a net N with mesh

- 7)1/2 1, z

< (MM)'/2, and [Cpr N A%M7C1M| > 3 |A%M’CIM|9(IC + n&)} (where the
minimum is over circuits y in Ac, m,c,m). Using again the comparison to per-
colation with holes (Lemmas 6.2 and 6.8), we observe that, from Proposition 5.5
(and Remark 5.7),

foralln > 0, P(NET)— 1. 7.40
1 (NET) = (7.40)

Indeed, we know from (7.2) and Lemma 6.7 [combined with (7.39)] that
Ltc+n8) < Lte +8) =M < M"Y, (7.41)

for some v > 0.

(ii)) NETB := {the largest (z. 4+ né)-occupied cluster in B¢,y has a volume <
2 |Bcym|0(te + né), and contains a net N'2 with mesh < (M M)'/2}. Observe
that Cps in the definition of NET is contained in the cluster of A"Z. It follows
immediately from (2.14) (and (7.41)) that

for all n > 0, ]P(NETB) g_\()) 1. (7.42)

(i) NI := {no vertex of C? is ignited during the interval (. — n&, t. + r)é)}, where
C?B is the cluster of the net A2 in the definition of NETB. It follows from (7.35)
that for n € (0, 1),
¢ - 2mE - M0 (te + nF) < 2 - (EMP0(tc + &) < Con
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for some C(’) > 0. Hence, n > 0 can be chosen so small that: for all sufficiently

small ¢,
1)
P(NI) > 1— —. 7.43
(NI =1 -5 (7.43)
We now fix such an .
(iv) OCP := {in the configuration (min, Gth(}r;g s ), se. - the cluster Cyr
c sbe 1

contains a circuitin A = }, for some K > 1. We claim that we can choose K
large enough so that: for all sufficiently small ¢,

8
P(OCP) > 1 — o (7.44)

Indeed, this follows from similar reasons as (7.7), since L(t. + né) =< M (M and
M playing the roles of m; and mj, respectively). We now fix K such that the
above is satisfied.

) I:= {there exists a vertex in Cps which gets ignited in the time interval (¢, +
ne, te + ké)}, for some A > 1. We observe that for A — oo (1 being fixed),

(A —nE- M*0(t, + né) = A
[using (7.35)]. This implies that A can be taken so large that

1)
P(I)>1— —, 7.45
M=1-15 (7.45)
and we fix such a A.
(vi) VC := {there exists a (f, + A&)-vacant circuit in A j; M}’ for some K’ > 1.
<

Since L(t. + A8) < L(t + &) = M [using (7.2)], (2.3) implies that we can take
K’ so large that

P(VC) > 11— — (7.46)

(and we fix such a K').

Now, denote by E the intersection of the six events (i)-(vi). If E occurs, then, no
matter which circuit y in Ac,m,c,m we choose, the forest fire process in D(y) has
a burning event which leaves 0 in an island, whose boundary is a circuit in A 5 Kl
5 K/ E)
Hence, f‘C’T(ClM, CoM)NE C f‘;,T(%, KM), SO

P(F; 7 (C1M, CoM) < P(Fe (% K)) +P(EF), (7.47)
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Using (7.40), (7.42), (7.43), (7.44), (7.45) and (7.46), we obtain

i S A 5
lim sup P([.7(CyM, C,M)) < lim sup IP(F;,T(—, KM)) +4.2 . (748)
\O N0 K’ 10

Finally, we explain how to choose the constant C = C(k + 1, 8, C1, C2, T) men-
tioned in the beginning of the induction step. For that, we use the induction hypothesis.
Note that all the “auxiliary” numbers introduced along the way (n, A, K and K’) do
not depend on this constant C. First, we take C' = C(k, %, % K, T) produced by
the induction hypothesis. Then, we can take C so large that, for all sufficiently small

;,

Mi42 ~ Miy1 Cmjt ~ 1
|:M<—:|:>[M§ KC’} and [Mzc—]}:[MzKka}.

Indeed, such a C exists since we have, from (7.36) and (6.10) (for k and k + 1),
combined with (2.6), (2.12), and (2.13):

M B M \A M B M \7
< C1< ) and — > C2< ) (7.50)
M1 mp42 mpg M1

for some universal constants Cy, C, B1, B2 > 0. We thus obtain that if M (¢) satisfies
(7.39), by combining (7.48) and the induction hypothesis,

- 3 3 8
li P(Cer(CiM,CoM)) < — +4. — = —., 7.51
lrgl\sgp (Te.r(C1M, CoM)) < TR (7.51)
This completes the proof of Theorem 7.2. O

8 Discussion: forest fires with recovery

For the applications in Sect. 7, we focused on forest fires without recovery: once a
tree is burnt, the vertex where it is located remains vacant forever. However, we want
to emphasize that several crucial intermediate results do hold for forest fires with
recovery as well, due to the quite general coupling result in Sect. 6.2 (Lemma 6.2).
This raises the hope that the main results in Sect. 7, Theorems 7.1 and 7.2, about
exceptional scales could be extended, at least partially, to forest fires with recovery.

Let us discuss a natural strategy to prove such an extension, and the main difficulty
that needs to be overcome in order to carry it out. To do this, let us return to the
heuristic discussion in Sect. 1.2, a few lines below (1.3). There, we pointed out that
the first exceptional scale is of order \/L?’ where ¢ is the ignition rate. This can easily
be extended to forest fires with recovery. However, already in the argument for the
next exceptional scale, an obstacle occurs.
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An important feature in that argument is that, after burning at time 7, the problem
is “reduced” to studying a forest fire process in a domain (“island”) with diameter
of order L(t). The difficulty that comes up in the model with recovery is that, at
least theoretically, a significant part of the trees destroyed by the burning at time t
(and earlier burnings) may recover, and connect the above-mentioned “island” with
other islands, thus producing a much bigger connected region, which would make the
arguments invalid.

In the literature, there is a result, about a process called “self-destructive perco-
lation”, which suggests, at least “morally”, that such a substantial recovery does not
happen. A variant of this result was conjectured by van den Berg and Brouwer [6] in
2004 (see also [7]). Kiss, Manolescu and Sidoravicius [27] established the following
result around ten years later (it is the main result, Theorem 4, in [27]).

Consider site percolation on the square lattice Z2. For n > 1, let R, be the box
[—2n, 2n] x [0, n], and S,, be the bigger box [—3n, 3n] x [0, n]. First, we consider
(ordinary) site percolation with parameter p, = pgite (Z?): this is the initial configu-
ration w. Now, let x C §, be the set of vertices connected in S, to both the left and
right sides of S, (i.e. the union of the connected components of horizontal crossings
in S;;). We denote by @ the configuration obtained from w by setting

o 0, =0ifv ey =y Uaoty,
e and @, = 1 otherwise, i.e.if v € S, \ X.

In other words, if a horizontal crossing of S, occurs, we destroy (i.e we make vacant)
its entire occupied cluster in S,,. We also keep vacant all the vertices along the outer
boundary of the clusters of such crossings, and we set occupied all the other vertices in
S,. Lastly, each vertex vacant at this stage is “enhanced”, i.e. it becomes, independently
of the other ones, occupied with probability § > 0: this produces the final configuration

@’ := & V o, where o is independent of w and has distribution Ps. We have:

Theorem 8.1 (Theorem 4 of [27]) There exist constants 8, )., C > 0 such that: for all
n>1,

P(w € Cy(Sy) and @° € Cy(Ry)) < Cn™*. (8.1)

An exact analog holds on the triangular lattice T (starting instead with the parameter
Pe = pg“e (T)). To extend the results of Sect. 7 to forest fires with recovery, what we
would need is a suitable analog of Theorem 8.1 where, roughly speaking, the initial
configuration is replaced by a typical configuration at or near 7. of the forest fire
process with recovery. Such a result does not simply follow by using the kind of
domination arguments introduced in Sect. 6.2, and used in Sect. 7 (e.g. for (7.5) and
(7.7)): the potential recoveries cause a delicate problem. This forms (part of) the work
of a subsequent paper.

Acknowledgements We thank Wei Qian and Alain-Sol Sznitman for useful comments and suggestions on
an earlier version of this paper. We also thank an anonymous referee for a careful reading of the paper,
and valuable comments. Part of this work was done while JvdB was affiliated with NYU Abu Dhabi as a
visiting professor.

@ Springer



288 J.van den Berg, P. Nolin

OpenAccess Thisarticleis licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Ahlberg, D., Duminil-Copin, H., Kozma, G., Sidoravicius, V.: Seven-dimensional forest fires. Ann.
Inst. Henri Poincaré Probab. Stat. 51(3), 862-866 (2015)
2. Aldous, D.J.: The percolation process on a tree where infinite clusters are frozen. Math. Proc. Camb.
Philos. Soc. 128(3), 465-477 (2000)
3. Athreya, S., Drewitz, A., Sun, R.: Random walk among mobile/immobile traps: a short review. In:
Sidoravicius, V. (ed.) Sojourns in Probability Theory and Statistical Physics - III. Springer Proceedings
in Mathematics & Statistics, vol. 300, pp. 1-22. Springer, Singapore (2019)
4. Bak, P.: How Nature Works: The Science of Self-organized Criticality. Copernicus, New York (1996)
5. Beffara, V., Nolin, P.. On monochromatic arm exponents for 2D critical percolation. Ann. Probab.
39(4), 1286-1304 (2011)
6. vanden Berg, J., Brouwer, R.: Self-destructive percolation. Random Struct. Algorithms 24(4), 480-501
(2004)
7. vanden Berg, J., Brouwer, R.: Self-organized forest-fires near the critical time. Commun. Math. Phys.
267(1), 265-277 (2006)
8. vanden Berg, J., Kiss, D., Nolin, P.: A percolation process on the binary tree where large finite clusters
are frozen. Electron. Commun. Probab. 17(2), 1-11 (2012)
9. vanden Berg, J., Kiss, D., Nolin, P.: Two-dimensional volume-frozen percolation: deconcentration and
prevalence of mesoscopic clusters. Ann. Sci. Ec. Norm. Supér. (4) 51(4), 1017-1084 (2018)
10. van den Berg, J., Nolin, P.: Two-dimensional volume-frozen percolation: exceptional scales. Ann.
Appl. Probab. 27(1), 91-108 (2017)
11. Borgs, C., Chayes, J.T., Kesten, H., Spencer, J.: The birth of the infinite cluster: finite-size scaling in
percolation. Commun. Math. Phys. 224(1), 153-204 (2001)
12. Bressaud, X., Fournier, N.: One-dimensional general forest fire processes. Mém. Soc. Math. Fr. (N.S.)
132, vi+138 (2013)
13. Broadbent, S.R., Hammersley, J.M.: Percolation processes. I. Crystals and mazes. Proc. Camb. Philos.
Soc. 53, 629-641 (1957)
14. Camia, F,, Fontes, L.R.G., Newman, C.M.: The scaling limit geometry of near-critical 2D percolation.
J. Stat. Phys. 125(5-6), 1159-1175 (2006)
15. Damron, M., Sapozhnikov, A., Vigvolgyi, B.: Relations between invasion percolation and critical
percolation in two dimensions. Ann. Probab. 37(6), 2297-2331 (2009)
16. Drossel, B., Schwabl, E.: Self-organized critical forest-fire model. Phys. Rev. Lett. 69, 1629-1632
(1992)
17. Diirre, M.: Existence of multi-dimensional infinite volume self-organized critical forest-fire models.
Electron. J. Probab. 11(21), 513-539 (2006)
18. Garban, C., Pete, G., Schramm, O.: The scaling limits of near-critical and dynamical percolation. J.
Eur. Math. Soc. 20(5), 1195-1268 (2018)
19. Garban, C., Pete, G., Schramm, O.: The scaling limits of the minimal spanning tree and invasion
percolation in the plane. Ann. Probab. 46(6), 3501-3557 (2018)
20. Grimmett, G.: Percolation, Volume 321 of Grundlehren der Mathematischen Wissenschaften, 2nd edn.
Springer, Berlin (1999)
21. Higuchi, Y., Wu, X.Y.: Uniqueness of the critical probability for percolation in the two-dimensional
Sierpiriski carpet lattice. Kobe J. Math. 25(1-2), 1-24 (2008)
22. Jensen, H.J.: Self-organized criticality: emergent complex behavior in physical and biological systems.
In: Cambridge Lecture Notes in Physics, vol. 10. Cambridge University Press, Cambridge (1998)

@ Springer


http://creativecommons.org/licenses/by/4.0/

Near-critical 2D percolation with heavy-tailed impurities... 289

23.

24.

25.

26.
27.

28.
29.
30.
31
32.
33.
34.
35.

36.
37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

Keane, M., Takei, M.: A conditionally sure ergodic theorem with an application to percolation. Stoch.
Process. Appl. 124(11), 3651-3660 (2014)

Kesten, H.: The critical probability of bond percolation on the square lattice equals 1/2. Commun.
Math. Phys. 74(1), 41-59 (1980)

Kesten, H.: Percolation theory for mathematicians. In: Progress in Probability and Statistics, vol. 2.
Birkhiuser, Boston (1982)

Kesten, H.: Scaling relations for 2D-percolation. Commun. Math. Phys. 109(1), 109-156 (1987)
Kiss, D., Manolescu, I., Sidoravicius, V.: Planar lattices do not recover from forest fires. Ann. Probab.
43(6), 3216-3238 (2015)

Kumagai, T.: Percolation on pre-Sierpinski carpets. In: New Trends in Stochastic Analysis (Charing-
worth, 1994), pp. 288-304. World Scientific Publishing, River Edge (1997)

Lawler, G.F., Schramm, O., Werner, W.: Values of Brownian intersection exponents. I. Half-plane
exponents. Acta Math. 187(2), 237-273 (2001)

Lawler, G.E,, Schramm, O., Werner, W.: Values of Brownian intersection exponents. II. Plane expo-
nents. Acta Math. 187(2), 275-308 (2001)

Lawler, G.F.,, Schramm, O., Werner, W.: One-arm exponent for critical 2D percolation. Electron. J.
Probab. 7(2), 1-13 (2002)

Miller, J., Sheffield, S., Werner, W.: CLE percolations. Forum Math. Pi §, e4 (2017)

Nolin, P.: Near-critical percolation in two dimensions. Electron. J. Probab. 13(55), 1562-1623 (2008)
Nolin, P, Werner, W.: Asymmetry of near-critical percolation interfaces. J. Am. Math. Soc. 22(3),
797-819 (2009)

Pruessner, G.: Self-Organised Criticality: Theory, Models and Characterisation. Cambridge University
Press, Cambridge (2012)

Réth, B.: Mean field frozen percolation. J. Stat. Phys. 137(3), 459-499 (2009)

Rath, B., Swart, J.M., Terpai, T.: Frozen percolation on the binary tree is nonendogenous.
arXiv:1910.09213 (2019)

Réth, B., Téth, B.: Erdés-Rényi random graphs + forest fires = self-organized criticality. Electron. J.
Probab. 14(45), 1290-1327 (2009)

Schramm, O., Smirnov, S.: On the scaling limits of planar percolation. Ann. Probab. 39(5), 1768-1814
(2011). (With an appendix by Christophe Garban)

Shinoda, M.: Percolation on the pre-Sierpiriski gasket. Osaka J. Math. 33(2), 533-554 (1996)
Shinoda, M.: Existence of phase transition of percolation on Sierpiniski carpet lattices. J. Appl. Probab.
39(1), 1-10 (2002)

Shinoda, M.: Non-existence of phase transition of oriented percolation on Sierpinski carpet lattices.
Probab. Theory Relat. Fields 125(3), 447-456 (2003)

Smirnov, S.: Critical percolation in the plane: conformal invariance, Cardy’s formula, scaling limits.
C. R. Acad. Sci. Paris Sér. I Math. 333(3), 239-244 (2001)

Smirnov, S., Werner, W.: Critical exponents for two-dimensional percolation. Math. Res. Lett. 8(5-6),
729-744 (2001)

Stockmayer, W.H.: Theory of molecular size distribution and gel formation in branched-chain poly-
mers. J. Chem. Phys. 11, 45-55 (1943)

Sznitman, A.-S.: Brownian Motion, Obstacles and Random Media. Springer Monographs in Mathe-
matics. Springer, Berlin (1998)

‘Werner, W.: Lectures on two-dimensional critical percolation. In: Statistical Mechanics, volume 16
of IAS/Park City Mathematics Series, pp. 297-360. American Mathematical Society, Providence, RI
(2009)

Wilkinson, D., Willemsen, J.F.: Invasion percolation: a new form of percolation theory. J. Phys. A
Math. Gen. 16, 3365-3376 (1983)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

@ Springer


http://arxiv.org/abs/1910.09213

290 J.van den Berg, P. Nolin

Affiliations

Jacob van den Berg' @ - Pierre Nolin?

B Jacob van den Berg
J.van.den.Berg@cwi.nl

Pierre Nolin
bpmnolin@cityu.edu.hk

' CWIand VU University Amsterdam, Amsterdam, The Netherlands
City University of Hong Kong, Kowloon Tong, Hong Kong

@ Springer


http://orcid.org/0000-0002-4552-2203
http://orcid.org/0000-0002-6532-4992

	Near-critical 2D percolation with heavy-tailed impurities, forest fires and frozen percolation
	Abstract
	1 Introduction and main results
	1.1 Frozen percolation and forest fire processes
	1.2 Heuristic derivation of exceptional scales
	1.3 Percolation with impurities and statement of results
	1.3.1 Definition of the model with impurities
	1.3.2 Main results
	1.3.3 Extensions and future work
	1.3.4 Other related works

	1.4 Further discussion about the process with impurities
	1.5 Organization of the paper

	2 Phase transition of two-dimensional Bernoulli percolation
	2.1 Setting and notations
	2.2 2D percolation at and near criticality
	2.3 Additional results

	3 Percolation with impurities: elementary results
	3.1 Definition (revisited)
	3.2 Crossing holes

	4 Four-arm stability for percolation with impurities
	4.1 Notation and result
	4.2 Proof of Theorem 4.1
	4.2.1 Case α> 1
	4.2.2 General case α> 34
	4.2.3 End of the proof of Theorem 4.1
	4.2.4 Remark on Domain II

	4.3 General comments on the stability of arm events

	5 Further stability results
	5.1 One-arm event
	5.2 Box crossing probabilities
	5.3 Exponential decay property
	5.4 Largest cluster in a box

	6 Application: forest fires
	6.1 Definition of the processes
	6.2 Coupling with independently removed clusters
	6.3 Exceptional scales
	6.4 Comparison to percolation with holes

	7 Existence of exceptional scales for forest fires without recovery
	7.1 Notations
	7.2 Case M(ζ) mk(ζ)
	7.3 Case mk(ζ) llM(ζ) llmk+1(ζ)

	8 Discussion: forest fires with recovery
	Acknowledgements
	References




