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PERCOLATION OF THE EXCURSION SETS OF PLANAR
SYMMETRIC SHOT NOISE FIELDS

RAPHAEL LACHIEZE-REY' AND STEPHEN MUIRHEAD?

ABSTRACT. We prove the existence of a sharp phase transition in the global connectivity
of the excursion sets of planar symmetric shot noise fields, with the zero level critical.
Our results hold for a wide class of mark distributions, including the Gaussian, Uniform,
and Rademacher cases. Our main assumption on the shot noise kernel is that it is
positive, symmetric, and has sufficient tail decay (depending on the mark distribution);
for example, for Gaussian and Uniform marks we require polynomial decay with exponent
at least three, whereas for Rademacher marks we require super-polynomial decay.

Keywords: percolation, excursions, shot noise fields, sharp phase transition

1. INTRODUCTION

Let g(x) € L'(R?) be a continuous function, and let x be a distribution on R with finite
mean. The planar shot noise field with kernel g and mark distribution p is defined as

(1.1) fe) =SV gl — i)

i€P
where P is a Poisson point process on R? with unit intensity, and {Y}'} are i.i.d. random
variables drawn from the distribution p; the sum in is well-defined almost surely by
the integrability of g and p. For example, one could take g(x) = (1 + |z|)~“, a > 2, and
the mark g to be a normal distribution (‘Gaussian shot noise’), a uniform distribution
(‘Uniform shot noise’), or the Rademacher distribution 1/2(d_1 + ¢;) (‘Rademacher shot

noise’). If p is a symmetric distribution then we say that f is a planar symmetric shot
noise field.

Equation is the Euclidean separable form of a general abstract class of infinitely
divisible fields obtained by convoluting a kernel over a Poisson random measure. Shot
noise fields were introduced by Campbell [Cam09] to model thermionic noise, and since
then have been used, under several different names, in diverse fields such as image analysis
[BD16b, BD16a] and telecommunications networks [BB10, [BB15]. In the latter case, the
points of the underlying Poisson process can be seen as emitters of an electromagnetic
signal, while the field itself represents the total signal at every location of the space; see
[BB10] for a detailed mathematical study of theory and applications of such models. At
high frequency, i.e. when the density of points is high compared to the scale of the kernel g,
shot noise fields are also a good approximation of Gaussian fields with the same covariance
structure.

In this paper we are interested in the global connectivity of the (upper-)excursion sets
Er={xcR?: f(z)> 1}, (ER,

of planar symmetric shot noise fields. In the analysis of telecommunications networks, the
percolation properties of & are of high importance in determining the global connectivity
of the network [BB15]. More generally, the geometric properties of £ have been the focus
of many other studies [BD16al, [LR19, BST12].

By analogy with other planar percolation models (e.g. Bernoulli edge percolation on
the square lattice [Har60, Kes80], level set percolation of planar stationary Gaussian fields
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2 PERCOLATION OF THE EXCURSION SETS OF PLANAR SYMMETRIC SHOT NOISE FIELDS

[Ale96, BG17, RV19al MV19]), it is natural to expect that the global connectivity of the
excursion sets of a planar symmetric shot noise field undergoes a sharp phase transition
at the zero level, from a sub-critical phase in which all the excursion set components
are bounded, to a super-critical phase in which the excursion set has a unique unbounded
connected component. Our main result establishes the existence of such a phase transition
at the zero level under general conditions on the kernel g and mark distribution wu.

Let us introduce the necessary assumptions on the model; in fact, we will distinguish two
alternative conditions, which trade off greater generality of the mark distribution for more
restrictions on the kernel. Recall that, for a continuous random variable, the Mills ratio
is defined as the ratio of the survival function to the density. Similarly, for a symmetric
mark distribution g with an absolutely continuous component pi, .., we define

Fu(z)
Nl = S (@)
where F,(z) = [o_du(s), fu,. (z) is the density function of the absolutely continuous
component of y, and where we use the conventions 1/0 = oo and 0/0 = 0. In particular,
these conventions ensure that cyns(p) is finite whenever p has an absolutely continuous
component with density bounded away from zero on its support. Moreover, for a set
D C R, we define -
Fu(z)

emils(p; D) = esssup ———;
' S( ’ ) IZO,&TGD f,Ufa..c.(x)7

clearly enins(p; D) < enyns(p) for all D C R.
Our two alternative conditions are as follows:

Condition 1.1 (‘Bounded Mills ratio’ case).

e (Mark) The mark distribution p is symmetric and has bounded Mills ratio, i.e.,
there exists a ¢ > 0 such that cpps(p) < c.

e (Kernel) The kernel g is C%-smooth and symmetric with respect to reflection in
the x-axis and rotation by w/2. Moreover, there exist « > 3 and ¢ > 0 such that,
for every multi-index k such that |k| < 2,

0% ()] < (1 + [z~
Condition 1.2 (‘Bounded Mills ratio in the tails’ case).

e (Mark) The mark distribution u is symmetric and has bounded Mills ratio in the

tails, i.e., there exists a ¢ > 0 and a compact set D C R such that cprns(p; D€) < c.

e (Kernel) The kernel g is C?-smooth and symmetric with respect to reflection in the

x-azis and rotation by w/2. Moreover, for every multi-index k such that |k| < 2,
as |x| — oo,

log 0% g(x)]

— —0OQ.
log |z|

Remark 1.3. Examples of mark distributions satisfying Condition [L.1] are centred normal
distributions, centred uniform distributions, or more generally, any symmetric distribution
whose density function is C'-smooth and log-concave on its support (see [BB05], Corollary
2]). Examples of mark distributions satisfying Condition include all of the above, and
also any symmetric distribution with compact support (in particular, the Radermacher
distribution), and any symmetric distribution whose tail has a C''-smooth density that is
asymptotically equivalent to a log-concave function.

Notice that, although the assumption on the mark distribution in Condition [1.1] is
stronger than that in Condition the assumption on the kernel decay is much weaker,
requiring only polynomial decay with exponent three rather than super-polynomial decay.

Conditions and imply certain regularity properties of the shot noise field f. In
particular, since g is C%-smooth, f can be viewed as an (almost surely) absolutely conver-
gent series in the Sobolev space W21 (R?), which ensures that the sample paths of f are
almost surely almost everywhere twice differentiable. Then, since x — sup,., <1 10%g(y)|

is integrable for |k| < 2, f is actually C?-smooth [BB09, Proposition 2.2.3].
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On the other hand, these conditions do not on their own guarantee that f and its
derivatives have bounded density. We shall impose this as an additional condition:

Condition 1.4 (Bounded density). The random vector (f(0),Vf(0)) has a continuous
bounded density.

While the above condition will be sufficient in the case of bounded Mills ratio (Condi-
tion , in the case that the Mills ratio is only bounded in the tails (Condition we
shall require a slightly stronger version.

For A > 0, define f® to be the shot noise field obtained by replacing the kernel ¢ in
the definition of f by the kernel g(\ -) (this is equivalent in distribution, up to a spatial
rescaling by x — x /A, to modifying the unit intensity Poisson point process P that defines
f to have intensity \).

Condition 1.5 (Bounded density, strong version). There exists a A € (0,1) such that
the random vector (f*(0), VLM (0)) has a continuous bounded density.

Remark 1.6. We give examples of shot noise fields satisfying Conditions and in
Section an obvious necessary condition is that g has unbounded support (see Re-
mark

Let us make some comments regarding the relationship between Conditions and
By the Riemann-Lebesgue lemma, the density of (f*)(0), V£ (0)) being continuous and
bounded is implied by the integrability of its characteristic function

e (u,v) == E(exp(i(uf(/\)(()) + (v, Vf(/\)(()»))), uweR,veR2

In fact, since the mark distribution g is symmetric and so o) takes values in [0, 1],
these are actually equivalent. Moreover, by the Poisson structure of the shot noise, the
characteristic function can be expressed as

V) = exp (A [ (explim fugle) + (0. Vala))]) - 1) udm)de) = D (0,0)"
X

which implies that if (%) is integrable for some Ao > 0, then it is integrable for all A > Ag.
Hence, if Condition is satisfied for some Ao € (0, 1), the density of (fM(0), VM (0))
is uniformly bounded for all A > )¢, and in particular Condition [T.4] is also satisfied.

Note that the above argument actually shows that the maximum of the density of
(fMN(0), VfX(0)), which is proportional to ||| 11, is non-increasing in A. Another way
to see this is by viewing fM, XA < 1, as (a spatial rescaling of) the shot noise generated by
a A-thinning of the unit intensity Poisson point process P (since the maximum density of
a random variable is non-increasing under summation with a second independent random
variable). We shall use this observation later (see the proof of Lemma [2.2)).

We are now ready to state our main result, establishing the existence of a phase tran-
sition in the connectivity of the excursion sets at the level ¢ = 0:

Theorem 1.7. Suppose that a planar symmetric shot noise satisfies either Conditions|1.1
and or Conditions and[1.5. Then:

(1) If £ <0, the excursion set & contains only bounded connected components almost
surely.

(2) If £ > 0, the excursion set & contains a unique infinite connected component
almost surely.

An immediate consequence is that, for all { € R, the {-level lines (i.e. the connected
components of {x € R%: f(z) = {}) are almost surely bounded.

We furthermore have the following quantitative estimates for the connectivity of excur-
sion sets at the zero level (more formal statements are given in Section @

(1) For all p> 0 there are 0 < c— < ¢y < 0o such that, for all R > 1,
c— < P(& crosses horizontally the rectangle [0, R] x [0, pR]) < cy.
(2) There are ¢, carm > 0 such that, for all 1 <r <R,

P (& connects dB(0,7) to 0B(0,R)) < ¢ (%)CArm ‘
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Remark 1.8. Although we provide a self-contained proof, the fact that £ has only bounded
connected components at levels £ < 0 could, with a bit of work, be deduced from general
results of Alexander |[Ale96]. The fact that & has unbounded connected components at
sufficiently high levels £ > 1 can be deduced using the arguments of [MS83, BM17] in the
slightly different setting of non-negative shot noise fields (our results are for symmetric
shot noise fields). The main novelty of Theorem is (i) the statement that & has an
infinite connected component for every ¢ > 0, and (ii) the quantitative estimates on &.

Remark 1.9. As we mentioned, Conditions and require that g have unbounded
support. In fact, it is known that Theorem and more precisely its statements about
&o, can fail in general if this assumption is removed. Indeed, the theory of Poisson Boolean
percolation (see [BR06, Chapter 8] or [MR96, Chapter 3]) demonstrates that & contains
an unbounded connected component almost surely whenever the support of g is contained
within a ball of sufficiently small radius. On the other hand, it is plausible that & does
not contain an unbounded connected component as soon as the support of g contains a
sufficiently large compact set.

Remark 1.10. Although Condition states that the kernel g decays super-polynomially,
our proof of Theorem in the case of Conditions and actually only requires
polynomial decay with some very large exponent o > 0 (see Remark . Rather than
attempt to quantify this exponent, we have stated the condition as super-polynomial decay
for simplicity.

Remark 1.11. Let us give some examples of shot noise fields to which Theorem applies.
First, we could take p as either a centred Gaussian or uniform distribution, and

g(z) =1+ z))7% «a>3,

since Conditions [I.]] and apply to such fields. Second, we could take p as the
Rademacher distribution, and

g(x) = exp(=(1 + |2)*/?), a € (0,1),

since Conditions and apply to such fields. See Section for the proof that
Conditions [[.4] and [L.5] are satisfied in these cases.

The conclusion of Theorem is a qualitative description of the phase transition, and
in fact our proof gives detailed information on the quantitative sharpness of the transition,
analogous to in Bernoulli percolation [Gri99, BR06]. In particular, in the super-critical
phase £ > 0 we prove that the excursion set & crosses large domains outside an event
of probability that is exponentially small in the scale of the domain (see Theorem [4.1]).
Finally, as well as the ‘box-crossing’ estimates and polynomial ‘one-arm’ decay we prove
at the zero level (see Theorems and , our techniques can also be used to establish
that the ‘near-critical window’ (see, e.g., [MV19, Theorem 1.15]) is polynomially small in
the scale, as it is for Bernoulli percolation, although we have chosen not to state this result
precisely.

Our proof of Theorem is largely inspired by [MV19] (which proved an analogous
result for planar Gaussian fields, following [BG17, [RV19a]). Nevertheless, shot noise fields
marginals are essentially accessible through their characteristic function, and in general
no expression is available for the density. As a result, a lot of Gaussian techniques fail in
the Poisson shot noise set up, and there are some notable differences in the shot noise case
compared to the Gaussian case. Most significantly, our emphasis on the role played by the
bounded Mills ratio is entirely novel (although, of course, the Gaussian distribution has
bounded Mills ratio), and deducing the phase transition at this level of generality requires
more care (see Section [4). Our extension of the proof to cover marks with bounded Mills
ratio in the tails is also new (see Section .

2. PRELIMINARY RESULTS

In this section we collect preliminary results on the shot noise field f, and various
perturbations of this field.
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2.1. Exponential decay of the marks. We first note that our assumption on the mark
distribution p implies that it has exponentially decaying tails. This will be useful for
deriving large deviation bounds.

Lemma 2.1. Suppose there exists ¢ > 0 and a compact D C R such that cppps(p; D€) < c.
Then there exists a ¢1 > 0 such that

F.(z)<cre™™, x>0.

Proof. 1f p1 is compactly supported the conclusion of the lemma is immediate. So suppose
that Fj,(x) > 0 for all > 0. The assumption of the lemma implies the existence of
xg, ¢ > 0 such that

f, Ha.c. (=)
Fu(x)
Since log F},(x) is non-increasing, and since the left-hand side of equals —(log F,(z))’

whenever this derivative is defined, for z > =z,

log F,(z) < log F},(wo) — /:v w ds < log F,(z0) — c(x — x0).
xo 123

(2.1) >c, x> x.

Hence, for z > xo, B B
Fu(z) < F(xg)e e,
which implies the result. ]

2.2. Perturbations of the shot noise field. We next introduce various perturbations
of the shot noise field f based on (i) smoothing of the mark distribution, (ii) truncation
of the kernel, (iii) spatial discretisation, and (iv) adding a constant to the mark.

2.2.1. Smoothing of the mark distribution. In the case of marks with bounded Mills ratio
in the tails (Condition , a certain ‘smoothing’ operation on the mark distribution will
enable us to approximate f with a version having marks with globally bounded Mills ratio.

Lemma 2.2. Suppose Condition[1.3 holds. Then there exists ng,c > 0 such that, for all
n € (0,10, there exists a symmetric distribution j, such that

(1) earins(pn) < 1/n;
(2) drv(p, py) < en;
(3) Fl,(z) < ce=®/¢, for all x> 0.

Suppose in addition that Condition holds. Then mo, ¢ and (fiy)ye (0] can be chosen so
that, in addition,

(4) The random vector (f,(0),V f,(0)) has density bounded by c, where
(2.2) folz) =D Yi"g(x —y)
yeP
and {Y}'"} are i.i.d. random variables drawn from p,,.

Proof. Since Condition holds, we can find ¢1, co > 0 such that eyns(p; [—c1, €1]) < co.
We temporarily set

no = min{1/e1,1/ca},
and, for each n € (0,79], define the symmetric probability measure

pn(dz) = p(dz)(1 —c1n) + (n/2)L ¢, ey d,

i.e. we first rescale p by the constant factor (1 — c¢in) € [0,1), and then we reassign the
excess probability mass ¢1n evenly within [—c¢y, ¢1].

The first three points of the lemma are immediate from the construction of p,. More
precisely, we have

CMills(,un; [—c1,c1]) = emins (1 [—c1, ¢1]9) < e,

and _
Fy(0)

n/2

emilts (fg; [—c1, e1]) < =1/n,
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which, since nn < g < 1/c¢, implies that emins (1) < max{ce,1/n} = 1/n. Moreover, since
ty has been constructed from g by moving ¢ amount of probability mass,

drv (i, pn) < ca.

Finally, F},, (z) < Fy(z) for all 2 > ¢1, and so the uniform exponential decay of F),, follows
from the exponential decay of F), (established in Lemma .

To prove the last point of the lemma, we use the fact that if dpy (1, uy) < c1n < 1, then
fr can be constructed from f by first thinning the Poisson point process used to define f
to have intensity 1 —c¢17n, and then adding an independent shot noise field. Recall that the
thinned version of the shot noise field is a spatial rescaling of f(1=¢1%) and moreover adding
an independent field acts as a convolution on the density. Therefore, by Condition
it follows that (f,(0), Vf,(0)) has a density that is uniformly bounded for all sufficiently
small . Redefining 1y to be sufficiently small, we have proved the lemma. O

For the remainder of the paper we shall define (f;);>0 in the following way: in the case
that Condition lds, we fix ng > 0 and (fy)ne(0,n] Satisfying Lemma and define
(fn)neomo) @s in (2.2)), with f, = f,, for all n > no; in the case that Condition holds,
we simply define f, = f for all n > 0.

By the construction of f;, it is not hard to see that f; converges to f in the CP-topology
on compact sets (we will not formally prove this since we do not require it), so it is natural
to include f in the set (f;),>0 by defining fo = f.

2.2.2. Truncation of the kernel. Fix x : R? — [0,1] to be a smooth approximation of the
indicator function of B(1), where B(r) denotes the closed ball of radius r centred at the
origin. More precisely, we define y to take the value 1 on B(1/2), the value 0 on B(1),
and to be radially non-increasing with uniformly bounded derivatives. For r € Ry U{oo},
define the truncated kernel

or(a) = {g(w)x(r\xb, r>0,

and define the r-truncated shot noise field

fr=3" Vg (e —i).
iEP
Similarly, for n > 0 let f, , be defined analogously with Y} replaced by Yi“ "
Note that we have formally included f; in the set (f;,),>0 by identifying f, with the
limiting case » = oo. This is natural, since f,, converges to f, as r — oo in the C0-
topology on compact sets (we quantify the speed of convergence in Lemma below).

2.2.3. Spatial discretisation. For € > 0, define the e-discretised shot noise field

Fle)= ) BiY/'g(x —i)

i€eZ?

where {B;} are i.i.d. Bernoulli random variables with parameter 2, and {Y/'} are, as
before, i.i.d. random variables drawn from . For n > 0 and r > 0 define f; ;. analogously
by replacing Y} with Y7 and g with g,.

Again, it is not hard to see that fy . converges to f;, as € — 0 in the CP-topology on
compact sets (we verify this in Lemma below). Hence it is natural to include f;,, in
the set (fy)e>0 by identifying f,, with the limiting case ff%r.

2.2.4. Adding a constant to the mark. For € > 0 and h = (h;);ecz2, we construct & from
f€ by adding the constant h; to the mark distribution Y} at each site i € 72, i.e.

for =" Bi(¥ + hi)g(w — i),

1€eZ?
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with fﬁff defined analogously. When h € R, we understand this as setting h; = h, and in
this case we also define

fOr =" Bi(Y!" + h)gr(x — i),
1€P

2.3. Analysis of the perturbations. We first give bounds on the distance between
the (smoothed) shot noise field f, and its perturbation ff,:,ff . We begin by analysing the
truncation.

Lemma 2.3. Suppose Condition holds, or Condition holds and o > 0 is an
arbitrary constant. Then there exist c1,co > 0 such that, for alln >0 and r,s,t > 2,

2 cat

IP)(an - fn,rHB(s),oo > cltzrl_a(log 7")2) <cis'e

Proof. The random field f, — f,, is a symmetric shot noise field with kernel
h(z) = g(z) — gr(z) = g(2)(1 = x(r[2])) < g(2)Ljop>/2

and mark distribution u,. Define the auxiliary kernel

jl) = sup |1+ ]log(lz +y))*|IVA(z +y)].
ye[-1/2,1/2)

According to equation (A.5) of Proposition (since Lemmas and guarantee

the uniform exponential decay of the mark distribution pu,, we may take v = 1 in this
proposition), for all r,s,t > 2,

By = frr

for some c¢q,cy > 0. By Condition (or Condition with a > 0 arbitrary), and since
the derivatives of x(r|z|) are uniformly bounded for r > 1, there is a ¢3 > 0 such that

t . . t, . _
o) 2 2Vl + SlAloe + 51l + VT2 + S 1)) < exs?eet

h(z) < cgla| ™ Lyg >0 2
and
j(x) < eslz| = (log |2])* W g5 2-

Hence there exists a ¢4 > 0 such that
1Bl < car'™* |l < car'™*(logr)?,
I5llz2 < car™*(logr)®  and  |f]loo < car™'"*(logr)?,
and so the bound reduces to
(2.3) P(an - fT],THB(s) > C5t27“1_a(10g T)2) < crsPe”
for some c5 > 0, which gives the result. U

For the discretisation, we verify that f and f. can be coupled so that they converge in
probability in the C°-topology on compact sets. Note that this coupling naturally induces
a coupling of fgf and ff]f for all n > 0,7 >0 and h € R.

Lemma 2.4. Suppose that either Condition or Condition holds. Fiz a compact
set D C R? and a compact interval I C R. Then there exists a sequence g. — 0 of positive
numbers and a coupling of (f, f¢) such that, for everyn >0,r >0 and h € I,

(|l £y = frrllDoe > 92) < g
eventually as € — 0. In particular, for everyn >0, r >0 and h € R
fyi = Iy

in law in the C°-topology on compact sets.
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Proof. Fix ¢ > 0 and define
od= Y (Y hge—i) and fit= Y Bi(Y/" +hge(x —i)

1€PN[—c,c]? 1€eZ?N[—c,c]?
to be the contributions to f,, (resp. f,ir) from the Poisson points (resp. Bernoulli points)

inside [—c, c]2. Since g(x) decreases at most like an integrable power of ||z|| (Conditions
and , the discrepancies

1w = FarlDoe and |If5, = fiallDoc

can be made arbitrarily small (uniformly in n > 0, » > 0 and h € I) with arbitrarily high
probability by taking ¢ > 0 large enough. Hence it is sufficient to show that

1Fyt = Do — 0
in probability, uniformly over n > 0, r > 0 and h € I. Notice that, due to the continuity of
g, the fields f’;f D, ~§jﬁ D ;(7],’;1 |p and f;ﬁ |p can all be viewed as continuous functionals
(in the Co-topology) of the respective point sets P = {(i,Y/") : i € PN [~¢,c]?} and
Pe = {(i,Y}'"") : i € eZ? N [~¢,c]?, B; = 1}. Note also that, by the standard binomial
approximation of a Poisson point process, the point process P¢ converges vaguely to P as

e — 0. Since the support of a point process on a compact set is continuous in the topology
induced by vague convergence [Res07, Proposition 3.3], the result follows. O

We next state basic regularity properties for the fields (fy),>0:

Lemma 2.5 (Regularity of level lines). Suppose that either Conditions and or
Conditions and hold. Then for every n > 0 and ¢ € R, the level set Ly = {z :
fn(x) = L} consists of a collection of simple closed curves. Moreover, for every line-
segment L, the intersections of Ly with L are transverse almost surely.

Proof. Since f, is almost surely C?-smooth and the density of (f,,(0), V £,(0)) is bounded,
Bulinskaya’s lemma [AT07, Lemma 11.2.10] states that f, almost surely has no critical
points at level ¢, and hence the level sets are simple closed curves by the implicit function
theorem. Similarly, f,|r almost surely has no critical points at level ¢, which ensures that
Ly intersects L transversally almost surely. O

Finally we give an estimate on the number of critical points inside a narrow window of
critical values:

Proposition 2.6 (Critical points in a narrow window). Suppose that either Condition
and or Conditions [1.9 and [1.5] hold. Then there exist c,e9 > 0 such that, for every
n>0,leR, e<eg ands>1,

P(3z € B(s) : Vfy(z) = 0,|fn(z) — £] < ) < cs’e|loge|?,
and moreover, for every direction v € S',

P(3z € sLy : Oy fy(x) = 0,]fy(x) — €] <€) < cselloge],

where L, denotes a unit line segment in direction v.
Proof. For each multi-index k such that |k| < 2, the random field 9" fn is a symmetric
shot noise field with kernel 9*¢g and mark distribution fiy. Hence, applying equation (A.3)
of Proposition (since Lemmas and guarantee the uniform exponential decay

of the mark distribution x,, we may take v = 1 in this proposition), there exist constants
c1,c2 > 0 such that, for all n > 0, |k| <2 and t > 1,

(2.4) P10 fyllio, 12,00 = c1t?) < cre™".
Now define t. = |loge|'/2, and let Q. be the event that

ax ||oF < t2
|l?\n:1},{2” fn||[0,1]2,oo >0

which, by (2.4), has probability greater than 1 — ¢; exp(—cste) for some c3 > 0 and all
sufficiently small ¢ > 0. Choose an integer n > t2/e, and tile B(s) with [s]?n? squares
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S1y. -+, S[g)2n2 of side-length 1/n. Let zj be the center of the square Cy. Then we have,
for some cq4,c5 > 0,

P(3z € B(s) : Vfy(x) = 0,[fy(z) — ] < ¢)
[5]2n2

< > P(Q, Tz € S i Vin(z) =0, fy(x) — £] <) + P(Q)
k=1

[s‘|2n2

< Y BVl < 2/n | fy(xx) =€) < e+ t2/n) + ()
k=1

< exsn? x (2/n)? (= + £2/n) + PO)
< 204525t;1 + c1 exp(—cst.) < 6582€t§,

with the third inequality following from the uniform bound on the density of (f,, V fy),
and the final inequality holding for all sufficiently small € > 0. The proof of the first
statement is complete.

The proof of the second statement is analogous, except we choose an n > t./e and tile
sL, with [s]n line-segments of length 1/n. O

3. CRITICALITY OF THE ZERO LEVEL

In this section we study the ‘critical’ properties of the excursion set & at the zero
level. In particular, we establish (i) positive association for crossing events, (ii) quasi-
independence for crossing events, (iii) the ‘box-crossing’ estimates, and finally (iv) the
absence of percolation (i.e. the first statement of Theorem . Since many of the argu-
ments are standard in percolation theory, we emphasise only on the aspects that differ in
the shot noise case.

Throughout this section we shall suppose that either Conditions and or Condi-
tions and hold; in the latter case we fix a > 0 to be an arbitrary constant. Note
that only the first two perturbations from Section will play a role in this section; i.e.
we will only consider the fields f;, ;.

3.1. Crossing events. We begin by introducing ‘crossing events’ for rectangles and an-
nuli. Let g be a continuous planar function let £ € R be a level. For p1,ps > 0, define
Rlp1, p2] = [0, p1] x [0, p2], and let {g € Crossy(p1, p2)} denote the event that there exists a
connected component of {g > —¢}NR[p1, p2] that intersects both the ‘left’ and ‘right’ sides
of R, i.e. intersects both {0} x [0, p2] and {p1} X [0, p2]. Moreover, let {g € Crossj(p1,p2)}
denote the event that there exists a connected component of {g < —¢} N R[p1, p2| that
intersects both the ‘top’ and ‘bottom’ sides of R[p1, pa].

Similarly, for 0 < py < pp define Alp1, p2] = {[=p2,p2]* \ [=p1,m]*}, and let {g €
Army(p1, p2)} denote the event that there exists a connected component of {g > —¢} N
Alp1, p2] that intersects both 9[—p1, p1]? and 9[- p2, pa2]?.

Collectively we shall refer to the events Crossy, Cross; and Army as ‘crossing events’. To
each crossing event we will associate its level £, and also its supporting domain, being the
compact domain D C R? on which the event is defined (i.e. either the rectangle R[p, po]
or the annulus A[p1, p2]). Notice that the crossing events Cross, and Army are increasing
in both the function g and the level £ (i.e. {g € Cross,} implies that {g’ € Crossy } for any
g > g and ¢/ > (), whereas the event Cross} is decreasing in both the field and the level.

Let us state some basic properties of these events:

Lemma 3.1. For each n > 0, the crossing events for f, are almost surely continuity
events in the C°-topology on their supporting domains. Moreover,

{fy € Crossylpr,p2)} and  {f, € Crossi(p1, p2)}

form a partition of the probability space up to a null set.
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Proof. The first property is a consequence of the regularity of the level lines in Lemma
Indeed, outside a null set (namely, the event that the regularity properties in Lemmado
not hold) the crossing events Cross¢(p1, p2) and f; € Crossj(p1, p2) can each be expressed
as a countable disjoint union of sets that are open in the C%-topology. Moreover, these
open sets are contained in exactly one of Cross(pi,p2) or Cross;(p1,p2), yielding the
second statement. O

Remark 3.2. Note that Lemma fails for the truncated fields f; ,; for such fields there
is a positive probability that the zero-level set {x € R?: f, . = 0} covers R[p1, p], which
means that the crossing events are discontinuous in the C%-topology, and moreover,

P[fyr € Crosse(p1, p2)| + P[fy,r € Cross;(p1, p2)] > 1.
We observe a simple consequence of the ‘self-duality’ of the zero level:

Proposition 3.3 (Square crossings). Let p > 0 and n > 0. Then

P[f, € Crosso(p, p)] = 1/2.
Proof. By Lemma (3.1

{fy € Crosso(p,p)} and {f, € Crossj(p,p)}

form a partition of the probability space. On the other hand, by the symmetry of the
mark g and the symmetry of the kernel g under reflection in the line {y = x}, the events
Crosso(p, p) and Crossj(p, p) are of equal probability, and so this probability is 1/2. O

3.2. Positive associations. We next verify the crucial ‘positive-association’ property for
crossing events (which is the only reason we insist that ¢ > 0 in Conditions and [1.2)):

Proposition 3.4 (Positive associations). Let n > 0, and let Ey and E2 be two crossing
events that are either both increasing or both decreasing. Then

P{f; € Ex} N {fy € Ea}] > P[fy € EA|P[f; € En].

Proof. Without loss of generality suppose that £ and Fy are both increasing. Recall the
definition of the e-discretised field f7, and notice that the crossing events

{f, € E1} and {f] € Ea}

can be viewed as increasing functions on the (countable) product spaces that generate f;.
Hence by the classical Harris/FKG inequality for product spaces (see [Gri99, Section 2.2]),

PHf; € Exy 0 {f, € Ex}] = P[f; € EAJP[f; € Ex.

Since f; — fy in the CP-topology on compact sets (Lemma , and since crossing events
are continuity events for the limit f, in this topology (Lemma [3.1), sending ¢ — 0 yields
the result. 0

Remark 3.5. We do not claim positive associations for the truncated field f,, because it
does not follow from our proof (see Remark [3.2), and we do not need it.

3.3. Quasi-independence. We next show that crossing events that are supported on
well-separated domains are approximately independent.

As a preliminary, we have a general comparison result that bounds the effect of trunca-
tion on the probability of crossing events. Recall that crossing events are either increasing
or decreasing; we call a collection of crossing events monotonic if they are either all in-
creasing or all decreasing.

Proposition 3.6. There exist cg,c1,ca > 0 such that, for everyn > 0, r, R,t > cq, every
compact set D C R? of diameter at most R, and every monotonic collection {A;}i<n of
crossing events whose supports are contained in D,

(3.1) [P(fy € A) —P(fyr € A)| < cinR** ' *(logr)*((logr)? + (logt)?) + c1 R2e ™!,
where A = Ni<nA;.
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Proof. For each crossing event A;, let ¢; and S; C D denote its associated level and
support respectively. Recall that each S; has a piece-wise linear boundary (with one or
two connected components, depending on the crossing event). For a ¢ > 0, define the
event (2} that, for each S;:

e There is no critical point « € S; of f, such that |f,(z) — 4| < ¢;

e For each boundary line-segment L C 05;, f,|r has no critical point € L such
that |f,(z) — 4] < ¢

e None of the corners of 05; have |f,(x) — 4;| < c.

By the Morse lemma (see, e.g., [Han02, Theorem 7)), on the event ! the level set {f,, = ¢}
inside .S; (considered as a set stratified by its boundary line-segments and corners) has the
same topology for all levels ¢ € [¢; — ¢, ¢; + ¢|. In particular, the events

{feAyNQL, {fy+ceAyNQ: and {f,—c€ A}NQ}
all agree up to a null set. Define now the event 2 that
1fn = forlloo,p < e
By the monotonicity of the collection of crossing events,
{f,€AANQNQ2 and {f,, € A}NQLNO2

also agree up to a null set. To finish the proof, recall that by Lemma [2.3] there exist
c1,c2 > 0 such that P(Q2) > 1 — ¢; R2e~! for the choice

(3.2) c=cit? ri=(logr)?.

Moreover, by Proposition [2.6] and the union bound, there is a ¢3 > 0 such that, for all
small enough ¢ > 0,

P(Q}) > 1 — e3nR%c|log c|*.
Hence, setting c as , there is a ¢4 > 0 such that
P(QL N Q%) > 1 — eynR%ri=(logr)?((logr)? + (logt)?) — ¢ R2e¢2t
which gives the result. H

Our main quasi-independence result is a corollary of the previous proposition.

Theorem 3.7 (Quasi-independence). There exist cy,c1,ca > 0 such that, for everyn >0
and v, R,t > ¢y, every pair of compact sets Dy C R? (resp. D) of diameter at most R
and such that r = dist(Dy, D2), and every pair of monotonic collections of ny (resp. ng)
crossing events (E})i<p, (resp. (E?)i<n,) that are supported on Dy (resp. Do),
(3.3) |P(f, € E'NE?) —P(f, € E")P(f, € E?)]

< c1 max{ny, ny Y R*t*r'=*(logr)?((log )* + (log t)?) + ¢, R%e 2t

where BJ = ﬂignng for j € {1,2}.

Proof. This follows immediately from Proposition [3.6] by replacing f, with its truncated
version fy,, and noticing that the events {f,, € E1} and {f,, € Ea} are independent
(see the proof of [MV19l Theorem 4.2] for details). O

Remark 3.8. Equation ([3.3]) (with the setting ¢t = (log R)?) implies that two crossing events
that are supported on domains of diameter at most R and separated by a distance greater
than r > ¢y R are approximately independent in the sense that, as R — oo,

(3.4) P (f, € BE1NEy) —P(f, € B1)P(f, € E2)| < caR* *(log R)® — 0.

In fact, this is precisely the origin of the assumption o > 3 in Condition [I.1]
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3.3.1. Boz-crossing estimates. We next establish the ‘box-crossing’ estimates (also known
as the Russo-Seymour-Welsh estimates), which state that the probability of crossing events
for rectangles are bound away from zero and one uniformly in the scale.

Theorem 3.9 (Box-crossing estimates). For each n > 0 and p1,p2 > 0,
Ii?gfl P(f,, € Crosso(Rp1,Rp2)) >0 and sup P(f, € Crosso(Rp1,Rp2)) < 1.
> R>1

Proof. In [Tas16], Tassion gave general conditions for a translation invariant colouring of
the plane to satisfy the box-crossing estimates. In our setting, Tassion’s argument is valid
since the following four conditions are satisfied for the fields f,, (see [RV19bl Section 4]
and [BG17, Section 4.2] for details):

(1) The square-crossing property in Proposition [3.3}

(2) The positive association in Proposition |3.4]

(3) The symmetry guaranteed by Conditions 1.1} and [1.2} and

(4) The quasi-independence guaranteed by Theorem |3 - O

3.3.2. Absence of percolation at the zero level. Finally, we deduce that the connected
components of & are finite for all £ < 0, completing the proof of the first statement of
Theorem

Theorem 3.10 (One-arm decay). There exist ¢, capm > 0 such that, for every n >0 and
1<r <R,

P (f, € Armo(r,R)) < ¢ (%)CAW .

Hence almost surely & has bounded connected components.

Proof. This follows from the positive association in Proposition[3.4] the quasi-independence
in Theorem and the box-crossing estimates in Theorem (see the proof of [RVI19D,
Proposition 4.5] for details). Note that the constant ca,, depends on the mark p and
the kernel g, but can be chosen uniformly over a collection of kernels g; whose derivatives
10%g;], |k| < 2, decay more and more rapidly. O

Remark 3.11. As shown in [BG17, Section 4.2], given the quasi-independence in Theo-
rem the properties established for the excursion set & in Theorems [3.9) and [3.10] hold
equally for the zero level set {x € R?: f,(x) = 0}.

4. THE PHASE TRANSITION IN THE CASE OF BOUNDED MILLS RATIO

We now study the phase transition that occurs when the level passes through zero. The
main result will be the following description of the phase transition for crossings of 2R x R
rectangles:

Theorem 4.1. For every £ > 0 there exists a ¢ > 0 such that, for every R > 1,
P (f € Crossg(2R, R)) > 1 — e R,

Theorem can be deduced from Theorem (along with the previously stated The-
orems and |3.10)) in a straightforward way:

Proof of Theorem[1.7] The boundedness of excursion sets components at levels £ < 0
follows from the fact that, by Theorem P(f € Armg(1,R)) — 0 as R — oo. More
precisely, suppose that & had an unbounded component with positive probability. Then
trivial regularity considerations imply that it would have a positive Lebesgue measure,
and hence by stationarity 0 would be in this component with positive probability, which
we just proved was impossible.

The existence of a unique unbounded excursion sets component in the case £ > 0 is a
consequence of Theorem by standard gluing arguments. Indeed, by Theorem we

have
Z (1 — P(Crossg (2", 2%))) < o,
k>1
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and so, by the Borel-Cantelli lemma, there exists a kg > 1 such that
{f € Crossy(2F+1 2F))

occurs for each k > kg. Arranging the 251 x 2F rectangles (and rotated versions) so that
the resulting crossings overlap, this implies the existence of a unique unbounded connected
component in {f > —/¢}.

The fact that £-level sets are almost surely bounded is an immediately consequence of
the above, since an unbounded /¢-level line would lie at the interface between unbounded

components of & and £, and by the above (and the symmetric f L f) at least one of
these sets has only bounded components almost surely.
The remainder of the claims in Theorem [1.7] are proven in Theorems [3.9 and 3.10] O

In this section we will prove Theorem in the case of bounded Mills ratio (Condi-
tions and [1.4)); the case of bounded Mills ratio in the tails (Condition will be the
focus of the next section. In particular, in this section we set the smoothing parameter n
to zero.

4.1. A differential inequality. The first step is to establish a differential inequality,
with respect to the level ¢, for the probability of {f¢ € Cross;(2R,R)}. Our method
makes use of the OSSS inequality (described below).

In fact, instead of differentiating with respect to the level £, it will initially be more
natural to differentiate with respect to a change in the mean of the mark distribution, i.e.
the variables h = (h;) in the definition of the field f&" (see Section . The differential
inequality is the following:

Proposition 4.2. There exists a hg > 0 such that, for allr > 1, R > 4r, { € R,e > 0
and h € [0, hol,

Oah log (1 — P( <h ¢ Crossy(2R, R)))

€,h
> (Cagins/ ) P(fr" € Cross,(2R, R))

infre(or ry2) (27/ R+ P(ff € Arm_(2r, 7))

Before proving Proposition [4.2] let us recall the OSSS inequality. Let A be a finite
set, and let (EM, €24 4®A) be a product probability space. Given an event A € £2A
and coordinate i € A, the influence I!'(A) of the i*® coordinate on A is defined as the
probability that resampling the i coordinate modifies 1 4, i.e.,

IF(A) = P(La(w) # 1a(@)),

®A and where @ = w except that w; is resampled independently.

where w = M

Now, let A be a random algorithm that determines A, i.e. a procedure that reveals step-
by-step the coordinates of w and stops once the value of 14(w) is known (the algorithm
should also be adapted, i.e. the next coordinate to be revealed should be measurable with
respect to the coordinates already revealed and auxiliary randomness). The revealment
51 (A) of the i*" coordinate for the algorithm A is the probability that w; is revealed by
the algorithm.

The OSSS inequality gives an upper bound on the variance of an event A (in a product
space) in terms of the influences and revealments of a random algorithm determining A:

Theorem 4.3 (OSSS inequality (see [OSSS05] or [MV19, Theorem 2.1])). For every
A e %M and random algorithm A determz’m’ng A,

Varu ]lA < Z(SM
1EA

Let us now describe how we apply the OSSS inequality. Recall the field fﬁ’h, and
notice that the event { fol e Cross¢(2R, R)} is measurable with respect to the (finite-
dimensional) product space indexed by A = eZ>N[—-2R—r, 2R+7)?, where each coordinate
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consists of the pair (B;,Y}"), and where B; is a Bernoulli random variable with parameter
€2 and Y} is an independent random variable drawn from the mark distribution p.

The algorithm A that we use to determine the crossing event { /5" € Cross;(2R, R)} is
the same as that used in [MV19] (and inspired by [AB18, BKS99, [SS10]). More precisely,
we first fix a random horizontal line L = {y = U} where U is uniform in [0, R]. Then
we reveal all the coordinates ¢ € A that are within a distance 2r from the line L, which
determines the values of the field up to a distance at least r from L. Finally, we iteratively
reveal all coordinates that are within a distance 2r from a component of { fel < —(} that
intersects L, terminating with value 0 if a connected component is found to intersect both
the top and bottom sides of the 2R x R rectangle, and terminating with value 1 if no such
component is found.

The key properties of this algorithm are that it:
{ff’hECr0554(2R,R)}; and
e reveals a coordinate ¢ € A if and only if there exists a connected component of

{fﬁ’h < —/(} that connects the ball B;(2r) to the line L.

Let us give a simple upper bound for the revealments d;(.A) of this algorithm. Suppose
that h > 0. By symmetry, and since arm events are increasing, §;(A) is bound above by
the probability that a connected component of {f$ > ¢} connects B;(2r) to L. Since for
any 7 < R/2 the distance between i and L is larger than 7 with probability greater than
1 — 27/R, by averaging over L we have

0i(A) < 27/R+P(f5" € Arm_y(2r, 7)),

valid for any 7 € (2r, R/2).

Now suppose that R > 4r and let I; be the influence of coordinate ¢ € A on the event
{ foh e Crossy(2R, R)}, that is, the probability that resampling the pair (B;, Y/") modifies
(the indicator function of) the event. Then applying the OSSS equality to the algorithm
described above and rearranging,

(4.1) 2ien i > P(fi" € Crossi(2R, R))
. 1—1P( <h ¢ Cross¢(2R, R)) ~ infre(ar,ry2) (2r/ R+ P(ff € Arm_,(2r, 7))

We can now complete the proof of the differential inequality:

e almost surely terminates with value 1

Proof of Proposition[{.9. First, we fix hg > 0 sufficiently small so that
P[Y} > ho
it MU )Y
P[Y}* < ho] /

such an hg exists since p is symmetric and not supported on {0}. It is sufficient to prove
that, for each i € A and h € [0, hg],

0
Oh;
where I; is defined above (4.1)), since then we have

e,h
. > a%iIP’(fr € Crossy(2R, R))
T 1—P(f" € Crossy(2R, R))

> i li
foh e Crosse(2R, R))

(4.2) P(f&" € Crossy(2R, R)) > (cypine/4) i,

—;;L log(1 — P(fS" € Crossy(2R, R)))

2 (Cid}lls/‘l) 1P

and so (4.1]) gives the result.

We shall establish conditional on (B;);jea\ (i} and (Y]“ )jea\(iy (note that if y has
an atom the derivative may be infinite for some values of the conditioning, but that only
helps us).

First, let us bound the influence I; from above. Since the event Crossy(2R, R) is increas-
ing, there exists a threshold w € [—o00, 00|, measurable with respect to the conditioning

on (B;)jea\(i} and (Y]H)jeA\{i}, such that f©" € Cross;(2R, R) if B;(Y} + hi) > w and
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foM ¢ Crossg(2R, R) if B;(Y} + h;) < w. Hence the influence I; is at most the probability
that B;(Y" + h;) > w but B;(Y} + h;) < w after resampling (B;,Y/"), or vice versa.

If w > 0, this event implies that B; = 1,Y/ 4+ h; > w, and after resampling either
B; =1, — h; <w or B; =0 (or vice versa), and hence the probability of this event is
at most

2¢°P(Y} > w — hi)(GQP(}/i <w-—h)+(1—e)) <2PP(Y) > w—hy).

If w < 0, this event implies that either B; = 1,Y — h; > w or B; = 0, and after
resampling B; = 1, Y;“ — h; < w (or vice versa), and hence the probability of this event is
at most

2¢°P(YH < w — h) (€P(Y; > w — ;) + (1 — €%)) < 2°P(YH <w — hy).
Putting this together, we have shown that

; <22{IP’(YZ.“2w—hi) if w>0
i S z€

43
(4.3) P(Y/ <w—hy) ifw<0

Turning to the derivative, we see that
0
Oh;
If w— h; > 0, then by the definition of the Mill’s ratio
frae (W—"nh) > chHS]P’(Y > w — hy).
Similarly, if w — h; < 0 then by symmetry
flufa.c. ((JJ - h ) > CMIHSP(Y < W — h )
Altogether we have shown that

(fi" € Cross(2R, R)) 2 €2 fp, .. (w — ha).

_ PY">w—h;) ifw>h
44 P(fo" 2 > e ' ' '
( ) 8h1 (fr S CI‘OSSZ( R7 R)) Z Cpins€ {]P,(Y*ZM < — hz) fw< hz
Combining (4.3)) and (4.4)), we see that
0
Il h € Cross(2R, R)) > (cype/2) €%

whenever w < 0 or w > h;. On the other hand, if w € [0, h;] then we still have
) PO Sw—hy)
Oh; P(Y} > w—h;)’
Moreover, since this implies h; — w < h; < hg, we have
P/ <w—h) P >hi—w) P > ho)

PY/ >w—h) P! <hi—w) = P(Y/ < ho)

by the symmetry of p and our definition of hg. Hence we have established (4.2) in all
cases, which completes the proof. O

P(fp he Cross¢(2R, R)) > (CMIHS/Q)

>1/2

4.2. A first description of the phase transition. We next use the differential inequal-
ity in Proposition to establish a ‘qualitative’ description of the phase transition. The
main result of this section is the following:

Theorem 4.4. For every ¢ > 0, as R — oo,
P(f € Cross¢(2R, R)) — 1

Let us fix £ > 0. We also define positive exponents
1
(45) ve©1), ¢=YAmT 0 (y1) and £e(0,1-Q)
CArm + 1

where caym > 0 is the constant appearing in Theorem [3.10 For the remainder of the
section we fix the scales

r=rp=R"—o00o and h=hp=R¢—0.
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We first state an auxiliary result that shows that, if ¢ = e — 0 decays sufficiently
quickly, the fields f, f§ and fr M are all close with overwhelming probability.

Lemma 4.5. There exists a scale € = eg — 0, constants c1,co > 0, and a coupling of
(f, f%) such that, for all R > 1,

(4.6) P(|f — fEllBaRyse = €/2) < crec2(osR)?
and
(4.7) P(|lf = £ Baryse = £/2) < crec2(os R,

Proof. By Lemma one can find a scale eg — 0 and a coupling of (f, f¢) such that
LA = foM ) Bary 0 > €/2

has probability converging to zero as rapidly as desired. Moreover, by Lemma (t = RY
for some 4/ € (0, (o — 1)7/2)), there are ¢1,ca > 0 such that

P(|f = fellpem) s > B2 1! (l0gr)?) < e R2e2H

Since ) /

RV pl=e (log r)2 = R/~ (log R”’)2 —0
by the definition of ', we deduce that || f — f+|| p2R), is also larger than £/2 with probabil-
ity decaying faster than any polynomial. Finally, applying equation (A.3|) of Proposition
(and taking v = oo) there are cq, ca > 0 such that

P(lIfr — f797h||B(2R)7OO > h(log R)?) < ¢;R%e™ log(R)*

Since h, = R™¢ for & > 0, this shows that ||f. — f,g’hHB(QR),OO is also larger than ¢/2
with probability decaying faster than any polynomial. Putting this together gives the
result. g

We can now prove Theorem |4.4

Proof. Define egr — 0 as in Lemma We first make use of the simple fact that if f and
g are fields such that P[||f — g|]| > t] < s, and A is an increasing event, then
(4.8) P(f+te A)>P(ge A) —s.
In particular, by (4.6) and (4.7) this implies the existence of ¢1,co > 0 such that, for
sufficiently large R,
P(f; € Arm_g/5(2r,7)) < P(f € Armg(2r,7)) + cre~ (08 B)?

and ,

P(fh e Crossy/2(2R, R)) > P(f € Crosso(2R, R)) — cre— 208 )7,

Setting 7 = R¢ € (2r, R/2) (where ¢ > 0 is defined in ([£.5)), by Theorems and we
deduce the existence of a ¢ > 0 such that

P(f; € Arm_g/5(2r,7)) < P(f € Armg(2r,7)) + cre~2(08R)?* < oo p=(C=7ecam
and
(4.9) P(fo e Crossy/2(2R, R)) > P(f € Crosso(2R, R)) — cre—c2(log R)? > ca,
eventually as R — oo, for some c3,cq4 > 0. Applying Proposition [4.2| we have, for some

C5,Ce > 0,

8 €
=3 log (1 —P(f" e Crossy/2(2R, R)))
S esecl P(f5" € Crossy(2R, R))
= OMills T op /R + P(fe € Arm_y(2r, 7))

1 pl-¢
> ¢6 Oy,

where we used the fact 1 — ( = ({ — v)carm by definition. Integrating both sides of this
inequality from 0 to h, and using (4.9)) to bound the evaluation at h = 0, we have

P(f;,h € Crossy/o(2R, R)) >1—(1— 64)6—06%—4}“531—%'
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By our choice of h = hp, the latter quantity converges to 1, and so applying (4.7) and (4.8))
O

one more time gives the result.

4.3. Sharpness of the phase transition. The proof of Theorem [4.1] follows from The-
orem from a classical bootstrapping argument that is borrowed from [MV19].

We shall need two auxiliary results. The first result is a kind of ‘sprinkled’ version of
the quasi-independence statement in Theorem that we deduce from Lemma [2.3

Proposition 4.6. Let v > 0. There exist c1,co > 0 such that, for every R > 1, every pair
of compact sets D1 C R? (resp. D3) of diameter at most 5R and such that dist(Dq, Da) >
R, and every pair of every decreasing collections of ny (resp. na) crossing events (Eil)igm
(resp. (E?)i<n,) that are supported on Dy (resp. Da),

P(f + 1 R* 19 (log R)? € B' N E?) < P(f € EYP(f € E?) 4 c1e 2k,
where B = ﬂign].Eg for j € {1,2}.

Proof. This follows by applying Lemma with the settings r = RY and t = R (see
[MV19, Proposition 6.2] for details, although note that in [MV19, Proposition 6.2] it was
possible to get an improved bound by taking ¢t = v/R since the relevant error probabilities
decayed square-exponentially). O

The second is a functional inequality which we take from [MV19, Lemma 6.3]:

Lemma 4.7. Let 7' € (0,1) and let (ar)r>0 be a positive function such that ar — 0 and
for which there exist c1,ca, Ry > 0 such that, for all R > Ry,
Ay pr < cla%{ + e—2f,
Then there exist c3,cqa > 0 and a positive sequence (mp)n>1 such that, for alln > 1,
2" <my < 32" and  ap, <e A"

Proof. The proof is identical to the proof of Lemma [MV19l Lemma 6.3] after replacing
Aypo R With dyp gy Indeed the only properties of the function f(x) = VR used in that
proof are that (i) f(x)/x decreases monotonically to 0 as z — oo, and (i) f(2")/2" is
summable over n. Since these are satisfied also for f(x) = 27, the proof goes through. [J

We can now complete the proof of Theorem (in the bounded Mills ratio case):

Proof of Theorem (under Conditions and . Define the exponents

2

v € <71, 1) and ~" ¢ (0, (a—1)y — 2),
o —

which is possible since a > 3. Fix £ = 0, and define the increasing sequence of levels
lr=40— R™". Note that
(4.10) boprny — LR = lop —lr=(1—2"") )R > c; R* (179 (log R)?
eventually for sufficiently large R. Since Crossy(2R, R) is increasing in ¢ and since {r < ¢,
defining

ar =P (f ¢ Crossy, (2R, R)),
it is sufficient to prove the existence of a ¢; > 0 such that, for sufficiently large R,
(4.11) ap < e R

We deduce (4.11]) from the following functional inequality for ar, whose proof is as in
[MV19, Lemma 6.3] (with Proposition and (4.10) the crucial inputs): There exists a
co > 0 such that, for sufficiently large R > 1,

(4.12) Agps por < 490, + 2R,

Recalling that Theorem [£.4] implies that ap — 0, an application of Lemma [£.7] then yields
the existence of constants c3, ¢4 > 0 and a positive subsequence (my,),>1 such that, for all
n>1,

2" <my < 32" and  ap, <e AT,



18 PERCOLATION OF THE EXCURSION SETS OF PLANAR SYMMETRIC SHOT NOISE FIELDS

This implies (4.11)) for R € {my}n>1, which can be extended to all R > 0 by standard
gluing arguments. O

5. THE PHASE TRANSITION IN THE GENERAL CASE

We now turn to the proof of Theorem in the general case of bounded Mills ratio in

the tails (Conditions and [1.5)).

Recall the family of smoothed fields f, introduced in Section The first step is to
adapt the argument we used to establish Theorem in the bounded Mills ratio case to
the field f, for a carefully chosen sequence n = nr — 0.

Recall the exponents 7, (,& > 0 defined in (4.5)). For this section we shall redefine these

exponents, and introduce a new exponent x > 0, as follows:

(51) v E <0 CAi) ’ C: M € (77 1)7 K€ (2’)/7 1_C)7 ne (07 1_C_H)

24 3CArm CArm +1
It is easy to check that such a choice is possible; indeed the condition
CArm
5.2 < Am
( ) 7 2+ 3cArm
has been defined so as to be equivalent to
YCArm + 1
29 <1l ———-—"=1-¢(,
7 CArm + 1 C

which ensures that x is well-defined. Define also the scales r = rg = RY — oo and
h = hgr = R~¢ = 0 as before, and introduce the scale n = n(R) = R™* — 0.

Theorem 5.1. For every £ > 0 there exists a ¢ > 0 such that, for every R > 1,
P(f, € Cross¢(2R, R)) > 1 — e .

Proof. It is straightforward to check that the proof of Theorem in the case of bounded
Mills ratio (in Section {4)) goes through replacing f with f,. Indeed, all of the estimates
used are uniform in 1 > 0, with the single exception of the final step of the proof of
Theorem [£.4] in which we need to verify that

(5.3) P(fo € Crossy (2R, R)) > 1 — (1 — cq)e ains(n) B =Ch
tends to 1 as R — oo. Since enmins(py) < 1/1 by construction (Lemma , we have
xR Sh = RRCR 5 o,

where the convergence holds by the choice of the parameters in (5.1). Hence we verify
that the probability in ((5.3) converges to 1, as required. O

The result will now follow by exploiting a natural coupling of f, and f (or rather their
truncations) such that they agree outside a small set.

Lemma 5.2. Let ¢c; > 0 be as in Lemma |2.4, and for every t > 0 let Py be a Poisson
point process on R? with intensity t. Then there exists a coupling of fors Jr and Peyy such
that fy, and f, are equal outside the set

U (@ +B@).
i€Pern

Proof. Recall that dpvy(p, pt;) < c1n by construction (Lemma [2.2). By the definition of
total variation distance, there exists a probability distribution z' such that that f,, can
be constructed from f, by thinning the Poisson point process P used to define f, to have
intensity 1 — ¢1n, and adding the field

> Vg(z—i)
ie,Pthin
where Pinin denotes the set of thinned points, and Yiu are independent draws from p’.

Since Pihin 4 Peyn by the thinning property of the Poisson point process, and the support
of g, lies in B(r), we have the result. O
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Let us now finish the proof of Theorem [£.1] in the general case:

Proof of Theorem (under Conditions and . We first claim that, as a conse-
quence of Theorem

(5.4) P(f,r € Crossy(2r,7)) > 1 —r%/R*(logr)~".
Indeed, by Proposition [3.6]
|P(fy € Crosse(2r,7)) — P(fy,r € Crosse(2r,7))|
is at most
a1t?r3=%(log r)%((log 7)? + (logt)?) + cyrie e
for all large enough t > 0, where o > 0 is a constant we can set arbitrarily large. Setting
t = (logr)? and o > 1+ 2/, the above tends to zero, and so the claim follows from

Theorem [5.1]
The next step is to show that

(5.5) P (f. € Cross¢(2R,R)) — 1

as R — oo. For this we will introduce a discrete percolation model on the edges of (a
translated copy of) the lattice rZ?, as follows.
Define the index sets

Ih:{l,,’VQR/T-‘} and IU:{L...,LR/TJ},

and let L™ and L be respectively a unit line-segment in the horizontal and vertical direc-

tions from the origin. Then define a set of horizontal edges 7" = {eﬁj}ie  jerv Where
e);=r(i—1/2,5—1/2)+L"

and similarly a set of vertical edges TV = {e} ;};c/n jero where

dj’j =r(i—1/2,7—-1/2)+ L".

Notice that T = T, U T, is then a translation of the grid

rZ2 N [r[2R/r], 7| R/r]].
We then define a percolation model on T by declaring a horizontal edge e@j) € Ty, to be
open for the field g € {f,, f,+} if and only if

{g(- —r(i,7)) € Crosse(2r,7)}.
and, similarly, a vertical edge e’& 5 € Th to be open for the field g € {f,, fy} if and only
if

{g(- —r(i,7)) € Crosse(r,2r)}.
Let C be the event that the percolation model on 7 has a left-right crossing. The key
property that the construction offers is that

(5.6) {g €C} C{g € Cross;(2R, R)}.

Now, by and the symmetry of the shot noise field, each edge in 7 is open for f; ,
with probability exceeding 1 — R~(2=27)(log R)~!. Since there are O((R/r)?) = O(R?* %)
edges in 7, by the union bound the probability that all edges are open for f,, tends to
one. Moreover, by Lemma there is a coupling of f,, f,,, and a Poisson point process
Pe,y of intensity ci7, such that each edge in 7 is open for f,, if and only if it is open for
fr except for the edges intersecting the set

(5.7) U i+ B@r).
i€Peyn
Since
nr? = R"R* — 0,
an edge e € T intersects with probability tending to zero. Hence by standard
properties of sub-critical percolation, if edges of 7 are closed if and only if they intersect

(5.7) then the event C occurs with probability tending to one. Thus C occurs for f, with
probability tending to one, and hence we deduce ([5.5)) from (5.6)).
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Finally we show that
(5.8) P(f € Cross¢(2R, R)) — 1.
Again, by Proposition [3.6
|P(f € Cross¢(2R, R)) — P(f, € Crossy(2R, R))|
is at most
c1t’R:r1 = (log 7)?((log 7)% + (log t)?) + c1 R%e 2t
Setting t = (logr)? and o > 1+ 2/7, the above tends to zero, and so the claim follows

from (|5.5]).
Since (j5.8)) is the analogue of Theorem the conclusion of Theorem then follows

by the same bootstrap argument as we used in the bounded Mills ratio case. ([l

Remark 5.3. A careful analysis of this proof shows that, rather than requiring the super-
polynomial decay of g (and its first two derivatives), it is sufficient that the kernel decays
polynomially with exponent o« > 1+ % On the other hand, the constraint on v in (5.2]) is
also fixed by the proof (in particular, by the need to fix k € (27,1 — ()), and combining
these we have

4
a>T7+ ,
CArm

i.e. the required exponent a depends on the arm decay exponent at the zero level.

Since the value of ca,m, that comes out of the proof of Theorem is difficult to
quantify (although in principle it could be made explicit), it is difficult to extract an
explicit polynomial decay condition that we could substitute in Condition [1.2]in place of
super-polynomial decay. Nevertheless, even under the most optimistic assumption that
cArm takes its predicted value from critical percolation theory (carm = 5/48), the required
decay exponent would need to be large (o > 227/5 ~ 45).

APPENDIX A.

A.1. Concentration inequalities. In this section we prove concentration inequalities
for shot noise fields with unbounded marks, based on the work of Reynaud-Bouret [RB03]
on Poisson stochastic integrals.

Our result concerns shot noise fields in arbitrary dimension, i.e. we consider the field

fx) =) Ylg(z—1i)
1€P
where g(z) € Ll(Rd) is a kernel, P is a Poisson point process on R? with unit intensity,
and {Y/'} are 1.i.d. random variables drawn from a mark distribution p with finite mean.

We assume that the kernel g decays polynomially with exponent o > d, i.e., there exists
a c1 > 0 such that

(A1) 9(@) < er(1+[a])

We also assume that the mark distribution decays stretched-exponentially with exponent
v, i.e., there are constants v > 0 and ¢z, ug > 0 such that

(A.2) w((u,00)) < cgexp(—u’), wu > up.
To state our result we define the auxiliary function
2
v >
[.ﬁU]: (1+10g|3§‘|)7, |‘T|—17
1, |z| < 1.
Moreover, for a function h : R* — R, we introduce the auxiliary functions

ha) = [elh(z) and i) = sup (e + ),

where B = [~1/2,1/2]%. Finally we define the positive constant

k=24 /Rd exp(—(1 + log|])2)/2) dz.
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Proposition A.1 (Concentration with unbounded marks). Suppose that g and p satisfy

(A.1) and (A.2). Then the following hold:
(1) Forallt,s>1,

1/ . t . _
43 P(Ifllesn > ¢ (Il + VRl + glall) ) < Pre

(2) Assume that p is symmetric. Then, for allt > 1,

1 - t _
(A4) P11 > ¢ (Voo + glale) ) < e
Suppose furthermore that g is C'-smooth, and there exists a c3 > 0 such that, for
alli=1,...,d,
dig(x) < e3(1 4+ |z) L
Then for all t,s > 1,

1 ~ t ~ _ — t —~
(45) P(Illsr > dt* (VA2 + e+ ¥l + V2Tl + 51 alc))

< s2(d 4 1)ke /2.
To illustrate these bounds, we present the following family of examples:
Example A.2. Fiz o > 0 and consider the family of kernels
9(z) = gr(z) = |2[“Lyz>ry, R>1
Note that, as R — oo,
lglloe ~ B, llgllpe ~ R, g2 ~ RY?2,
IVglleo ~ R, ||Vgllpr ~ R and  ||Vgl|p2 ~ RY?7o71,

and the corresponding norms of g,§ and 6\9 also decay with the same respective powers
(up to logarithmic factors). In particular, the dominating terms among the norms in
are of order R¥=*=1 and R¥?= (up to logarithmic factors).

Now suppose that holds, and set t = (log R)? and s = R® for some 3 > 0. Then
there exist constants c1,co,c3 > 0 such that, for all R > 1,

B(||fllso.s8 Zer(RT*7" + R2~*)(log R)*) < esR* exp(—(log R)*/2).
In particular, this probability decays faster than any polynomial as R — oo.
Remark A.3. If the mark distribution p is bounded rather than decaying stretched-

exponentially, then (A.3)—(A.5) hold with g replacing g (with h defined in terms of h
instead of k), and 1 replacing ¢/7.

Proof of Proposition[A.1] Let t > 1. We begin by defining a suitable event that allows
to truncate the mark distribution. Denote by (z;);>1 some enumeration of the points of
P, and remark that (z;,Y;);>1 has the law of a Poisson point process P’ with intensity
measure dzp(dm) on RY, called the marked point process. Define Y; = Y;/([x]t'/7) and
Z = {(xz,m): |m| < [z]t'/7}, and define the truncation event

Q={lv;] <1foralli>1}={P' nZz°=0}.
The Campbell-Mecke formula bounds the probability of the complement as
(A6) @)<Y P(T > 1) = / P(Y; > [a]t1/)dz < c / exp(—[2]"t)da
P R4 R4
t
(A.7) < 02/ exp ( ——(1+ [a:]”))da: < CQ@t/2/ exp(—[z]7/2)dx < cyze™2.
Rd 2 R4

We next recall the results of Reynaud-Bouret [RB03|] on Poisson stochastic integrals.
Let P” be a Poisson point process with intensity dmu(dm)]l{(z’m)ez} on R? x R. For
h : R? — R measurable bounded, introduce the auxiliary function

h(z,m) = mh(z)([ztY) ™",  (z,m) e R* x R,
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and define
I, = Z h(z,m).

Using the abbreviations ||k, = ||k 1»ge) and A, = HBHLP(Rde) for p € [1,00], [RB03],
Proposition 7] states that

_ t _
(A8) P(1y > E(Iy) + V2> + 5llAlle ) < 7.
Since ||All2 < ||h]l2 and ||h|lso < ||A]l0o, it yields

t _
(A.9) B(Lh > E(Iy) + V2Hhlls + 5llhlle ) < 7.

We are now ready to prove the claims (A.3))—(A.5)), beginning with (A.4]). First note
that, for all u > 0,

P(£(0) > t"/7u) :p( > vt g(a) > u> =P( > Yigla) > u)

(zi,Y;)€P’! (z4,Y;)eP’
< P({ Y Yig(wi) > u} N 9) +P(Q°)
(x3,Y;)€P’
< P( S Vi) > u) +P(0)
(zi,Y;)eP

= P(I; > u) + P(Q°),

the last inequality can be proved by discretising P. Note also that E(I;) = 0 if the mark
distribution p is symmetric. Abbreviating u; = v2¢t||gll2 + %[|7]l and applying (A.9)
gives that

P(Ig Z ul) S B_t.

Hence, doing the same with h = —g,
P(|f(0)] = t7u1) < B(f(0) > t7ur) + B(—f(0) > t7uy) < 2¢* + B(Q°).

Combining with (A.6) yields (A.4)).

We turn to (A.3)). Similarly to above, for all u > 0,

IP’(sup|f(x)| 2t1/7u> :P(Sup Z Yig(x + ;)
z€eB reB (2:,Yi)EP'

> u)

—P( Y Wilg@) =)
(.Ti,Yi)GP,
< P(I, > u) + P(Q°)

Abbreviating us = ||g]l1 + V2t||g]|2 + £||g]| and applying (A-8) gives that
P(]g > UQ) < et

Combining with (A.6) yields (A.3) for s = 1. For larger s, cut sB in [s%] cubes By

homothetic to a subset of B. We have, for u > 0,
[s?]

(| fllocst = 1) < Y P flloos, = ) < 8P(IIf oo, = )
k=1

by translational invariance. This yields (A.3) for general s > 1.
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Finally, let us prove (A.5)). For z € sB, |f(x)| <|f(0)] + @ sup,csp |V f(x)|. Hence we
have, for u > 0,

P(l[flloc,sB = u) <P

~ N\

|£(0)] Zgor 1 <i<d:suplo;f] ZE)
2 sB d

IN

d
u u
P71 > 3) + X (10l 2 )
Setting
1 ~ t - — —~ t o~
u=dt> (Vi3 + 513l + 1Vl + V2Tal 2 + 51Vl

and applying (A.4) to the field f and (A.3)) to the field 0;f (which is a shot noise field
with kernel 0;g) we get the result. O

A.2. Bounded density of shot noise fields. In this section we give examples of shot
noise fields ([1.1]) which satisfy the bounded density assumption in Condition (which
implies the weaker Condition .

Proposition A.4. Consider the shot noise field (1.1) with arbitrary mark distribution p
and kernel either

(A.10) glz) = (1 +|z|)~

for some o > 2, or

(A.11) g(x) = exp(=|z|*) or g(x) = exp(—(1 +[a]*)*/?)
for some o € (0,1). Then Condition[1.5 is satisfied.

Remark A.5. In the case of the kernel (A.10]), the hypothesis a > 2 is only used to ensure
that g is integrable (and hence f(0) is well defined), but is not used elsewhere in the proof.

Proof. Recall from Remark [1.6] that the characteristic function of (f(0), V f(0)) is
p(u,) = exp ( [(explimlug(a) + (v, Vo(a))) - 1) dap(dm)).

By the discussion in Remark it is sufficient to prove that |¢(u,v)|* is integrable on
R x R? for some A € (0,1).

We first find suitable bounds on |¢(u,v)| for |u| Vv |v| > 1. Introduce a positive constant
p = puwv (to be defined later) and uy = (cos(f),sin(#)). Assume that there is my > 0
such that p([mo, mo+1)) > 0 (the reasoning is the same if y is concentrated on (—o0,0)).
Then we have

ool =exp ([ [ tcos umg(a) + (o.m¥g(w)) = 1) doain) )

(A12) §exp< e /p h /0 " (cos (umh(r) + (o, mugh'(n)) — 1) rdrd@,u(dm)),

mo

where h(|z|) = g(z) (well-defined since g is isotropic in all the cases we consider). Recall
the zeroth Bessel function, defined for s > 0 by

2w 2w
Jo(s) = / cos(scos(0))do = / exp(i(v,ug))df for any v € R? with |v| = s.
0 0
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Then (A.12)) equals
mo+1 poo
exp </ / (cos(umh(r))Jo(mlv|[l'(r)]) — 27r)rdr,u(dm))
P

— oxp (QW /m TZOH /,, ™ (cos(umh(r)) — 1)rdr
Iy
+ [ m+ / " cos (umh(r)) (Jo(mlel K (r)]) — Jo(0))rdryu(dm) )
Ip)

Let us bound I; and Is separately. In the rest of the proof, ¢ denotes a positive constant
(depending only on a, mg, A) whose value might change from line to line.

For I, recall that cos(s) —1 < —s?/3 and cos(s) > 1/2 for 0 < s < s, where sq is some
positive constant. Defining

pu = 1nf{p : |u|(mo + 1)h(r) < so,7 > p},

we deduce that, for p > p,
o0
L < —cu|2/ h(r)?rdr.
p

For I, we first recall that Jy(t) — Jo(0) < —ct? for 0 < t < tg, where ty is some positive
constant. Consider now

pv :=inf{p : |v|(mo + )R (r) < to;7 > p}.

Then we have for p = py, = max{py, py} > cmax{|u]1/o‘, |v|%ﬂ}

I, < —c|v|2/ W (r)2rdr.
p

Recall that it is sufficient to prove that |o(u,v)|* is integrable on R x R? for some

A € (0,1). We will actually prove that B; := [}, |¢(u,v)|* < oo for i = 1,2, where
Dy ={ueRveR?: 1<|v,0<ul: pu<po}
Dy :={uecRveR*: 1< |ul,0<v]: py < pul},

which is also sufficient since |p(u,v)| < 1.

Let us now specialise to the kernels (A.10) and (A.11). In the case (A.10) we have
h(r) = (1 +r)~%, which yields
I < —cu?p®™2 and I < —c|v\2p*2a.
Hence
o (u, )] < exp(—cu®p* > — clv?p™
for any |u| V |v| > 1 and p satisfying

2a)

p > cmax {|u['/*, o] 7T},

Therefore we have

B < exp(—cA|ul?p? 2% — eAjv)?p ™21 1 dudv
1< [ ool C L
2) %222 2-2-_
< exp(—cAlu|*|v| TFe — eA|v|*“T+a ) dudv
Dy
2 2—2«a 2 2«
B < /1)2 exp(—cA|u|*p —cA|vl%p )]l{pzc‘u|é}dudv

§/ exp(—eAu>® — eAlv?|u]~2)dudv.
Do

Since it is easy to check that these integrals are finite for every A > 0, the proof is complete
in the case (A.10)).
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In the case (A.11]) we will only give the full argument for h(r) = e="", since the decay
of h(r) and h/(r) as r — oo are similar for both kernels. In this case we have

[oe)
— {e} _ _ (%
I S—ch/ re 2" dr < —cu?p? %%
p

(e3

o0
I, <— c|v\2/ r2ele= 2% gy < —cu|?pte 2P
p

for any |u| V |v| > 1 and p satisfying
e <c¢/lul and p e < /vl

On Do, e ?" > ¢/|u|, and so

By < / exp(—cu?p* “u~? — cjv)?p*u"?)dudv
Dy

00 0o 2
< / exp(—ch_a)</ exp < - c(’v‘) )dv) du
1 0 up=e/?
< c/ exp(—cp? ) u’p~“du.
1

For2—a>a (ie.a<1),

exp(—cp®™*)u® = exp(—cp”~* + cp®) < cexp(—2p*) = cu”?,

hence By < 0o. On Dy,e™?" = c¢p'=%/|v|, and so
o
B </ exp(—cu?p 3% 7% — ¢p* ) dudv </ exp(—cpz_o‘)\v|p_2+37adv.
Dy 1

As before, exp(—cp?~®) is dominated by exp(cp®), and hence by any power of |v|, and the
integral is finite, hence (f(0); Vf(0)) has a bounded joint density.
([l
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