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Abstract. We consider percolation in a multiscale Boolean model. This model
is defined as the union of scaled independent copies of a given Boolean model.
The scale factor of the n'" copy is p~™. We prove, under optimal integrability
assumptions, that no percolation occurs in the multiscale Boolean model for large

enough p if the rate of the Boolean model is below some critical value.

1. Introduction and statement of the main result

1.1. The Boolean model. Let d > 2 and p be a finite measure on ]0, +o00[ having
positive mass. Let £ be a Poisson point process on Rdx]O, +oo[ whose intensity is
the product of the Lebesgue measure on R? by p. With ¢ we associate a random
set X (u) defined as follows:

Sw= | Bler

(cr)e€

where B(c,r) is the open Euclidean ball of radius r centered at c¢. The random
set X(u) is the Boolean model with parameter p. We shall sometimes write ¥ to
simplify the notations.

The following description may be more intuitive. Let x denote the projection
of £ on R%. With probability one this projection is one-to-one. We can therefore
write:

§= {(C’T(C))v ce X}'

Write u = mv where v is a probability measure. Then, x is a Poisson point process
on R¢ with density m. Moreover, given y, the sequence (r(c))ecey s a sequence of
independent random variable with common distribution v.
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1.2. Percolation in the Boolean model. Let C' denote the connected component of ¥
that contains the origin. We say that X percolates if C' is unbounded with positive
probability. We refer to the book by Meester and Roy (1996) for background on
continuum percolation. Set:

Ac(p) = inf{X > 0 : 3(A\u) percolates}.

One easily check that A.(u) is finite as soon as p has a positive mass. In Gouéré
(2008) we proved that A.(u) is positive if and only if:

/rd,u(dr) < 00.

The only if part had been proved earlier by Hall (1985). For all A, B C R%, we
write A <+ B if there exists a path in ¥ from A to B. We denote by S(c,r) the
Euclidean sphere of radius r centered at ¢ :

S(e,r)y={z €R¥: ||z —c|la =7}

We write S(r) when ¢ = 0.
The critical parameter A\.(u) can also be defined as follows:

Ae(p) =sup {A>0: P ({0} <50 S(r) —0asr— oo},
We shall need two other critical parameters:
);(,u) = sup{A>0:P(S(r/2) <snpu S(r)) —0asr— oo},
Xe(p) = sup {A>0:r'P ({0} “yop S(r) = 0asr — oo},

We have (see Lemma A.1) :

() < Aelp) < Aelps). (1.1)
When the support of p is bounded,

P ({0} <sou S(1)
decays exponentially fast to 0 as soon as A < A.(u) (see for example Meester and
Roy (1996), Section 12.10 in Grimmett (1999) in the case of constant radii or the
papers Meester et al. (1994); Menshikov and Sidorenko (1987); Zuev and Sidorenko
(1985a,b)). Therefore:

Ae(p) = )\AC(,u) = Ac(p) as soon as the support of p is bounded. (1.2)

The unbounded case is much less understood and, even for example when p has
exponential tail, it is not known whether the different critical parameters coincide
or not.

Remarks.

e The threshold parameter /i\c(u) is positive if and only if [r9u(dr) is finite
(i.e., if and only if A.(p) is positive). See Lemma A.2.

e Using ideas of Gouéré (2008), we can check that A.(u) is positive if and
only if

zd/ reu(dr) — 0 as  — oo.

If we only use results stated in Gouéré (2008), we can easily get the follow-
ing weaker statements. Let D(Au) denote the Euclidean diameter of the
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connected component of X(Ay) that contains the origin. Note that A.(u)
is positive if and only if there exists A such that:

r?P(D(A\p) > 7) = 0, as r — oo. (1.3)

If BE(D(Ap)?) is finite then (1.3) holds. If (1.3) holds then E(D(Au)?~*)
is finite for any small enough & > 0. By Theorem 2.2 of Gouéré (2008) we
thus get the following implications:

+o0 -~ too
/ r2(dr) < oo implies A.(u) > 0 implies Ve >0 : / 247 u(dr) < oo,
0 0

1.3. A multiscale Boolean model. Let p > 1 be a scale factor. Let (E"L)nZO be
a sequence of independent copies of (). In this paper, we are interested in
percolation properties of the following multiscale Boolean model:

2o () = | S (1.4)
n>0

We shall sometimes write ¥ to simplify the notations. As before, we say that %
percolates if the connected component of ¥¥ that contains the origin is unbounded
with positive probability.

This model seems to have been first introduced as a model of failure in geophys-
ical medias in the 80’. We refer to the paper by Molchanov et al. (1990) for an
account of those studies. For more recent results we refer to Broman and Camia
(2010); Meester and Roy (1996); Meester et al. (1994); Menshikov et al. (2001,
2003); Popov and Vachkovskaia (2002).

This model is related to a discrete model introduced by Mandelbrot (1974). We
refer to the survey by Chayes (1995) and, for more recent results, to Broman and
Camia (2008); Orzechowski (1996); White (2001).

In Menshikov et al. (2001), Menshikov, Popov and Vachkovskaia considered the
case where the radii of the unscaled process ¥ equal 1. They proved the following
result.

Theorem 1.1 (Menshikov et al. (2001)). If A < A.(01) then, for all large enough
p, 2P (Au) does not percolate.

In Menshikov et al. (2003) the same authors considered the case where the
radii are random and can be unbounded. They considered the following sub-
autosimilarity assumption on the measure p:

d
lim sup a“pu(Jar, +oo)) =

a=o0 5179 fu([r, +00]) (15)

with the convention 0/0 = 0. They proved the following result.

Theorem 1.2 (Menshikov et al. (2003)). Assume that the measure p satisfies (1.5)

and that )Tc(u) is positive. If A < );(u) then, for all large enough p, 3P () does
not percolate.

Note that (1.5) is fulfilled for any measure with bounded support. Because of
(1.2), Theorem 1.2 is then a generalization of Theorem 1.1.
In Gouéré (2009) we proved the following related result in which p is fixed.
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Theorem 1.3 (Gouéré (2009)). Let p > 1. There exists A > 0 such that *(Au)
does not percolate if and only if:

/ rdIn(r)p(r) < oco. (1.6)
(1,400l

The main result of this paper is the first item of the following theorem in which,
in particular, we remove the technical assumption (1.5). The second item is easy
and already contained in Theorem 1.3. Recall that, by Lemma A.2, /\AC(M) is positive
as soon as [ ru(dr) is finite and therefore as soon as (1.6) holds.

Theorem 1.4.

(1) Assume (1.6). Then, for all X < A.(u), there exists p(\) > 1 such that, for
all p > p(N):

P (S(r/2) <rsopp) S(r)) —0asr— o0 (1.7)

and therefore 3P (Au) does not percolate.
(2) Assume that (1.6) does not hold. Then, for all X > 0 and for all p > 1,
SP(Ap) percolates.

The proof is given in Section 2. The ideas of its proof and the ideas of the proofs
of Theorems 1.1 and 1.2 are given in Subsection 2.2.

The first item of Theorem 1.1 is a generalization of Theorem 1.2 and thus of
Theorem 1.1. Indeed, by (1.1), one has A < Ao as soon as A < .. Moreover, by
the second item of Theorem 1.4, (1.6) has to be a consequence of the assumptions
of Theorem 1.2. For example, one can check that (1.6) is a consequence of (1.5)
!, Alternatively, one can check that (1.6) is a consequence of A.(u) > 0 (see the
remarks at the end of Section 1.2).

Let us denote by A.(m%,) and Xc(mgo) the A, and . critical thresholds for the
multiscale model with scale parameter p. Theorems 1.3 and 1.4 yield the following
result:

(1) If (1.6) holds then A.(mf,) > 0 (and actually the proof of Theorem 1.3
yields A.(m£,) > 0) for all p > 1 and A.(m2) = Ac(p) > 0 as p — oc.
(2) Otherwise, A.(mf,) = Ac(mf,) =0 for all p > 1.
Let us denote by D?(Au) the diameter of the connected component of X (Au)

that contains the origin. The following result is an easy consequence of Theorem
1.4 above and Theorems 2.9 and 1.2 in Gouéré (2009).

Theorem 1.5. Let s >0, A >0 and p > 1.

(1) If fiy o7 uldr) < 00 and (1.7) holds, then E((D?(M1))*) < co.
2) If [ oo TS p(dr) = 00 then E((D?(Ap))*) = oc.

The proof is given is Section 3.

From (1.5) one gets the existence of a > 1 such that, for all 7 > a, one has u([r, 4o00) <

2= tq=4y([r/a,+oo[). By induction and standard computations this yields, for all r > a,
p([r, +oo]) < Ar—n(2)/In(a)=d_ Therefore, for a small enough 7 > 0, one has [ 47 u(dr) < oco.
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1.4. Superposition of Boolean models with different laws. Using the same arguments
as in the proof of Theorem 1.4, we could prove similar results for infinite superpo-

sitions

U J

n>0
where the Boolean models ¥, are independent but not identically distributed. We
will not give such a result here. However, we wish to give a weaker result for the
superposition of two independent Boolean models at different scales. As we consider
only two scales the proof is easier than the proof of Theorem 1.4. The proof uses
Lemmas 2.1, 2.2 and 2.3 and is given in Section 4. The result gives some insight
on the critical threshold in the case of balls of random radii.

This result, in the case where the supports of 11 and v, are bounded, is already
implicit in Meester et al. (1994) in their proof of non universality of critical covered
volume (see (1.8) below). See also Molchanov et al. (1990).

For all p > 1, we denote by H”u the measure defined by H”u(A) = p?u(pA).
With this definition, p~'%(u) is a Boolean model driven by the measure H”p.

Proposition 1.6. Let vy and vo be two finite measures on )0, +oo[. We assume

that the masses of vy and v are positive. Let 0 < o < 1. Then, for all p > 1,

XC(CVV1+(1—C¥)HPV2) < min (Xc(aul),’)\\c((l—a)H”yg)) = min (AC(ayl), )I:(_V203> .

Moreover,

- Ae(v1) A
Ac(avy + (1 — a)HPre) — min ( (V1)7 T (V2)> as p — 0.
a —

The above convergence is uniform in a.
‘We now make some remarks about this result and about some related numerical

results. For a finite measure p on ]0, +00[, we denote by ¢.(u) the critical covered
volume:

6u0) = PO € SOu0) = 1= exp (-2 [vartu(an)) 19

where vy is the volume of the unit Euclidean ball in R%. This is the mean volume
occupied by the critical Boolean model and this is a scale invariant quantity. Let
us assume that 11 = vy = d;. By (1.2), by Proposition 1.6 and with the above
notation we have:

de(@dy + (1 — a)HP6) — 1 — exp <vd)\c(61) min <i - L >) . (1.9)

—

There are several numerical studies of the above critical covered volume when d = 2
and d = 3. To the best of our knowledge, the most acccurate values when d = 2
are given in Quintanilla and Ziff (2007). Let us assume henceforth that d = 2. In
Quintanilla and Ziff (2007), the authors give:

be(61) = 1 — exp(—v2Ae(31)) ~ 0.6763475(6). (1.10)

In Figure 1.1 we reproduce the graph of the critical covered volume ¢(a,p) :=
¢e(ady + (1 — a)HPdy1) as a function of @ when p = 2, p = 5 and p = 10 (see
Quintanilla and Ziff (2007) for more results). We also represent the graph of the
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right-hand side of (1.9), that we denote by ¢(a, o), as a function of a. We use
(1.10) to get an approximate value of vaA.(d1).

Critical covered volume

0.6 T T T T T T T T T T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Volumetric proportion of larger disks

FI1GURE 1.1. Critical covered volume as a function of « for differ-
ent values of p. From bottom to top: p=2,p =15, p = 10 and the
limit as p — oo.

Remarks.

e When p — oo, the critical covered volume ¢(-, p) converges to ¢(+,c0) which
is symmetric: ¢(a,00) = ¢(1 — a,00). When p is finite, the critical covered
volume may also look symmetric but Quintanilla and Ziff (2007) showed,
based on their numerical simulations and statistical analysis, that this is
not the case.

e When p is finite, the critical covered fraction looks concave as a function of
a. However ¢(-,00) is not concave as soon as ¢.(d1) < 1 —exp(—2). Based
on (1.10), ¢(-,00) is therefore not concave. As a consequence, at least for
large enough p, ¢(-, p) is not concave.

e The numerical results suggests that the minimum of the critical covered
fraction is reached when all the disks have the same radius. (Equivalently,
for all p and all «, ¢(a, p) > (0, p) = &(1, p) = ¢c(d1).) There is neither a
proof nor a disproof of such a result. However, is it known that this property
does not hold in sufficiently high dimension, see Gouéré and Marchand
(2011).

e The numerical results also suggest some monotonicity in p. This has not
been proven nor disproven.

Acknowledgement. I thank the referee for a very careful reading of the paper.
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2. Proof of Theorem 1.4

2.1. Some notations. In the whole of Section 2, we make the following assumptions:
e 1 satisfies (1.6).
o 1< A(p).
For all n > 0, we denote by T, the measure defined by T,,uu(A) = p(A —n). In
other words, we can build 3(7,u) from X(u) by adding 7 to each radius.
For all p > 1, we denote by H”u the measure defined by HPu(A) = peu(pA).
With this definition, p~13(u) is a Boolean model driven by the measure H” . For
all n > 0, we let:

n
mb = Z H”k,u.
k=0
With this definition and the same notation as in (1.4),
n
U P Sk
k=0

is a Boolean model driven by mf. We also let:

mb, = ZHpku.
k>0

So, ¥*(u) is a Boolean model driven by the locally finite measure m?%,.

Let p(a, ) denote the probability of existence of a path from S(a/2) to S(a) in
E(p):

pla, p) = P(S(a/2) sy S(a)).

We aim at proving that, for large enough p, p(a, m#,) — 0 as a tends to infinity and
¥P(u) does not percolate. The first item of Theorem 1.4 follows by applying this
result to the measure Au. Recall that the second item of Theorem 1.4 is contained
in Theorem 1.3.

2.2. Ideas. In this subsection we first sketch the proof of the existence of p and a
such that p(a,mf,) is small. This gives the main ingredients of the proof of the
first item of Theorem 1.4. A full proof is given in Subsection 2.3.

We then give the ideas of the proof of Theorems 1.1 and 1.2 by Menshikov,
Popov and Vachkovskaia. Our aim is to emphasize the similarities and differencies
between the proofs.

The proof of Theorems 1.1 and 1.2 and our proof share several ideas but are
otherwise quite different. In particular, we do not use their stochastic comparison
argument and do not require the technical assumption (1.5).

Sketch of the proof of the first item of Theorem 1./. Consider a small £; > 0. Fix
a small 7 > 0 and a large a such that (see Lemma 2.1):

pla, Typ) < e1/2. (2.1)

For all n > 1, write:
mf, = H'mj_, + p.
If the event {S(a/2) < x(ms) S(a)} occurs, then either the event {S(a/2) <1, ,

S(a)} occurs (with a natural coupling between the Boolean models) either in
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Y(HPm! _) N B(a) one can find a component of diameter at least 7. We use
this observation through its following crude consequence (see Lemma 2.2):

pa,mf) < pla, Typ) + Ca®n~p(n/2, H'mi,_y).
By scaling and by (2.1), this yields:
pla,m?) < e1/2+ Ca®n~p(pn/2,m’_,). (2.2)

But for any €9, any small enough ¢; and any large enough a we can find 7 such
that (see Lemmas 2.3 and 2.4):

p(Ta,mf_,) < ey as soon as p(a,m!_;) <e;. (2.3)

An important fact is that 7 does not depends on n nor on p, provided p > py where
po is an arbitrary constant strictly larger than 1. Here we use assumption (1.6) to
bound error terms due to the existence of large balls.
We choose €5 such that:
Cadn*dsg =e1/2.
We set p = 27a/n. Then, (2.2) and (2.3) can be rewritten as follows:

p(a, me) < 51/2 + Cadnidp(’raﬂ mzfl) (24)
C’adn_dp(ra,mg_l) < e1/2 as soon as p(a,mh _;) < e. (2.5)

As moreover (2.1) implies p(a,mf) < &1 we get, by induction and then sending n
to infinity (see Lemma 2.5):

pla,ms) <ei.
The convergence of p(a,mf,) to 0 is then extracted from the above result for a
small enough €5 and from arguments behind (2.3) applied to m£, and other ¢.

Sketch of the proofs of Theorems 1.1 and 1.2 by Menshikov, Popov and
Vachkovskaia. Let us quickly describe the ideas of the proofs of Menshikov, Popov
and Vachkovskaia. Those ideas are used in their papers Menshikov et al. (2001)
and Menshikov et al. (2003) through a discretization of space (definition of differ-
ent notions of good boxes at different scales); we describe them in a slightly more
geometric way. For simplicity we only consider two scales: p~1'3; and X,. For
simplicity, we also assume that the radius is one in the unscaled model (p = A\dy).
We assume that the scale factor p is large enough. Assume that C is a connected
component of p~'%;U Xy whose diameter is a least a (it can be much larger) for
a small enough constant o > 0. Then, C is included in the union of the following
kind of sets:

(1) connected components of p~!3; whose diameter is at least «;

(2) balls of ¥y enlarged by « (same centers but the radii are 1+« instead of 1).

Then, they show that the union of all those sets is stochastically dominated by a
Boolean model similar to ¥ but with radii enlarged by a factor o and with density
of centers 1+ o’ times the corresponding density for X for a suitable o’ > 0. This
part uses \ < )TC. In some sense, one can therefore control percolation in the union
of two models by percolation in one model. Iterating the argument with care in the
constants « and o', one sees that — for large enough p — one can control percolation
in the multiscale model by percolation in a subcritical model. This yields the result
when the radius is constant.



Percolation in a multiscale Boolean model 289

When the radius is random and non bounded, the proof is more involved and
require in particular the technical assumption (1.5).

2.3. Proof of Theorem 1./. As 1 < Xo(n), we know that p(a, ) tends to 0 as a
tends to infinity. We need the following slightly stronger consequence.

Lemma 2.1. There exists n > 0 such that p(a, T,p) tends to 0 as a tends to oo.

Proof. Let € > 0 and z > 0. We have:

H e Tap([z, +oof) = [z(1 +€), +o0])

(1+¢e) T pu(
= (1+e)u([z(1 +¢) — % 4o0])
< k()1 + &) pu([x, +o00) (2.6)
where 10 )
_p(]0, +00
") = L Tl

The inequality is proven as follows. If x > ¢, then [z(1 + &) — 2, +00[C [z, +00]
and the result follows from x(¢) > 1. If, on the contrary, = < e, then the left-hand
side is bounded above by (1 + £)?1(]0, +oc[) which is itself bounded above by the
right-hand side.

Note that x(g)(1+¢)? tends to 1 as € tends to 0. Let us say that a measure v is
subcritical if A,(v) > 1. As y is subcritical, we get that r(g)(1+ €)%u is subcritical
for small enough €. We fix such an €. By (2.6) we can couple a Boolean model
driven by H'**T.> and a Boolean model driven by x(g)(1+4¢)?%u in such a way that
the first one is contained in the second one. Therefore the first one is subcritical.
By scaling, a Boolean model driven by T2y is then subcritical. We take n = 2. O

Lemma 2.2. Let v; and vy be two finite measures on ]0,4+00[. One has, for all
n>0 and a > 4n:

pla,v1 +v2) < pla, Tyvr) + Cra®n~p(n/2, vs)
where C; = C1(d) > 0 depends only on the dimension d.

Proof. Let (x;);er be a family of points such that :
e The balls B(z;,n/4), i € I, cover B(a) = B(0,a).
e There are at most Cya?n~? points in the family where C; = C(d) depends
only on the dimension d.

We couple the different Boolean models as follows. Let ¥(14 ) be a Boolean model
driven by v1. Let £(2) be a Boolean model driven by v,. Assume that X(vq) and
Y (v2) are independent. Then X(v1) U 3(vs) is a Boolean model driven by vy + vs.
We set X(vq + v2) = (1) U X(v2). We also consider 3(T;,v1), the Boolean model
obtained by adding 7 to the radius of each ball of ¥(v1). Thus X(T,11) is driven
by TnV1~

Let us prove the following property:

{S(CL/Q) HE(VrH/z) S(a)}

C {5(a/2) “serym) S@YUJ{S(@in/4) <o) Slwin/2)}. (2.7)
icl
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Assume that (v + 12) = E(v1) U X(v2) connects S(a/2) with S(a). Recall
a > 4n. If the diameter of all connected components of X:(v2)NB(a) are less or equal
to n, then X(Tyv1) connects S(a/2) with S(a). Otherwise, let C' be a connected
component of X(v2) N B(a) with diameter strictly larger than n. Let z,y be two
points of C such that ||z — y|| > n. The point  belongs to a ball B(x;,n/4). Asy
does not belong to B(x;,n/2), the component C connects S(z;,1n/4) to S(z;,n/2).
Therefore, X(v5) connects S(z;,1m/4) to S(x;,1m/2). We have proven (2.7). The
lemma follows (using the union bound, translation invariance and the upper bound
on the cardinality of I). O

The following lemma is essentially the first item of Proposition 3.1 in Gouéré
(2008). For the sake of completeness we nevertheless provide a proof.

Lemma 2.3. Let v be a finite measure on ]0,+oo[. There exists a constant Cy =
Cs(d) > 0 such that, for all a > 0:

p(10a,v) < Cop(a,v)? + C’g/ rlv(dr).
[a;+o0]

Proof. Let K be a finite subset of S(5) such that K + B(1/2) covers S(5). Let
L be a finite subset of S(10) such that L + B(1/2) covers S(10). Let A be the
following event: there exists a random ball B(c,r) of ¥(v) such that r > a and
B(e,r) N B(10a) is non empty. We have:

{S(5a) ) S(10a)}\ A C{S(5a) <5, S(10a)}

where, in the last event, we ask for the existence of a path contained in balls of
3 (v) of radius at most a. Let us prove the following:

{S(50) sy S(L0a)}\ A

C U {S(ak,a/2) <—>§Z/) S(ak,a)} N{S(al,a/2) <—>§E’V) S(al,a)}. (2.8)
keK,leL
Assume that the event on the left-hand side occurs. Then, by the previous remark,
there exists a path from a point z € S(5a) to a point y € S(10a) that is contained
in balls of ¥(v) of radius at most a. As Ka + B(a/2) covers S(5a), there exists
k € K such that x belongs to B(ka,a/2). Using the previous path, one gets that
the event

{S(ak,a/2) <50, S(ak,a)}
occurs. By a similar arguments involving y we get (2.8).
Observe that, for all k € K and [ € L, the events
{S(ak,a/2) <—>§E‘V) S(ak,a)} and {S(al,a/2) Hg(ay) S(al,a)}

are independent. Indeed, the first one depends only on balls with centers in
B(ak,2a), the second one depends only on balls with centers in B(al,2a), and
|lak — al|] > 5a. Using this independence, stationarity and (2.8), we then get:

P({S(5a) ++5) S(10a)}) < CP(S(a/2) 5(,, S(@)})® + P(A)

where C' is the product of the cardinality of K by the cardinality of L. We thus
have:

p(10a,v) < Cp(a,v)* + P(A).



Percolation in a multiscale Boolean model 291

The probability P(A) is bounded above by standard Poisson point process compu-
tations. 0

From the previous lemma, we deduce the following result.

Lemma 2.4. Let € > 0. There exists C3 = C3(d) > 0, ag = ag(d, ) and kg =
ko(d, p1, €) such that, for all N, all p > 2 and all a > ag: if p(a,my;) < Cs then for
all k > ko, p(alOk,mf\,) <e.

Proof. For all p > 2 and all a > 1 we have:

[t = ST o
a,+00

k>0 10,400
- / S L ool (ro~ ) )
10,400 E>0
= / ([In(r/a)In(p) | + 1) u(dr)
[a,+o00[

-1 d
< /[a7+oo[(ln(r)ln(2) + D)r¢u(dr).

Let Cy be the constant given by Lemma 2.3. By (1.6) we can chose ag =
ap(d, 1) > 1 such that

(2.9)

W~ =

2 / (In(r) @)~ + réu(dr) <
[ag,+oo|

Let C3 = (2C3)7!. Let N, p and a be as in the statement of the lemma. From
Lemma 2.3 we get:

Cop(10a,m%) < (Copla,m®))? + C2 / vl (dr) (2.10)
[a, 400

< (Cyp(a, m?\,))Q + 022/[ . [(ln(T) In(2)~! + l)rd,u(d7()2.11)

Let (ug) be a sequence defined by ug = 1/2 and, for all & > 0:

U1 = Ui + 022/ (In(r) In(2)~* + 1)7r%pu(dr). (2.12)
lapl0%,+o0[
Note that the sequence (u) only depends on d and p.

Assume that p(a, m%;) < Cs5. We then have Cop(a, m%;) < ug. Using a > ao and
(2.11), we then get Cop(al0*, mf;) < uy for all k. Therefore, it sufficies to show
that the sequence (uy) tends to 0.

Using (2.12), (2.9) and up = 1/2 we get 0 < uy < 1/2 for all k. Therefore,
0 < limsupug < 1/2. By (2.12) and by the convergence of the integral we also
get limsupuy, < (limsupuy)?. As a consequence, limsupuy, = 0 and the lemma is
proven. (Il

Lemma 2.5. For all a > 0 and p > 1 the following convergence holds:

pla,ml) = Jim pla,mfy).
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Proof. The sequence of events
Ay ={5(a/2) <sms,) S(a)}

is increasing (we use the natural coupling between our Boolean models). Therefore,
it suffices to show that the union of the previous events is

A ={5(a/2) ©sms,) S(a)}
If A occurs, then there is a path from S(a/2) to S(a) that is contained in X(m£,).
By a compactness argument, this path is included in a finite union of ball of ¥(m¥£,).
Therefore, there exists N such that the path is included in ¥(mf;) and Ay occurs.
This proves A C UAy. The other inclusion is straightforward. O

Proof of the second item of Theorem 1.4. By Lemma 2.1, we can fix n; > 0
such that p(a, Thoy,, 1) tends to 0 as a tends to co. Let C; be given by Lemma 2.2.
Let ag and C5 be as given by Lemma 2.4. Fix a1 > max(40n;, ag, 1) such that
p(a, Thon, i) < C3/2 for all a > a1. Let ko be given by Lemma 2.4 with the choice:

e = O (10ay)~4niCs /2.
Therefore, for all p > 2, all N, all a € [a1,10a41] and all € [n, 10m]:

C
Cran~p(al0F, mh,) < ?3 for all k > ko as soon as p(a,mfy;) < Cs.

Fix k > ko, a € [a1,10a1] and 7 € [n1,10m;]. Set:
p = 2al10Fy~1.
Note p > 8 > 2 as a > a; > 40m; > 4n. By Lemma 2.2 we have, for all N:
pla,mf,) < pla, Typ) + Cran~p(n/2,my,, — p)
= pla,Typ) + Cran~%p(n/2, H'mY,).
By definition of a1, by a1 < a, by n < 107, by scaling and by definition of p we
get, for all N:

Cs _
pla,mfy,) <+ Cratyp(pn/2,m})

C
= 73 + Cran~p(al0®, m”;).

Combining this inequality with the property defining ko, we get that p(a, m?%;) < Cs
implies p(a,mfy;,) < C3. As p(a,mg) = p(a,p) < pla,Tiopp) < C3/2 we get
pla,m%;) < Cs for all integer N.

Let ¢’ > 0. Using again Lemma 2.4 we get the existence of an integer k{, such
that p(al0*,m®,) < ¢’ for all k' > k) as soon as p(a,m%) < Cs. But we have
proven the latter property. Therefore p(alOk/,mﬁ’v) < ¢’ for all N and all ¥ > k.
By Lemma 2.5, we get p(al0F,mf ) < ¢ for all k' > kj,. Using the freedom on
the choice of k > ko and n € [, 10n;], we get that the previous result holds for all
p > 2a10% 1yt and then for all p > 2a;10%7; 1. Moreover, using the freedom on
the choice of a € [ay, 10a;] and k' > k), we get:

p(r,mf.) < ¢’ for all r > a;10% and all p > 2a;10%07; .

Therefore, p(r,mf.) tends to 0 as r tends to infinity. As a consequence, ¥°(u) does
not percolate for any p > 2a, 10k0n1_1. O
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3. Proof of Theorem 1.5

Lemma 3.1. Let s > 0 and p > 1. The following assumptions are equivalent:

(1) ﬁ07+m[rd+sﬂ(dr) < 00.
(2) f[l +Oo[rd+8mgo(dr) < 00.

Proof. We have:
/D e () = 3 / ™o )
,+oo

k>0 10,400
= > Lol (rp ) pFor o pudr).
[1,+OO[ kzo
Therefore:
1
/ rdtsp(dr) < / rdtsme_(dr) < — / 4 u(dr).
[1,400] [1,400] L=p7% Jin 400l

This yields the result. O

Proof of the first item of Theorem 1.5. By the discussion at the beginning
of Section 1.5 in Gouéré (2009), XP(Au) is driven by a Poisson point process whose
intensity is the product of the Lebesgue measure by the locally finite measure Am~2,.
Let us check the three assumptions of Theorem 2.9 in Gouéré (2009) with p = 10
(p is not used in the same way in Gouéré (2009)). We refer to Section 2.1 of Gouéré
(2009) for definitions.

(1) The first assumption is fulfilled thanks to (1.7).

(2) For all B > 0 and all z € R? the event G(x,0,3) only depends on
balls B(e,r) of ¥?(Au) such that ¢ belongs to B(x,38). By the indepen-
dance property of Poisson point processes, we then get that G(0,0, 5) and
G(z,0, ) are independent whenever ||z| > 108. Therefore 1(10,0,5) =0
and the second assumption of Theorem 2.9 is fulfilled.

(3) The third assumption (note that p in Gouéré (2009) is m2, in this paper)
is fulfilled thanks to Lemma 3.1.

Theorem 2.9 in Gouéré (2009) yields the result. O

Proof of the second item of Theorem 1.5. If [r?u(dr) is infinite then,
Y (Ap) percolates for all A > 0 (see the dicussion of Section 1.2). Therefore X7 (Au)
percolates for all p > 1 and A > 0. Therefore D?(Au) = oo with positive probability
for all p > 1 and A > 0.

Now, assume that frdp(dr) is finite. Then, by the discussion at the beginning
of Section 1.5 in Gouéré (2009), ¥P(Au) is driven by a Poisson point process whose
intensity is the product of the Lebesgue measure by the locally finite measure Am~2,.
We can therefore apply Theorem 1.2 in Gouéré (2009). By Lemma 3.1, assumption
(A3) of Theorem 1.2 in Gouéré (2009) is not fulfilled (note that p in Gouéré (2009)
is m?_ in this paper). Theorem 1.2 in Gouéré (2009) then yields the result. O

4. Proof of Proposition 1.6

We first need a lemma, which is a consequence of Lemmas 2.2 and 2.3.
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Lemma 4.1. Let vy and vy be two finite measures on |0,4+o00[. Let n > 0, ag > 4n

and p > 1. There exists Cy = Cy(d) > 0 such that A.(v1 + HP(v2)) > 1 as soon as
the following conditions hold:

(1) p(a,Tyrr) < Cy for all a € [ag, 10ag].
(2) agn="p(pn/2,vs) < Cu.
() f[a0,+oo[rdyl(d7") < Cy and f{aO’JrOO[TdVQ(dT) < Cy.

Proof. Let Cy = C4(d) > 0 be such that C4,C>(1+109Cy) < 1/2 and 2020, < 1/4,
where C appears in Lemma 2.2 and Cy appears in Lemma 2.3. Set v = vy +H?(v3).

For all a € [ag, 10ag] we have, by Lemma 2.2 applied to vy and H”(vs), by scaling
and by the assumptions of the lemma:

pla,v) < pla,Tyrn) + Cra®n~%p(n/2, H vy)

pla, Tyrr) + Cra®n™p(pn/2, v2)
Cy(1+10%CH)
1/(2C5). (4.1)
But for all a > ag we have, by Lemma 2.3 and by the assumptions of the lemma:

Cop(10a,v) < (Czp(a,l/))2+022/ rdu(dr)
[a,+oo[

INIA

= (Capla,v))? + C3 /

[@;+oo]
(Cap(a,v))* +2C3Cy
(Capla,v))? +1/4. (4.3)
By (4.1) and (4.3) we get Cap(a,v) < 1/2 for all a > ap and therefore
0 < limsup Cop(a,v) < 1/2. By (4.2) and the third assumption of the lemma, we

get limsup Cop(a,v) < (limsup Cop(a,v))?. Therefore, we must have
lim sup Cap(a,v) = 0 and the lemma is proven. |

rdvy (dr) + C2 / 8y (dr)(4.2)

[ap,+oo]

<
<

Proof of Proposition 1.6.  The inequality is straightforward. To prove the

~

equality, we note that, by scaling, \.(H”vq) = /)\\C(VQ). Let us prove the convergence.

We can assume A.(v1) > 0 and A.(v2) > 0, otherwise the convergence is obvious.
Therefore, by Lemma A.2, the integrals [ r?v;(dr) and [ r%vy(dr) are finite.
Let C4 be the constant given by Lemma 4.1. Let 0 < e < 1. Note that:

(L= eAe()n) = (1= &) " Ae(v1) " Ae(1) > 1.
Therefore, by Lemma 2.1 (in which (1.6) is not used), we can fix > 0 such that
pla, T, (1 — E)Ae(v1)11) — 0.
We can then fix ag > 47 such that:
pla, Ty(1 — €)XC(V1)I/1) < Cy for all a > ag (4.4)
and such that
/ rf\e (1)1 (dr) < Cy (4.5)
[ao,+00]
and

/ P A (v2)va(dr) < Cy. (4.6)
[aO)J"OO[
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Now we fix pg > 1 such that :
agn~"p(pn/2, (1 — €)Ae(v2)r2) < Cy for all p > po. (4.7)
Now, let 0 < a < 1 and set

A min <Xc<w><1 — o) Rl 5>> |

le’ ’ 11—«
By (4.4), (4.7), (4.5) and (4.6) we get that Assumptions 1 , 2 and 3 of Lemma 4.1
are fulfilled for the measures aAr; and (1 — a)A\ve and for p > py. Therefore, we
get

Ae(@dvy + (1 — a)AH vy) > 1
and thus:

« 11—«

~ j\\c XC
Ac(avy + (1 — a)HPre) > A= (1 —¢) min ( (1’1)7 (V2)> _
Therefore, as soon as p > pg, we have:

0 < min <>\Cg/1), /;C(_VZ[)> —Aelar + (1 — a)HPwy)
c(11) Ac(r2)
11—«

< 6min< ' >
«

< emax(2h.(11), 2he (1))
This yields the proposition. ([l

e

>)

Appendix A. Critical parameters

Lemma A.1. The critical parameters satisfy:

Xe(11) < M) < Aelpa)-

Proof. The second inequality is a consequence of the following inclusion:
{{0} ©x S0} c{5(r/2) <x S(r)}.
The first inequality can be proven as follows. Let r > 1. By the FKG inequality,
we get:
P({0} s S(r)) > P(B(0,1)c ¥ and S(1) «<x S(r))

> CP(S(1) ©s S(r)
where C = P(B(0,1) C X) > 0 does not depend on r. For all large enough r,
we can cover S(2r) by at most C’r? balls B(z;,1) where C’ only depends on the
dimension d. If there is a path in ¥ from S(2r) to S(4r), then there exists ¢ and
a path in ¥ from S(x;,1) to S(z;,7). (Consider the ball B(z;,1) that contains the
initial point of the path.) By stationarity and by the previous inequality we thus
get:

P(S(2r) < S(4r)) C'rP(S(1) <y S(r))
C'C7rP{0} <x S(r)).

The first inequality stated in the lemma follows. O

<
<
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Lemma A.2. The threshold parameter )Tc(u) is positive if and only if [ réu(dr) is
finite.

Proof. If )Tc(u) is positive, then there exists A > 0 such that X(Au) does not
percolate. By Theorem 2.1 of Gouéré (2008) this implies that [ réu(dr) is finite.

Let us assume now that [ reu(dr) is finite. We need to prove the existence of
A > 0 such that p(a, \u) tends to 0. This is proven, as an intermediate result, in
the proof of Theorem 1.1 in Gouéré (2009). As the result is an easy consequence
of Lemma 2.3, we find it more convenient to provide a proof here. Let C5 be the
constant given by Lemma 2.3. For all @ > 0 and A > 0 we have:

Cop(10a, \) < (Copla, M1))? + AC / ru(dr). (A1)
[a, oo

For all 0 < a < 1 we have, by standard computations:

Cap(a, Ap) < CyP(a ball of X(Au) touches B(a)) < Covgh (1 +7)%u(dr)
10,400
where vg is the volume of the unit Euclidean ball. As [r¢u(dr) is finite, we can
therefore fix A > 0 such that:

Acg/ reu(dr) < 1/4 for all @ > 0 and Cap(a, \p) < 1/2 for all 0 < a < 1.
[a,+o0]

(A.2)
By (A.1), (A.2) and by induction we get Caop(a, An) < 1/2 for all a > 0. There-
fore, we have 0 < limsup Cop(a, Ap) < 1/2. But (A.1) also yields the inequal-
ity limsup Cop(a, \p) < (limsup Cop(a, A\u))?. As a consequence we must have
lim sup Cop(a, An) = 0 and then p(a, Au) — 0. O

References

E.I. Broman and F. Camia. Large-N limit of crossing probabilities, discontinuity,
and asymptotic behavior of threshold values in Mandelbrot’s fractal percolation
process. Electron. J. Probab. 13, no. 33, 980-999 (2008). MR2413292.

E.I. Broman and F. Camia. Universal behavior of connectivity properties in fractal
percolation models. Electron. J. Probab. 15, 1394-1414 (2010). MR2721051.

L. Chayes. Aspects of the fractal percolation process. In Fractal geometry and
stochastics (Finsterbergen, 199/4), volume 37 of Progr. Probab., pages 113-143.
Birkh&user, Basel (1995). MR1391973.

J.-B. Gouéré. Subcritical regimes in the Poisson Boolean model of continuum
percolation. Ann. Probab. 36 (4), 1209-1220 (2008). MR2435847.

J.-B. Gouéré. Subcritical regimes in some models of continuum percolation. Ann.
Appl. Probab. 19 (4), 1292-1318 (2009). MR2538071.

J.-B. Gouéré and R Marchand. Boolean model in high dimensions. ArXiv Mathe-
matics e-prints (2011). arXiv: 1108.6133.

G. Grimmett. Percolation, volume 321 of Grundlehren der Mathematischen Wis-
senschaften [Fundamental Principles of Mathematical Sciences]. Springer-Verlag,
Berlin, second edition (1999). ISBN 3-540-64902-6. MR 1707339.

P. Hall. On continuum percolation. Ann. Probab. 13 (4), 1250-1266 (1985).
MR806222.


http://www.ams.org/mathscinet-getitem?mr=MR2413292
http://www.ams.org/mathscinet-getitem?mr=MR2721051
http://www.ams.org/mathscinet-getitem?mr=MR1391973
http://www.ams.org/mathscinet-getitem?mr=MR2435847
http://www.ams.org/mathscinet-getitem?mr=MR2538071
http://arxiv.org/abs/1108.6133
http://www.ams.org/mathscinet-getitem?mr=MR1707339
http://www.ams.org/mathscinet-getitem?mr=MR806222

Percolation in a multiscale Boolean model 297

M. Mandelbrot. Intermittent turbulence in self-similar cascades: divergence of high
moments and dimension of the carrier. Journal of Fluid Mechanics 62, 331-358
(1974).

R. Meester and R. Roy. Continuum percolation, volume 119 of Cambridge Tracts
in Mathematics. Cambridge University Press, Cambridge (1996). ISBN 0-521-
47504-X. MR1409145.

R. Meester, R. Roy and A. Sarkar. Nonuniversality and continuity of the critical
covered volume fraction in continuum percolation. J. Statist. Phys. 75 (1-2),
123-134 (1994). MR1273055.

M.V. Menshikov, S.Yu. Popov and M. Vachkovskaia. On the connectivity properties
of the complementary set in fractal percolation models. Probab. Theory Related
Fields 119 (2), 176-186 (2001). MR1818245.

M.V. Menshikov, S.Yu. Popov and M. Vachkovskaia. On a multiscale continu-
ous percolation model with unbounded defects. Bull. Braz. Math. Soc. (N.S.)
34 (3), 417-435 (2003). Sixth Brazilian School in Probability (Ubatuba, 2002).
MR2045167.

M.V. Menshikov and A.F. Sidorenko. Coincidence of critical points in Poisson
percolation models. Teor. Veroyatnost. i Primenen. 32 (3), 603-606 (1987).
MR914958.

S.A. Molchanov, V.F. Pisarenko and A.Ya. Reznikova. Multiscale models of failure
and percolation. Physics of the Earth and Planetary Interiors 61 (12), 36-43
(1990). DOI: 10.1016/0031-9201(90)90093-D.

M.E. Orzechowski. On the phase transition to sheet percolation in random Cantor
sets. J. Statist. Phys. 82 (3-4), 1081-1098 (1996). MR 1372435.

S.Yu. Popov and M. Vachkovskaia. A note on percolation of Poisson sticks. Braz.
J. Probab. Stat. 16 (1), 59-67 (2002). MR1962494.

J.A. Quintanilla and R.M. Ziff. Asymmetry in the percolation thresholds of fully
penetrable disks with two different radii. Phys. Rev. E 76, 051115 (2007). doi:
10.1103/PhysRevE.76.051115. DOI: 10.1103/PhysRevE.76.051115.

D.G. White. On the value of the critical point in fractal percolation. Random
Structures Algorithms 18 (4), 332-345 (2001). MR 1839496.

S.A. Zuev and A.F. Sidorenko. Continuous models of percolation theory. I. Teoret.
Mat. Fiz. 62 (1), 76-86 (1985a). MR782099.

S.A. Zuev and A.F. Sidorenko. Continuous models of percolation theory. II. Teoret.
Mat. Fiz. 62 (2), 253-262 (1985b). MR783056.


http://www.ams.org/mathscinet-getitem?mr=MR1409145
http://www.ams.org/mathscinet-getitem?mr=MR1273055
http://www.ams.org/mathscinet-getitem?mr=MR1818245
http://www.ams.org/mathscinet-getitem?mr=MR2045167
http://www.ams.org/mathscinet-getitem?mr=MR914958
http://dx.doi.org/10.1016/0031-9201(90)90093-D
http://www.ams.org/mathscinet-getitem?mr=MR1372435
http://www.ams.org/mathscinet-getitem?mr=MR1962494
http://dx.doi.org/10.1103/PhysRevE.76.051115
http://www.ams.org/mathscinet-getitem?mr=MR1839496
http://www.ams.org/mathscinet-getitem?mr=MR782099
http://www.ams.org/mathscinet-getitem?mr=MR783056

	1. Introduction and statement of the main result
	1.1. The Boolean model
	1.2. Percolation in the Boolean model
	1.3. A multiscale Boolean model
	1.4. Superposition of Boolean models with different laws

	2. Proof of Theorem 1.4
	2.1. Some notations
	2.2. Ideas
	2.3. Proof of Theorem 1.4

	3. Proof of Theorem 1.5
	4. Proof of Proposition 1.6
	Appendix A. Critical parameters
	References

