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Abstract

We prove a shape theorem for Poisson cylinders, and give a power-law bound on
surface fluctuations. In particular, we show that for any a € (1/2,1), conditioned on
the origin being in the set of cylinders, if a point belongs to this set and has Euclidean
norm below R, then this point lies at internal distance less than R + O(R®) from the
origin.
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1 Introduction

We consider the Poisson cylinder model which consists of a random collection of
bi-infinite cylinders, sampled through taking a Poisson point process of lines in R¢, d > 3,
and then thickening the obtained lines. This model serves as a natural mathematical
model for various random fiber structures and also has many applications in image
analysis; we refer the readers to [14] for a detailed survey on this topic. Recently, many
geometric properties of this model, especially those related to percolation, have been
studied [15, 7, 3] along with other models presenting long-range correlation.

We now describe our main result. Suppose that d > 3, and let i be the translation
and rotation invariant Haar measure on the space of lines in R4, Given u > 0, we let P
be the law of Poisson cylinders in R? with intensity measure uu.! By taking the union of
cylinders generated by this process, we obtain a random set C C R%. Let p = p(C) be the
metric on C defined as follows: if ¢,y € C, then p(x,y) is the length of the shortest path
connecting « and y in C. The metric p is referred to as the internal distance.

Let B, and B? stand for closed balls of radius r centered at the origin 0, with regard
to the Euclidean metric and p, respectively. Our main result is the following:
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Shape theorem for Poisson cylinders

Theorem 1.1 (Shape theorem). Foreverya € (1/2,1), w > 0 and ¢ > 0, P*[-|0 € C]-almost
surely, there exists a finite Ry > 0, such that

for any R > Ry, (CN Bg) QB}%JFCRQ. (1.1)

We can roughly rephrase this as follows. Given a realization of the set of cylinders
such that 0 € C, when R is large, every point in B N C can be connected to 0 by a path
that lies inside C, and whose length is bounded from above by R(1 + O(R*"')). Note
that conditioning on 0 € C is an arbitrary choice: by the translation invariance of the
cylinder model, we could have taken any other point in R?.

Remark 1.2. Our result is stronger than the usual shape theorems, which in our notation
would be stated as follows: there is a convex compact set? D C R?, such that for any
e > 0, P[-|0 € C]-almost surely, there exists a finite Ry > 0, such that

Bf)l—e)R C(CNDg)C B€1+5)R for R > Ry, (1.2)

where
Dp :={ax ¢ R% a € [0,R], z € D}.

In other words, we prove the asymptotic equivalence between p and the Euclidean metric
(which implies the asymptotic shape is the unit ball), by providing a bound on surface
fluctuations, in the spirit of results in [9]. For further discussion on shape theorems
for models of first passage percolation, see Section 3 of [2]. Note also, that the first
inclusion in (1.2) is immediate in our case.

We do not discuss the Poisson cylinder model for d = 2. In the planar case, the
Poisson process of lines generates a connected set, and thickening this set would not
qualitatively change its connectivity properties. Geodesics in models of this type were
first investigated by Aldous and Kendall, who proved results that amount to an O(log R)
surface fluctuation in the shape theorem; see, e.g., [1] and [8] for more details. Note
that the most natural generalization of the model in those works for higher dimensions
is not the Poisson cylinder model, but rather the Poisson flats model (introduced in [11]).
The latter is a Poissonian soup of (d — 1)-dimensional affine spaces, for which the shape
fluctuates by O(log R), as it can be seen using a projection argument.

One can also compare our result with shape theorems obtained for discrete percola-
tion models with long-range correlations, e.g., random interlacements and level sets of
the Gaussian free field. In [6], a general scheme is developed for proving shape theorems
for these models, which involves checking that the specific model under consideration
fulfills a few criteria. Once these criteria are met, one has a shape theorem (in the form
of the one in Remark 1.2) for this model, along with lots of other geometric properties.
However, it cannot be applied to Poisson cylinders due to the spatial rigidity of cylinders:
for (a discretized version of) the Poisson cylinder model, assumption P3 of [6], which is
known as the decoupling inequality in the random interlacement folklore, is not satisfied.
Since our result in this work is actually stronger than the statement in Remark 1.2, we
do not try to bypass this obstacle and adapt the arguments in [6].

We now explain the proof strategy for (1.1). Precise statements and detailed explana-
tions can be found in Section 3.

e We first reduce the original theorem to a statement regarding the internal distance
between 0 and a point & € C N Bg. This is summarized in Proposition 3.2.

e Secondly, we consider two “local networks” of truncated cylinders with length of
order r = R near 0 and . We show that the u-measure of said network is, in a sense,
comparable to that of a Euclidean ball of radius r; see Proposition 3.6.

2Set D is referred to as the asymptotic shape with respect to p.
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e Finally, we find a “highway” (long cylinder) connecting the local networks near 0
and z. Thanks to the previous step we know that local networks are about as “visible”?
to each other, as Euclidean balls of the same size. This fact, together with a classical
estimate on p (see, e.g., Lemma 3.1 in [15]), assures the existence of a highway with
high probability. This part of the proof corresponds to Lemma 3.5.

One can compare our result with the connectivity results for Poisson cylinders.
Imagine a graph where each vertex represents a cylinder in the Poissonian soup, and
where edges connect any two intersecting cylinders. In [3] the authors show that for
any intensity v > 0, this graph is P“-almost surely connected, and its diameter is equal
to (d — 1). However, their results do not provide a bound on p. On the other hand, our
strategy, which also involves connecting cylinders, provides a short path, but it is not
designed to optimize the amount of cylinders visited by this path.

It is worth mentioning that the second and third steps above lead to a strong con-
nectivity result in the form of criterion S1 in [6] for Poisson cylinders. If capacity and
hitting probability are interpreted in the context of Poisson cylinders as ;4 and visibil-
ity, respectively, then the analogy with random interlacements becomes apparent. In
particular, our results have much in common with Lemma 12 from [12]. It is also worth
mentioning that the recursive construction of “local networks” in the second step above
bears some similarity in spirit to the construction of the “dense” set in [13] and [10].

With our proof strategy, the lower bound for a cannot be improved further. Indeed, if
a < 1/2, then the local networks from the construction above will no longer be visible to
each other with high probability. However, we are not able to rule out the possibility of a
completely different strategy which could lead to stronger results. For instance, it might
be that the shortest paths inside the set of cylinders consist of many short segments,
much like as in the models investigated by Aldous and Kendall, as opposed to a highway
and a few short segments.

This work allows for various extensions. If v/R is indeed the right scaling for surface
fluctuations, we are naturally led to the question of whether more can be said on these
fluctuations. To mix this problem with classical Bernoulli first passage percolation
problems, one can assign random speed on each cylinder, or even between different
sections of the same cylinder, and ask a similar question. One can also ask if the
same shape theorem holds for the Poisson cylinder set in hyperbolic space, where the
connectedness of cylinders undergoes a phase transition as the soup intensity changes,
see [4] for more details.*

We now explain how this work is organized. In Section 2 we introduce the model and
our notations. In Section 3 we state our main result and a few key propositions. Proofs
are postponed till Section 4.

2 Model, notation and conventions

In this section, we introduce notations and describe the Poisson cylinder model.

2.1 Notation

Throughout this work, we consider R? with d > 3 and view the integer lattice Z? as
its subset. Ordered tuples and particularly vectors in R? are written in bold. We use | - |
for the Euclidean norm on R¢. We denote by x + B, the closed Euclidean ball of radius
r > 0 centered at z € RY; here the plus sign stands for the sumset operation and {z} is

3If A is a set of cylinders, and y € R?, then visibility of A from y is characterized by the p-measure of lines
going near A and y.
4Even if a similar shape theorem holds in the hyperbolic setting, we expect the proof to be much different.
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replaced by « for brevity. Given a metric p : R¢ x R? s [0, oc], we let
Bf(z):={y e R*: p(z,y) <r} C RY,

and write B? = B?(0) for simplicity.

We write (-;);eca for a sequence of elements whose indices take values in an ordered
countable set A, and {-;};ca for unordered sets with any index set A. To avoid bulky
expressions, we will write {-} in place of ({-}). If a set A is finite, we use |A| for its
cardinality. For 2 € R?, we write

lz] :=sup{y € Z:y <z}, [z] =inf{y € Z:y >z},

and use [z] to denote the set {1,2,..., |z]}.

We will use a number of positive and finite constants, which will be denoted by
¢, and whose values might change from line to line. Even when we do not write it
explicitly, these constants will always take strictly positive values. When ¢ comes with an
integer subscript, its value is kept fixed throughout the paper. Symbolic superscripts are
exponents and not indices. For example, cflw refers to a fixed constant ¢4 > 0, raised to
the power M.

Given two functions f, g : (0,00) — (0,00), we write f € O(g) and g € Q(f), if there is
a csuch that f < c¢g. If f € O(g) and g € O(f), then we write f =< g.

Finally, unless otherwise specified, log stands for the natural logarithm.

2.2 Poisson cylinder model

We now turn to the model of Poisson cylinders. Let I be the set of 1-dimensional
affine subspaces of R?. Fix any line | € L. For every line [ € IL there exist a translation 7
by a vector orthogonal to /, and a rigid rotation # around the origin, such that (§o7)(l) = L.
Endow IL with the finest topology which makes 6 o 7 continuous for all 7 and 6. Once the
topology is given, we equip IL with the Borel o-algebra B(IL) and denote by x the Haar
measure on (L, (L)), which is invariant under all isometries of R¢. Also, the measure
is unique up to a normalizing constant which we decide not to specify, since our results
do not depend on the normalization.

For | € I, define a cylinder of radius 1 around [ as Cyl(l) = [ + B;. For open or
compact A C R? let

L(A):={leL:Cyl(l)n A # 0},

which is B(IL)-measurable; see [15], around Eq. (2.11) for a proof.

Another important Borel measurable subset of IL is the set of lines whose angle with
respect to a given vector falls within a certain range. For = € R?, a unit vector u € R¢,
and 0 < a < B <7/2, welet

L8 = {1 e £z} : [(u,v(1))| € [sina,sin g},

where v(]) is either of the two unit vectors directing a line [ € I, and (-, -) is the scalar

product. For example, L0 ) is the set of lines hitting B; and orthogonal to /.

O,D(lo
We now consider the Poisson point process on (IL, B(IL)) defined on a probability

space (M, A, P*). Here

M= {w = Zélj :1l; €l forall j, and w(A) < co for compact A € B(IL)}

Jj=0

is the sample space (composed of locally finite point measures). The set of events
A= U({GA}Aeg(E)) is the o-algebra generated by the evaluation maps e : w — w(A).
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Finally, IP* is the probability measure, under which w is a Poisson point process on IL
with intensity measure up for some u > 0. Note that P inherits the invariance under
translations and rotations from u. See [15] for a more detailed account of the properties
of P,

As mentioned before, the statements in this paper hold for any intensity parameter
u > 0 and dimension d > 3, so we will often not be explicit about the dependence of
constants and probability measures on them. For example, we write P(event) < ¢, if
for any « > 0 there is a constant ¢ = ¢(u,d) > 0, such that P*%(event) < ¢. The same
convention applies to the asymptotic notations that we have introduced previously.

Having constructed the Poisson point process of lines, we denote the set of cylinders
by

C=Cw):= U Cyl(1).
lew

Here and in what follows we write | € w and Cyl(l) € w instead of [ € supp(w) for brevity.
Note that the law of C is invariant under isometries of R¢.

Given two points x,y € R?, we denote by [z, y] the line segment connecting = and y:

[,y :={(1—-t)x+ty:tec[0,1]}.

For any A C RY, we define the set P4(z,y) of polygonal paths from = to y in A, as a
set of finite sequences of vertices, for which the line segments between consecutive
elements are within A:

Pa(x,y) :={(2))j=g:n>1, 20 =2, z, =y and [z,_1,2x] CA Vk € [n]}.

We define the internal distance p = p(w) as follows:

p(x,y) := inf Z |zj — zj—1] s (25)j=0 C Pew)(®,y) p,  forall =z ye R<.
j=1

We follow the convention that inf{()} = +occ. It is proved in Theorem 6.1 from [3], that
C(w) is a connected set for P-almost all w. In other words, p(x,y) < 0o <= z,y € C for
x,y € RY,

3 Proof strategy and intermediate results

In this section, we outline the proof of the shape theorem and state intermediate
results. First, in Section 3.1 we reduce our theorem to the study of the internal distance
between a pair of points. Then we divide the problem into finding a “highway” and “local
networks” in Section 3.2. Section 3.3 is dedicated to the study of local networks.

We start by restating (1.1) in a form which is easier to analyze.

Theorem 3.1 (Shape theorem restated). For every a € (1/2,1) and ¢ > 0,
P[-|0 € C]-almost surely, 3Ry > 0 such that p(0,z) < R+cR*, Vax € CNBg, VR > Ry.

3.1 A bound on the internal distance

To prove (1.1), we first show that with high probability the internal distance between
any pair of points C cannot be much larger than the Euclidean distance between them.

Proposition 3.2. Given ¢ € (0,1) such that § < (2a — 1)(d — 1), there exists ¢; such that,

P[p(0,z) > |z| + c1]z|*]0, 2 € C] € O(exp{—|z|’}) (3.1)

for all )
x € —=(RN\By). (3.2)
EJP 24 (2019), paper 68. http://www.imstat.org/ejp/
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Remark 3.3. Proposition 3.2 is stronger than what we really need. It suffices to provide
a bound like O(|z|~?~!17¢) on the right-hand side of (3.1) with some ¢ > 0.

We pick an x that satisfies (3.2), and let R := |x| and r := R*. To avoid conditioning
on the event {0,z € C}, we prove an unconditional version of Proposition 3.2, which
gives a uniform bound over all possible pairs of |, € £{0} and [, € L{x}. To state it
precisely, we let

w =w—wliiow, Ciy.1, (w) :=C(w™) UCyl(lp) UCyl(l),

and define the event

Ei 1, (c) = {V(zj)?:o C Peyy o, ()0, ), Z |zj —zj—1| > R+ cr}.

j=1
Proposition 3.4. For any J as in Proposition 3.2 there is ¢; > 0 such that

—log sup P (Ey,,, (1)) € O(R°).
loeL{0},l,eL{x}

3.2 Highway and local connections

Although Propositions 3.2 and 3.4 do not specify how to construct a short path, the
bound on p strongly suggests the following strategy:
e take B, and B, + x;
 try to find a cylinder which intersects both balls (we call such a cylinder a highway);
» if a highway exists, and we manage to connect 0 and « to it by finitely many
truncated cylinders with heights of order r, then p(0, x) is bounded from above by
R+ ¢ir for some ¢; > 0.
It is not difficult to see that a highway exists with high probability. Thanks to Lemma 3.1
in [15], for some absolute c,

u(L(B,) N L(B, + @) > c(r?/R)*".

Since a > 1/2, the probability of having no highway between B, and B, + « decays
rapidly as we increase R = |z|:

—log P{w(L(B,) N L(B, +x)) =0} > cuR(Ze—Dd=1),

The purpose of this subsection is to set up a structure in space (referred to in the text as
a crossing) which mediates connections between local networks and the highway. We
will often “discretize” various geometric objects in R¢, such as disks and cylinders, by
replacing them with finite sets of points. Doing so allows us to use finite sequences of
random variables to provide the concentration bounds from the previous subsection.
For some big c; > 0, which will be picked in Lemma 3.9, we put two identical (d — 1)-
dimensional disks of radius r between 0 and x, at a distance cor from these two points.
On each one of those disks, we place a square grid of points with mesh ¢y := 10d which
will be called crossings. More precisely, we take an orthogonal coordinate system so
that « points in the direction of the last basis vector, and define the crossings as follows:

€= {(wZ N B) x O} +er i €= { (@2 0B < {0+ (2 - e )

see Fig. 1 for a sketch.
Note that |¢;| < r?~! for j € {0,2}. The next statement implies that under certain
conditions a highway exists with high probability.
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Figure 1: Dashed lines represent lines in the soup w (more specifically, here we represent
the two “given” lines [y and /., one line from the local network near 0 and the highway).
The solid broken line depicts a polygonal path from P¢(0,x). The unions of filled and
empty dots on disks are the crossings €, and ¢,. The filled dots correspond to €, and ¢/,
and they are used to lay down a highway.

Lemma 3.5. Suppose that&; C &, j € {0,z} satisfy |€}| € Q(rX) with x(e€) := (d—1)(1—¢)
for some € > 0 such that 2a(1 — €) > 1. Then

—logP{w™ (L(€)) N L(€,)) =0} € Q(r*X/R4).

Note that for d > 3 our restriction on the values of a and e implies that x(e) > 1. It
now suffices to show, that [y can be connected to at least rX points on & via finitely many
truncated cylinders of length O(r) with high probability. A similar statement about a
local network near « will then follow thanks to the translation and rotation invariance of
the model.

Proposition 3.6. For any € and x(¢) be given as in Lemma 3.5, there exists c3 = c3(€)
such that for any ly € L{0},

—1ogP {|eo N BLS | <1} € (). (3.3)

Proposition 3.6 ensures, that with high probability we have sufficiently many points
to hook onto in Lemma 3.5, and those points are not too far from 0 in C. It implies, that
the p-measure of a local network of size r is in Q(rX), where x can be made arbitrarily
close to d — 1. Therefore, the “visibility” of a local network is asymptotically close to that
of a Euclidean ball. The purpose of the next subsection is to outline the proof of this.

3.3 Local networks

Here we describe the strategy used to prove (3.3). We first fix some positive integer
M. In order to exploit some independence, we split the original cylinder process into a
union of (M + 1) independent cylinder processes with intensity w := u/(M 4 1). Next we
draw concentric spheres having radius of order . We then sample cylinders from the
first portion of the process to connect [ to the first sphere and then sample cylinders
from the second portion to connect the first sphere to the second one. Here, connecting
a set A to a set B means that there is at least one cylinder C' € w™ such that ANC # ()
and there exists a point in B N C, which is referred to as a connection. We proceed
iteratively, until the M sphere is reached. We guarantee that the number of connections
grows rapidly between each step with high probability. In particular, after the M/ step

EJP 24 (2019), paper 68. http://www.imstat.org/ejp/
Page 7/16


https://doi.org/10.1214/19-EJP329
http://www.imstat.org/ejp/

Shape theorem for Poisson cylinders

we have many points near the last sphere, which are connected to Cyl(ly) by a path
of length in O(r). This ensures that the last portion of the process contains enough
cylinders to connect those points to at least X points in &;.

To describe the strategy more precisely, we fix € > 0 such that 2a(1 — €¢) > 1 (as in
Lemma 3.5), and then let

d—2\J .
M :=[logas e +1, a;:= (ﬁ) b= (d-1)(1—ay), Vje[M]
Here M corresponds to the number of steps in the scheme we described previously. To
form the connection on the ;™ step of this scheme, we use truncated cylinders, which
are close to the j™ sphere, and have length of order r%. The number of connections
to Cyl(ly) provided at step j is of order r%/. Note that M is chosen so that a;; < ¢ and
by > x. Also, bjy1 = a; +b; forall j € [M — 1].

We fix a constant ¢4, whose actual value will be given by Lemma 3.8 below. We define
annuli 4; := BCiT\BCiT_Taj for j € [M]. Note that if ¢4 > 10, then for any | € £(B,) the
length of both segments of I N B\ B(.,—1)- is bounded above by 2r for every r large
enough; we assume this in the sequel.

A sequence of points on a line segment [y, z] C R¢ is called a cy-grid, if the spacing
between consecutive points along the segment is equal to ¢y, and no more points can be
added to the sequence without violating this spacing constraint. We take a cy-grid on
lo N B, and exclude 0 from it:

g )me = co(Z N [=r/co,7/co]\{0});

note that we write Ny ; for the amount of points in the sequence. We let Ly :=
((lg}l)ﬁ‘;ll, lp,1) and call it the zeroth layer.

Next we stack a collection of layers (essentially, sets of points) onto the zeroth layer
recursively. Layers consist of “beaded” threads, each thread being a pair formed by a
co-grid and the line on which the grid lies. Given j € [M], the j'! layer corresponds to
a collection of truncated cylinders, that are connected to the origin in (cﬂBT) NC by at
most (j — 1) intermediate cylinders from the previous layers.

More specifically, we define the set £; of 4™ layers for j € [M] recursively as follows:

Nj k
m=1"

(L) = { Ly 1= (T30 ‘ each thread T\ = (L}, L) satisfies 1.-3. below }

1. The k™ thread T} is formed by a line [;;, € IL, and a cg-grid of N;; > 1 points
(l;’}k)ﬁj:’kl lying on either segment of [, , N A;.

2. There exists ¢ € [L; 1], such that I , € Cyl(l;x) Nl;_1, for some s € [N;_1 4.

Also, Ik € G(I5_1 43 lj—1,4), Where G(y;l) == EZ:f(l)\L{O,a:} fory € R?and ! € L,
« := 2arctan cal and  := arccos cal.

3. For every g € [|L;|]\{k} and s € [N; 4], we have [I7} — I} /[ > cor®.

See Fig. 2 for an illustration.

In order to prove (3.3), we start by building the first layer. For the ;' layer Lj;, we
say that it exists if all directing lines {ljk}LL:Jl' in its threads belong to w~. We can show
that there is a procedure allowing to construct the first layer L; with (r) threads.

Lemma 3.7. There exist f; > 0 and ¢ > 0, such that for any ly € £{0} and I, € L{x},
—IOg]P{/H].—q S Sl(Lo) : ‘L1| > flT} € Q(’I“)

Similarly, for each j € [M — 1], layer L;,; can be constructed with high probability.
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Figure 2: Construction of the first layer. Dashed lines represent the “given” [y in L,
and two lines [, ; and [, , from threads k£ and ¢ # k in L;, respectively. The image
is a projection onto a flat surface which is parallel to [, ; and l,. We demand that
¢ = arcsin{v(lp), v(l1,x)) € [, B]. Filled dots on the picture are “beads” lying on Iy, l1 «
and [y 4.

Lemma 3.8. There is ¢4 such that given any f; > 0, there exists f; 1 > 0, so that for any
j™ layer L; satisfying |L;| > f;rb,

—logP{ALjs1 € Ljs1(Ly) : [Ljgr| > fiar®tt} € Q(rPi) (3.4)

forany j € [M —1].

The statements in Lemmas 3.7 and 3.8 are very similar, but proving the latter is
slightly more challenging, because unlike L, the layers (Lj)j'\/izl contain more than one
thread for large r. This is the reason why our construction of layers above Lemma 3.7 is
so overly specific.

We will need to consider balls of the metric p(w™) around the beads of a layer L;.

That is, we will need to consider sets of the type

By = U U B,

ke[| L;]] me[N;,k]

Once we show that Cyl(ly) is connected to sufficiently many points in A, we bridge
the last layer and €.

Lemma 3.9. Pick € and x as in Lemma 3.5. There exist f; > 0 and ¢y, such that given
any M layer L), which satisfies |Ly;| > far®™, we have

—10g P{|€o MBI )y, (Bar)| < 7} € Q().

(catcf
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4 Proofs

In what follows, we will use a result from [3], which is contained in the remark
following Lemma 4.1 of that work. We use it in the following form:

c<p(c{oynL{z})|z|* ! <c+|z["?, Ve RN\Bu. (4.1)

This fact has an immediate corollary which will be useful later. It can be deduced by
covering x + 0B.r. with ¢R(@=1) ynit balls and then using (4.1).

Corollary 4.1. Foranya € (0,1), ¢ > 0 and « € RY,
p(L{0} N L(x + Byape)) € O(min(l, |m|(“_1)(d_1))). (4.2)

We will also use the following corollary of the Azuma-Hoeffding inequality to provide
concentration bounds.

Lemma 4.2. Suppose that a filtration F := (F,,)N_, supports a sequence of random
variables (X,,))_, such that X,|F,,_1 ~ Poisson(u,,), where (i1,))_; C RY is such that
ln > po > 0 for some pg > 0 and any n € [N]. Let I, := 1{X,, > 0}. Then,

N 2
—logP {Zln < Z;N} > %N, where p:=1—exp{—upo} > 0.
n=1

Proof. Note that
E[l,] =1 —exp{—uu,} >p,  Vn€[N].

For every n € [N — 1] we have |14 — I,,| < 1. Let Y,, = > _ (I, — p) so that (V,,)2_, is

a sub-martingale with respect to IF with increments bounded by 1 in absolute value. We
can apply the Azuma-Hoeffding inequality in order to obtain:

S (Np/2)> _ p?
—logP{ > I, < Np/2p = —logP{¥y — Yy < —Np/2} > — L= = _N.
&= v/ ogP{Yy —¥o < —Np/2} > & 8
This finishes the proof. O

In the remainder of this article we prove the results stated in the Section 3. We start
with a proof which covers Lemmas 3.7 and 3.8 followed by a proof for Lemma 3.9. Then
we prove the remaining results in reverse order, finishing with the proof of the Shape
Theorem.

Proof of Lemmas 3.7 and 3.8. Order the indices {{(m, k)}fjj:kl LL:JJ in such a way that

indices corresponding to earlier beads within earlier threads appear first. Specifically,
define an injection q : (m,k) — IN for each m € [N; ;] and k € [|L,|] so that q(m, k) <
q(m’, k") whenever k' > k and g(m, k) < ¢g(m’, k) if 1 < m < m’ < N;;. For simplicity,
suppose that ¢ is a bijection to [V] for some integer N. We have supposed that |L;| >
f;7%, so we assume that N =< r%+% = rbi+1 which is possible by ignoring every thread
after the one with index | f;7% |. Associate a filtration I := (F,,))_; to the threads of L,
as follows:

Fn = 0({6L tw—w(L)|L € ]Ln}), Ly, = L{U], - q(m, k) € [n]}, n € [N].

Next we define recursively a sequence of tuples:

N
Njti,n
(‘Cn) X’IH ITH TTL = (( ;V—L‘rl,n)mjzl ) lj+1,n)7 yn) 1a
n—
EJP 24 (2019), paper 68. http://www.imstat.org/ejp/
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where, for each n € [N] we write (m, k) = ¢~ '(n) and define
L= g(l7 k’ Jik (U £ cor®it+l + {l]+1 q}’VVL]+11 q) U ‘C{lj k' - q(m/7 k/) > n}> s (4.3)

X, :=w(L,) and I,, := 1{X,, > 0} (we clarify (4.3) in the Remark 4.3 presented right

after this proof).

o If I,, = 1, we select an arbitrary line /11, € £, from w. Choose either one of the
two line segments in /;11,, N A;11 and let y,, be its center. Put a co-grid (17 n)g”f ™ on

this segment and pair it with /4, to form a thread T,.

o If I, =0, we let T,, and y,, be empty sets.

Choose ¢4 big enough so that for any j € [M — 1] and [ € G(I' 7 ..: i k), the only threads
in L; that can be intersected by Cyl(l), except for the k'™ thread, are at a distance larger
than cr from 17 for some c. See Fig. 3 for clarification.

1
! e |lj7‘1
..... ! ) I
! 1
S W ¢ A i A !
i lml vvvvvvvvvv J 'l
gk e ,
|| ,,,,, N chj,_7a7 I
L e LT '
at least cor® T R

Figure 3: For large c4, threads become nearly orthogonal to the boundaries of A;. If
le Q(l;’fk; l; 1), then it must form an angle larger than « with any plane orthogonal to /; .
In particular, for c4 large enough [ N A; consists of two segments separated by distance
Q(r) from each other. The length of each segment is less then ¢or%/, and Cyl(l) can pass
through at most one thread in L;\T} that is at least €(r) apart from Tj,.

We can now show that min,,cp,n) #(£,) € Q(1) for some 1 € (0,1). In view of (4.3),
p(Ly,) is bounded from below by Mmain — Mprev — Mcur, Where

Maain := (L33 o, \C{0. 23),

m
l k’U ik

n—1
Njt1,q
Mprev = Z (‘C?mf v(l; k) N £( cor®itl T {l]-',-l,q}m:ll ))7

q=1
Moy := u(c;ﬁ;ﬁ oty 0 LA = a(m! k) > n}).
Note, that Muyain = Q(1). Indeed,
Moin > 0(E557 ) = EALE 0 L) — p(£{E) 0 £{0}),

where the first term is in (1), and the following two terms are in O(R'~¢) and O(r!~%),
respectively, thanks to (4.1). Next, we bound M., from above by

Z (['taﬁ w(ty ) N EBegrearn + Yq))-
q€[n—1]:y,#0

This sum involves up to O(rb+1) terms, and each term is in O(r(4=D(@+1=1)) = O(r~bi+1),
according to (4.2). Finally, we bound My, from above by

Z (5% (k) ﬁ/v'{lj k’})

(m’,k’):q(m’ k") €(n,N]

EJP 24 (2019), paper 68. http://www.imstat.org/ejp/
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This expression is either zero (for j = 0) or involves at most N € O(rbﬂ'“) terms, all

bounded above by ¢rr'~¢ for some ¢ > 0, therefore the whole sum is in O(r~(¢=D%+1) We

have thus showed, that there must exist an € (0, 1) such that min, ¢, (L) € Q(1).
We can now apply Lemma 4.2 to see that

[nN]
—logP Z I, < fj+1rbj“ € Q(rb”l)

n=1
for some f;;+1 > 0. We have thus constructed the (j + 1)' layer

Ljs1 = {T, :n€ N, I, =1},
with required properties. O

Remark 4.3. Roughly speaking, if ¢(m, k) = n, then £, is a set of lines that
* do not hit By or  + By, but go through I’} + Bi, and form angle ¢ € [, B] with a
flat surface orthogonal to [; x;

* are separated by at least cor®/+! from threads formed in L; before step n;

» stay away from the beads in L; that follow after step n.
When j = 0, the third item is redundant, because |L;| = 1 and ¢ < .

Proof of Lemma 3.9. Let N := |L,/| > faur®™. Since Ly, is a layer, its threads must
be separated from each other by cor®, thus N € O(r*~') = O(|€|). For each thread
k € [N] select only the point I;; closest to the outer boundary of A,,, that is, OBy,
Let P := (Ix);_,, A = B.,\B.y,_,, and note that P C A. We demand that ¢, is large
enough, so that for any | € £(A) there is at most one point in Cyl(l) N &y; for example,
c2 > 10c}fd would suffice. Associate to the points in P a filtration IF := (F,,)N_;:
Fn ::U({eL :w%w(L)|L€an}), L, = L({le}}=1), n € [N].
We build a sequence (S,,, L., Xy, I, P ), recursively. Let

L= Lm0 E(CO)\E({O, x}US, U P\{ln}), wn = Uy /|,
Sy ={pg:q€n-1], I, =1}, X, =w(Ly), I, :=1{X,, > 0},

v,/2

Ln,un

where v > 0 is some small angle, such that any ! € £
points on €, for any n € N.

e If I,, = 1, we take any | € w from £,, and let p,, := Cyl(I) N &,.

o If I, =0, welet p, := 0.

Since L, is the M'™ layer, and since {pn}ﬁ:1 is disjoint and contained in €;, we have

can go through at least |€y|/2

N
p(w™)
Z In < ‘Q:O N B(02+cfl"1+1)r(LM) :
n=1

We can show that ;(L,,) is bounded away from 0:

p(La) = D p(LlTiE N L{pY) — u(L{l,) N £{0})
PELH\Sh

—p(L{La} N L)) — u(L]702 0 L(C0) N LIP\{L)))-

EJP 24 (2019), paper 68. http://www.imstat.org/ejp/
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Since N € O(r¢~1), we have |€\S,| € Q(r?!) and the first sum on the right-hand side
is in Q(|€o|/r*~1) = Q(1) due to (4.1). Inequality (4.1) also implies that the second term
is in O(r'~?) and the third is in O(R'~%).

We now show that the fourth term decays as r T co. Define a “cone” L := E?ﬂi NL(C).
Since v > 0, any ! € L intersects A twice, the lengths of both segments are in O(1) and
the distance between them is in {(r). Points in P are separated by a distance of at least
r® with aps > 0, so ! € L implies that [ can intersect at most one point in P\{l,,}. On
the other hand, the area of {y € INJB.y, : 1 € L} is in O(|&|*"") = O(r?~"), therefore
it contains at most O(r¢~17%M) many points from P. The distance between [,, and other
points in P that could lie in Cyl(l) for I € L is in (r), therefore due to (4.1), we have
(LN LP\{L,})) € O(r~ba).

We have thus proved that min,¢[nj #(£y,) € (1), and Lemma 4.2 now implies that

N
—log P {Z I, < CN} € Q(N)

n=1

for some c. In particular, since N € Q(r’*) and by; > ¥,

N
~logP {yco N B i, ()] < TX} > —logIP{ Y.< rX} € Q).
n=1

This finishes the proof. O

Proof of Proposition 3.6. Split w ~ P" into M + 1 independent Poisson cylinder pro-
cesses of intensity w = u/(M + 1), that is, we couple w with (w])jvg{l % Pv such that
Z;‘f{l wj = w. Pick ¢y, (f;)}L, and build a system of layers (L;)}L, recursively as in
Lemmas 3.7, 3.8 and 3.9 with P = P". More specifically, define a sequence of events:

Ej = Ej(Lj1) = {3L; € £(L;1) : |Ly| > fyr"}, j e [M],

where for each j € [M], on event E;(L;_1), we pick any suitable layer L; € £;(L;_1)
with more than f]-rbf points. If L, is well-defined, that is, on the event ﬁjj‘ilEj, let

Eni1 = Ey1(Lv) = {’% n Bé)c(::r_c)iw+1)r(l’]\/[)’ < TX}-

Let c3 = 2(M + 1)ci’ + ¢2 + 1 and note that

M+1 s
N Easr € {leon BEY T 20}
j=1

We finish the proof by combining Lemmas 3.7, 3.8 and 3.9 together with the fact that
x > 1 to get:

B M+1 j—1
—log P*{|€o N BLY T <X} > = 3 log P | ES| () Er| € Q(r),
j=1 k=1
where an intersection over an empty set of index equals M. O

Proof of Lemma 3.5. As r 1 oo, the ratio of the length of the prospective highway to the
size of the patches also goes to infinity, thus for r big enough, if a cylinder intersects
a point in €} and another in ¢/, those are the only two points in &, and €, that are
intersected by that cylinder. Also, if a cylinder intersects 0 or  and one of the points in

EJP 24 (2019), paper 68. http://www.imstat.org/ejp/
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¢{, then there is at most one point in ¢/, that could be intersected by the same cylinder.
Formally, if I € £{0} N L(€}), a := Cyl(I) N €[ and bp(a) := Cyl(l) N, then by(a) contains
at most 1 point for r big enough. Similarly, if [ € L{x} N L(¢}), a := Cyl(l) N ¢} and
bz(a) := Cyl(l) N €, then |b,(a)| < 1.

Finally, we use (4.1) to obtain the statement of this lemma:

—1og11>{w*(,c( 0) N L(EL)) } -y > loglP{w(ﬁ{a,b}) = 0}
acc{ bec! \{bg(a),b;(a)}
e (I¢y| (1€, = 2) R') = o0 /R* ).
This finishes the proof. O

Proof of Proposition 3.4. Pick any Iy € £{0} and [, € L{z}. Divide w ~ P" into 3
i.i.d. Poisson cylinder processes of intensity w := u/3. We pick some ¢ > 0 so that for
x(€) :== (d — 1)(1 — ¢€), we have 2ax — (d — 1) > 4. Note that this is possible because
0 € (0,1/2) is less than (2a — 1)(d — 1).

Pick c3 as in Proposition 3.6 with IP = P“. Let

¢ i=CNnBY ) ¢ =¢,NBY ().

Let F; := {|¢}| < rX} fori € {1,2}. Thanks to Proposition 3.6, cr'"X < —log P*(F;) for
some c. We can similarly apply Lemma 3.5:

—log PY[F|F{ N Fg] > ¢ R?x— (41 ={w™ (L)) N L(€,)) =0}

for some ¢ > 0. Both c and ¢’ can be chosen independently of Iy and [,. If we let
c1 = 2(c3 + 1), we will have Ej, ;, C Fy U Fy U F and —log P*(E}, ;,) > ¢’ R’ for some
" = ’(c,c’) which does not depend on Iy € £{0} or I, € L{z}. This finishes the
proof. O

Proof of Proposition 3.2. Take c; as in the Proposition 3.4. Note that given I, € £L{0}
and I, € L{z}, Ey, 1, is independent of w(£{0}) and w(L{x}). Apply Proposition 3.4:

P[p(0,z) > R+ c17|0,x € C]

:P[Q{wa o € £{0}, 1, € £{z}, I, 1, € w}‘w(ﬁ{ﬂ}) > 0,w(L{z}) > 0]

< sup P(E, ) € O(exp{—R‘;}).
loeL{0},leL{x}

This finishes the proof. O
We are now ready to prove the Shape Theorem.

Proof of Theorem 3.1. Pick ¢; and § as in Proposition 3.2. It suffices to prove the
theorem for ¢ > 2¢;. Define the following sequence of events:

A, = {HwECﬂBnﬂ(d_1/2Zd):p(0,$)>n+cln“}, n>1.
The conditional probabilities of these events under P[-|0 € C] can be bounded above:

P[A,|0€(C] < Z P[p(0,z) > n+ c1n®|0,x € C] P{x € C}.
@€B,N(d-1/274)

We now prove that the sum of these probabilities in n is finite. Let

pn(y) :=P[p(0,y)

], ye]Rd.
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We now bound p,, from above uniformly on B,, N (cfl/2 7). By Proposition 3.2, we know
that cn® < —log p,(y) for some ¢ and any y € dB,,. On the other hand, p, (y) increases
in |y|, because in order to connect 0 to a distant point by a polygonal path one must first
connect it to points lying closer.

We have thus proved that P[4,]0 € C] < cn? !exp{—n’} for some c. Thanks to
the Borel-Cantelli lemma only finitely many of the events (4,,),>1 happen P[-|0 € C]-
almost surely. Note that if a cylinder intersects = € RY, it also intersects the point
closest to = in d~'/2Z?. That is, defining y(z) := argmin ., 12 4|z — y|, we have
x € C < y = y(x) € C. Finally, since p(x,y) < d~'/2, if p(0,y) < n + c;n® and
Cl(R() — ].)a > d71/2,

p(0,2) <n+cn®+d Y2 <n+end
This finishes the proof. O
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