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BROCHETTE FIRST-PASSAGE PERCOLATION

MAXIME MARIVAIN,* Ecole Polytechnique

Abstract

We investigate a novel first-passage percolation model, referred to as the Brochette first-
passage percolation model, where the passage times associated with edges lying on the
same line are equal. First, we establish a point-to-point convergence theorem, identifying
the time constant. In particular, we explore the case where the time constant vanishes
and demonstrate the existence of a wide range of possible behaviours. Next, we prove a
shape theorem, showing that the limiting shape is the L! diamond. Finally, we extend the
analysis by proving a point-to-point convergence theorem in the setting where passage
times are allowed to be infinite.
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1. Introduction

First-passage percolation is a probabilistic model introduced in 1965 by Hammersley and
Welsh [12] to study the flow of fluids through porous media. We refer to [2] for a survey on
the subject. We consider the lattice Z¢ with all neighbouring edges of the form (x,y) such that
llx —y|l1 = 1. With each edge e, we associate a non-negative random variable 7, with common
cumulative distribution function F, called the passage time of edge e. A path is a finite or
infinite sequence of edges such that consecutive edges share a unique endpoint. For such a
path I", we define T(I'") = ), 7., which we call the passage time of I". To define the passage
time between x, y € RY, we first denote by x’ the unique vertex in Z¢ such that x € X’ + [0, 1)¢.
Now, if x, y € RY, we define the passage time between x and y as T'(x, y) = infr 7(I"), where
this infimum is taken over the set of paths I with endpoints x" and y’. We focus on the random
balls for this pseudo-distance as the fundamental objects of our study. For ¢ > 0 let

B;={xeR?: T(0, x) <1}

be the set of points reachable from the origin in a time less than ¢. Most of the time, the (t,),
are taken to be independent and identically distributed (i.i.d.). We recall in Section 1.1 the
results in the i.i.d. setting that are the most relevant in the context of this article. The purpose
of this article is to introduce a model of first-passage peroclation called Brochette first-passage
percolation. The motivation of this novel first-passage percolation model is twofold:
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e It can be viewed as a discrete analogue of the continuous model introduced by Aldous
in [1] and studied further by Kendall in [13]. This model was introduced as a toy model
for road networks. The analogy between the Aldous—Kendall model and Brochette first-
passage percolation will be discussed in Remark 1.3.

e It seems to us to be a natural way of introducing infinite-range dependency in first-
passage percolation.

Also, we will see that, unlike the classical case, we are able to determine the constants and
limiting shapes (see Theorems 1.3 and 1.5). Moreover, a striking difference between these
two models lies in the variety of possible behaviours when the time constant is zero (see
Theorem 1.4).

1.1. First-passage percolation in the independent setting

A first result of the classical model is that 7(0, nx) grows linearly. More precisely, we have
the following result.

Theorem 1.1. ([15]; see [2, Theorem 2.1]). Assume that (t.),cga are i.i.d. random variables
such that E[min (11, ..., T2q)] < +o00. Then, for all x € 78, there exists a constant u(x) >0
(called the time constant) such that lim,_, 4, T(0, nx)/n = u(x) almost surely (a.s.) and in L.

However, in this model, no non-trivial distribution is known for which the time constant p
can be computed. In 1981, Cox and Durrett improved this result with their shape theorem.

Theorem 1.2 ([7]). Assume now that E[min (tld, R tzdd)] <400 and that F(0) < p.(d),
where pc(d) is the critical parameter for bond percolation in Z%. Then, there exists a
deterministic, compact, and convex subset By of RY such that, for all ¢ > 0,

P((1 — &)B, C Bi/t C (1 + &)By for all large 1) = 1.
Furthermore, B, is symmetric with respect to the axes of R¢ and has a non-empty interior.

Several slightly different models have been introduced, we mention two cases in particular:

e The case where no integrability condition holds for t, in particular where
P(t = 400) > 0, has also been studied, notably in [11] and [5]. They also proved an
analogue of Theorem 1.1 with convergence in probability.

e The case where passage times are non-independent. For example, the stationary ergodic
case was studied in [4]. This model, still rich, has led to many results analogous to the
classical ones.

In contrast, in this article we consider a long-range dependence model, which, to our knowl-
edge, has not yet been studied. The name of this model is inspired by the one studied in [9] in
the context of bond percolation. As in that article, we introduce a strong dependence along the
lines.

1.2. Brochette first-passage percolation

As in the classical case we consider the graph (Z¢, E). In this model, the passage times
associated with edges on the same line are equal. However, the passage times associated with
edges on distinct lines are still independent. Let us now define our model more formally.
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FIGURE 1. The random balls B; for t = 500 for the distribution 1 + Bernoulli(0.95) for the classical model
(on the left) and the Brochette model (on the right).

Definition 1.1. An integer line is the set of points in Z¢ that lie on the same line in R parallel
to one of the axes. We denote by A the set of these lines.

Definition 1.2 (Brochette first-passage percolation). Let (75)sea be a family of non-negative
i.i.d. random variables with common cumulative distribution function F and indexed by the
set of integer lines. In Brochette first-passage percolation we associate the same passage time
to all edges whose endpoints lie on the same integer line § € A. In other words, for an edge
e € B4, the passage time 7, of e is equal to 75, where § is the unique integer line to which e
belongs.

From now on, 7 and B; denote passage times and random balls for Brochette first-passage
percolation. Throughout the paper we assume that the support of our passage times is included
in an interval of the form [a, +00), where a > 0 and a equals the infimum of this support. In
particular, we will use that

forall§ >0, Fa+8)>0 and F(a—38)=0. (1.1)

In the Brochette model, T(0, n) is more sensitive to small values of passage times. Small
passage times generate kinds of highways that geodesics tend to go through. Thus, the random
balls do not look alike for the classical and the Brochette models. (See the simulations in
Figures 1 and 2.)

1.3. Results

Our first result is that we can identify the time constant in the Brochette model.

Theorem 1.3 (Point-to-point convergence theorem). For Brochette first-passage percolation,
if we assume that
E[min (zq, ..., t7)] < 400, (1.2)

where t1, . .., Tq are d independent copies with distribution F, then, for all x € 74,

. T(0, nx)
lim ——— =allx|
n—-+o0o n

a.s. and in L', where we recall that a is the infimum of the support of T.
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FIGURE 2. The random balls B; for t = 5 for the uniform distribution on [0, 1] for the classical model (on
the left) and the Brochette model (on the right) (cf. [3, Figure 1]). Observe that we need to plot balls with
much smaller radii than in Figure 1.

Observe that, by the definition of a, T(0, x) > a||x||; almost surely, so the non-trivial part of
Theorem 1.3 is the upper bound.

Remark 1.1. Note that Assumption (1.2) is not the same as in the i.i.d. case, as there are d
independent integer lines passing through each vertex instead of 2d edges as in the classical
model. It follows that (1.2) is optimal. Indeed, if Assumption (1.2) is not satisfied 7(0, ep) is
not integrable.

Theorem 1.3 states that in the case a =0, T(0, n) is sublinear, with the exact order of mag-
nitude yet to be determined. In the classical model, it is known that E[7'(0, n)] is sublinear
as soon as F(0) > p. (see [14, Theorem 1.15]). Several works tried to better understand the
behaviour of E[T'(0, n)] in this case. First, [17] established that IE[T(0, n)] remains bounded if
F(0) > p.. The case F(0) = p. is more subtle. We mention a few results in dimension d = 2:
[6] proved that if F is a Bernoulli distribution of parameter p., then there exist C1, C > 0 such
that Cy log (n) <E[T(0, n)] < Cylog (n) for all n large enough; also, [18] showed that there
are some distributions F such that F(0) = p. for which E[T(0, n)] converges to a non-negative
constant (see also [8] for more related results). We will see that, for the Brochette model,
depending on the behaviour of the distribution function F of the passage times near 0, a wide
variety of behaviours can emerge even in dimension d = 2. (See Figure 3 for a graphical rep-
resentation of the empirical mean of T(0, (n, 0)) as a function of » for the uniform distribution
on [0, 1].)

Theorem 1.4. Consider Brochette first-passage percolation with a =0 in dimension d =2. If
there exist C > 0, B > 0 such that F(t) ~—o4 Ct?, and if the passage times are bounded and
atomless, then for all x € 72 there exist A1, Ay > 0 such that, for all n > 2,

(i) IfB <1, A; <E[T(0, nx)] < As.
(i) If B=1, A log (n) < E[T(0, nx)] <A log (n).
(iii) If B> 1, Ain'~VF <E[T(0, nx)] < Apn' =12,

Remark 1.2. We could not obtain comparable results in higher dimensions, which is why we
focus on the case d = 2.
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FIGURE 3. Empirical mean of 7(0, (n, 0)) for 200 independent configurations where the passage times
follow a uniform distribution on [0, 1].

Remark 1.3. As stated earlier, we can see an analogy between Brochette first-passage perco-
lation for @ =0 and the Aldous—Kendall model. Specifically, that model is defined through a
Poisson random measure IT on L¢ x R?% whose intensity is proportional to 1z ® v~7 dv, where
y > d is a parameter, L4 is the set of affine lines of RY, and g 1s its invariant measure. Each
atom (£, v) € L¢ x R?% of IT is seen as a road of speed limit v. They then consider the passage
time 7 (x, y) for all x, y € R using these roads.

To compare both models, let us make the following observation. A unit segment of a road
has a speed limit larger than ¢! with a probability of order (1/¢)~"*!. Thus, the time to cross
this segment is smaller than ¢ with the same probability. It corresponds to taking 8 =y — 1 in
Theorem 1.4. In the Aldous—Kendall model, by the properties of the Poisson point process we
have the scaling

T, 1) L ()lx)Y ~2/Y DT, e1) = (nllx)' =BT (0, e1)

for any y > 2. Theorem 1.4(iii) shows that we have the same asymptotics for 8 > 1 in our
model. Of course, the scaling argument doesn’t apply here due to the discrete structure of Z2.

The third result is the shape theorem. We denote by ¢ the closed unit ball for the L! norm.
Theorem 1.5. For Brochette first-passage percolation, if we assume that
E[min (Tfj, ol rj)] < 400 (1.3)

and that a > 0 satisfies (1.1), then for all ¢ > 0 we have

1— B 1
]P’( EOC—tC—Oforalllarget>=1.
a t a

Furthermore, if a =0 we have, for all M > 0, P(M{ C B, /t for all large 1) = 1.

Remark 1.4. We will see in Proposition 4.1 that Theorem 1.5 holds only if Condition (1.3) is
satisfied. Otherwise, there is no shape theorem in the sense of double inclusion.

Finally, we consider one last case: when P(t = 4-00) > 0. This case amounts to studying
first-passage percolation on the cluster C, composed of lines whose passage times are finite.
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Moreover, as soon as P(r < 400) > 0 the subgraph obtained is both connected and infinite,
whereas this is not the case in the classical model. Indeed, if an edge has a finite passage time,
then all the edges on the same line have the same finite passage time. Thus, it is easy to see that
the subgraph is a union of integer lines. In order to state Theorem 1.6, we need to introduce a
generalized notion of passage time.

Definition 1.3. If x, y € 74, let T*(x, y) = T(x*, y*), where x* is the closest vertex in the L
norm to X in the cluster of edges with finite passage times, with an arbitrary rule to break ties.

Theorem 1.6. For Brochette first-passage percolation, if P(t < +00) > 0 then, for all x € 74,
lim,— o0 (T*(0, nx)/n) = allx||1 in probability.

This is the analogue of [5, Theorem 4], and we follow the same proof structure. An impor-
tant difference is that [5] relies on non-trivial estimates in classical percolation. In our case, the
infinite cluster has a rather simple shape, which allows for self-contained proofs. Although the
proof of Theorem 1.6 is partly identical to that in [5], we have nevertheless chosen to present
it in detail for the sake of readability. Moreover, due to the dependence, the estimates on the
percolation clusters are different in the Brochette model (see Lemma 5.1).

To conclude, we outline how the different sections of this article will be structured.

e In Section 2 we focus on point-to-point convergence and prove Theorem 1.3.

e In Section 3 we prove Theorem 1.4 about the variety of behaviours for the expectation
of the passage time in dimension d = 2.

e In Section 4 we obtain a shape theorem by proving Theorem 1.5.

e In Section 5 we prove Theorem 1.6 about the convergence in probability of 7*(0, nx)/n.

2. Point-to-point almost sure convergence

This section is devoted to the proof of Theorem 1.3: the almost sure convergence of
T(0, nx)/n. In addition to proving the linear growth of the passage time we are able to deter-
mine the limit constant, which is equal to a||x||;. This is a first step towards understanding the
behaviour of T'(0, x) in the context of Brochette first-passage percolation. This result will be
improved in Section 4.

Proof of Theorem 1.3. To prove this theorem we will use the following version of Kingman’s
theorem.

Theorem 2.1 (Subadditive ergodic theorem [16]). Let (Xin,n)o<m<n be a family of random
variables that satisfy the following assumptions:

(i) Xo.n <Xom + Xmnforall0 <m<n.

(i1) The sequences (Xmm+i)k>1 and (Xm+1.m+k+1)k>1 have the same distribution for all
m=>0.

(iii) For all k> 1, the sequence (Xuk, (n+1)k)n=0 IS Stationary.
(iv) E[Xo.1] <400 and E[Xp ] > —cn for some finite constant c.

Then there exists a random variable X such that Xo n/n —n—+00 X a.s. and in L.
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FIGURE 4. The path going from O to ne; following the construction.

Fix x € Z¢. We aim to apply Theorem 2.1 to X,, , = T(mx, nx). We verify briefly that (i)—
(iv) hold. (i) is immediate. As in the i.i.d. case, the environment is invariant under shifts of Z¢
so assumptions (ii) and (iii) hold. Moreover, E[Xp ,] > —cn because passage times are non-
negative. It remains to prove that E[Xo 1] < +o00. There exist d paths I'y, ..., I'y from O to x
whose passage times are independent. Thus, 7(0, x) < min (T(I"y), ..., T(I'y)) and if we let L
be the length of the longest of these paths (say I'1) we have

d
P(T(0, x) > s) < IP( (@) > s})

i=1

d
=[[ra@)>s)
i=1
d
d S
<P(T(Ty)>s)"= (LIP’(re > Z)) .
Therefore, considering Y := min (zy, ..., 1y), where 11, . . ., 74 are i.i.d. with the same distri-

bution F, we have P(T(0, x) > 5) < LdIP’(Y > s/L), from which we deduce, thanks to (1.2), that
E[Xo,1] < +o0. Kingman’s theorem therefore implies that there exists a random variable X,
such that lim,,_, 1 o, 7(0, nx)/n = X, a.s. and in L
We first prove that for x = e it suffices to show that, for all ¢ > 0, lim inf 7(0, ne;)/n <
a+ ¢ as. Let ¢ > 0. We denote by 8,1 the line key + Zey with ey := (0, 1,0, ...,0). Let N =
inf{k > 1, T <a+ ¢}. Since (8,1)/(EN are i.i.d. and by the definition of a, N < 400 a.s. Let 5,%
be the line ke| + Ze; (see Figure 4). Then T(0, ney) < Nrs(% +n(a+¢)+ Nr(g%, and thus
T,ne;) N N
—— < —tpt(@te)+ —15.
n n ° n °n
Since N < +o00 almost surely, doesn’t depend on n, and r(;(z) < 400 almost surely too, we have
lim,—, 400 (N/ ”)ng = 0. Moreover, since (Tag)n are i.i.d. with distribution F, they are infinitely
often smaller than a + 1 and we have lim inf,,_, o, (N/ n)rsg = 0. We conclude that
T(0, ney)

liminf ——— <a+ ¢ a.s.
n—-4o00 n
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Therefore, lim;,_, 4 oo T(0, ne;)/n=a a.s. and in L' Now, letx=(x1, ..., x4) € N4 (the proof
for x € Z4 is the same). Let y; = (x1, ..., x;, 0, ..., 0). Then
d—1
(0, nx) < Y T(nyi, nyis1)-
i=0

Since T(ny;, nyir1) L T(0, nxip1eis1), we have T(nyi, nyip1)/n —nos oo @Xis1 in probability.
Thus, we get

n—-+o00 n -

d—1

. T(0, nx)

lim <a E Xit1 =allxll1. U
i=0

3. Thecasea=0

In this section, we study the case where a =0 and d = 2. We will see that, depending on F,
a diverse range of behaviours for 7(0, n) can arise. For this purpose we define the following
random variable.

Definition 3.1. If 7y, . . ., 7, are independent passage times, we write M,, := min (ty, . . ., Ty).
To prove Theorem 1.4, we will see it as a corollary of the following theorem.

Theorem 3.1. For Brochette first-passage percolation when d =2, if a =0 with a defined by
(1.1), if the distribution of T is atomless, and if we assume that E[min(t1, 12)] < 400, then, for

all x e 72,
llnxlly —1 x|l —1
Y ElMyi2] <E[TO0,nm0)] <8 ) E[M].
k=0 k=0

Proof. Let us denote by X,, the random variable equal to the abscissa of the vertical edges
with the smallest passage time in [0, n]]?, and by ¥, the random variable equal to the ordinate of
the horizontal edges with the smallest passage time in [0, n]?. We write I,, := T, (X,, Y,),
with Ip:= 0. Then, by subadditivity, we have I,,+1 — I,, < T((Xy, Y»), Xu+1, Yn+1)), which

gives E[l,11 — I,] S E[T((Xy, Yn), Xug1, Yur1)]
Now, if (X1, Yut1) # Xy, Yy), we have

(Xn-‘rlv Y}’H—l) € {(an n + 1)7 (n+ 17 Yn)s (n + la n + 1)}

Moreover, X, and Y,, are independent and, since the passage times are atomless, we have

1
n+2

PXys1 =n+ D) =PYp=n+1)=

Let Ty n+1 1= T((Xn, Yn), Xut1, Ynt1)). If n € N, we denote by 7, , the passage time associ-
ated with the vertical integer line of abscissa n, and by 75, the passage time associated with
the horizontal integer line of ordinate n. We have:

o If (Xyt1, Yur)=Kn,n+ 1), Tyn1 <(n+ 1)TV,X,1-
o If (X)’H-ls Yor1) = (n+1,7Y,), Tn,n+1 <(n+ I)Th,Y,,«
o If (Xn+] s Yn+l) =mn+1,n+1), Tn,n+l <(n+ I)Tv,X,, + 4+ l)fh,nJrl-
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Finally, since X, is independent of the horizontal passage times and Y,, is independent of
the vertical passage times, we have

Elly+1 = In] < E[Tyn+1]
=E[Tnn4+11X, 11 Yo )=nt D] + BT np 11X, 11, Vs )=(141,7,)]
+ BT n+11%,11, Yy D=(1+1,n4+1)]
<E[n+ Dt,x, X, 1. Ve )=t D] F E[0 + DT v, X,y Yy D)=(11,7)]
+El((n+ Dty x, + 2+ Dhnr DI,y 1, Vs D=+ 1,0+ 1)]
<Elw x,1x,,,=x,] + Eltny, 1y, =v,] + Elty x,1x,, =n+1]
+ Elthnt1ly,  =nt1] < 2E[M,].

Hence, by summing, we obtain E[/,] <2 ZZ;& E[M}]. Moreover, to go from 0 to (n,0), we
can use the same method to construct a path from (n,0) to (X,, ¥,,). We can do the same com-
putation and obtain E[T'(0, (n, 0))] < 2E[],]. Now, to go from O to x = (x1, x3), we can use the
same method twice to go from 0 to (x1, 0) and then from (x1, 0) to (x1, x2). It follows that, by
telescoping, we have

lInxll =1
E[T(0, nx)] < 4E[jny,1 <8 D EIMl.
k=0
For the lower bound we proceed differently. We note that to go from 0 to nx, a path must cross
all the deterministic L' balls of radius k for k between 0 and ||nx|; — 1. Thus, the passage
time from O to nx is greater than the sum of the minimum passage times among the edges of
the sphere of radius & for k ranging from O to ||nx||; — 1. Moreover, in dimension 2, 4k + 2
independent edges originate from a vertex on the sphere of radius k. Thus,

lnx]l1 -1
>~ ElMai2] <E[T(O, n)].
k=0 (]
Proof of Theorem 1.4. To prove Theorem 1.4, we use the hypothesis that passage times are
bounded to apply the estimate of Lemma A.1 to Theorem 3.1. U

4. Shape theorem

This section is devoted to the proof of Theorem 1.5. First, by the definition of our model,
B:/t C (1/a)¢ for all t. Only the first inclusion remains to be proven. To improve a pointwise
convergence into a shape theorem, all the usual proofs rely at some point on uniform control
of T'(x,y). To obtain such control, we prove here the analogue of the difference estimate lemma
[2, Lemma 2.20]. This step follows the same strategy as developed in [7] but presents a partic-
ular difficulty in the Brochette case. As we will see, the dependence makes the construction of
certain paths more delicate.

Lemma 4.1. Consider Brochette first-passage percolation and assume that we have the inte-
grability condition (1.3). Then, there exists a constant k >0 such that, for every z € Z¢,

T(z, x)
P<Superd,x#zm < K> > 0.
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Proof. By shift invariance, it is sufficient to prove the result for z=0. We provide all the
details of the proof in the case d =2 and then briefly explain at the end how to generalize it to
an arbitrary d.

Set x = (x1, xp). Without loss of generality, we assume that x| > x; > 0. Similarly to the
classical proofs, the estimates will rely on the construction of paths from O to x.

e We first construct (d 4 1) =3 paths I'y, I'p, I'3 that primarily use edges whose passage
times are independent of most of the edges in the other paths.

e Then, for 1 <i <3, we will bound Var(7(I';)). To do this, we decompose each I'; into
several segments, which we call steps, and most of these are independent.

e In the last step of the proof, we exploit the fact that I', I';, and I'3 are mostly
independent in order to control 7'(0, x).

Construction of paths T'1, ', I'3. (See Figure 5). We begin by defining a deterministic path
S1 from O to x, which we will refer to as the skeleton. It is composed of three staircases: it
descends and then ascends to (x; — x2, 0) before ending at (x1, x2). Formally, if

X1 — X2 , X2
=) -lE)
then S is the path that passes through the points
x5 = (0, 0) = x{ = (0, —15)

—x} =15, -15)

— - = xy0,0 = ([p/2115, —[p/2115)

— X341 = ([p/2115, =([p/2] — D15)

— X342 = ([p/2] + D15, =(Ip/2] — D15)

—>---—>x,1nl =(x1 —x2,0)

1
= Xy 41 = (x1 —xp, 15)

—>x,1nl+2:(x1 —xp+ 15, 15) — --~—>x,1n|+n| = (x1, x2),
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such that between two consecutive points xil it follows the straight line. Note that )cl-1 and x
are almost always at most 15 edges apart. Depending on the value of p and p’, m; € {4[p/2] —
1,47p/21} and ny € {2p, 2p’ + 2}. Similarly, we construct two other skeletons with the same
shape but slightly offset from S; for independence reasons that will become clear later in the

proof. S» goes through
X% =(0,0) — x? = (0, —10)
— x5 = (10, —10)
— 23 = (10, —25)

— o= X3, =10+ ([p/2] — D15, =10 = ([p/2] — D15)
= %50,21401 = 10+ ([p/2] = D15, =10 — ([p/2] — 2)15)

= X /2=y = (31 = X2, 0)
= xp, 4y = (X1 — x2, 10)
— x5 p = (x1 —x2+ 10, 10)

—xp 3= (1 —x2 + 10, 10+ 15)

> X 4= —x+10+15 104 15) > -+ > xp = (x1, X2),

with np € {2p" + 2;2p" + 4}. S3 goes through
X3 =(0,0) = x; = (0, —5)
—x =5, -5)

— x3 = (5, —20)

— =, = 5+ ([p/21 = D15, =5 — (Tp/2] — D15)
= B =6+ ([p/2] = D15, =5 = ([p/2] = 2)15)
BN xifp/ﬂ—l =((2[p/2]1 — D15—10, 0)

— xi[p/z]::m =(x1 —x2,0)

— x313+1 =(x; —x2,5)

—x =01 —1+5.5)

— X3 =@ —x+5,5+15)

=X =@ —x2+5+15,5+15)

3
— > 'xm3+n3 = ('xlv -x2)v

with n3 € {2p' + 2;2p' + 4}.

A maximal sequence of consecutive edges in the same direction within Sy is called a step.
(We can see from the construction that steps consist of at most 39 edges, but most often contain

only 15.)

Definition 4.1. For 1 < ¢ <3, let s be a step of S¢. Assume that s is a horizontal (resp. vertical)
step. Leta = (a1, a2) and b = (b1, az) (resp. a = (a1, az) and b = (a1, b>)) be the endpoints of s.
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Envelope E

FIGURE 6. Envelopes that are dependent on the shaded envelope E.

Then the envelope of s is defined by the set of edges forming the borders of the rectangle with
vertices (ai, a2), (b1, a2), (b1, az + 1), (a1, ax + 1) (resp. (a1, a2), (a1 + 1, a2), (a1 + 1, b2),
(ar, b2)).

Here, if a and b are the vertices xf and xf 1 In the traversal of S, the envelope of the step
a,b is referred to as the ith envelope.

Lemma 4.2. Let Sy be a skeleton and E the envelope of a step of Sg. Then {t., e € E} is
independent of {t., e € E'} for all envelope E' of Sy but at most 10 other envelopes E'.

Proof. If the passage times of the edges in an envelope depend on those of E, then this
envelope must necessarily touch one of the two strips defined by the sides of E (see Figure 6).
Furthermore, based on the construction of our paths and by looking at Figure 6, we can see
that there are at most 10 such envelopes. (|

We are now ready to build I'y. It is a random path connecting O to x and contained in the set
of envelopes of the steps of S;. Let yiz be the path with the shortest passage time among the two
paths connecting xf and xf 1 in the ith envelope of S¢. Then we define I'y as the concatenation
of yf, yze, R yk‘;, where k¢ = my + ng is the number of steps of Sy. (It is possible that the
path T’y passes through the same vertex several times.) Notice that the distribution of T(yf)
only depends on the number of edges of the ith step of S;. We can then choose T such that

T @ min (3971, © + 3973 + 74). Thus, for all i and ¢, T stochastically dominates T(yl-z).

Lemmad4.3. For1 <{<3and1 <i<ky, set Te T(y ). Then, for all 1 <k < ky, there exists
C > 0 such that P( Y5, T! > k(E[T]+ 1)) < C/k.

Proof. Using straightforward calculation (see [2, (2.3)]) and thanks to Assumption (1.3), for
alliand [, Var(Tf) < C’ for some C’ that does not depend on k, i, and £. Using Lemma 4.2, we

have
k

k
Var( > Tf) > Cowrf, T))< > 10 max Cov(T}, T)).
i=1

1<i,j<k i=1

Moreover, if Cov(Tf, Tf) # 0, then, according to the Cauchy—Schwarz inequality,

Cov(T!, TH| < |/ Var(T))Var(T) < C'.
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Consequently, Var( Zf;l Tf) < 10kC’. Thus, since, by definition, IE[T] > E[Tig] for all
1 <i <k. thanks to the Tchebytchev inequality we have

k k k
P(ZTi ~ KE[T] + 1)) §1P’<ZTf > Z]E[Tf]”) = %C/'
i=1

i=1 i=1
Writing C = 10C’, the result follows. O

In order to conclude the proof, we need to control 7(0, x) using the independence of I'y,
I'2, and I's. By construction, I'1, I'p, and I'3 involve independent envelopes, except in the
neighbourhoods of 0, (x; — x2, 0), and x. In order to exploit this rigorously we introduce some
notation:

me—2 me+2
ZTe—i— Z T,  R= max <T’3+T€+ > Tt +T 1+T‘>

1<¢<3
i=my+3 i=my—1

We note that in this way, the U, are independent. Indeed, by construction, the envelopes of S,
on which U, depends consist of edges located on integer lines distinct from those forming the
envelopes of S, on which U, depends, for all distinct £, £’ € {1, 2, 3}. Moreover, thanks to the
union bound we have P(R > ||x||1) < 24P(T > ||x||; /8). Additionally, we notice that 7'(0, x) <
R + minj<¢<3 U,. Therefore, we have with the union bound

B(T(0,2) > EIT] + 2)llxl) < PR > ) +B( min_ U > 71+ D)
524]P’<T ”);”1) +IP>( min_ Uy >(E[T]+1)||x||1).

Now, according to Lemma 4.3, P(U; > k¢ [E[T1+1)<C /ke¢. Thus, by the independence of
the Uy, we have, since each path is composed of fewer than ||x||; steps but more than ||x|[{ /15,

P(T(0, x) > (E[T] + 2)|Ix||)) < 24IP>(T > w) +(150) |13

Thus, if K =E[T] + 2,

Z P(Tﬁg"'x) >K> <24 Z [[D<~ llx ||1) +(150)3 Z ||x||1 .
! xeZ?

xeZ? xeZ?

Thanks to Assumption (1.3), E[T9] =E[T?] < +o0 and s0 Y, ;2 (T > ||x[|1/8) < +o00.
Therefore, since the series of ||x||1_3 over 72 converges, according to the Borel-Cantelli
lemma, there exists « > 0 such that, for all z € Z2,

P(forallerz\{ 1, ﬂ K) > 0.
llz —xll1 O

Everything we have done here can be generalized in dimension d > 3. Indeed, the biggest
difference is that we need to construct d 41 paths. This construction is achievable by
simply spacing out the paths and moving along orthogonal planes to maintain as much inde-
pendence as possible. Moreover, we then consider d-dimensional envelopes and denote by
E the path with the shortest passage time among the d paths connecting x and x 4 in
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the ith d-dimensional envelope of S,. Thanks to Assumption (1.3), we have in particular
E[min (zq, ..., rd)z] < 400, SO Var(Tf) are still bounded and, with the obvious notation,
we get

P min Ue> ET1+ Dl ) < el ;.
1<t=d+1

Finally, using that E[min (zq, ..., rd)d] < 400, we also get that erzd ]P’(T > ||x|l1/8) < +o0.

Proof of Theorem 1.5. We can now use Lemma 4.1 to prove Theorem 1.5 by following the
proof in [2]. The translation f with vector ¢ € Z is not ergodic when ¢ is on one of the axes.
However, ergodicity outside the axes is sufficient to prove Theorem 1.5. Indeed, by carefully
reading the proof of [2, Theorem 2.16], just after formula (2.11), we see that ergodicity along
directions arbitrarily close to the axes is sufficient. The result follows. O

Proposition 4.1. Assumption (1.3) is necessary for B; to have a limiting shape. More precisely,
if E[min (rld, e, rj)] = +00 then, forany K > 0, T(0, x)/||x||1 > K for infinitely many x € 7,
a.s.

Proof. Recall that a is the infimum of the support of the distribution of the passage
times. Let K >a. Let Q={z=(z1, .. .,zd)eNd such that z, ..., zg <z1}. For all z€ Q,
let A;:= {forallie[1, d], t;4¢; > dz1K}. If A; occurs, T(0, z) > K||z||;. Then if, for any
K > a, an infinite number of A, occur, there is no shape theorem. To prove that this is the
case with probability 1 if E[min (tld e, rj)] < +o00, we use the following Borel-Cantelli
lemma. O

Lemma 4.4 ([10, Lemma C]). Let (Ap)n>1 be such that Z 1 P(Ay) = +00 and such that

. (XL, P@an)’
lim sup =
n—+00 Zlgi,jgn PAiNA))

Then P(limsupA,) = 1.

In our case, we want to prove that

2
: ( ZzeQﬂﬂl:nﬂd ]P)(Az))
lim sup — =
n—+00 Zz,z’eQﬂlll:nﬂd P(A; NA))

We have P(A;) =pfl, where we put p; := P(r > dKi). Let

SRR}

ze0N[1;n]4

Now, by assumption, E[min (zy, ..., td)d] =400 and by series—integral comparison there
exists a constant R > 0 such that Zj':olo id_lp? > RE[min (z1, . .., 72)?]. So, Z;OIO id_lp? =
+oo.Letz=(z1, ..., 24), ¥ = (2}, ..., 7)) € Qandletus write I(z, Z) := {j € [1, d1: z; =2}}.
We have
P(A)P(Ay) if |1]=0,
P(A,NA,) = p?ld k ifI|=k, k>0, 1el,

d—k if|[I|=k, k>0, 1¢1.

Diin (z1, z])pmax (z1,2))
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Then
Yo PANAN<S Y PUA)PA >+Z Z PR
z.2€Qn[1.n]¢ 2,7€0n[1,n]¢
[1]=0 |I(zz)| k
1el(z,7)
+ Z Z pmax (zl,z])pmm(zl Zl
ZZ
11(z,2)|=k
1¢1(z,2")
Cld—1\ &
< Z IP’(AZ)]P’(AZ,)+Zz<k_ 1) Z Z%d—k 1p§ld k
z,7€0N[1,n]¢ k=1 721=1
[1]=0
=8 kn
::Sl,n
CLao1\ &
- d—1 rd—k—1 d
15 3T D SRRV SIS
k=1 z1=1 Z1_21+1
=:83 k,n

We will now estimate each part of the right-hand side. First, we notice that Sy , < V. Let
us first estimate Sy ¢ , for k € [1, d]. First, we write

k1 2k d—1 d o \d—k
82,kn = Zl Zl pllpy .

Let k € [0, d — 1] and i € N*; then there exists a constant C; > 0 such that

i(ip)k = z"“pi‘

< Z jp (because (p;) is a decreasing sequence)
l()GN Z ik

_CkZ] k(d— 1)/d k

; d-kyd ; k/d
< Cx ( Z Yk (d_k)) ( Z j! pj’) (according to Holder’s inequality)

j=1

; k/d
< Ck,-(k/(d—k>+1>(d—k)/d< 3 p]d>
j=1

k/d
—Ckl(Z]d 1;1) .
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We then have, for all k € [0, d — 1T, (ip)k =™ (Zj Nt d) It follows that, for all k €

[1, 41, (ipi)?=* imeo of Z/i_le ! d) Since Z ! d <3 i 1de, we conclude that,

n——+00

forallke[[1,dl, Soxn = o(Vy).
Let us now estimate S3 x ,. We see that

n j—1
d—1 _d—k d—k—1 d d—k— 1 [d—1 _d—k
San=3F Y ZJ DL
i=1 i=1

Jj=i+1
Now we have

j—1
Zld 1 d k Zl(d l)k/d d k - (d 1)(d—k)/d
i=1

J1 k/d (=1 (d—ky/d
< < Z i(d/k)((d—l)k/d)> < Zpl(.d_k)(d/(d_k))i((d_1)(d_k)/d)(d/(d_k))>

i=1 i=1

(by Holder’s inequality)

j—1 (d—k)/d (d—k)/d
< - l)k/d)+k/d(zld 1 d) < Gy <Zld 1 d> .

i=1

n——+o0o

Then, by summing we finally have that, for all k€ [1,d], S3x» = o(V,). To conclude,
since S1, <V, and S2 k.0 + S3.k.n oo o(V,), we have
V
lim sup u > 1.

n—s+o00 S0+ 8240 +S3kn

Thanks to Lemma 4.4, Proposition 4.1 is proven.

5. Brochette first-passage percolation with infinite passage times

In this section, we allow our passage times to be infinite: P(t = 4-00) > 0. The proof used
here follows the same outline as [5], which proved similar results in the context of classical
first-passage percolation. The idea in [5] was to introduce a regularized notion of passage
times. For any M > a, we consider the set of edges whose passage time is strictly less than M.
The cluster formed by these edges and their endpoints is denoted by Cy. It is easy to see that
Cy is infinite, connected, and composed of integer lines. Moreover, we can then define, for
all x, y e Z4, Tyr(x, y) = T(Xum, $um), where Xy is the point in the cluster Cy closest to x in the
L' norm with an arbitrary rule to break ties. In the same way, we define C, as the cluster Cy,
with M = 4-00. The proof of Theorem 1.6 is intertwined with that of the following proposition,
which shows that Tj; does not depend on M asymptotically.

Proposition 5.1. For the Brochette first-passage percolation, if P(t <+00) > 0, we have, for
all M > a, that for all x € 74, lim,— o0 Ty(0, nx)/n=al|x||| a.s. and in L.

To understand and then prove this theorem we now define several objects. If M > a, we
define the following objects:
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o py = P(r <M).

o Ifx,yeZ? Dy(x,y)=inf{|y|: y is a path fromxtoyin Cy} is the graph distance in Cy,
often called the chemical distance between x and y in Cy in the context of first-passage
percolation.

e D(x,y)=inf{|y|: y is a path from x to y in C,} is the chemical distance between x and
yin Cy.

To prove Proposition 5.1, we will once again use Kingman’s subadditive theorem. The only
assumption of Kingman’s theorem that is not immediate is the integrability of the process
(Tp(mx, nx))ym<n. This is the purpose of our first lemma.

Lemma 5.1. Consider Brochette first-passage percolation. For all M > a there exist A{(M) > 0
and A>(M) > 0 such that, for all x € 7% and for all € > (2d + 1)||x]|1,

P(0 <> x, Dy (0, x) = £) < A1(M) exp (—A2(M)0).

Proof. We assume that x = (xq, ..., xg) has all its coordinates positive (the other cases are
treated in the same way). Let £ > (2d + 1)||x||;. We consider the situation where only one edge
emanating from 0 and from x are present, and they are parallel (this is the worst case; the proof
is similar and sometimes shorter in other cases). Moreover, to simplify the notation we assume
that these edges are {0, e1} and {x, x + e1}. Define £ := [£/(2d + 1)]. If x and y belong to the
same integer line §, we write x ;; y if the passage time of § is less than M, i.e. if x, y, § € Cy.

Let 1 <c<{.Wesaythat(c,0...,0)is a good 0-point if the event

,0,...,0 ,£,0,...,0 ,£,£,0,...,0 AL
(c ) (et ) (e L ) (el D)

occurs. Similarly, if 1 < ¢’ < £ we say that (¢, 0, ..., 0) is a good x-point if the event

(C/,xl,'~"xd)74>(c/v£,x3,~~~,xd)74>(0,£,£7x47~~~,xd);[>"'74>(0/,£,~~,£)

occurs. The number B of good 0-points and the number B’ of good x-points follow a binomial
distribution with parameters £ and pf,,_l. Lastly, if we denote by S the set of integers | <e <¢
such that (0, £, ...,¢,e)—>pu (L, ..., £, e) then its cardinal B follows a binomial distribution
with parameters £ and pys. Moreover, if B, B, B > 0, then there exists a path connecting 0 to
x in Cps with length at most (2d + 1)¢ < £. We have illustrated the construction in the case of
dimension 3 in Figure 7. We leave it to the readers to convince themselves that the construction
is similar when the edges emanating from O and x are not parallel (see Figure 7b). We can
then show that the non-existence of such a path has an exponentially small probability of
occurring:

P(0 <> x, Dpr(0, x) > £) <IP(0 <> x, Dps(0, x) > (2d + 1)0)
<P(B=0)+PB =0)+PB=0)

<3P(B=0)
<3exp(Llog (I —py)) < A1(M) exp (—A2(M)?L). O

Proposition 5.2. There exist three positive constants Cy, Ca, and C3 that depend on M such
that, for all x € Z¢ and for all £ > C3||x||1, P(Ty(0, x) > £) < Cre~C2f,
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(a) (b)

(Lo ) L Laaa))

S
‘é d z-points

good z-points

—" T

T

0
0
good 0-points good 0-points

The case where the edges emanating The case where the edges emanating
from O and x are parallel. from 0 and x are not parallel.

FIGURE 7. Illustration of Lemma 5.1.
Proof.

P(Tm(0, x) > €) <P(0 ¢ B1(0, £€/2)) + P(% ¢ B1(x, ££/2))

+ Z ]P(f):a,fc:b, Dy(a, b)EE/M)

aeB(0,e£/2)NZ4
beB) (x,e£/2)NZ4

<P(Cy NBi1(0, ££/2) =) + P(Cy N Bi(x, ££/2) = B)

+ Y P(a<D b Dyla, b= ¢/M).

aeB(0,6¢/2)NZ4
beB) (x,e£/2)NZ4

To bound the first two terms, we use the rough estimate P(Cyy N B1(0, r)=0) < (1 —pp)".
Moreover, if a € B1(0, £€/2) N Z¢ and b € B (x, ££/2) N Z% then |la — b||; < |Ix||1 + €. Thus,
for e =1/2(2d + 1)M and £ > 2M(2d + 1)||x||; we can use Lemma 5.1 and we then have

P(Tw(0, x) > €) < 2(1 — pa)*/* +1B1(0, £€/2) N Z42 A} exp (—A20).
Hence the result. O

Proof of Proposition5.1. We first fix M > a. All the assumptions of Kingman’s theorem are
satisfied, and T7(0, x) is integrable thanks to Proposition 5.2. Then we know that

Tw (0, nx)

. —>n—>+to0o Xp a.s.andin Ll, 5.1

with Xjs a random variable. However, as in the case where passage times are finite almost
surely, the lack of ergodicity implies that, for now, we do not know that the limiting ran-
dom variable is almost surely equal to a constant. To see that, we study the convergence of a
subsequence of (TM(O, nx)/n)p>1 in the following lemma.
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Lemma 5.2. Foralle >0, x € Z%, and M > a, al|x||1< Xy < M||x]||1 a.s.

Proof Letx = (x1, .. ., x4) € Z. By symmetry, we can assume that x1, .. ., x; > 0. By def-
inition, there exists at least one integer line with a passage time less than M passing through
0 Without loss of generality, assume that the line 0+ Ze; has a passage time less than M. Let

={neN, nxeCy, Dy(0, nx) < ||0 — nx||1 + 24/n}; we show that J is infinite almost surely.
If nx € Cy is such that nx + Ze; has a passage time less than M, we consider K(n) to be the
abscissa of the point in xje; + Nej closest to x; such that

0+ K(mer — (0+K(n). x2,03.....00) = - = O+ K@), x2. ... xa)
w (x1, X2, ..., Xg) =x.
Then Dy(0, nx) < ||0 — nx||; + 2K (n). K(n) follows a geometric distribution with parame-

ter p:= pf,l_l, so P(K(n) > /n)=(1 — p)L\/ﬁJ. Consequently, by the Borel-Cantelli lemma,
K(n) < /n infinitely often, almost surely. It follows that J is infinite almost surely. Thus,

TM(O, nx) — m TM(O, nx)

lim
n——+o0o n n——+o0o n
neJ
... Dy(0, nx)
<M lim inf (—
n——+00 n
neJ
.. 6 -0 1 0—nx 1
§M11m1nf(|| I + I I <M]|x|1.
n——+00 n n
neJ
Similarly,
. TM 0, nx . Dy (),nx . 0 — nx 1
lim ¥ > lim ag >a lim u =allx|.
n—+00 n n—-+400 n n—+00 n
neJ neJ

Thus, according to (5.1), if M > a we have
allxll =Xy =Mllx|l1  as., (5.2)
as required. U

So, we need to show that, in fact, Xj; does not depend on M. To do this, let us fix x € 74,
Recall that T*(x, y) = T(x*, y*) where x* is the closest vertex in the L! norm to x in C, with an
arbitrary rule to break ties. According to the triangle inequality on 7,

|T*(0, nx) — Ty (0, nx)| < T(0*, 0) + T(nx*, rx).
Since T(0*, 0) and T(nx*, rix) have same distribution,
P(|T*(0, nx) — Ty(0, nx)| = en) < P(T(0*, 0) + T(nx*, 1ix) > en) < 2P(T(0*, 0) > en/2).
Since 0* and 0 are both in C,, T(0*, 0) < 400 and the above inequality implies that

d T*(0, nx) TM(O, nx) LP)O
n n

forallxe Z

(5.3)
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We can conclude that 7%(0, nx)/n and TM(O, nx)/n have the same limit, which cannot depend
on M since T*(0, nx)/n does not depend on M. By letting M tend to « in (5.2), we deduce that

Tu (0, nx)
T im0 allxlh as., (5.4)
which concludes the proof of Proposition 5.1. (|

Proof of Theorem 1.6. Combining (5.3) and (5.4), we obtain

P
T*(0, nx) /1 = s 100 allx1. U

Appendix A

The asymptotic of M, is studied in numerous references, but we have not found any refer-
ence regarding the study of E[M,]. For the sake of self-containedness we provide an estimate
of E[M,].

Lemma A.1. Assume that the passage times are bounded. Let (1;)jcN be i.i.d. random variables
with cumulative distribution function F such that F(t) ~,_, o+ crP for a constant C >0 and
B > 0. Then, if M;, =min (tq, ..., T,), we have

1 1 1
E[M,] ~n—+00 mﬂC—l/ﬂF (E)

Proof. Let K > 0 be such that t < K almost surely. Writing X, := M,n'/P we have

+00 Kn'/P ¢ n
E[X,J:/ P(anz)dt=/ (1_F<W>> dz.
0 0 n

Now, for a fixed ¢, we have

t " # N\ p
(1 — F(W)) = <1 —C—+ o(—)) —> = +00 €Xp (—Ct").
n n n

Let C' >0 be such that F(u) > C'u? for u [0, K]. Using that (1 —x/n)" <e™*, we have
that, for all >0, (1 — F(t/n'/B))" < exp (—C’ P). According to the dominated convergence
theorem and with the change of variables u = Ct8, we have

+00 1 1
E[X;,] —)n*)+oow/(‘) exp (—Ctﬁ)dlz F(E) X ﬂc—l/ﬁ

So, finally,

1 1 1
E[Mu] ~n—+o0 Wﬂc—l/ﬁr(E> 0
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