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GROWTH MODELS
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We study two competing growth models. Each of these models describes
the spread of a finite number of infections on a graph. Each infection evolves
like an (oriented or unoriented) first passage percolation process except that
once a vertex is infected by type i infection, it remains of type i forever. We
give results about the shape of the area ultimately infected by the different
infections.

1. Introduction and statement of the main results.

1.1. Introduction. We study two competing growth models. The first one is
the model introduced by Higgstrom and Pemantle [5]. The second one has been
introduced by Deijfen, Higgstrom and Bagley [1]. Each of these models describes
the spread of a finite number of infections on a graph. Each infection evolves like
an (oriented or unoriented) first passage percolation process except that once a
vertex is infected by type i infection, it remains of type i forever. More explicitly:
with each edge (x, y) is associated a positive passage time 7 (x, y); if a vertex
x gets infected by type i infection at time ¢ then vertex y gets infected by the
same infection at time ¢ + t(x, y) except if, at that time, vertex y has already been
infected.

Let us denote by S; the infected territory at time ¢ (without distinguishing be-
tween the different types). It is well known that, under some assumptions on the
passage times T, there exists a norm N on R such that S,/¢ converges almost
surely to the unit ball for norm N. One can therefore expect that, if type i infection
starts at x; and if the x;’s are far apart from each other, then the territory infected
by type i infection at infinite time looks like the following Voronoi cell:

V; :{ZeRd:Vj;éi;N(z—xz')<N(Z—xj)}'

In this paper, we prove an abstract theorem which is a weak form of such a re-
sult. We then apply the theorem to the two above-mentioned models. The proof
of the abstract result strongly relies on ideas that appeared in papers by Garet and
Marchand [4] and by Hoffman [6, 7]. In these papers, the authors were interested,
among other things, in knowing whether the different territories could all be infi-
nite with positive probability or not. We are not aware of any earlier result about
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the form of the infected territories for the models we study here. Nevertheless,
a strong form of such a result can be found in a paper by Pimentel [10] in a two-
dimensional setting. The model studied by Pimentel is based on a first passage
percolation process on the Delaunay graph of a Poisson point process. His method
is very different from ours.

The rest of this section is organized as follows. In the next subsection, we fix
some notation. In the following two subsections, we precisely describe the two
models and state our results. In the last subsection, we state the abstract result and
give the ideas of its proof.

1.2. Some notation. For all this paper, we fix an integer d > 2. Let || - || de-
note the Euclidean norm on R¢. We denote by | - | the canonical Lebesgue mea-
sure on R? and by m the canonical Lebesgue measure on R. We consider these
Euclidean spaces as equipped with their natural Borel o -algebra. If C and D are
two measurable subsets of R? and if | D| is positive, we denote by dens(C|D) the
lower relative density of C w.r.t. D defined by

|C N DN Bg|
|D N Bg|

dens(C|D) = liminf ,
R—o0

where By denotes the Euclidean closed ball of RY centered at the origin and with

radius R. We denote by dens(C|D) the upper relative density of C w.r.t. D defined

by

— ) |C N DN Bg|
dens(C|D) =limsup ——
R—o0 |D N BR|
When D = R, these definitions reduce to the usual definitions of lower and upper
density that we denote by dens(C) and dens(C).

1.3. Model of Hiiggstrom and Pemantle. We begin by recalling the formalism
of classical first passage percolation. Let us consider the graph Z¢ obtained by tak-
ing Z? as vertex set and by putting an edge between two vertices if the Euclidean
distance between them is 1. Let us consider a family of nonnegative i.i.d. r.v. 7 (e)
indexed by the set of edges & of the graph. We interpret t(e) as the time needed to
travel along the edge e (the graph is unoriented). If @ and b are two vertices of Z¢,
we call path from a to b any finite sequence of vertices r = (a = xg, ..., Xy = D)
such that, for all i € {0, ..., k — 1}, the vertices x; and x; | are linked by an edge.
We denote by C(a, b) the set of such paths. The time needed to travel along a path
r = (xg, ..., Xt) is defined by

k—1

Tr)=) t(xi Xis1).

i=0
We defined T(a, b), the time needed to go from a to b, by
T(a,b) =inf{T(r):r € C(a, b)}.
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Let 71, ..., 704 be 2d i.i.d. r.v. admitting the same law as the 7(e)’s. We make
the following assumptions:
(D) E(min(ty, ..., Tq)) <00
and
2 P(t1=0) < pc(d),

where p.(d) denotes the critical probability for bond Bernoulli percolation on Z¢.
With these assumptions it is well known that (see, e.g., [8, 9]), for all x, y in 74,
one has

(3) E(T(x,y)) <0
and that there exists a norm N on R? such that the following convergence holds:
4 f(O,x)N(x)_1 converges to 1 in L' as llx || goes to infinity.

Fix x1, ..., xx € Z¢ (k > 2). In the competing model of Higgstrom and Peman-

tle, for each index i, the territory infected by type i infection is the random subset
of Z¢ defined by

Di(x1,...,x)={z€Z:Vje{l,... . )\ {i}, T (xi,2) < T(x,2)}.

We wish to compare this set to the (deterministic) strict Voronoi cells defined for
each i by

Vixt, .., x0) ={zeR:Vjef{l, ..., k}\ {i}, N(x; —2) < N(x; —2)}.

[We define V;(x1, ..., xx) in the same way when the x;’s belongs to R and not
necessarily to Z¢.] For every x € R?, v (x) is defined by

(5) vx)eZ! and xey(x)+[—1/2,1/2[%.
We prove the following result:
THEOREM 1.1. Let (x1, ..., xx) be a family of distinct points in R? (k > 2).
Let I be the set of indices i € {1, ..., k} such that the following inequality holds:
dens(V;(x1,...,xx)) > 0.

Let € > 0. There exists M > 0 such that, for all real R > M, the following asser-
tions hold:

1. For all indices i € I, the lower relative density of
[z€Z?:P(ze Di(Y(Rx1), ..., (Rx))) =1 —¢e} +[—1/2,1/2[
with respect to
Vi(Rxy, ..., Rxp)

is greater than 1 — ¢.
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2. The probability of the event
[Vi € I,dens(D; (Y (Rx1), ..., ¥ (Rxp)) + [—1/2, 1/2[¢|Vi(Rx1, ..., Rxz))
>1—¢}

is greater than 1 — ¢.

One says that coexistence occurs if each territory is infinite. One defines

Coex(x1,...,x;) = m {5,- (x1, ..., x) is infinite}.

As a consequence of Theorem 1.1, we can, for example, get the following coexis-
tence result:

COROLLARY 1.1. Let x1, ..., x; be k distinct points of R4 (k = 2). Assume
that N(x;) =1 for all indices i. Assume that, for all distinct indices i, j, [x;, x ]
contains a point z such that N(z) < 1. Let ¢ > 0. There exists M > 0 such that, for
all real R > M, the probability of the event Coex({¥ (Rx1), ..., W (Rxy,)) is greater
than 1 —¢.

The theorem and the corollary are proved in Section 3.

REMARK. This result relates the number of infections that can coexist to the
number of faces (possibly infinity) of the unit ball with respect to the norm N.

In the case where the dimension d equals 2, Corollary 1.1 has been proved,
among other things, by Hoffman in [7]. Previously to this paper by Hoffman, the
positivity of the probability of coexistence for two types of infections had been
established by Héaggstrom and Pemantle [5]—in the case where the dimension d
equals 2 and the passage times t are exponential—and then in the general case
independently by Garet and Marchand [4] and by Hoffman [6].

1.4. Model of Deijfen, Higgstrom and Bagley. 'We begin by recalling the de-
finition of the growth model introduced by Deijfen in [2]. Instead of using the
original construction of the process, we use the construction given later in [3] (our
presentation is different, but the construction is the same). Let v be a probability
measure on |0, oo[. Let x be a Poisson point process on RY x R4 x]0, +oo[ whose
intensity is the product of the Lebesgue measure on R¢ x R and of v on ]0, +00[.
Let us consider the complete directed graph G with vertex set R?. We associate a
time t with each edge as follows:

1. Forall x € R? we let 7(x,x) =0.
2. For each point (X,7,R) € x (X,T and R, resp., belong to R4, R4 and
10, +00[) and for each vertex y € Br \ {X}, welet (X, y) =T7.
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3. For all edges (x, y) to which we have not yet assigned any passage time, we let
T(x,y) = +o00.

If a and b are two vertices of G, we call path from a to b any sequence of vertices
r = (a =xp,...,xx =b). We denote by C(a, b) the set of such paths. With each

path » = (xo, ..., xx) we associate a time defined by
N k—1

T(r)=7 t(x, Xi41)-
i=0

If A and C are two subsets of R?, we define T(A, C), the time needed to cover C
starting from A, by
T(A,C)=supinf{T(r):a € A,r € C(a, c)}.
ceC

Notice that we do not have (in general) the equality in law of T(A, C) and
T(C, A). Let us define

Sy ={x eRd:f(B,x) <t},

where B denotes the unit Euclidean ball centered at the origin. [Notice that, by
abuse of notation, we write 7 (B, x) instead of T (B, {x}).] We make the following
assumption:

(6) There exists a > 0 such that / exp(ar)v(dr) is finite.

Under this assumption, the authors of [1] proved the a.s. convergence of S;7~!
toward a deterministic Euclidean ball (whose radius is finite and positive).

In [1], the authors also introduced and studied a related competing growth
model. In the particular case we are interested in (each infection evolves with the
same velocity), this model can be defined as follows. Fix xy, ..., xx € RY (k > 2).
Assume that the sets x; + B are disjoint. At time ¢ > 0, the territory infected by
type i infection is

[zeR":T(xi+B,z) <tandVje{l,....k}\{i},T(x; + B,z) < T(x; + B, 2)}.
At time ¢t = 00, the territory infected by type i infection is
Di(x1,...,xn) =z eR:Vje{l,....k}\{i}, T(xi + B,z) <T(x; + B,2)}.

In [3], the authors are interested in the case k = 2. They prove that the probabil-
ity of 51 (x1,x2) and 52 (x1, x2) being both unbounded is positive. They also give
such coexistence results when the initial territories are not assumed to be balls.

For each index i € {1,...,k}, we wish to compare 51- to the deterministic
Voronoi cell:

Vier,.ox) ={z e ROV efl, L ki) lz — xill < llz — x;1}-

We prove in this paper the following result:
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THEOREM 1.2. Let (x1,...,xx) be a family of distinct points in R¢ (k > 2).
Assume that (6) holds. Let I denote the set of indices i € {1, ..., k} such that the
following inequality holds:

dens(V;(x1,...,xx)) > 0.

Let € > 0. There exists M > 0 such that, for all real R > M, the following asser-
tions are satisfied:

1.
Viel, dens({zeR?:P(ze D;(Rxi,..., Rxp)) > 1—¢l]
Vi(Rx1,...,Rxp)) > 1—e.
2. The probability of the event
{Vi € I, dens(D;(Rx1, ..., Rxp)|Vi(Rx1, ..., Rxz)) > 1 — ¢}

is greater than 1 — ¢.

One says that coexistence occurs if each territory is unbounded. One defines

Coex(x1,...,xr) = ﬂ {l~)i (x1,...,xx) is unbounded}.
ie{l,....k}

As a consequence of Theorem 1.2, we get the following coexistence result:
COROLLARY 1.2. Let x1,...,x, be k distinct points of the unit Euclidean

sphere in R4 (k= 2). Let ¢ > 0. There exists M > 0 such that, for all real R > M,
the probability of the event Coex(Rx1, ..., Rx,) is greater than 1 — ¢.

1.5. An abstract result and the ideas of the proof. The results of the previ-
ous subsections are applications of an abstract result that we now state and that
we prove in Section 2. Fix a norm N on R?. Let us consider a probability space
(2, ¥, P) and a family of random variables defined on that space:

T =(T(x,y)y,yerd-

If (x1,...,x%) is a family of points in R and if § is a real we introduce, for
every index i, the random set

Do(x1,...,xp) ={zeR:Vje(l,.... k}\ {i}, T(xi,2) < T (x},2) — 8}
and the deterministic strict Voronoi cell of x; defined by

Vixt, .., x0) ={zeRE:Vje{l, ... k)\ {i}, Nz —x;) < N(z — x,)}.

THEOREM 1.3. Assume that the following assertions hold:
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1. The map from Q x R¢ x R? to R defined by (w, x,y) = T(x, y)(w) is mea-
surable.

2. Forall 7 in R4, the Jfamilies of random variables (T (x, y))x,y and (T (x — z,
Y — 2))x,y have the same law.

3. Forallx,y in RY, one has T(x,y)>0.

4. The supremum

(7 A= sup E(T(0,x))
xeRe: ||x||<1
is finite.
5. Forallx,y,zin RY, one has Tx,2)<Tx,y)+T(,2).
6. T(0,x)N(x)~! converges to 1 in L' as the norm of x € R? goes to infinity.

Let (x1, ..., xx) be a family of distinct points in R? (k > 2). Let 8 be a real. Let 1
be the set of indices i € {1, ..., k} such that the following inequality holds:

dens(V;(x1,...,xx)) > 0.

Let ¢ > 0. There exists M > 0 such that, for all real R > M and for all i € I, the
following assertion holds:

dens({z €RY: P(z € D} (Rxy, ..., Rxp)) > 1 —e}|Vi(Rxi, ..., Rxp)) > 1 —e.

REMARK. The convergence assumption requires 7' to be symmetric enough,
but we do not require stronger symmetry conditions [such as, e.g., T(x,y) =
T (y, x) a.s. for all vectors x, y].

Ideas of the proof. The proof strongly relies on two ideas that appeared else-
where and that we now describe. In order to simplify, let us assume that there are
only two sources of infection (k = 2) and that one of the sources is the origin. Let
us denote the other one by x.

e The first idea appeared independently (and in two different forms) in papers by
Garet and Marchand [4] and by Hoffman [6]. For all integer n > 0, let us consider
the sum

n—1

> E(T(—x,ix) —T(0,ix)).

i=0
For each integer i € {0,...,n — 1}, T(—x,ix) — T(0,ix) is bounded above by
T (—x, 0) (by the triangle inequality satisfied by 7). Therefore, if the norm of x is
large enough,

T(—x,ix) — T(0,ix) is roughly bounded above

®)
by N (x) with high probability
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(by the convergence of T'). But for each integer i € {0, ...,n — 1},
E(T(—x,ix) —T(0,ix)) = E(T(0, (i + 1)x) — T(0,ix))
(by the stationarity of 7). Therefore the sum equals
E(T(0,nx)) — E(T(0,0)).
As a consequence:
) The sum is equivalent to n N (x) as n goes to infinity

(by the convergence of T). Using (8) and (9) (among other things) one can
prove that, for most integers i € {0,...,n — 1}, T(—x,ix) — T(0,ix) is of or-
der N (x) with high probability. Therefore, most of the points z of Nx are such that
T(—x,z) — T(0,z) is of order N(x) with high probability. [In particular, many
points in Nx then belong to D;(—x, 0) with high probability.]

e The second idea appeared in another paper by Hoffman [7]. We exploit the
idea in a different way than Hoffman did but the key (simple but powerful) is the
same. Assume that y is a vector such that

(10) N(y—=x) <N().

Notice that, for any z, T(y,z) — T (x, z) is bounded above by T (y, x) (by the
triangle inequality satisfied by 7). Therefore

T(y,z) — T(x, z) is roughly bounded above

(1)
by N (y — x) with high probability,

provided the norm of y — x is large enough (by the convergence and the stationarity
of T'). But, using the first idea one can prove that most of the points z of —Ny are
such that

(12) T(y,z) — T (0, z) is of order N (y) with high probability
(provided the norm of y is large enough). Writing
T(x,2) —T(0,2)=(T(y,2) = T(0,2)) = (T(y,2) — T(x,2))

and using (10), (11) and (12) one sees that, for such a z, T(x,z) — T(0, z) is
positive with high probability. To sum up, we have that, under the assumption (10),
most of the points z of —Ny belong to D> (x, 0) with high probability.

e The full proof is given in Section 2. In Section 2.1, we prove that there are
enough vectors y satisfying inequalities such as (10) for our purposes. In Sec-
tion 2.2, we prove results related to the first idea discussed above. In Section 2.3,
we prove results related to the second idea and conclude.
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2. Proof of the abstract result. We work under the assumptions of Theo-
rem 1.3. In this section we need the following definition. If (x1, ..., x¢) is a family
of points in R? and if 8 is a real we introduce, for every index i, the following
subset of RY:

Vi, . ox) ={zeRY:Vjell, ... k}\ i}, N(z — x;) < N(z — xj) — 8}.

2.1. Geometrical lemmas. If K is a subset of R?, we denote by H (K) the set

H(K)=|J K.
A>1

LEMMA 2.1. Letx € R4 \ {0} and let § be a real. Then:

1. The set Vl‘S (0, x) is stable by homotheties with center x and ratio greater than 1.
2. The set V{S (0, x) — x is included in the set Vl‘s 0, x).

PROOF. In order to simplify the notation, let us define V := Vl‘s (0,x). Let us
check the first item. Let z, z/ € R?. Assume that z belongs to V and to [x, z']. We
then have N(z') < N(z' —z) + N(z) and then N(z') < N(zZ'  —z2) + N(z —x) — &
and finally N(z') < N(z' — x) — 8. Therefore z’ belongs to V. This concludes the
proof.

Let us check now the second item. Let z € V. Let w denote the middle of [0, z].
By the same arguments as previously, one gets that w belongs to V. Therefore, by
the first item, z — x belongs to V. U

LEMMA 2.2. Let x € R4\ {0}. Then
dens(V1(0, x)) > 0.

Let ¢ > 0. There exists M| > 0, a real 6 > 0 and a compact set K included in the
unit Euclidean sphere such that, for all My > M1, the following relations hold:

1. H(M>K) C V(0, x);
2. —MyK C V3(0,x);
3. dens(H (M>K)|V1(0,x)) > 1 —&.

PROOF. Let x € R? \ {0}. In order to simplify the notations, let us write V
instead of V((0,x). As V is open and contains 0, the first item of Lemma 2.1
enables us to conclude that the lower density of V is positive.

For all positive real R, we denote by A the set of vectors u of the unit Euclid-
ean sphere such that x + Ru belongs to V. The sets Ag are open subsets of the
unit sphere (since V is an open subset of R?). By the first item of Lemma 2.1, the
family (Ag)p is nondecreasing w.r.t. inclusion. Let A denote the union of all Ag,
R > 0. Let 1 be the uniform probability measure on the unit Euclidean sphere.
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Let ¢ > 0. Fix K, a compact subset of A such that:
nK)

u(A)
[as V, whose Lebesgue measure is infinite, is included in

1—¢

x+RiA={x+ra:reR ,aec A},

the real w(A) is positive]. Fix a real M > 1 such that the set Ay, contains the
set K. [We use the fact that (Ag)g is a nondecreasing family of open sets whose
union contains the compact set K .] From the inclusion of x + MK in V and from
the compactness of K, we deduce the existence of a real § > 0, that we fix, such
that x + MK is includedNin VI‘S(O, x).

Let My > M;. Write K = MK . Let A > 1. From the inclusion of x + M1 K
in Vl‘S (0, x) and from the first item of Lemma 2.1, we deduce the inclusion of
x+AK in Vl‘s (0, x). By the second item of Lemma 2.1, AK is included in Vl‘S 0, x).
Therefore H (f ) is included in Vl‘s (0, x) and then in V. The first requirement of
the lemma is satisfied. From the inclusion of x + K in V{S (0, x), we also deduce,
by symmetry, the inclusion of —K in VZ‘S (0, x), that is, the second requirement of
the lemma. As K is included in A and then in the unit Euclidean sphere, the only
remaining thing to be proved is the third requirement of the lemma.

First, let us notice the following inclusions:

H(K)CV Cx+R,A.
It is therefore sufficient to prove
dens(H(K)|x +RyA)>1—¢.
But, for all real R large enough,
|[HEK)N(x+RyA)NBgl  [HEKR'NB| |HEKR'nB
|(x + R4 A) N Byl |GR-T+R1A)NBi|  [RyAN(B) — xR
and therefore converges, as R tends to infinity, toward
0. 11.K| _ p(K) _
[0, 11.A]  w(A) —

([0, 1].K 1is the set {rk:r € [0,1],k € K} and [0, 1].A is the set {ra:r € [0, 1],
a € A}). This concludes the proof. [

1—¢

LEMMA 2.3. Let (x1,...,xr) be a family of k distinct vectors of]Rd (k=2).
Assume

dens(Vi(xq,...,xx)) > 0.

Let ¢ > 0. Then there exists a real § > 0 and a compact set K included in a Euclid-
ean sphere centered at the origin such that:
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. The sets x1 — K and {x1, ..., x}} are disjoint,
.x1+HK)CVi(xt,...,xk);

- x1— K TNz V3 (x1, x);

. dens(x; + H(K)|Vi(x1,...,xk) > 1 —¢.

AW =

PROOF. Successively apply Lemma 2.2 with x = x — x1,...,x = x; — x1.
Let us denote by M;(2), ..., My (k), by §(2),...,8(k) and by K (2), ..., K (k) the
positive real numbers and compact sets given by the lemma.

Let § be the smallest of the §(i)’s and let K be the intersection of the K (i)’s.
Fix M a real greater than each of the M;(i)’s and such that x; — M 1[? contains
none of the x;’s. Finally, let K = M K, K(2) = MiK(2), ..., K(k) = MK (k).
Items 1, 2 and 3 of the lemma are satisfied. Let us check that the last one is also
satisfied.

Leti € {2,...,k}. One has

dens(H (K (i)IV1(0, x; —x1)) > 1 —e.

As dens(V1(0, x; — x1)) > 0, translating by x; does not change the lower density.
Therefore,

dens(H (K (i)) +x1|Vi(x1,x)) > 1 —¢.
We thus have
dens(H (K (i) + x1|Vi(x1,x))) <&

and then

dens(H (K (i) +x1|Vi(x1, ..., %)) < e(dens(Vi (x1, ..., x) Vi (x1, %)) ™!

< e(dens(Vy (x1.....x0)) .
So,
dens(H (K)° +x1[Vi(x1, ..., x0)) < ke(dens(Vi (x1, ..., %)),
and then
dens(H (K) +x1|Vi (x1, ..., x0) = 1 — ke(dens(Vy (x1, ..., x0)) -

This ends the proof. [

LEMMA 2.4. Let xy, ..., x; be k vectors OfRd (k = 2). Assume the existence

of a vector y such that, for all i € {2, ...,k}, [y, y + x;i — x1] contains a vector z
satisfying N(z) < N(y). Then the following inequality holds:

dens(Vi(x1,...,xr)) > 0.
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PROOF.
We first prove that the set
(13) W= (1 Valx,x)
i€f2,...k)
is nonempty. Let y be as stated in the lemma. Let i € {2,...,k}. Let z; be an

element of [y, y+x; —x1] such that N(z;) < N(y). Write z; = y+X; (x; — x1) with
Ai €10, 1]. As N(z;) # N(¥), A; can not equals 0. This enables us to consider the
function ¢ : RY — R¢ defined by ¢ (u) = Xi_l(u — ¥) + x1. This function maps y
to x1, z; to x; and O to a point that we call w;. Therefore the point w; satisfies
N(x; —w;) < N(x1 — w;). By the first item of Lemma 2.1, this property is also
satisfied by all the points of the half-line

Li={x +a(w —x),a>1}={x; —ay,a> i}

Let now w be in the intersection of the L;’s. This vector belongs to the set W
defined by (13).

We now conclude. Let i € {2,...,k}. By symmetry, x; + x; — W is in-
cluded in Vi(xy, x;). By the second item of Lemma 2.1, 2x; — W is also in-
cluded in Vi(x1, x;). Therefore 2x; — W 1is included in Vi(xy,...,xr). It re-
mains to check that the lower density of 2x; — W is positive. By the first item
of Lemma 2.1, W is stable by all homotheties with center x; and ratio greater
than 1. As W is moreover open and nonempty, one gets that the lower den-
sity of W — x1 is positive. The same property therefore holds for 2x; — W.

g

Let us state the following immediate consequence of the previous lemma:

LEMMA 2.5. Letxy, ..., xx be k distinct points of R¢ (k > 2). Assume, for all
indices i, N(x;) = 1. Assume, for all distinct indices i, j, that [x;, x;] contains a
point 7 such that N(z) < 1. Then, for all indices i, one has

dens(V;(x1,...,xx)) > 0.

PROOF. One can apply Lemma 2.4 to (xy, ..., x;) (take y = x1). This gives
the result for i = 1. The proof follows by several other applications of Lemma 2.4.
g

2.2. Competition between two infections on the line joining infection sources.
Let us recall that m denotes the canonical Lebesgue measure on R. Let us recall
that we work under the assumptions of Theorem 1.3.

LEMMA 2.6. Let & > 0. There exists M > 0 such that, for all x in R? and all
real A satisfying

(14) Nx)>M and A>M,
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one has

mi({a €[0,2]: E(T(—x,ax) — T(0,ax)) > (1 —&)N(x)}) = (1 — &)A.

PROOF. Let ¢ > 0. Let M be a real such that the following assertions hold
(one uses the convergence of T for the first item):
1. For all x in R? such that N (x) > M, one has
(I1-8)N(x) = E(T(0,x)) =(1+&)N(x);
2. M>1and M > Ae~! [A is defined by (7)].
Let now x in R? and A a real. One assume that condition (14) holds. Let us consider

the real / defined by

A A
I:/O E(T(—x,ozx))doe—/(; E(T(O,ax))da.

(One can check that the integrals are finite with Lemma A.1.) Using the stationarity
of T, one gets

A1 A
I=/ E(T (O, ax))doz—f E(T(0,ax))da
1 0

A+1 1
:/ E(T(0, ax))da—/ E(T(0, ax)) da.
A 0

As A > M > 1 and N(x) > M one has, for all & in the interval [A, A + 1], the
inequality N (ax) > M and then the inequality £ (7 (0, ax)) > (1 — &) N (ax). One
therefore has

A+1
f E(T(0,ax))da > (1 — &)AN(x).
A

By Lemma A.1 one gets

1
(15) fo E(T(0,ax))da <(|x||+ DA < (cN(x) + 1)A,

where ¢ is a fixed positive real such that the inequality || - || < ¢N holds. As
1<M<N(x), (cN(x)+ 1)A is bounded above by (1 4+ c)N(x)A. Moreover,
as A is bounded above by Me and then by Ae one gets

1
‘/(; E(TQO,ax))da <(1+c)N(x)Xre.
Therefore, one has
(16) I>(1—@2+4c)e)AN(x).
Let
A={ael0,A]: E(T(—x,ax) — T(0,ax)) < (1 — V/e)N(x)}.
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For all « in the interval [0, A] one gets, using successively the triangle inequality
satisfied by 7" and the stationarity of 7 and then using N (x) > M,

E(T(—x,ax) —T(0,ax)) < E(T(—x,0)) < E(T(0,x)) < N(x)(1 +e).
Using the definition of 7, one then gets
I < N@)(mi(A) (1~ Ve) + (h—mi(A)(1 +e))
(17) < N@)(=mi(A) (e +Ve) + A1 +¢)
< N@)(—mi(A)e +A(1 +¢)).
From (16) and (17) one deduces
(1= Q2+0)e)AN(x) < Nx)(=m1(A)Ve +r(1 +¢)),
then
mi(A) < 3+ c)rve
and then
mi(fo €[0,A]: E(T (—x,ax) — T(0,ax)) > (1 — /&)N(x)})
> (1= (B +0)ve)r.
This concludes the proof. [
LEMMA 2.7. Let & > 0. There exists M > 0 such that, for all x, y in R? sat-
isfying
(18) Nx)>M and E(T(—x,y)—T(0,y)) > —e)N(x),
one has

P(T(—x,y) = T(0,y) = (1-2/e)N@)) = 1 - 2/&.

PROOF. Let ¢ > 0. Fix a real M > 0 such that, for all x in R¢ whose norm
N (x) is greater or equal to M, the following assertions hold (one uses the conver-
gence of T'):

1. P(T(0,x)>N(x)(1+¢)) <e.
2. EITO,x)N(x)"'—1|<e.

Let x and y be two vectors in R such that condition (18) hold. Let us define an
event G by

G={T(—x,0) <Nx)(1+¢e)}.
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Using (18), the triangle inequality and the stationarity satisfied by 7', one gets
E(T(=x,y) =T(0,y)lc)
=E(T(=x,y) =T (0,y)) = E(T(=x,y) = T(0,y))15¢)
=N@)(1—e)— E(T(—x,0)1g)
>N@)((1—¢)— E|T0,x)Nx)~'—1]— P(G9)).
Using Properties 1 and 2 above and using the stationarity of 7', one therefore gets
E((T(=x,y) =T(0,y))1g) = N(x)(1 — 3¢).
The random variable
X=N@)(1+e) — (T(=x,y)—T(0,y))lg

is therefore nonnegative (by definition of G and by the triangle inequality satisfied
by T) and its expectancy is less or equal to 4¢ N (x). Therefore, one gets

P(X <2JeN(x)) > 1 -2,
and then
P(T(=x,y) = T0,y) = N(x)(1 -2v&)) = 1 -2e
which concludes the proof. [J
LEMMA 2.8. Let & > 0. There exists M > 0 such that, for all x in R? and all
real A satisfying
(19) Nx)>M and I>M,
one has

mi({e € [0,A]: P(T(—x,ax) —T(0,ax) > (1 —e)Nx)) > 1 —¢}) > (1 —e)A.
PROOF. This is a consequence of Lemmas 2.6 and 2.7. [J

2.3. Proof of Theorem 1.3. Let us recall that we work under the assumptions
of Theorem 1.3. Theorem 1.3 is a straightforward consequence of the following
lemma:

LEMMA 2.9. Let (x1,...,xx) be a family of distinct vectors in RY (k > 2).
One assumes
dens(Vi(x1,...,xx)) > 0.

Let ¢ > 0. Let § be a real. Then there exists M > 0 such that, for all real R > M,
the following property holds:

dens({z e R?: P(z € D{(Rx1, ..., Rxp)) > 1 —&}|Vi(Rxi, ..., Rxp)) > 1 —&.
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PROOF. Let us begin by defining M. Let us denote by o and K the positive
real and the compact set given by Lemma 2.3. One has in particular, for all x € K
and for all i € {2, ..., k}, the inequality

Nxi—x—xi))<Nx| —x —x1) — .

Using the compactness of K one deduces the existence of a real > 0, that we fix,
such that, for all x € K and all i € {2, ..., k}, the following inequality holds:

Nxi—x—x)(1+n <Nxi—x—x)(1—-n) —a.

One deduces the existence of a real R, such that, for all real R > Ry, all x € K
and all i € {2, ..., k}, the inequality

(20) N(Rx; — Rx — Rxj))(1+1n) < N(Rx; — Rx — Rx;)(1—n)—§

holds.
By Lemma 2.8 we get a real Ry such that, for all vector z in R? and all real A
satisfying

N(z)> Ry and A > Ry,
one has

o mi({e € [0,1]: P(T(—z,az) = T(0,az) > (1 —n)N(z2)) > 1 —¢})
>(1—e)A.

Using the convergence of T one gets a real Ry such that, for all vector z in R¢
satisfying N (z) > Ry, the following inequality holds:

(22) P(T(0,2)>N@)(1+n) <e.

Moreover, as the sets x; — K and {x1, ..., x¢} are disjoint, there exists a real R3
such that, for all real R > R3,allx € K and all i € {1, ..., k}, the inequality

(23) N(Rx; — Rx — Rx;) > max(Rg, R1)

holds.

At last, let define M by M = max(Ry, R1, Rz, R3).

We now check that M satisfies the desired property. Fix R > M. Let x € K,
i€{2,...,k}and L > M. Let us write, for all nonnegative real «,

T(Rx;, Rx; +aRx) — T(Rxi, Rx; + aRx) = A(x, x,i) + B(a, x, 1),
where
A(a,x,i)=T(Rx; — Rx, Rx; +aRx) — T(Rx1, Rx; + ¢ Rx)
and

B(a,x,i) =T (Rx;, Rx; +aRx) — T(Rx; — Rx, Rx; + «Rx).
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By (23), one can use (21) for z = Rx. The stationarity of T therefore enables us to
get

mifa €[0,A]: P(A(a, x,i) > (1 = n)N(Rx)) > 1 —¢} > (1 —¢)A.
By (20) one gets
mifa €[0,A]: P(A(a, x,i) > (1+n)N(Rx; — Rx — Rx;) +8) > 1 — ¢}
> (1— ).

By (22) for z = —Rx1 + Rx + Rx; [which can be used thanks to (23)], by station-
arity of T and by the triangle inequality satisfied by 7', one gets, for all « > 0,

P(B(a,x,i) > —(1+n)N(Rx; — Rx — Rx;)) > 1 —e.

From the latest two relations one deduces

mi{a €[0,A]: P(T (Rx;, Rx; + «Rx) — T(Rx{, Rx; + «Rx) > §) > 1 — 2¢}

> (1 —¢)A.

As thisis true for all i € {2, ..., k}, one gets

mi{a €[0,1]: P(Rx; + «Rx € D‘ls(Rxl, ooy Rxp)) > 1 —2ke} > (1 —ke)a.
Let us define the subset G of R by

G={zeR?:P(Rxi +z€D}(Rxi,..., Rx)) > 1 — 2ke}.

Set X = x||lx|| =" and let S denote the (common) norm of the vectors of K. We have
proved

mi{B €10, RSA]: % € G} > (1 — ke)RSA.

We therefore have (when ¢ < k1)
mi{Bel0,RSA]: BXeG}

RSA
/ p16(B%) dp > / pi-1ap
0 0
(1—ke)RSA a1
> /0 pi=ldp

RSA
=(1- ks)d/o pi=1ag.

As the previous result holds for all x in K, one gets (integrating over x in K, which
is included in a Euclidean sphere centered at the origin, in a natural way)

24) |[Brss NGNRLK|> (1 —ke)d|BRSk NRLK]|.
As (see Lemma 2.3)
(25) dens(x; + H(K)|Vi(x1,...,x¢)) > 1 —¢,
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IRy K| is positive. Therefore dens(H(R.K)) is also positive. In particular
|H(R.K)| is positive and dens(G|H (R.K)) makes sense. As (24) holds for all
A > M, one deduces

dens(G|H(R.K)) > (1 —ke)?,

that is,
dens({zeRY: P(z € D}(Rx1, ..., Rx)) = 1 — 2ke} — Rx1|H(R.K))
> (1 —ke)?.
Therefore
dens({zeRY: P(z € D}(Rx1, ..., Rx)) = 1 — 2ke}|Rx1 + H(R.K))
> (1 — ke)?.
By (25) we get

dens(Rx; + H(R.K)|Vi(Rx1,...,Rxp)) > 1 —e.

Notice that we also have the inclusion of Rx; + H(R.K) in Vi(Rxy, ..., Rxy)
(see Lemma 2.3). With new obvious notation, the two previous inequalities and
the previous inclusion can be written as follows:

dens(X|Y)2(l—k8)d, dens(Y|Z)>1—¢ and Y C Z.
Using the inclusion, one can write, for all real a large enough,

XNZNBa| _IXNYNBa| [YNZN B
|IZN B, — |YNBy, |IZN B,

One deduces
dens({z € R?: P(z € D}(Rx1, ..., Rxp)) = 1 — 2ke}|Vi(Rx1, ..., Rxp))
> (1 —ke)4(1 —e).

This concludes the proof of the lemma. [

3. Proof of Theorem 1.1 and Corollary 1.1. 'We use notation and definitions
of Section 1.3. We begin by giving precise references and short proofs for (3) and
for the following very weak version of (4): for all x € Z?,

(26) T(O, kx)k_1 converges to a finite constant in L!

as the positive integer k goes to infinity.

SKETCH OF THE PROOF OF (3). The proof is sketched in [8], page 135. The
idea is the following. One can find 2d disjoint paths from 0 to e; = (1,0, ..., 0).
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Using (1) one can then deduce that £ (T(O, e1)) is finite. One can then conclude
by subadditivity and symmetry arguments. [

SKETCH OF THE PROOF OF (26). Let x € Z%. For all integers m,n we de-
fine X,, , by

Xmon= T(mx,nx).

We get the desired result by applying Kingman’s theorem (we state it in the Ap-
pendix) to this family. [Notice that the third condition of Kingman’s theorem is
satisfied thanks to (3).] [

PROOF OF THEOREM 1.1. We will apply Theorem 1.3 to the family of ran-
dom variables T defined as follows. Let U be a random variable uniformly distrib-
utedon [—1/2,1/ 2[4. We assume that U is independent of the random times 7 (e),
e € &.Forall x,y e R?, one defines T (x, y) by

T,y =T@&.7).
where, for all vectors z € R?, 7 denotes the unique element of the singleton
74N (z = U +[—1/2,1/2[%).

Let us notice that, if z belongs to 74, then 7 = 7. Let us check that T satisfies the
assumptions of Theorem 1.3.

1. The proof of the measurability is standard.

2. The idea of the proof of the stationarity is the following: the graph U + Z¢
is invariant under the action of the translations of R? and T is a factor of the
graph. We now give a more detailed proof. Recall that & denotes the set of
edges of Z?. Let z € R?. We define a map S, from

Q=[-1/2,1/2["xRE
to itself by
So(u, (x) = (u—2— Y —2), (Xe—yu—2))

where v is defined by (5). The stationarity of 7T is a consequence of the follow-
ing two facts:

(a) Forall zinR?, (U, (z,)) and S, (U, (t.)) have the same law.
(b) Forallx,y,zeR% onehas T(x+2z,y+2z, U, 1) =T(x,y, S.(U, 1.)).

3. The nonnegativity is obvious.
4. The finiteness of A is a consequence of (3).
5. The triangle inequality is satisfied by 7" and therefore by T'.
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6. This is a consequence of (4). Nevertheless, as we have found no statement of
the well-known result (4), we will give a full proof. [In the relevant literature,
the authors usually give proofs of the a.s. convergence instead of the L' conver-
gence stated in (4). This requires more arguments. By studying these proofs, it
is therefore easy to give a proof of (4).] We find it more convenient to directly
give a proof of the convergence of T required by Theorem 1.3. Notice that (4)
is a straightforward consequence of that convergence.

We first apply Lemma A.2. This lemma is just a gathering of arguments
which are standard in first passage percolation. Notice that the third condition
is satisfied thanks to (26) (and thanks to the relation Z = z for all z € Z9).
Applying the lemma, we get the existence of a seminorm a such that

27) TO.x) _ a(i>

[lxl [lxl

converges to 0 in L' as || x| tends to +o00. Let x € R? be such that a(x) = 0.
We wish to prove x = 0. Let i € {1,...,n}. Let us consider the symme-
try s:RY - I@i define by s(x1,...,X7) = (X1,..., Xi—1, —Xi, Xi+1s---,Xd)-
Notice that s(x) has the same law as s(X). Notice also that, for every
yE 74, T(O, v) has the same law as T(O, s(y)). One deduces that T (0, s(x))
has the same law as T(0, x). Therefore [by (27)], a(x) = a(s(x)) = 0. As
a(,...,0,2x;,0,...,0) <a(x)+a(s(x)),one gets thata(0, ..., 0, 2x;,0, ...,
0) = 0 and then that x;a(0,...,0,1,0,...,0) = 0. But by a result of Kesten
(Theorem 1.15 in [9]), (2) ensures a(0,...,0,1,0,...,0) % 0. One can there-
fore conclude that, for each index i, we have x; = 0. We have proved that a is
a norm. By (27), one then sees the required convergence [and therefore (4)] is
satisfied with N :=a.

We now define the value of the real § that appears in the statement of Theo-
rem 1.3. Let ¢ > 0. As A is finite, by Lemma A.1 we get

sup E(T(0,x)) <oo.
xe[—1/2,1/2[4

Therefore, we can fix a real § such that, for all x in [—1/2,1/ 2[d, the following
holds:

(28) P(T(0,x)>38/4) <e.
With such a definition for 8, we have, for all x, y € R?, the following inequality:
(29) P(IT(x,y) = T x), ¥ (1)) = 8/2) <2,

where 1/ (x) is defined by (5). Indeed, by the triangular inequality fulfilled by T
and by symmetry of 7', one has

1T, y) =TW ), yODI=TW ), x) +TW (), y).
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Inequality (29) follows by (28) and by stationarity of 7.

We now prove the first item of Theorem 1.1. Let (xy, ..., xx) be a family of
distinct points in R? (k > 2). Let ¢ > 0. Let M be the real given by Theorem 1.3.
Let R> M and i € I. We have

dens({y eRd:P(y € Dl‘-s(Rxl,...,ka)) >1—el|Vi(Rx1,...,Rxp)) > 1—¢
(Dl“S and D are defined w.r.t. T'). But by (29) one has, for any y in R4, the following
inequality:
P(Vje{l,....k}:|T(Rxj,y) — T(Y(Rx;), ¥ ()| <68/2) = 1 — 2ke.
Therefore, one gets that the set
[yeRI:P(y e D!(Rxi, ..., Rxp)) > 1 — ¢}
is included in the set
[7€2:P(¥ e Di(W(Rx1), ..., ¥ (Rxp))) = 1 — 2k + 1)}
+[-1/2,1/2[

(by using the fact that any y belongs to ¥ (y) + [—1/2, 1/2[?). Therefore, the
set defined by (30) has a lower relative density w.r.t. V;(Rxy, ..., Rxg) greater or
equalto I —e. But, forall x, y € 74, one has f(x, y) =T (x, y). Therefore in (30)
one can replace D; by D; and the first item is proved.

We now prove the second item of Theorem 1.1. Let i € /. By the first item, fix
M such that, for all real R > M, the following inequality holds:

31) dens(A;|Vi(Rx1, ..., Rxg)) > 1 —¢,

(30)

where
A=A +[-1/2,1/2[
and
A ={5€Z?:P(3eDi(y(Rx1),..., ¥ (Rxz)) = 1 —¢).
Fix R > M. Let us define two random sets by
Wi =1{y€Z:5 ¢ Di(¥(Rx1), ... ¥(Rxp)))
and
Wi =W, +[—1/2,1/2[“.
By definition of A;, for all integer n > O and all y € 74, one has
E|(F +[=1/2.1/2[) N W; N A; N By|
=P(F e Wp|(F+[-1/2,1/2[) N A; N By|
<e|l(F+1-1/2,1/2[) N A; N By].
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Therefore, for all integers n > 0, one has
E|W; NV A; N By| <¢|Ai N By| < ¢&[Byl.
By Fatou’s lemma, one therefore gets
E(dens(W; N A))) <e.
Therefore,
P(dens(W; N A;) = Ve) < e
and then the event
Gi = {dens(W; N A;) < e}
satisfies P(G;) > 1 — /. But when G; occurs, one has
dens(W; N A;[V;(Rxi, ..., Rxp)) < v/edens(Vi(Rxy, ..., Rx) ™.
But by (31), one has
dens(AS|V;(Rx1, ..., Rxy)) <e.
Therefore when G; occurs, one has [using W; C (W; N A;) U Af]
dens(W;|Vi(Rx1, ..., Rx)) <& + /e dens(Vi(Rxi, ..., Rxi)) ™!
and then
dens(WF|V;(Rx1, ..., Rxx)) > 1 — & — /e dens(Vi(Rxq, ..., Rxp) L.
As dens(V;(Rxi, ..., Rxx)) = dens(R.Vi(x1,...,xx)) = dens(Vi(xy,...,xk)),

this concludes the proof. [

PROOF OF COROLLARY 1.1. This a consequence of Theorem 1.1 and
Lemma?2.5. O

4. Proof of Theorem 1.2. We use the notation and conventions of Section 1.4.
In particular, B denotes the unit Euclidean ball and x denotes the underlying Pois-
son point process on R x R x 10, +-00[. We will apply Theorem 1.3 to the family
T defined as follows. For all x, y € RY, we let

T(x,y)= T(x + B,y+ B).

LEMMA 4.1. The following properties hold:

1. For all z € R?, the families (T (x +z,y +2))y,y and (T (x,y)), , have the
same law.

2. Forall x e R4 \ {0}, the sequence (T (kx, (k + 1)x))c7 is stationary and er-
godic.
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3. Forallx,y € R, the random variables T (x, y) and T (y, x) have the same law.
4. Forallx,y e R? such that ||x|| = lyll, T (0, x) and T (0, y) have the same law.

PROOF. The properties stated in the lemma are consequences of related prop-
erties of the underlying point process x. [

LEMMA 4.2. If A, C and D are measurable subsets of R?, then
T(A,D)<T(A,O)+T(C.D).

PROOF. Assume that the right-hand side of the inequality stated in the lemma
is finite (otherwise the result is obvious). Let d € D and ¢ > 0. Fix ¢ € C and
r2 € C(c, d) be such that T(rz) < T(C D) +¢e.Now, fixa e A and ry € C(a, )
such that T(r1) < T(A C) te. If we concatenate r| and r, we get an element
r € C(a, d) such that T(r) < T(C D) + T(A C) + 2¢. The lemma follows. [

LEMMA 4.3. Let A and C be two measurable subsets of R¢. We assume that
the Lebesgue measure of A is positive and that C is bounded. Then E(T (A, C)) is
finite.

PROOF. The proof is standard. One can proceed as follows. Fix r > 0 such that
the probability v([2r, +00[) is positive (this is possible because v(]J0O, +oo[) = 1).
Notice the following property.

CLAIM. Leta be in RY and D C R be measurable. If the Lebesgue measure
of D N (a + B,) is positive then
E(T(D,DU (a+ B,)))
is finite.
One can prove the claim as follows. Let U be the first # > 0 such that x pos-
sesses a point in D N (a + By) x [0, t] x [2r, +o00[. Let (X, U, R) be the point. The
law of U is an exponential law with parameter |D N (a + B;)| - v([2r, +0o0[) > 0.

Therefore E(U) is finite. As X belongs to (a + B,) and as R is greater or equal
to 2r, the set (a + B;) is contained in the set X + Bg. Therefore

T(D,DU(a+ B,))<T(D,DU(X + Bg)) <U.

The claim follows.
As the Lebesgue measure of A is positive and as C is bounded, one can build a
finite sequence ay, ..., a, of vectors in R? such that:

1. for each index i, the intersection of the set
Aji-1:=AU(a1 +B)U---U(ai—1 + By)

and (a; + B;) has a positive Lebesgue measure;
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2. theset A, ;=AU (a1 + B,)U---U (a, + B,) contains the set C.

As T(A, C) is bounded above by T(A, A1)+ T (A1, A2)+ -+ T(An_1, Ay), the
lemma follows from the claim. O

By Theorem 1.3, we will get results on 7', that is, on the T(x+ B, y+ B)’s.
But we are interested in the 7' (x + B, y)’s. The following lemma will enable us to
turn properties on the former into properties on the latter.

LEMMA 4.4. Let ¢ > 0. There exists a real 8 such that, for all x,y € RY, the
following holds:

(32) P(T(x+B.y)<Tx+B,y+B) <T(x+B,y)+8)>1—¢.

PROOF. We first explicit a realization of x. Let ¢ be a Poisson point process
on R¢ x Ry whose intensity is the canonical Lebesgue measure. Let us fix a (mea-
surable) enumeration of the points of ¢:

¢ ={(Xpn, Ty),n € N}.

Let (R,), be an independent sequence of i.i.d. r.v. with common distribution v.
Then {(X,, T,, R,),n € N} is a point process which has the same law as x. Until
the end of this proof, we use this realization of x in the definition of the vari-
ables T

Let x, y € R". Let us introduce the following random subset of N:

A={neN:|X, -yl = Ru}.

Let L be the random set of finite sequences of natural integers defined as follows.

The sequence (n1, ..., ny) belongs to L if the following conditions holds:
l. k>1.

2. ny,...,ni—1 and n; are pairwise distinct.

3. ny,...,ng—1 belong to A€, ny belongs to A.

4. Xp, €ex+ B, Xy, € Xy, + BRnl’ oy X € Xy + BR"k—1'

If m and n are nonnegative integers, we define variants of L in the following way
(in each case, we only point out the differences w.r.t. the definition of L):

1. L,,: we require in addition that n; equals m.

2. L™: we require in addition that n does not belong to {ny, ..., ng}.
3. L},: we require in addition that n; equals m and that n does not belong to
{n1,...,nr}.

4. L,: we require in addition that n; equals m and we drop the requirement
ni € A.
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We define S (and in a similar way S,,,, $", S, and Sn) by
S=inf{T,, + -+ Ty :(ny1,...,ni) € L}.

Notice that, thanks to Lemma 4.3, T(x + B, y) is a.s. finite. We assume in this
step that y does not belong to x + B. This ensures
T(x+B,y)=S.

Let us define N as the smallest integer n such that §,, < T(x+ B, y) + 1. We now
show that Ry stochastically dominates v. Let n be a natural integer. Notice that,
on the event {n € A}, one has:

1. S, =35,

2. For all natural integer k # n: S = 5,2’ R

3. § =inf{S;,j € N} = § where § is defined as the minimum of S, and
inf{S}, k # n}.

As
(33) {N=n}N{T(x+B,y) <o} C{ne A},
one therefore has

(N=n}NF=FNG,NH,,
where

F={T(x+B,y) <o},

Gh={necA}={Ry, = | Xn —yll}

and

Hy={S, <S+1n({S>S+1}.

k<n

Let us recall that P(F) = 1. Notice that H,, is independent of R,,. Let us condition
with respect to ¢ and denote by Q the resulting random probability. Using the
independence properties stated at the beginning of the proof, one gets, for all r > 0,
the following a.s. inequalities [when Q (N = n) is not equal to 0]:

Q({Rn = r} NG, N Hn)
Q(G, N Hy)
_ O(Ry = max(r, | X, — y[)) Q(H,)
QR = IXn — yIDQ(H,)
> Q(R, > 7).

Q(Ry =r|N =n) =

Therefore, one has a.s.

OQ(RN=r)=Q(Ro=>7)
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and then
P(Ry >r)> P(Ro>r),

as desired.
Fix ¥ (independent of x and y) a finite subset of R¢ such that:

1. Bisincluded in ¥ + By )2;
2. X isincluded in B.

We claim that if z € R? and a > 1 are such that z + B, contains 0, then there exists
s € X such that z+ B, contains s + By 2. Indeed, in such a case, a~'z+ B contains
0. Therefore a~!z belongs to B and there exists s € ¥ such that a 'z belongs to
s + By 2. For such an s, one has s + By C a'z4+BCz+B,.

We now prove that, with high probability, the territory infected around y at time
T(x + B, y) 4+ 1 is not too small. Fix r € ]0, 1] independent of x and y such that

v([r, +o0[) > 1 —e¢.
We will show
(34) P@EseX:T(x+B,y+rs+Bp)<T(x+B,y)+1)>1—¢.

Assume first that y belongs to x + B. Then 0 belongs to xr—! — yr—! 4 B,
and, by the property previously proved about ¥ (with a = r~!), there exists s € ©
such that xr—1 — yr_1 + B,-1 contains s + By 2. For such a s one has

y+rs+B,npCx+B
and then
T(x—i—B,y—l—rs-i—Br/z):O.

Inequality (34) is therefore satisfied in this case.

Assume now that y does not belong to x + B. This is the assumption of the step
in which N was defined. Recall that N and T(x + B, y) are a.s. finite. We work on
the associated almost sure event. By (33) one gets that 0 belongs to Xy —y + Bg,,.
On the event {Ry > r}, there exists (as above) s € ¥ such that y +rs + B, is
included in Xy + Bg,, . For such an s, one has, on the event {Ry >r},

T(x+B,y+rs+Bp) <T(x+B,Xy+Bgy) <Sy<T(x+B,y)+1.
As
P(Ry=r)=P(Ro=r)>=1—e¢,

(34) is proved.
We now conclude the proof. By Lemma 4.3 we can fix a real é (independent of
x and y) such that

P(T(Byj. By) <8) = 1—c¢.
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By stationarity, we then have, for all s € X,
P(T(y—i—rs—i—Br/z,y—i-rs—FBz) <&§)>1-—¢
and then (as y + B is included in y + rs + B3)
P(T(y-l-rs-l—Br/z,y-l-B) <&)>1-c¢
Therefore the probability of the event

F=(WT(y+rs+Byy+B) <8
SEX

is greater than or equal to 1 — card(X)e. By (34) and the triangular inequality
(Lemma 4.2), we therefore have

P(T(x+B,y+B) <T(x+B,y)+1+8) >1— (I +card())e.

As the inequality T(x +B,y) < T(x + B, y + B) is always fulfilled, the lemma is
proved. [

The following result is essentially in [2] and [1] but is not explicitly stated (in
these papers, the authors prove the almost sure convergence; this requires more
arguments). We therefore state the result and provide a short proof.

THEOREM 4.1. There exists a constant |t > 0 such that T (0, x|t con-
verges to L in L.

SKETCH OF THE PROOF. Let x € R? \ {0}. For all integers m,n we de-
fine X, , by

Xmn=T(mx,nx).

The first condition of Kingman’s theorem (we state it in the Appendix) is sat-
isfied thanks to Lemma 4.2. The second and forth ones are satisfied because of
Lemma 4.1. The third one is satisfied because of Lemma 4.3. We therefore have in
particular the convergence in L' of T(0, kx)k~! toward a finite constant.

We now apply Lemma A.2 in the Appendix. This lemma is just a gathering
of arguments which are standard in first passage percolation. Conditions 1 and 2
of the lemma are satisfied thanks to Lemma 4.1. The third condition is a conse-
quence of what we proved in the beginning of the proof. Condition 4 is a con-
sequence of Lemma 4.3 [if x belongs to B then x + B is a subset of B> and
then T(0, x) < T(B, B»)]. Condition 5 is a consequence of Lemma 4.2. There-
fore, there exists a seminorm a such that

T, x) —a(i)
x|l x|l
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converges to 0 in L' as ||x| tends to +oo. By Item 4 of Lemma 4.1, one gets that
a is constant on the unit Euclidean sphere. Let us denote by u this constant. The
only remaining thing to be proved is the inequality n > 0. This is Proposition 2.1
in[l]. O

PROOF OF THEOREM 1.2. Let us check that T fulfills the assumptions of
Theorem 1.3.

. The proof of the measurability is standard.

. The stationarity of T is a consequence of Lemma 4.1.

. The nonnegativity of 7 is clear.

. If x belongs to B, onhas x + B C B, and then 7' (0, x) < T (B, B,). Condition 4
is therefore a consequence of Lemma 4.3.

5. The triangular inequality is a consequence of Lemma 4.2.

6. The convergence condition hold with N = p|| - || by Theorem 4.1.

B W N ==

Let (x1,...,xx) be a family of distinct vectors in R?. Let ¢ > 0. Let & be the
real given by Lemma 4.4. Let M be the real given by Theorem 1.3. Let i be in [
(I is defined in the statement of Theorem 1.2) and R > M. We have

dens({yeRd:P(yeD?(Rxl,...,ka)) >1—el|Vi(Rx1,...,Rxp)) > 1 — &,

(the l~)l‘.s’s are defined w.r.t. 7). But by (32), we have, for all y € R4, the following
inequality:

P(Fy) > 1 — ke,

where

Fy={Vje(l,....k},T(Rxj + B,y) <T(Rx; + B,y + B)

<T(Rx; + B,y) +38).
As, for all y,
FyN{ye D}(Rxi, ..., Rxp))
is included in
{y € Di(Rx1, ..., Rxp)},
one has
dens({y eR?: P(y € D;(Rx1, ..., Rxp)) > 1 — (k + De}|Vi(Rxy, ..., Rxy))
>1—ec.

The first item of the theorem is proved.
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We now prove the second item of Theorem 1.2. Let i € /. By the first item, fix
M such that, for all real R > M, the following inequality holds:

dens(A;[V;(Rxy, ..., Rxp)) = 1 —e,
where
Ai={yeRY:P(ye Di(Rxy,..., Rxp)) > 1 —g}.
Fix R > M. Let us define
W;={yeR%: y¢D;(Rxy,..., Rxp)}.
By definition of A;, for all integer n > 0, one has
E|W; N A; N By| <e|A;j N By| <¢|Byl.

We conclude as in the proof of the second item of Theorem 1.1. [J

APPENDIX
We begin by a statement of Kingman’s theorem.
THEOREM A.1. Suppose (X n,0 <m < n) (m and n are integer) is a family
of random variables satisfying:

1. For all integersl,m,n such that 0 <l <m <n, one has X;n < X;m + Xm.n-

2. The distribution of (Xm+k n+k, 0 <m < n) does not depend on the integer k.

3. E(X0+71) < oo and there exists a real c such that, for all natural integer n, one
has E(Xo ) > —cn.

Then

lim E(Xo,n)n_1 exists and equals y = infE(Xo,n)n_l,
n—oo n
X = lim Xo,nn_1 exists a.s. and in L' and
n—o0

E(X)=y.

If, for all k > 1, the stationary sequence (X i, (n+1)k, n > 1) is ergodic, then X =y
a.s.

Letus fix anorm N on R?. Let T = (T (x, v))
random variables. We let

x,yeRrd be a family of nonnegative

A= sup E(T(0,x)).

xeR4: ||x||<1

The following result is very simple:

LEMMA A.1. Assume that the following conditions hold:
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1. Forall z in R?, the families of random variables (T (x, y))x’y and (T (x — z,
Y = 2))x,y have the same law.

2. Forallx,y,zin R4, one has T (x,7) < T (x, )+ T(y,2).

3. Forall x,y in R?, one has T (x, y)>0.

Then, for all x, y in RY, one has
E(T(x,y)) = (ly —xl+ DA.
Moreover forall x, y, z in R4, one has
EIT(x,y) =T, 2] =2(ly —zll + DA.
PROOF. Let us prove the first item. The vector x — y can be written as the sum

of ||x — y|| + 1 or less vectors of the unit Euclidean ball. Using the stationarity and
the triangle inequality satisfied by T, one therefore gets:

E(T(x,y)=E(T(0,y —x)) < (ly — x|+ DA.

The second item is a consequence of the first one because, by the triangle inequal-
ity and the nonnegativity of 7, one has:

IT(x,y) =T(x,2)| =max(T(y,2),T(z,y)) =T(y,2) +T(y,2). O

Let C denotes the set of vectors x in R such that T (0, kx)k~! converges in L!
to a finite constant when the integer k goes to infinity. The following result is
standard.

LEMMA A.2. Assume that the following conditions hold:

1. Forall z in R?, the families of random variables (T (x, y))x,y and (T (x — z,
Y = 2))x,y have the same law.

2. Forallx,y in R4, one has E(T (x, y)=E(T(y,x)).

3. The set

{xlxlI~t x € C\ {0})

is dense in the unit Euclidean sphere S.
4. A is finite [ A is defined by (7)].
5. Forall x,y,zin R4 one has Tx,2) <Tx,y)+T(y,2).
6. Forallx,y in R?, one has T (x, y)>0.

Then there exists a seminorm a on R? such that
T(0,x) ( X )
—al =—
flx ]l flx |

converges to 0 in L' when || x| goes to infinity.
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PROOF. If x € RY belongs to C, one denote by a(x) the limit of T (0, kx)k~.
Let x be in C. Let us prove the following convergence (in L', with A in R):

(35) lim 70, )2~ =ax).

A—> 400
If A is a real greater than 1, one has

T(0,Ax) _ T(0, [A]x) [A] =~ T(0,x) —T(0, |A]x)
P Fu A

’

where | A| denotes the integer part of A. By Lemma A.1, the second term converges
to 0. But as x belongs to C, the first term, and then the sum, converge to a(x).

As a consequence, C is stable by homothety with center O and positive ratio.
Therefore C is dense in RY.

Let us now prove that a can be extended into a continuous map from R? to R.
If x and y are two vectors of R4 one has, by Lemma A.1,

E|T (O, kx)k™" — T(0, ky)k™ " < 2(llkx — ky|| + DET'A <2(Jlx — y| + k7 HA
and then

(36) limsup E|T(0, kx)k~" — T (0, ky)k~'| <2|lx — y||A.

k— o0

One deduces that a is 2A-Lipschitz (with respect to the Euclidean norm on R%).
This enables us to extend a by continuity on R<.

Let us now prove that C = R?. Let x be in R. Let (x,), be a sequence of C
which converges to x. For all integer n > 0, applying (36) to x and x,,, one gets

limsup E|T (0, kx)k_1 —a(xy)| <2|lx — x| A

k— 00

and then

limsup E|T (0, k)c)k_1 —a(x)] £2||lx = xu|A + |a(x,) —ax)].

k—00

Taking limit with respect to n, one deduces the desired result.

Let us show that
T, x) ( X )
_a PR
[lx|] [l x|

converges to 0 in L' when || x|| goes to infinity. Let (x,), be a sequence of vectors
whose sequence of norms converge to infinity. To conclude, it suffices to show that
one can extract a subsequence y, such that

T, yn) _a< Yn )
| ynll | ynl
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converges to 0 in L'. Fix (yn), a subsequence of (x,), such that y,/||y,| con-
verges. Let us denote by y the limit. For all integer n > 0 one has, by Lemma A.1,

TO,y0) _ TONyally)| _ 20ya = [yallyll + DA

[[yn (A l[yn
This upper bound converges to 0. As
T (0, llynlly)

(hA

converges to a(y) and as a(y,||ya|l~") converges to a(y), the result follows.

To conclude, let us check that a is a seminorm. As all 7 (x, y) are nonnegative,
a is nonnegative. By (35) one gets the relation a(Ax) = Aa(x) for all real x and
all nonnegative real A. By (35) and by the symmetry of 7 (Assumption 2 of the
lemma) and by stationarity one gets, for all x,

a(—x) = lim E(T(0, —w)ah = lim E(T (0, AL =ak).

This enables us to conclude that a is homogeneous. By (35) and using the station-
arity and the triangle inequality satisfied by T one gets, for all x, y in R?,

a(x +y)= lim E(T(0,A(x+ »)Ah
— 0
< lim E(T(0,Ax)A~ Y + lim E(T(0,ry)A™")
A—>00 A—>00

=a(x)+a(y).

The lemma is proved. [J

Acknowledgment. 1 would like to thank Olivier Garet for stimulating discus-
sions and for pointing out reference [7].

REFERENCES

[1] DEDFEN, M., HAGGSTROM, O. and BAGLEY, J. (2004). A stochastic model for competing
growth on RY. Markov Process. Related Fields 10 217-248. MR2082573

[2] DEUFEN, M. (2003). Asymptotic shape in a continuum growth model. Adv. in Appl. Probab.
35303-318. MR1970474

[3] DEUFEN, M. and HAGGSTROM, O. (2004). Coexistence in a two-type continuum growth
model. Adv. in Appl. Probab. 36 973-980. MR2119850

[4] GARET, O. and MARCHAND, R. (2005). Coexistence in two-type first-passage percolation
models. Ann. Appl. Probab. 15 298-330. MR2115045

[S] HAGGSTROM, O. and PEMANTLE, R. (1998). First passage percolation and a model for com-
peting spatial growth. J. Appl. Probab. 35 683—-692. MR1659548

[6] HOFFMAN, C. (2005). Coexistence for Richardson type competing spatial growth models. Ann.
Appl. Probab. 15 739-747. MR2114988

[7] HOFFMAN, C. (2005). Geodesics in first passage percolation. Available at
arXiv:math.PR/0508114.


http://www.ams.org/mathscinet-getitem?mr=2082573
http://www.ams.org/mathscinet-getitem?mr=1970474
http://www.ams.org/mathscinet-getitem?mr=2119850
http://www.ams.org/mathscinet-getitem?mr=2115045
http://www.ams.org/mathscinet-getitem?mr=1659548
http://www.ams.org/mathscinet-getitem?mr=2114988
http://arxiv.org/abs/math.PR/0508114

TERRITORIES IN SOME COMPETING MODELS 1305

[8] HOWARD, C. D. (2004). Models of first-passage percolation. In Probability on Discrete Struc-
tures 125-173. Encyclopaedia Math. Sci. 110. Springer, Berlin. MR2023652
[9] KESTEN, H. (1986). Aspects of first passage percolation. Ecole d’Eté de Probabilités de Saint-
Flour XIV—1984. Lecture Notes in Math. 1180 125-264. Springer, Berlin. MR0876084
[10] PIMENTEL, L. (2007). Multi-type shape theorems for FPP models. Adv. in Appl. Probab. To ap-
pear.

UNIVERSITE D’ORLEANS
MAPMO-UMR 6628

B.P. 6759

45067 ORLEANS CEDEX 2
FRANCE

E-MAIL: jbgouere @univ-orleans.fr


http://www.ams.org/mathscinet-getitem?mr=2023652
http://www.ams.org/mathscinet-getitem?mr=0876084
mailto:jbgouere@univ-orleans.fr

	Introduction and statement of the main results
	Introduction
	Some notation
	Model of Häggström and Pemantle
	Model of Deijfen, Häggström and Bagley
	An abstract result and the ideas of the proof
	Ideas of the proof


	Proof of the abstract result
	Geometrical lemmas
	Competition between two infections on the line joining infection sources
	Proof of Theorem 1.3

	Proof of Theorem 1.1 and Corollary 1.1
	Proof of Theorem 1.2
	Appendix
	Acknowledgment
	References
	Author's Addresses

