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Abstract. We prove a shape theorem for the set of infected individuals in a spatial
epidemic model with 3 states (susceptible-infected-recovered) on Z%, d > 3, when
there is no extinction of the infection. For this, we derive percolation estimates
(using dynamic renormalization techniques) for a locally dependent random graph
in correspondence with the epidemic model.

1. Introduction

Mollison (1977, 1978) has introduced a stochastic spatial epidemic model on Z<
called “general epidemic model”, describing the evolution of individuals submitted
to infection by contact contamination of infected neighbors. More precisely, on each
site of Z? there is an individual who can be healthy, infected, or immune. At time
0, there is an infected individual at the origin, and all other sites are occupied by
healthy individuals. Each infected individual emits germs according to a Poisson
process, it stays infected for a random time, then it recovers and becomes immune
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to further infection. A germ emitted from = € Z? goes to one of the neighbors
y € Z% of x chosen at random. If the individual at y is healthy then it becomes
infected and begins to emit germs; if this individual is infected or immune, nothing
happens. The germ emission processes and the durations of infections of different
individuals are mutually independent.

After Mollison’s papers, this epidemic model has given rise to many studies, and
other models that are variations of this “SIR” (Susceptible-Infected-Recovered)
structure have been introduced. A first direction to study such models is whether
the different states asymptotically survive or not, according to the values of the
involved parameters (e.g. the infection and recovery rates). A second direction is
the obtention of a shape theorem for the asymptotic behavior of infected individuals,
when there is no extinction of the infection (throughout this paper, “extinction” is
understood as “extinction of the infection”).

Kelly (1977) proved that for d = 1, extinction is almost sure for the general
epidemic model. Kuulasmaa (1982) has studied the threshold behavior of this
model in dimension d > 2. He proved that the process has a critical infection rate
below which extinction is almost certain, and above which there is survival, thus
closing this question. His work (as well as the following ones on this model) is based
on the analysis of an oriented percolation model, that he calls a “locally dependent
random graph”, in correspondence with the epidemic model. See also the related
paper Kuulasmaa and Zachary (1984).

In the general epidemic model on Z?, when there is no extinction, Cox and
Durrett (1988) have derived a shape theorem for the set of infected or immune
individuals when the contamination rule is nearest neighbor, and the durations of
infection are positive with a positive probability. A second moment is required for
those durations only to localize the infected but not immune individuals within the
shape obtained. This result was extended to a finite range contamination rule by
Zhang (1993). The proofs in Cox and Durrett (1988); Zhang (1993) are based on
the correspondence with the locally dependent random graph; they refer to Cox
and Durrett (1981), which deals with first passage percolation (see also Kesten,
1986), including the possibility of infinite passage times. They rely on circuits
to delimit and control open paths. This technique cannot be used for dimension
greater than 2.

There was no investigation of the shape theorem for the general epidemic model
in higher dimensions, until Chabot (1998, unpublished) proved it for a nearest
neighbor contamination rule in dimension d > 3, with the restriction to determinis-
tic durations of infection: in that case the oriented percolation model is comparable
to a non-oriented Bernoulli percolation model (as noticed in Kuulasmaa, 1982, the
case with constant durations of infection in the epidemic model is the only one where
the edges are independent in the percolation model). Analyzing the epidemic model
for d > 3 required heavier techniques than before: Chabot (1998) used results from
Antal and Pisztora (1996) and Grimmett and Marstrand (1990) for non-oriented
Bernoulli percolation to derive, for the percolation model, exponential estimates
in the subcritical case on the one hand, and estimates using percolation on slabs
on the other hand. To apply those results to the epidemic model required to find
an alternative, in the percolation model, to the neighborhoods (for points in Z?)
delimited by circuits of Cox and Durrett (1988). Chabot (1998) introduced new
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types of random neighborhoods characterized by the properties of the percolation
model in dimension d > 3.

In the present work, we complete the derivation of the shape theorem for the
set of infected or immune individuals in the general epidemic model with a nearest
neighbor contamination rule in dimension d > 3, by proving it for random durations
of infection, which are positive with a positive probability. There, the comparison
with non oriented percolation done in Chabot (1998) is no longer valid, and we have
to deal with an oriented dependent percolation model, with possibly infinite passage
times. Our approach consists in adapting the dynamic renormalization techniques
of Grimmett and Marstrand (1990) without calling on Antal and Pisztora (1996).
This simplifies the paper, but we obtain sub-exponential estimates (which suffice
for our purposes), instead of exponential estimates as in the paper Chabot (1998).
With this in hand, it is then possible to catch hold of the skeleton of the latter:
We take advantage of the random neighborhoods introduced there (they turn out
to be still valid in our setting) to derive the shape theorem. Similarly to Cox and
Durrett (1988), we require a moment of order d of the durations of infection only
to localize the infected but not immune individuals within the shape obtained.

Let us mention two recent works, Cerf and Théret (2014) and Mourrat (2012), on
shape theorems for (or related to) first passage (non dependent) percolation on Z?
with various assumptions on the passage times, for which the approach in Kesten
(1986) is extended.

Our paper is organized as follows. In Section 2 we define the general epidemic
model, the locally dependent random graph, we explicit their link, and we state the
shape theorem (Theorem 2.2). Section 3 is devoted to the necessary percolation
estimates on the locally dependent random graph needed for Theorem 2.2. We
prove the latter in Section 4, thanks to an analysis of the travel times for the
epidemic. In Appendix A, we prove all the results of Section 3 requiring dynamical
renormalisation techniques.

2. The set-up: definitions and results

Let d > 3. The epidemic model on Z? is represented by a Markov process
(n)e>0 of state space Q = {0, 1, 1}2°. The value 1, (z) € {0,i,1} is the state of the
individual located at site x at time ¢: state 1 if the individual is healthy (but not
immune), state 4 if it is infected, or state 0 if it is immune. We will shorten this
in “site = is healthy, infected or immune”. We assume that at time 0, the origin
0= (0,...,0) is the only infected site while all other sites are healthy. That is, the
initial configuration 7y is given by

mo(o) =i,  Vz#o, m(z)=1 (2.1)
We now describe how the epidemic propagates, then we introduce a related locally
dependent oriented bond percolation model on Z? and finally we link the two
models. We assume that all the processes and random variables we deal with are
defined on a common probability space, whose probability is denoted by P, and the
corresponding expectation by F.

For z = (v1,...,74) € Z%y = (y1,-..,ya) € Z%, |z — yll1 = Zle |z: — vl
denotes the {! norm of z — y, and we write 2 ~ y if x,y are neighbors, that is
lz —ylls = 1. Let (Ty,e(w,y) : 2,y € Z%, & ~ y) be independent random variables
such that
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1) the T,’s are nonnegative with a common distribution satisfying P(T, = 0) < 1;
2) the e(x,y)’s are exponentially distributed with a parameter A > 0.

We stress that the only assumption on the T),’s is that their distribution is not a
Dirac mass on 0. They could be infinite, or without any finite moment. We define

1 ife(x,y) < Ty;

/ (2.2)
0 otherwise.

X(ZE, y) = {
In the epidemic model, for a given infected individual x, T, denotes the amount of
time x stays infected; during this time of infection, x emits germs according to a
Poisson process of parameter 2d\; when T, is over, x recovers and its state becomes
0 forever. An emitted germ from z at some time ¢ reaches y (say), one of the 2d
neighbors of z, uniformly. If this neighbor y is in state 1 at time ¢, it immediately
changes to state ¢ at time ¢, from ¢ begins the duration of infection T}, and y begins
to emit germs according to the same rule as = did; if this neighbor y is in state 0
or ¢ at time t~, nothing happens.

In the percolation model, for x,y € Z%, & ~ y, the oriented bond (x,y) is said to
be open with passage time e(x,y) (abbreviated A-open, or open when the parameter
is fixed) if X(x,y) = 1 and closed (with infinite passage time) if X (z,y) = 0. As
in Kuulasmaa (1982), we call this oriented percolation model a locally dependent
random graph. Indeed the fact that any of the bonds exiting from site = is open
depends on the r.v. T,.

For z,y € Z¢ (not necessarily neighbors), “z — 3” means that there exists (at
least) an open path from z to y, that is a path of open oriented bonds, I'y , = (20 =
Ty Z1yeneyZn = Y)-

If + — y, © # y, we define the passage time on I'; , to be (see (2.2))

I
-

n

T(ley) = ‘ e(2j, zj+1) (2.3)

<
Il
o

and, if x =y, we put 7(I'y ) = 0.
We then define the travel time from x to y to be

inf 7(Ty,) fz#yz—y,

{Tay}
T(:E, y) =30 if r = v, (24)
+00 otherwise.

where the infimum is over all possible open paths from z to y.

Coming back to the epidemic model, note that when the initial configuration
is 7o defined in (2.1), for a given site z, 7(0,2) is the duration for the infection
to propagate from o to z, changing successively the values on all the sites of the
involved path I',, . from 1 to 4.

To link the two models, we define, for ¢t > 0,

;. ={r ez risimmune at time t} = {z€Z%:n(x)=0}; (2.5)
T: ={x€Z%: xisinfected at time t} = {z € Z%:n(x) =1}
We have, for z € Z%, t > 0,

ze€Y,UZ; ifand only if 7(0,2) <t (2.7)



Shape theorem for an epidemic model in d > 3 921

Indeed, 7(0,2) < t means that the infection has reached site z before time ¢, so
that site z is either still infected or already immune at time ¢, that is z € T; U =;.
Conversely, if z is infected or immune at time ¢, it means that it has already been
infected.

In the epidemic model, we denote by C%" the set of sites that will ever become
infected, that is

Co = {z e 23t >0,m(x) =i|n(o) =i,Vz#o0,m(z) =1}.  (2.8)

Then, by (2.7), CS" is the set of sites that can be reached from the origin following
an open path in the percolation model. See also Cox and Durrett (1988, (1.2)),
Mollison (1977, p. 322) and Kuulasmaa (1982, Lemma 3.1).

More generally, in the percolation model, for each z € Z% we define the ingoing
and outgoing clusters to and from x to be

O ={yeZ:y— x}, O ={yeZ:x—y}, (2.9)
and the corresponding critical values to be
A = inf{\: P(|CI"| = 400) > 0}, A" =inf{\: P(|CS"™| = +o0) > 0}, (2.10)

where |A| denotes the cardinality of a set A.
In Section 3, we will first prove the following proposition about these critical
values.

Proposition 2.1. We have \* = X\oU. This common value will be denoted by
Ae = A(Z9).

Assuming that A > A, the most important part of our work in Section 3 will then
be, thanks to dynamic renormalization techniques, to analyze for the percolation
model percolation on slabs in Theorem 3.5, and, through a succession of lemmas, to
establish in Proposition 3.11 subexponential estimates for the length of the shortest
path between two points x and y given that x — y. This will imply (see Remark
4.1) uniqueness of the infinite cluster of sites connected to +o0o. Proposition 3.11
contains the crucial properties we will need on the percolation model to derive our
main result, the shape theorem, that we now state.

Theorem 2.2. Assume A > A, and the initial configuration of the epidemic model
(nt)e>0 to be given by (2.1). Then there exists a conver subset D C R such that,
for all € > 0 we have, fort large enough

((1 — DN ogut) c (Et U Tt) c ((1 Fe)Dn cgut) a.s. (2.11)
and if E(T%) < oo we also have
T, C ((1 +e)tD\ (1 — a)tD) a.s. fort large enough. (2.12)

In other words, the epidemic’s progression follows linearly the boundary of a
convex set. Note that a moment assumption on T, is only required to localize the
infected individuals, and not for the first part of the theorem, for which there is no
assumption on the distribution of 7,. It is also remarkable that the fact that T,
could be either very small or very large with respect to the exponential variables
e(z,y) does not play any role.

We prove Theorem 2.2 in Section 4. For this, we follow some of the fundamental
steps of Cox and Durrett (1988), but since in dimensions three or higher, circuits
are not useful as in dimension 2, we had to find other methods of proofs.
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By (2.7), we have to analyze travel times to prove Theorem 2.2. On the per-
colation model, we first construct, in Section 4.1, for each site z € Z% a random
neighborhood V(z) in such a way that two neighborhoods are always connected
by open paths (these neighborhoods have to be different from those delimited by
circuits of Cox and Durrett, 1988). For z,y € Z%, we show that the travel time
7(z,y) is ‘comparable’ (in a sense precised in Lemma 4.8) to the travel time 7(z, y)
to go from V(z) to V(y). Then we approximate the travel time between sites by a
subadditive process, and we derive (in Theorem 4.12 and Section 4.3) a radial limit
wu(x) (for all z), which is asymptotically the linear growth speed of the epidemic
in direction . In Theorem 4.17 we control how 7(o,-) grows. Finally we prove
in Theorem 4.18 an asymptotic shape theorem for 7(o,-), from which we deduce
Theorem 2.2.

3. Percolation estimates

In this section we collect some results concerning the locally dependent random
graph, given by the random variables (X (x,y),z,y € Z¢) introduced in (2.2). Our
goal is to derive subexponential estimates in Proposition 3.11.

Remark 3.1. Although the r.v.’s (X (z,9),7,y € Z%) are not independent, if we
denote by (ey,...,eq) the canonical basis of Z¢, then the random vectors { X (z, z +
e1),..., X(z,z +eq), X(z,x —e1),..., X (z,x —eq) : * € Z¢} (in which each com-
ponent depends on T},) are i.i.d., since two different vectors for z,y € Z? depend
respectively on T, and T, which are independent. This small dependence forces us
to explain why and how some results known for independent percolation remain
valid in this context.

Remark 3.2. The function X (z,y) is increasing in the independent random variables
T, and —e(z,y). It then follows that the r.v.’s (X (z,y) : z,y € Z%,y ~ z) satisfy
the following property:

(FKG) Let U and V' be bounded measurable increasing functions of the random
variables (X (z;,y;) : ;,y; € Z%,y; ~ x;,7 € N), then E(UV) > E(U)E(V).

For the proof of this property, we refer to Cox and Durrett (1988, Lemma (2.1))
with the help of Harris (1960, Lemma 4.1 and its Corollary) if U and V depend on
a finite number of variables X (z;,y;), and to Grimmett (1999, Chapter 2) to take
the limit for an infinite number of variables.

We will use this property in the proofs of Theorem 3.5, Lemma 3.10 and Lemma
4.6 below for U, V indicator functions involving open paths without loops, thus we
will speak of increasing events rather than increasing functions.

For n € N\ {0}, let B(n) = [-n,n]%, let ?B(n) denote the inner vertex boundary
of B(n), that is
OB(n) ={zx € 2% :x € B(n),z ~y for some y ¢ B(n)}; (3.1)

and, for z € RY B,(n) = z + B(n). For A,R C Z%, “A — R” means that there
exists an open path I'; , from some z € A to some y € R.

Theorem 3.3. (i) Suppose X < AU, then there exists Bouy > 0 such that for all
n >0, Plo = 0B(n)) < exp(—PBoutn)-

(ii) Suppose X < A, then there exists Bin > 0 such that for all n > 0, P(OB(n) —
0) < exp(—frun).
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Theorem 3.3(%) is a special case of Van den Berg et al. (1998, Theorem (3.1)),
whose proof can be adapted to obtain Theorem 3.3(ii). It is worth noting that
in the context of our paper, by Remark 3.2, Van den Berg et al. (1998, Theorem
(3.1)) can be proved using the BK inequality instead of the Reimer inequality (see
Grimmett, 1999, Theorems (2.12), (2.19)). Theorem 3.3 yields Proposition 2.1:

Proof of Proposition 2.1. Suppose A < A. Then by translation invariance and
Theorem 3.3 (i7) we have that for any x € 0B(n), P(o — z) < exp(—finn). Adding
over all points of dB(n) we get P(o — 9B(n)) < K'nlexp(—Biun) for some
constant K’, which implies that lim, 1 P(0 — dB(n)) = 0. Therefore A < \ou*
and A\I* < \9u*. The other inequality is obtained similarly. ([l

From now on, we assume A > \.(Z%) and define the following events: For z,y €
74 A C 74,

(i) The event {x — y within A} consists of all points in our probability space for
which there exists an open path I', , = (zg = ,21,...,2, = y) from x to y such
that z; € A for all j € {0,...,n — 1}. Note that the end point y may not belong
to A.
(#i) The event {x — y outside A} consists of all points in our probability space for
which there exists an open path I', , = (zg = ,21,...,2, = y) from x to y such
that none of the z;’s (j € {0,...,n}) belongs to A.
Definition 3.4. For z € Z4, A C Z% let
CM(A) = {ye€A:y—x within A} and

Co"(A) = {ye€eA:x—y within A}.

Note that by this definition Ci"(A) C A and CUt(A) C A.

The rest of this section relies heavily on the techniques of Grimmett and Marst-
rand (1990) or Grimmett (1999, Chapter 7). We assume the reader familiar with
them. We postpone to Appendix A the proofs of Theorem 3.5 and Lemma 3.7
below, which require a thoughtful adaptation of Grimmett (1999, Chapter 7) for
our context of dependent percolation. Nonetheless, it is possible to go directly to

Section 4, where these techniques are no longer used, assuming that Proposition
3.11 holds.

Next theorem is crucial, it states that there is percolation on slabs.

Theorem 3.5. Assume A\ > \.. For any k € N\ {0}, let S = {0,1,...,k} x Z4~!
denote the slab of thickness k containing o. Then for k large enough we have

inf P(|CI"(S})| = 4+00) >0, and  inf P(|CO"(S})| = 4+00) > 0.
x€ESk €Sy

We introduce now some notation about the shortest path between two points x
and y such that x — y.

Notation 3.6. (a) For A C Z¢ we define the exterior vertex boundary of A as:
AA={2cZ: 0 ¢ Az ~yfor somey € A}. (3.2)

(b) If  — y let D(x,y) be the smallest number of bonds required to build an open
path from z to y (hence in this path there is no loop, and the D(x,y) bonds are
distinct). If z 4 y, we put D(z,y) = +oc.

(c) For ACZ% x € Ajy € AyA, “D(x,y) < m within A” means that there is an
open path I'; , using less than m bonds from z to y whose sites are all in A except

Y.
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The end of this section provides some upper bounds for the tail of the conditional
distribution of D(x,y) given the event {x — y}. We derive Proposition 3.11,
required in Section 4, thanks to Lemmas 3.7, 3.9, 3.10. These estimates are not
optimal and better results could be obtained by a thoughtful adaptation of the
methods of Antal and Pisztora (1996). Instead of getting exponential decays in
lx — y|l1 (or in n) we get exponential decays in ||z — y||i/d (or in n!/?). We have
adopted this approach because those weaker results suffice for our purposes and
are simpler to obtain, thus making our proof much easier to follow: it is possible
to read our work knowing only Grimmett and Marstrand (1990) and not Antal
and Pisztora (1996). Next lemma is inspired by Grimmett and Marstrand (1990,
Section 5(f) p. 454).

Lemma 3.7. Assume A\ > A.. There exist 6 > 0, k € N\ {0} and C; = C1(k) >0
such that
(i) ¥n >0, x € B(n+k)\ B(n), y€ (B(n+k)\ B(n)) UA,(B(n+k)\ B(n)) we
have :

P(x —y within B(n+k)\ B(n)) > 4.
(ii) Let for (n,m) € Z* with n < m, and for £ > 0,

An,m,0) = {z:=k+n<z <n,—00 <z <{l+k}U
{z:=k4+n<z1<m+4kl<z<l+k}U
{zim<z1<m+k —c0<z <l+Ek}. (3.3)

Yn < m, Yz € A(n,m,0),Vy € A(n,m,0)U A, A(n,m,0), we have:
P(D(z,y) < Ci(lz — yll1 + (—22)T + (—y2)") within A(n,m,0)) > 6.

We again introduce some notation, to decompose in Lemma 3.9 a path from the
center of a box to its boundary through hyperplanes.

Notation 3.8. Let k be given by Lemma 3.7 and let  and y be points in Z¢. For
¢eZlet Hy={z€Z*: 2 =/{} and define the events, for n € N,

Jn = {z— Hy,_1_j; within B;(nk),j =0,...,|n/2]}N
{Hy,+1+5& — y within By(nk),j =0,...,[n/2]},
Gn = {x — 90Bgy(nk), 0By(nk) — y},

where, for any a € R, |a] denotes the greatest integer not greater than a.

Lemma 3.9. Assume A > A.. Let k be given by Lemma 5.7 and let x,y be points
in Z¢. Then, for n € N\ {0} there exists B > 0 such that

P(J,|Gp) > 1 —exp(—pn).

Proof of Lemma 5.9. By translation invariance we may assume that z is the origin.
We start showing that for some constant 5’ > 0 and all n

P(o — H_1_j; within B(nk),j =0,...,|n/2]lo - 0B(nk))
> 1 —exp(—8'n). (3.4)

For this we first observe that
{0 = H_1_j; within B(nk) for some |n/2| < j < n}
C {o - H_1_j; within B(nk),j =0,...,|n/2]}.
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Hence (3.4) follows from

P(o — H_1_j;, within B(nk) for some [n/2| < j < n|lo — 0B(nk))
> 1- exp(—ﬂ/n),

which is a consequence of Lemma 3.7(3). Since P(0By(kn) — y) is bounded below
as n goes to infinity, (3.4) implies that

P(o— H_q1_j; within B(nk),j=0,...,[n/2]|G,)
converges to 1 exponentially fast. Similarly one proves that
P(Hy, 4145k — y within By(nk),j =0,...,[n/2]|G,)

converges to 1 exponentially fast, and the lemma follows. (|

In Lemma 3.10 below we prove a chemical distance bound that will be used later
on to derive in Remark 4.1, through Proposition 3.11, the uniqueness of the infinite
cluster of sites connected to +o0o. The main technique is to construct an open path
in a ring after independent attempts thanks on the one hand to Lemma 3.9 whose
Jp’s enable to get disjoint slabs, and on the other hand to Lemma 3.7 (i) once we
find the appropriate ring.

Lemma 3.10. Assume A > X\.. Let k be given by Lemma 3.7, and let G,, be as

in Lemma 5.9. Then, there exist constants Co, C3 and ag > 0 such that, for all
z,y € Z%, n € N\ {0}, we have

P(D(x,y) > Collz — y|l1 + C3(nk)?| G,) < exp(—aqn).

Proof of Lemma 5.10. Again, by translation invariance we may assume that x is
the origin and without loss of generality, we also assume that y; > 0 and y2 > 0.
By Lemma 3.9 it suffices to show that

P(D(0,y) > Calyll + Cs(nk)’| Jn)

decays exponentially in n.

For 0 < j < |n/2], let (see (3.3)) A; = A(—jk, 11 + jk,y2 + jk). Note that the
sets Ao, ..., A, 2) are disjoint. Figure 1 should help the reader to visualize them.
Our aim is to find paths from o to y through independent attempts, which will
enable to use Lemma 3.7 (%) in each set A;. This is why we have first replaced G,
by J, to condition with.

On the event J,, we can reach from the origin each of the sets A; by means of an
open path contained in B(nk) and from each of these sets we can reach y by means
of an open path contained in By(nk). Hence, on J,, for each j € {0,...,|n/2]}
there exist a random point U; € B(nk) N A; and an open path from o to U; such

that all its sites except U; are in B(nk) N (ﬁéiézj A$). If there are many possible
values of U; we choose the first one in some arbitrary deterministic order. Similarly,
there is a random point V; € By (nk) N A, A; and an open path from V; to y with
all its sites in B, (nk) N (ﬂﬁé—ﬂ AS). Let u? and v’ be possible values of U; and V
respectively. Then let C; be as in Lemma 3.7 and define

Fi(w ') = {Uj=u,V; =0},

Ej(w!,v7) = {D(u!,v") < Ci(|lu? —v7||1 + |ud] + |v]]) within A;} and

Wi = Uyi i (Fj(uj,vj) ﬁEj(uj,vj)) ,
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A;| Ay | A | A Ay |A; | Ay (A,

FIGURE 3.1. the event W3

where the union is over all possible values of U; and V;. Now we define a subset of
Zd

R; = (B(nk) U B, (nk) U (Aou--.uAj,l)) N (A; LM AS_ 1) (3.5)

and we denote by o; the o-algebra generated by {T,,e(z,y) : = € R],:v ~ y}.
Then, noting that le(uj)W)Hg Olwc is oj-measurable, write for j =1,..., |n/2]:

P (W; 00,0 (0ZW5)) = - B (L 001, 0.0y L (Mg L)

ud ,vi

= Z E (]-Fj(uf,vj)(Hz;(l)IWf)E(lJnlEj(uj,vj)|Uj))

ud ,vi

S° PE;(,0)E (L0 1) (T2 1w ) E(L, |0))

ud ,vi

Y

= > P(E; !, 0))E (L, o) (T 1)1, )

ud vI

53 P ( (wd,v1) N J, N (NIZb g )) — P (Jnﬁ (mjﬁ;éw;)), (3.6)

ud vI

Y

where the sums are over all possible values of U; and V}, the first inequality follows
from Remark 3.2 since both J,, and E;(u/,v7) are increasing events, and from the
fact that E;(u’,v7) is independent of o;; the second inequality follows from Lemma
3.7(i1) and the last equality from the fact that J,, is contained in the union of the
Fj(u?,v7)’s which are disjoint. We rewrite (3.6) as

P (10 (nigWe) < (=8P (W0 Ju 0 (W)
< (=P (L0 (W)
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Now, proceeding by induction on j one gets:
P (10 (07W)) < (1= 0) /2 P(,).

Since we can choose Cy and Cj in such a way that the event {D(o,y) > Ca|lyll1 +
C3(nk)?} does not occur if any of the W;’s occurs, the lemma follows. O
Next proposition concludes this section.

Proposition 3.11. Assume A > A..
(i) Let Co be as in Lemma 3.10. Then, there exists ag > 0 such that for all
x,y € Z% n € N, we have

P(D(z,y) > Callz — yll1 + n|lz — y) < exp(—azn);
(i1) P(z — y| |C"| = +o0, |CL“| = +o00) = 1.

Proof of Proposition 3.11. (i) Modifying the constant as, the statement of Lemma
3.10 above holds for C3 = 1/k%.
(i) We have that {z — oo and co — y} = N, G,,. Hence for all k,
P(D(z,y) = +00,z oo and oo —y) < P(D(z,y) = +o0,Gy)

IN

which converges to 0 when k goes to infinity by Lemma 3.10. We thus have
P(D(z,y) = +oo|z — 0o and co — y) = 0. .

4. The shape theorem

In the percolation model, let C'°° be the cluster of sites connected to oc:
C®={xeZ%: r— ooand co — z}. (4.1)

Remark 4.1. As a consequence of Proposition 3.11(4), C*° is a connected set: if
two sites ,y of Z¢ belong to C*°, then x — y and y — .

4.1. Neighborhoods in C*°. In this subsection, we construct neighborhoods V(-) of
sites in Z9.

We first deal separately with finite clusters, which will have no influence on the
asymptotic shape of the epidemic. We will include them in the neighborhoods V(+)
of sites we construct.

Definition 4.2. For z € Z¢, let
{R;“t ={y € Z*: 2 — y outside C*} (outgoing root from z);

Rin = {y € Z*:y — x outside C*°}  (incoming root to x).

In particular = belongs to RS and R if and only if z ¢ C>°. Otherwise RO
and R™ are empty. By next lemma, the distribution of the radius of R U R
decreases exponentially.

Lemma 4.3. There exists 01 = 01(A,d) > 0 such that, for all n € N,
P ((R3™U R NOB(n) # 0) < exp(—o1n).
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Proof of Lemma /.3. For n € N\ {0}, RS"* N JB(2n) # 0 means that there exists
an open path o — dB(2n) outside C*°. This implies that there exists z € 0B(n)
satisfying o — x — 0B(2n) outside C*. Similarly, R® N dB(2n) # () implies
that there exists x € dB(n) satisfying 0B(2n) — = — o outside C*°. Then for
such a point, either the cluster C% or the cluster CI* is finite, and has a radius
larger than or equal to n. Relying on Proposition A.11,b) in Appendix A, we can
follow the proof of Grimmett (1999, Theorems (8.18), (8.21)) to get the existence
of o9 = 0¢(A,d) > 0 such that:

P(C2" N OB,(n) #0,|C™| < +00) < exp(—oon); (4.2)

P(C» N OB, (n) # 0,|C?| < +00) < exp(—oon). '
Hence

P((RSURMNOB(2n) #0) < P (R NOB(2n)+#0)
+P (R N OB(2n) # 0)

< 2 Y PG| < +00,x = OBx(n))
r€IB(n)
+2 ) P(|CP| < +00,0By(n) - )
x€0B(n)

< 4]0B(n)| exp(—ogn)

which induces the result. (I
To define the neighborhood V(z) on C™ of a site x, we introduce the smallest
box whose interior contains R%" and R, which contains elements of C*°, and is

x

such that two elements of C* in this box are connected by an open path which
does not exit from a little larger box. For this last condition, which will enable to
bound the travel time through V(z), we use the parameter Cy obtained in Lemma
3.10.

Definition 4.4. Let C' = Cad + 2. Let x(x) be the smallest [ € N\ {0} such that
(i) OB(l)N (R™ U RM) = 0;
(i1) B(l)NC> # 0;
(iii) ¥ (y, 2) € (B(1) N C*)?, y — z within B,(C'l).

Remark 4.5. By (i) above, R" U RI® C B, (k(x)).

In the next lemma, we bound the probability a box of size n does not admit
properties (i)—(iii) above, that is, we prove that the random variable x(z) has a
sub-exponential tail.

Lemma 4.6. There exists a constant o = (A, d) > 0 such that, for any n € N,
P(k(z) > n) < exp(—ont/?).

Proof of Lemma /.0. We show that the probability that any of the 3 conditions in
Definition 4.4 is not achieved for n decreases exponentially in n'/4:
(i) By translation invariance, we have by Lemma 4.3,

P (0B,(n) N (R URY) #0) < exp(—oin). (4.3)
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(i1) There exist k € N, 09 = 02(A,d) > 0 such that for any n € N,
P(By(n)NC* =0) < exp(—o2|n/(k+1)]). (4.4)
Indeed, let k& = k(A, d) be large enough for the conclusions of Theorem 3.5 to hold
on the slab Si. Then we have
P(By;(n)NC*® =0) < PNVze{x+jer,0<j<n},z¢C>)
=P(Vz € {z+je1,0 < j <n},C™ or CO" is finite)
We denote by Si(l) = {l(k+1),---, (I +1)(k+1) — 1} x Z¢471 for I > 0 the
slab of thickness k to which z belongs. If CI* (or C2U) is finite, so is CI2(Sk (1))
(or CU(Sk(1))). Because {|CI*(Sk(l))] = +oo} and {|Co"(Sk(I))] = +oo} are
increasing events it follows from Theorem 3.5 and the FKG inequality (see Remark
3.2) that
infues, 1 P(IC (Sk(D)] = [CR (Sk(D)] = +00)
> infyes, o) (P(IC (Sk(D)] = +00)P(IC7* (Sk(1))] = +00)) > 0. (4.5)
Since events occurring in two different slabs are independent, we have
P(Vze{zx+je1,0<j<n}z¢C)
< P(VI>0,Vz e {z+jer,0<j<n}nSk(l),
C™(Sk(1)) or CO" (S (1)) is finite)
< (P(Vze{je,0<j <k},
CI(Sk(0)) or C2U(Sx(0)) is finite) /"
exp(—oz2[n/(k+1)])
with o9 = 02(A,d) > 0, independent of n, because, for zp = |k/2]e1, using (4.5) we
have

k+1)]

IN

P(3z € {z +jer,0 < j <k}, |CI(Sk(0))| = [C2¥(Sk(0))] = +00)
> P(CH(Sk(0)] = [C5(Sk(0))] = +00) > 0.
(#i) There exists o3 = o3(A,d) > 0 such that
P (3(y,z) € (By(n) NC>®)?, y # z within (B,(C'n))
< exp(—ozn'/%). (4.6)

Indeed, if no open path from y to z (both in B, (n) NC) is contained in B, (C'n),

then D(y,z) > 2(C’ — 1)n. Given our choice of C’ this implies that D(y,z) >
Cally — z||1 + n. Therefore (4.6) follows from Proposition 3.11(%). O

We define the (site) neighborhood in C*° of = by
V(z) = By(k(z)) NC™. (4.7)

Remark 4.7. (a) By Definition 4.4 (i), V(x) # 0.

(b) By Definition 4.4 (%), for all y,z in V(x), there exists at least one open path
from y to 2, denoted by Iy ., contained in B,(C'x(z)). If there are several such
paths we choose the first one according to some deterministic order.

We finally define an “edge” neighborhood T'(z) of a:

T(z) = {(y,?) C Bu(n(x)),(y',#') open}U
{(,2") e} .y, z€V(x)}. (4.8)

Those neighborhoods satisfy
V(x) C By(k(x)); T(z) € B.(C'r(x)). (4.9)
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4.2. Travel times and radial limits. We now come back to the spatial epidemic
model. In this subsection, we estimate the time needed by the epidemic to cover
C*, taking advantage of the analysis of paths in the percolation model done in
Section 3. We first define an approximation for the passage time of the epidemic,
then we prove the existence of radial limits for this approximation and for the
epidemic. We will follow for this the spirit of the construction in Cox and Durrett
(1988).

By analogy with Cox and Durrett (1981, 1988) (although neighborhoods in our
context are defined differently), we define, for z,y € Z?, the travel time from V(z)
to V(y) and the time spent around z to be (remember (2.4))

~ . / /!
T(z,y) = m/ev@%/ewy)ﬂx U); (4.10)
Y T, d) i T(z) #0,
uw(@) = 4 (y.2)el(@) (4.11)
0 otherwise.

By Remarks 4.1, 4.7 (a), 7(x,y) is finite. If V(x) N V(y) # @, then 7(x,y) = 0.
We now show that if y € CO" \ RO", 7(z,y) approximates 7(z,y).

Lemma 4.8. For x € Z¢, if y € C" \ RO, we have

T(z,y) < 7(2,y) < ulx) +7(2,y) + uly). (4.12)

Proof of Lemma 4.5. Let 'y, be an open path from z to y such that 7(z,y) =
7([y,y). Since y ¢ R" this path must intersect C*°. Let ¢; and ¢y be the first and
last points we encounter in C*° when moving from x to y along I';, ,,. By Definition
1.4(), 1 € V(z) and ¢z € V(y): indeed (for instance for c¢1), either x € C° and
¢1 = x, or the point a € OB, (k(x)) N T, does not belong to R2™ and ¢; is the
first point on I'; , between x and a; we might have ¢; = ¢q, if V()N V(y) # 0. We
have, denoting by V the concatenation of paths,

Doy =Tuc VI o Ve, y

where I'; ., (vesp. I'c, ) is an open path from z to ¢; contained in B, (k(z)) (resp.
from ¢z to y contained in By(k(y))) and I'¢, ¢, is an open path from ¢; to co. We
then obtain the first inequality of (4.12) since:

T(@,y) <T(Le ) ST(T2y) = 7(2,9).

To prove the second inequality of (4.12), let T'g, 4, be an open path from d; € V(x)
to da € V(y) such that 7(T'g, 4,) = 7(z,y). Since the open paths I'y, ., from x to ¢;
and I’} ; (which exists by Remark 4.7(b)) from ¢; to di have edges in I'(z) (see
(4.8)), the open path I'y 4, = T'y¢, VI 4 from x to dy satisfies 7(I'; 4,) < u(x).
Similarly, there is an open path Ty, , from dy to y such that 7(T'q, ,) < u(y). We
conclude with

T(LL', y) < F(FLdl) + F(Fdlde) + F(Fdz,y) < ’u(,T) + ?(LL', y) + ’U,(y)

O
We now prove that 7(.,.) is almost subadditive, which will enable us later on in
Theorem 4.12 to appeal to Kingman’s Theorem.
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Lemma 4.9. For all z,y, 2 € Z?, we have the subadditivity property
T(z,2) <7(2,y) + uly) + 7(y, 2). (4.13)

Proof of Lemma 4.9. Let Ty, be an open path from a € V(z) to b € V(y) such that
T(x,y) = T(Cqp). Similarly, let I'. 4 be an open path from ¢ € V(y) to d € V(z)
such that 7(y, z) = T(I'¢,¢) (we might have a = b, ¢ = d or b = ¢). Since both b and
c are in V(y) there exists an open path I'j . from b to ¢ such that 7(I'; .) < u(y)
(see Remark 4.7(b) and (4.8)). The lemma then follows since the concatenation of
these three paths is an open path from a point of V(z) to a point of V(z) and

T(2,2) <T(Cap) +T(05 ) +T(Cea) <T(2,y) +uly) +7(y, 2).

O
We introduce a new notation, for the length of the shortest path between two
neighborhoods. For z,y € Z?, let

D(z,y) = inf D, y). 4.14
(z,9) vevi v (@', y") (4.14)

Note that unlike D(x,y), D(z,y) is always finite. Next proposition corresponds to
Proposition 3.11(3) for D(z,y) instead of D(z,y). It will be used in Lemma 4.11
which follows.

Proposition 4.10. There exist constants C4 and ayg > 0 such that

P(D(z,y) > Cyllz — yll1 + n) < exp(—ayn*/?), Va,yeZ% neN.

Proof of Proposition /.10. Let Cy be as in Lemma 3.10 and Proposition 3.11. Then

P(D(z,y) > Callx — yll1 + (2d + 1)Can)
P(k(x) > n) + P(k(y) > n)

+ P(D(z,y) > Collz — yll1 + (2d + 1)Can, s(x) < n,r(y) < n)
P(k(x) > n) + P(k(y) > n)

+ > P(D(z',y") > Collz — ylli + (2d + 1)Can, 2" — y')
2/ €Bg(n),y’ €By(n)
P(k(x) > n) + P(k(y) > n)

+ > P(D(',y") > Calla’ — ¢/[l1 + Can, 2’ — ¢/).
2/ €Bg(n),y’ €By(n)

IN

IN

IN

The result follows from Proposition 3.11 and Lemma 4.6. O

Of course, the random variables u(z) and 7(z,y) are almost surely finite. But
we will need later on repeatedly a better control of their size, provided by our next
lemma.

Lemma 4.11. For all z,y € Z¢, r € N\ {0}, u(z) and 7(z,y) have a finite r-th
moment.

Proof of Lemma J.11. By Lemma 4.6, u(x) is bounded above by a sum of passage
times e(y, z) with y and z in the box B, (Y), where Y is a random variable whose
moments are all finite. By Lemmas 4.6 and 4.10 the same happens to 7(z,y) (if
7' € V(x),y’ € V(y) are the sites that achieve D(x,y), then 7(z,y) < 7(2,y")).
Therefore it suffices to show that if (X;,7 € N) is a sequence of i.i.d. random
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variables and N is a random variable taking values in N, then the moments of
Zgil X; are all finite if it is the case for both the X;’s and IN. To prove this write:

N [e%S)
E(Y Xl = Y B(Xi+- 4 Xal Liy—n))
i=1 n=1

< D IE(Xy 4+ X, )P(N =n)]'/?

n=1
< SOIE(X] + -+ [ Xu)2 PN = )]/

n

Il
=

< [n%"Co, P(N = n)]'/?

M8

Il
-

n

where the second line comes from Cauchy-Schwartz’ inequality, the factor n?" counts
the number of terms in the development of (| X1|+---+|X,|)?" and the constant Ca,
depends on the distribution of the X;’s. As N has all its moments finite P(N = n)
decreases faster than n=2"~% and the sum is finite. O

We now construct a process (¢.) which will be subadditive in every direction,
and will have a.s., by Kingman’s Theorem, a radial limit denoted by u. We will
then check that 7(o,-) also has, in every direction, the same radial limit, and we
will extend this conclusion to 7(o,-) on the set CS" of sites that have ever been
infected. Hence we first prove

Theorem 4.12. For all z € 72, there exists u(z) € Rt such that almost surely

. 7(o,nz)
lim ——2 = d 4.15
Jim ——- 1(2) an (4.15)
) 7(0,nz)
1 = 1 ouy, = 0. 4.1
i [T ) 1oy =0 (116)

Proof of Theorem /.12. (i) For all z € Z¢, (m,n) € N2, let
Y. (m,n) = 7(mz,nz) + u(nz). (4.17)

The process (9.(m,n))(m,n)en satisfies the hypotheses of Kingman’ subadditive
ergodic theorem (see Liggett, 2005, Theorem VI.2.6) by (4.13). Hence (noticing
also that 9,(0,n) = 9,,.(0,1)) there exists u(z) € Rt such that

1 7.9z ) . 7-977,2 51
lim —9,(0,n) = lim E v-(0m) = lim F Ynz(0,1)
n—+oo N n—-+o0o n n—-+oo n
. 0-(0,n) : Unz(0,1)
= fE(|— 2 )=inf B| —"2 )| = 4.18
i 2 () = i (22) = i) (419

a.s. and in L. Since the random variables (u(z) : z € Z%) are identically dis-
tributed, it follows from Lemma 4.11 and Chebychev’s inequality that
> o P(u(nz) > ne) < +oo for all € > 0, so that by Borel-Cantelli’s Lemma

n=0
lim 472

n—-+oo n

Thus by (4.17), (4.18), (4.19) we have (4.15) for all z € Z.

=0, as. (4.19)
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(ii) Since RS™ is a.s. finite, if nz € C9", then nz € C" \ RS for n large
enough. Hence, from Lemma 4.8, for n large enough we have

7(0,nz) u(o) + u(nz) |7(o,nz)
- 1 out out < —
" 1(2)| Lnzecou\ pouty < - + - w(z)
and we conclude that (4.16) is satisfied by (4.19) and (4.15). O

4.3. Extending 1. We have proved the existence of a linear propagation speed in
every direction of Z?. Now, to derive an asymptotic shape result, in particular for
the approximating travel times (7(x,y),z,y € Z%), we need to extend p from Z%
to a Lipschitz, convex and homogeneous function on R?. The asymptotic shape of
the epidemic will be given by the convex set D defined in (4.20) below. As a first
step, we prove properties of u on VA

Lemma 4.13. The function p satisfies the following properties for all x,y € 72,
k € N: = )
) . 7(0, nx
() o) = 1B (H20),
(i) p(z +y) < p(@) + p(y),
(i) p(x) = p(—),
(i) p(e;) = uler), Vi, £ € {1,...,d},
(v) plka) = kp(z),
(vi) p(z) < plen) ||

Proof of Lemma /.13. Since ¥,(0,n) = 7(o, nx)+u(nx), part (i) follows from (4.18)
and (4.19). To prove part (i) write:

(?(o,n(m + y)))

wrx+y)= lim F

n—-+4oo n
<t B (TrD) (Tt (M)
noo n n—+o0 n n—-+oo n
= lim E(M>+ lim E(w)
n—+oo n n—-+00 n
= p(r) + wy),

where the first equality follows from part (%), the inequality from (4.13), the second
equality from (4.19) and the third one from part (4) and translation invariance of 7.
Parts (iii)—(iv) follow immediately from part (i) and the corresponding properties
of 7(0,x). To prove part (v) write:

p(kz) = lim E (’9"’”7(01)> =k lim E (’9"’”7(0’1)> = ku(z),

n—-+oo n n—-+oo nk
where the first and third equalities follow from (4.18). Finally, part (vi) follows
from parts (4i)—(iv). O

Next corollary extends Lemma 4.13 (411)—(iv).

Corollary 4.14. For any permutation o of {1,--- ,d}, any y = (y1,y2, - ,Yd) €
74 and any choice of the signs =+,

M EYo1)s TYo2)s s EYo(a)) = 1YL, Y2, 5 Yd)-
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Proof of Corollary J.1/. Clearly 7(o, (y1,¥y2,--.,¥yq)) has the same distribution as
7(0, (£Yo(1), £Yo(2)> -+ » TYo(a))) for any choice of the signs and any permutation
o, hence the corollary follows from Lemma 4.13(3). O

Lemma 4.15. Let v* = p(e1). Then v* is a Lipschitz constant for p. For all
u,v € Z* we have

() = p()] < ¥ lu = vl

Proof of Lemma /.15. Let y =u — v, v =v. We have

plu) = p(v) = plz +y) — plz) < ply) = plu —v) < pler)llu — v,

where the inequalities follow from Lemma 4.13 (%) and (vi). Similarly, taking x =
u, Yy =v —x gives

p(v) = plu) < pler)lv — ully,

and the lemma follows. O
In a second step, we extend p to R? and we introduce the set D.

Proposition 4.16. There exists an extension of p to R, which is Lipschitz with
Lipschitz constant v* given by Lemma /.15, convex and homogeneous on R, More-
over, u(x) =0 if and only if x = o and the set

D={zecR®: pu(z) <1} (4.20)

is convex, bounded and contains an open ball centered at o.

Proof of Proposition /.16. We start by extending u to Q%. For z € Q¢ \ {0} let

N, = min{k>1,keN:krecZ and (4.21)
(Na)

= B 4.22

() N, (4.22)

We now prove that this extension is homogeneous: let a € Q be positive and let
xz € Q% 2 # 0. Then, there exist k1, ko € N multiples of N, and N, respectively,
such that kyz, keax € Z¢ and kyz = koax. Write

_ BNazow) _ plhoax)  pkrz) ko plkax)  p(Nax)
plax) = New k2 ks ke R N, anle).
using (4.22) for the first equality, Lemma 4.13(v) for the second and fifth ones.
To prove that p is Lipschitz on Q% let x,3y € Q¢ \ {o}. Then,

p(Now) — p(Nyy) p(NyNa) _ 1(NaNyy)

)~ )] = | M - M| M) M
_ |M(N1Nyx) - N(NwNuy)l
NyN,
Y[ NaNyx — NaNyylla ok
= NzNy =7 ||I y”lv

using Lemma 4.13(v) for the second equality and Lemma 4.15 for the inequality.
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To prove that p is convex on Q¢, take z,y € Q¥ and o € QN (0,1). Then let
k1, ko be elements in N such that ki € N, koz € Z9, koy € Z¢ and write:

plox + (1 —a)y) = lim E(?(O’ nax + n(l - a)y))

n—-+o0o n
— im E(?(o, nkiakox + nky (1 — a)kgy)>
o n—-+oo nk1k2
< lim E(?(o, nkiakox) + 7(o,nk1 (1 — a)kay) + u(nklakgx))
T n—doo nkiko
— m E(?(o, nkiakox) +7(0,nki(1 — a)kgy))
 nodoo nkiks
 pkrkgax) + p(kika (1 — a)y)
B kik

= o) + (1 - a)u(y),

where the first equality follows from Lemma 4.13(3), the inequality from Lemma
4.9, the third equality from (4.19), the fourth from Lemma 4.13 (i) and the last one
from the homogeneity of 1 on Q.

Because 1 is homogeneous, Lipschitz and convex on Q%, we can extend p by
continuity to R

To prove that p(z) > 0 if x # o we argue by contradiction: assume u(x) = 0
and without loss of generality that = (x1,...,24) with 1 # 0. First note that
since y is Lipschitz and homogeneous, the conclusion of Corollary 4.14 also holds
for any (x1,...,74) € R% then write

M(2.’I]1,0,"',0) = M(2JI1,0,"',O)_/,L(.’L'l,l'g,"',fﬂd)
S /,L(J;l,—QCQ,"' ,—J/'d):O,

using Lemma 4.13 (%) for the inequality, and Corollary 4.14 with the assumption
u(xz) = 0 for the last equality. Then since p is homogeneous we get p(e;) =
0. However, considering a standard first passage percolation model with passage
times e(z,y) and adding a ‘tilde’ to quantities associated to this model, we have
7(0,2) < 71(0,2) as. for all z € Z¢. Since by Kesten (1986, Theorem (2.18)),
nll)IEOOT(o, ney) = uler),

it follows from (4.16) that f(e1) < p(e;) = 0. But from Kesten (1986, Theorems
(1.7) and (1.15)) we get fi(e1) > 0, thus reaching a contradiction.

The convexity of u implies that D is convex. We prove by contradiction that
D contains an open ball centered at o: otherwise, there exists a sequence (2, )neN
such that z, ¢ D, lim, 1 &, = 0; therefore on the one hand pu(z,) > 1, and on
the other hand lim,, 4 o u(x,) = 0 because (o) = 0 and g is continuous, hence a
contradiction.

Finally we argue again by contradiction to prove that the set D is bounded:
otherwise there would exist a sequence (yp)nen with y, € D and ||y,||1 > n. Then
ZTn, = Yn/||ynll1 satisfies ||z, |1 = 1, and, since p is homogeneous, lim,, 4 o0 p(2,) =
0. By compactness (x,)nen has a converging subsequence to some z such that
wu(x) = 0 with ||z||; = 1; since we have already proved there is no such x we get a
contradiction. (]

4.4. Behavior of 7. Our next result establishes how 7(o, 2) grows for z € Z<.
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Theorem 4.17. There exist K = K(\,d) >0 and o > 0 such that

P(7(0,2) > K|2]le0) < exp(—a(|2]|X%), V zeZ,
P(7(0,2) > K(||z]|lo + 1)) < exp(—oml/d), VzeZ'neN,
Z P(7(0,2) > K||z]|loc) < Ho0.
z€Z3

Proof of Theorem /.17. Let K > 0,z € Z% and let B = B(o, (||2]|oc + n)/4) x
B(z, (||z]|leo +m)/4). Then write:

P(7(0,2) > K(||2]| + 1))
< P(4k(2) > ||1zlloc + n) + P(46(0) > ||2||co + 1) + P(A) (4.23)

where

A = {7(0,2) > K(||z[loc + 1), 4k(2) < [|2]|oc + 71, 4K(0) < [|2][cc + n}
C Ueyestz =y, m(z,y) > K(||z]lo + 1)} (4.24)

Note that if (z,y) € B we have

2z = yllow < 3l2lloc +n  and
3l12lloc + 1+ 20 > 2(]lz — ylloc + n). (4.25)

12]lc0 = n

3([1zlloc +n)

A

From (4.24), (4.25), for Cq given in Proposition 3.11, we get:

P(A) < >

2€B(o,(|zlloc+n)/4)  YEB(:,(|I2l|oc+n)/4)
(P(3T(w,y) > 2K (|| = ylloo + ), D(x,y) < (Co + 1)([lz = ylls +n))

+P(@ >y, D(w,y) = (C2+ 1) (|l = yll1 +n)). (4.26)
It now follows from Proposition 3.11(%) that we have, for some a5 > 0,

Pz —y,D(z,y) = (C2 + 1)(lz — yll1 + n))
exp(—as([|lz =yl +n)!/?)
exp(—as([lz =yl +n)"/7). (4.27)

ININA

Then, taking K large enough, by large deviation results for exponential variables,
we also have, for some ag > 0,

PB7(z,y) > 2K(||lz = ylloo + 1), D(z,y) < (C2+ D)([|z = y[L +n))
PB7(z,y) > 2K(|z = ylloo + 1), D(z,y) < (C2 + 1)d(||z = ylleo +n))
exp(—as([|z = ylleo + 7). (4.28)

<
<
Hence, from (4.25)—(4.28), for some constants R and a7 > 0 we have:
P(4) < R(||lloo +n)** exp(—ar(|lz] o0 + 1)), (4.29)
which gives, by modifying the constants,

P(A) < R exp(—as(||zloc +n)"/9). (4.30)

The theorem’s statements now follow from (4.29), (4.23) and Lemma 4.6. O
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4.5. Asymptotic shape for 7. Next theorem is the last necessary step to prove the
shape theorem.

Theorem 4.18. Let ¢ > 0, and A; = {z € Z% : 7(0,2) < t}. Then, a.s. for t large
enough, for D defined in (4.20),

(1—eDNZc Ay c (1+e)tDNZe. (4.31)

In the sequel K and « are fixed constants satisfying the conclusions of Theorem

4.17, v* is the Lipschitz constant of p (see Lemma 4.15) and N, was defined in

(4.21) for any = € Q% \ {o}. To prove Theorem 4.18 we need the two following
lemmas.

Lemma 4.19. Let p > 0 and let § < p/(2K). Then, for all z € Q% \ {0},

P( sup T(kNgz,z) > kNgzp) < oo, (4.32)
k>0  2€BrNg=(0kNz)NZA

P( sup T(z,kNzx) > kNyp) < oo. (4.33)
k>0  2€BrNgz(0kNg)NZA

Proof of Lemma /.19. We derive only (4.32), since the proof of (4.33) is analogous.
By translation invariance

P( sup T(kNgx,z) > kNyp) = P( sup T(0,2) > kNgp).
2€Bi N,z (6kN,)NZE 2€B(6kNy)NZ?

Hence it suffices to show that

P( sup T(0,2) > kNgp) < oo.
k>0 Z€B(6kNg)NZ4

Let k > 0,2 € B(0kN,) NZ%. By Theorem 4.17 we have:
P(7(0,z) > kNzp) < P(7(0,2) > K||2]loc + kNzp/2)

o (ol 22]").

IN

Therefore, for some constant C,

~ kNgp 1/d
P( sup T(0,2) > kENgzp) < Z C(6kN, ) exp ( - o{ PJ )
k>0  2€B(8kN;)NZ? k>0 2K
< oo.
(]
For x € Q¢ \ {0}, § > 0, we define the cone associated to = of amplitude § as
C.(8) = 29N (utzo Bm(ét)>. (4.34)

Lemma 4.20. Let x € Q% \ {o}. Then for any 0 < § < & the set C.(8') \
UkzoBszm((Ssz) is finite.

Proof of Lemma /.20. Let
_ Nallells

§—o"
Since Z2 N (Uiozo Btz(é’t)) is finite, it suffices to show that

to

USt, Bia (8't) C Ug>0Bin,(0kNy).
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To prove this, pick z € By, (8't1) for some t1 > tg. Let kg = inf{i € N: iN, > #;}.
Hence 0 < kgN, — t; < N,, and
|z = koNez[1 < [z —taz|ls + [t1 — ko N |||z
< |z =taizfs + Nolz1 < 6"t + Nollz[lx
8t + (6 — 8")to < bty < SkoN,.
Therefore z € By, N, (0koN;) and the lemma is proved. O

In the next proof we use that since the Lipschitz constant of p is v* for the norm
Il (by Proposition 4.16), it is v = v*d for the norm ||.||co-

Proof of Theorem /.18. Fix e € (0,1) and let p,d and ¢ be three small positive
parameters such that ¢ < p/(2K), whose values will be determined later. The set
YV={reQ?:1-2 < p(x) <1-—1}is aring between two balls with the same
center but with a different radius, because by Proposition 4.16, y is homogeneous
and positive except that pu(o) = 0. Hence the (compact) closure of ), which is
recovered by balls of the same radius centered on the rational points of ), is in
fact covered by a finite number of such balls. Thus there exists a finite subset Y of
Y such that Z¢ C U,eyCy(8/2) (if the balls recover the ring, the cones associated
to them recover the whole space). Hence, to prove the first inclusion of (4.31) it
suffices to show that for any € Y and any sequences (¢, )n>0 and (zp)n>0 such
that t,, T oo in RY, 2, € C(6/2) N Z¢ with ||z, ]|cc > n and pu(z,) < (1 — &)ty,, we
have 7 (o, z,,) < t,, a.s. for n sufficiently large. So, let (¢,)n>0 and (z,)n>0 be such
sequences. Using Lemma 4.20 (taking a subsequence if necessary) let k, € N be
such that z, € By, n,+(0knN;), hence k, > Cn for some constant C. Since p is
Lipschitz, write

En Nz (1 —20) < u(knNyx) < p(zn) + y0kn Ny < (1 — &)ty + v0kn Ny,
so that

kN, < (%)tn (4.35)

It now follows from (4.35) and the subadditivity property (4.13) of 7 that:
7/:(07 Zn) < ( l—e¢ ) (?(07 anme) + u(anmI) + ?(anII; Zn))
o S \T—2,—7% A kN, N, )

Therefore, by Theorem 4.12, Lemma 4.11 (the variables u(.) are identically dis-
tributed, and k,, > Cn), Lemmas 4.16 and 4.19 we obtain:

~

lim su T(O’Z")<( 1-¢ )( (x) + ) a.s
pein SR SR YR S A S

Since z € Y this implies:

) 7(0, zn) 1—¢
oy =5 < (g ) (L) e
Taking ¢, p and § small enough, the right hand side is strictly less than 1 which
proves that 7(o, z,,) < t,, a.s. for n sufficiently large.

Similarly, to prove the second inclusion of (4.31) it suffices to show that for
any z € Y and any sequences t, T oo in R and z, in C,(§/2) N Z? such that
w(zn) > (1 + e)t, we have 7(0,2,) > t, a.s. for n sufficiently large. As before,
taking subsequences if necessary, we let (t,)n>0 and (zn)ns0 be such sequences,
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and k, € N be such that z, € By, n,2(0knN;). Proceeding then as for the first
inclusion, we get:

knNy (1 — 1) > p(knNyx) > w(zn) — v0kn Ny > (1 + &)ty — v0kn Ny,

1—v+v9
7(0,2n) o ( l+e )(?(o, knNaz)  u(zn) ?(zn,anx@)
N kin N kn N knNo )

and

~

=52 > () (e =) e

> (%) (1—2L—p> a.s.

Now, taking ¢, p and § small enough, the right hand side is strictly bigger than 1
and the second inclusion of (4.31) is proved. O

4.6. Asymptotic shape for the epidemic. We can now prove our main result, the
shape theorem.
Proof of Theorem 2.2. Let € > 0 be given.
(i) We first show that the infection grows at least linearly as ¢ goes to infinity, that
is,

P((Tt UE,) o ((1 - e)tD N Co™) for all ¢ large enough) = 1. (4.36)
Since RSY is finite a.s. this will follow from:

P((Tt UZ¢) D ((1 —e)tD N (C™ \ RY™)) for all t large enough) =1. (4.37)

By Theorem 4.18, if 0 < @ < b then atDNZ% C Ebt a.s. for ¢ large enough. Hence,
for ¢ large enough z € (1 —)tD N (CS" \ RS™) implies

T(0,2) < (1 —¢/2)t a.s. (4.38)
and by Lemma 4.8, 7(0,2) < (1 —&/2)t + u(o) + u(z). Since u(o) < +o0o0 a.s. we
have u(0) < (¢/4)t a.s. for t large enough. Hence, by (2.7), (4.37) will follow if
we show that sup,c,p u(z) < (e/4)t a.s. for ¢ large enough, which is implied by
SUP.e(ntnyp U(2) < (¢/4)n as. for n = [t|. By Proposition 4.16, D is bounded,
hence the number of points in (n+1)D with coordinates in Z is less than Cs(n+1)%
for some constant Cs. Then write

P sup  u(z) > o < Cs(n+1)4P (u(o) > E—n)
z€(n+1)D 4 4
d+2

(en)d+2
Thus, by Lemma 4.11, 37 - P(Sup.¢(n41)p u(2) > en/4) < oo, and (4.37) follows

from Borel-Cantelli’s Lemma.
(#1) Next we show that

< Cs(n+1)¢ E(u(0)®*?).

P((Tt UZ) C ((1+e)tDNCY™) for all ¢t large enough) =1. (4.39)
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If 2 belongs to Z; or Ty, then by (2.7) and Lemma 4.8, 7(0, 2) < ¢ for z € CO"\ RO,
which implies z € (1+¢)tD for ¢ large enough by Theorem 4.18. Since RS" is finite
(4.39) follows.

Putting together (4.36) and (4.39) yields (2.11).

(i4i) Finally, assuming F(|T,|?) < oo, we show that

P(Y:N(1—¢)tD =0 for ¢ large enough) = 1. (4.40)

Let z € (1—¢e)tDNCS", then, by (2.7), (4.36) and the same reasoning as for (4.38),
we have 7(0,2z) < (1 —¢/2)t if ¢ is large enough. Hence, (4.40) will follow if we
show that T, > (£/2)7 (o0, z) occurs only for a finite number of z’s. Indeed otherwise
T, < (¢/2)(1 —e/2)t so that 7(0,2) + T, < t if t is large enough: it means that the
infection has reached site z and the time of infection from z is over before time ¢,
hence z has recovered by time ¢, that is z € 2,2 ¢ .

But for § = (2(1 + €)sup,ep |#lleo) ™" (by Proposition 4.16, D is bounded),
we have 7(0,2) > §||z]|cc except for a finite number of z’s. Because if z satisfies
7(0,2) < 6]|2||00, then by (2.7) and (4.39), for ||zl larger than some ty, we have
2 € (Vs|j2)w USs|2)ns ) C (1+2)6]2]|ocD, hence the contradiction |z |eo < [|2]|o0/2.

Therefore, it suffices to show that for any ¢’ > 0 the event {7, > ¢'||z]|w} can
only occur for a finite number of z’s. This will follow from Borel-Cantelli’s Lemma
once we prove that >, P(T. > ¢'||2]|«) < 0o. To do so we write, since the 7.’s
are identically distributed:

SPT20zlle) =Y. > PT=dn)<cd n''P(T, > d'n)

z€Z4 n€EN z:||z||oc =n neN

for some constant ¢, and this last series converges because T, has a finite moment
of order d. Putting together (2.11) and (4.40) yields (2.12). O

Appendix A.

In this appendix we prove Theorem 3.5, Lemma 3.7 and (4.2) in the proof of
Lemma 4.3. These proofs rely on dynamic renormalisation techniques introduced
in Barsky et al. (1991). In applying these techniques we follow Grimmett (1999,
Chapter 7) and Grimmett and Marstrand (1990), but we introduce some modifica-
tions. In particular by considering some larger boxes we avoid using the sprinkling
technique more than once on any given bond. Because of this we only need to
consider two different values of the infection parameter and we do not need to in-
troduce the updating functions of Grimmett (1999). To simplify the notation we
write the proofs for d = 3, but their generalizations to higher dimensions presents
no problems.

We introduce parameters whose values will be settled in Lemma A.9 below. We
fix X > A and adopt the terminology of Grimmett (1999, Chapter 7). Nonetheless,
we might change names of constants if this creates confusions with the rest of our
paper. In the sequel n,m and N are positive integers such that

2m <n and N=n+m+1. (A1)

We consider our percolation model on the slab Z? x [-3N,3N]. Recall that we
denote by (e1,es,e3) the canonical basis of Z3. For x = (x1,72,23) € Z* and
k € N such that —3N + k < 23 < 3N — k we recall that B(k) = [—k,k]® and
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By (k) = z+ [—k, k]>. We divide the face F(n) = {x : € dB(n),z1 = n} of B(n)
in 4 quadrants:

Tt *(n) = {x:2x€0dB(n),ry =n,ry>0,13 >0},
T (n) = {x:2€dB(n),x1 =n,rs > 0,23 <0},
T—"(n) = {x:2€dB(n),r1 =n,rs <0,23 >0},
T (n) = {z:xe€dB(n),z1 =n,x2 <0,z3 <0}.

and, for any choice of (i,7) € {+, —}2, we define a box of thickness 2m+ 1 composed
of translates of the corresponding quadrant, by

T (m,n) = U™ {ley + T (n)}. (A.2)
For any of the above sets a subindex as y means we translate it by y.
Definition A.1. A seed is a translate of B(m) such that all its edges are A’-open.

We will be looking for oriented open paths starting in a seed inside B(2N),
and: either (a) contained in the union of boxes B(3N) U Bgne, (3N) and reaching
a seed inside Bgne, (2N) N Bsne, (2N); or (b) contained in the union of boxes
B(3N) U Bgne,(3N) and reaching a seed inside Bgne, (2N) N Bgne, (2N). We will
construct those paths in Lemma A.7 below.

An important tool in Grimmett (1999, Chapter 7) is the sprinkling technique,
which enables some bonds, that would be closed otherwise, to be independently
open with a probability larger than some & > 0. We therefore need to find a
way to proceed similarly, in spite of the fact that we work with dependent perco-
lation. For this, it is convenient to define the processes for different values of the
rate of propagation A on our common probability space and compare them. Let
(e1(z,y),x,y € Z3) be a collection of independent exponential r.v.’s with parameter
1. Then let e5(z,y) = X ley(z,y), and

1 ifeg(z,y) < T
0 otherwise.

X5 (@,y) = { (A3)

We recall that the event {7, > es(z,y)} occurs if and only if the oriented bond
(z,y) is A-open.

The following lemma implies that given A > d; > 0, there exists + > 0 such
that for any A such that A 4+ d1 < A the random field {X5_; (u,v) 1 u,v € 73} is
stochastically above the random field {max{X5(u,v),Y (u,v)} : u,v € Z*} where
the random variables Y (u, v) are i.i.d. Bernoulli with parameter ¢ and are indepen-
dent of the random variables X5 (u, v). This lemma justifies the use of the sprinkling
technique needed to prove Lemmas A.5 and A.7 below.

Lemma A.2. Assume A > 1 > 0. There exists 1 > 0 such that for any X > 0 such
that A+ 8, < A\, and any =,y € Z3, with y ~ x,

PXs, ; (z,y)=1 | X

A+61 (uav)a u,v € ng u~v, (uav> # (Iay)v

X+61
X5(u,v), u,v € 73, u~v)>1 as.
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Proof of Lemma A.2. Recall that X5 5 (z,y) is independent of the random vari-
ables X5 5 (u,v), X5(u,v),u # x,v ~ u, hence it suffices to show that

P(X5,5(@y)=1 | X5, (2,2), 2~z 24y
X5(x,2),z~x) >0 as. (A4)
Since we are now conditioning on a finite number of random variables taking only
values 0 and 1, (A.4) will follow from:
P(XX+51(x,y) =1 | XX+51($,Z) =a,,z~xT,2F#Y;
X5(w,2) = bz~ x) >0 (A.5)
for all choices a, and b, in {0,1} with b, < a,.

To prove (A.5), we denote by N, the union of all partitions of the set {z €
73 : z ~ x} of neighbors of z into three disjoint sets called N}, N2, N! such that
y € N} UNDL Using the inequality P(A|B) > P(AN B) for two events A, B, and
taking an arbitrary partition in N, gives

P(X5 ; (z,9) =1| X5, (z,u) =0, Vu € N2,

A+01 A+01
X5(z,0) =1, Vo € Nj; X5 (2, w) = 0, X35, (7, w) = 1, Vw € N)
> P(XXMI("E’?/) =1, XX+51(957“) =0, Vu e N2,
X5(z,0) =1, Yo € N}; X5 (z,w) = 0, X544, (z,0) = 1, Vw € NODY.

Let a > 0 be such that P(T, € [a,a +~]) > 0 for all ¥ > 0, and let §; € (0,a) be
such that b defined by N
b (a+ d2)A
' 2+ o1
satisfies b < a. On the event
{Ty € [a,a+02/2),ex(w,w) € [a+62/2,a + d2), Yw € N
ex(z,v) € [a — 82/2,a), Vv € N},
€340, (T, u) € [a+ 62/2,a+ 0s), Yu € N}, (A.6)
for all sites v such that v € N} we have ex(z,v) < T hence Xy (z,v) = 1; for all
sites u such that u € N? we have T, < exr4s, (z,u) hence X5 ; (z,u) = 0; and for

all sites w such that w € N'! we have T, < ex(z,w) and e
A A
ex4s(T W) = mex(:t,w) < X+51(a+52) =b<a<T,
hence X5(u,w) =0 and X5 5 (u,w) = 1.

Since the probability p(N2, N1, NO1) of the event (A.6) is strictly positive, we
conclude the proof of (A.5) by taking

= inf pND AL AT,

O

It is in view of this sprinkling procedure that we chose a propagation rate A’ > ..
As in Grimmett (1999, Section 7.2), we go on with two key geometrical lemmas.
The first one, Lemma A.3, corresponds to Grimmett (1999, Lemma 7.9), with a very
similar proof that we omit consequently. The second one, Lemma A.5, corresponds
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to Grimmett (1999, Lemma 7.17), that it generalizes in view of its applications for
Theorem 3.5 and Lemma 3.7.

Lemma A.3. If \. < X and n > 0, then there exist integers m = m(\N,n) and
n =n(N,n) satisfying (A.1) and such that

P(there exists a X' -open path in B(n)UT"/ (m,n) from B(m)
to a seed contained in T (m, n)) >1-—n,
for any choice of (i,7) € {+, —}>.
Notation A.4. Given a subset V of Z3, § > 0 and x € V, we let o(z,V, X, §) be the
o-algebra generated by the indicator functions of the following collection of events:
{Ty >ex(y,2):yeV,z~ytU{T, > exis(y,2) 1y € VN By(n), z ~y}. (A7)

Note that when V N B, (n)¢ =0, o(z,V, N, 0) is simply the o-algebra generated by
the indicator functions of {T,, > ex (y,2) : y € V, z ~ y}, which we will denote by
a(V, X).

For A a subset of Z3, recall from (3.2) that A, A denotes the exterior vertex
boundary of A.

Lemma A.5. If\. < X and e, § > 0, there existsm = m(N,€,8) andn = n(N,€,0)
satisfying (A.1) and with the following property:
For any choice of (i,j) € {+,—}2, any x € Z3, any set L C Z3 such that

B.(m) C L C Z*\ T (m,n) (A.8)
and for any o(x, L, N, §)-measurable event H of strictly positive probability we have:
P(G*|H) > 1 —¢, (A.9)
where
G = {there exists a path contained in B,(n) U T (m,n) going from L

to a seed contained in T (m,n) and such that
its first edge (u,v) with u € L,v € A,L is (N + 8)-open

and all its other edges are )\'-open}.

Note that since a A’-open edge is also (N + §)-open, all the involved edges in the
path in G*7 are () + §)-open, but we do not know if the first edge of this path is
N -open.

Proof of Lemma A.5. Given A a subset of Z3 and a subset C of A, A, let

(A (A.10)

be the event that at least one of the bonds going from A to C'is (A 4 4)-open. Note
that this is a stronger condition than to have a (A 4 ¢)-open path from A to C.
Let o be the probability that any given bond is A'-open.
Since the model is invariant under translations and 90 degree rotations, it suffices
to show the lemma when x is the origin and (7,j) = (+,+). We will hence drop
x,7 and j from the notation. Let

V(L) ={z € Ay(LNB(n)) : there exists a \'-open path contained in
B(n) UT(m,n)\ L going from z to a seed contained in T'(m,n)}. (A.11)



944 E. D. Andjel, N. Chabot and E. Saada

open path

K2 Q\\%&

B.(n)

FIGURE A.2. In the open path, the first edge going out of L is
(N + 0)-open, and all other edges are \'-open.

Here it is understood that there always is a N-open path from a point to itself.
Therefore any z € A,(L N B(n)) contained in a seed in T'(m,n) is in V(L). Note
also that since the path is contained in B(n)UT (m,n), V(L) is a subset of B(n)U
T(m,n). Now write

G =Ux({L 2 Kyn{v(L) = K}) (A.12)

where the union is over all possible values of V(L).

Our next step is to show that if m and n are properly chosen, the set V(L) is
large with probability close to 1. Let k be a positive integer. Note that if V(L) has
at most k elements, by the FKG inequality (see Remark 3.2), the probability that
all the bonds entering V(L) are X-closed is at least (1 — )% (recall that o is the
probability that any given bond is M-open, and that we are working in Z3). All the
N-open paths going from L to a seed contained in T'(m,n) have to pass through a
point in V(L). Hence if all the bonds entering V(L) are A'-closed, such a path does
not exist. Thus we have

P(there exists a X'-open path contained in B(n) UT(m,n) \ L
going from L to a seed contained in T'(m,n)| [V(L)| < k)

<1—(1—a)f. (A.13)
But according to Lemma A.3 there exist m and n such that 2m < n and

P(there exists a X'-open path contained in B(n) U T (m,n)

going from B(m) to a seed contained in T'(m,n))
is as close to 1 as we wish. This implies that

P(there exists a A'-open path contained (except its initial point) in
B(n)UT(m,n)\ L going from L
to a seed contained in T'(m,n)) (A.14)

is as close to 1 as we wish uniformly in L’s such that

B(m) C L C Z*\ T(m,n). (A.15)
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The probability (A.14) is equal to

P(there exists a \'-open path contained (except its initial point) in
B(n)UT(m,n)\ L going from L to a seed contained in
T(m,n)|[V(L)| < k)P([V(L)| < k)

+P (there exists a \'-open path contained (except its initial point) in
B(n)UT(m,n)\ L going from L to a seed contained in
T(m,n) [ |[V(L)| > k) P([V(L)| > k)

< (1= 1 =a)*)P(V(L)| < k) + P(V(L)| > k)

=1—(1-a)*P(V(L)| < k), (A.16)

where the inequality comes from (A.13). For this upper bound to be close to 1,

P(JV(L)| < k) has to be small. Hence, it follows from (A.13)—(A.16) that for any
€0 > 0 and any k € N, we can choose m and n with 2m < n in such a way that

P(V(L)| < k) < e (A.17)

for all sets L satisfying (A.15).
Let K be a subset of A,(L N B(n)). We will now provide a lower bound to

P(L g=’e | H) which depends on the cardinality of K but is independent of H.

Suppose K has at least 6r elements. Each point u € K has a neighbor v € LNB(n),
that we associate to u. But since each point of Z3 has 6 nearest neighbors, v could
be a neighbor of up to 6 points of K, to which it could have been associated. Then,
there exist distinct z1,...,2, € L N B(n) and distinct y1,...,y, € K such that
xi~y; fori=1,...,r

Since z; € LN B(n) and H is o(o, L, X', §)-measurable, by Lemma A.2, for some
¢ > 0 we have

P(Xnas(wiyi) =0 Xnvgs(w),y;) =0, =1,...i =13 H) <1—1 (A.18)
fori=1,...,r. It now follows from (A.18) and an inductive argument that
P(Xxqys(ziyy))=0,i=1,...,r|H) < (1—1)".
Hence for all K ¢ A,(L N B(n)) such that |K| > 6r we have:

PLME KH)>1—(1—0). (A.19)
Now write:
PG V(L) =K|H) = PL3 K V(IL)=K|H)
= P(LZE K|V(L) =K, H)P(V(L) = K | H).
But the event {V(L) = K} is measurable with respect to the o-algebra generated

by the random variables (Ty,ex (z,y) : ¢ L) while both {L My K} and H
are measurable with respect to the o-algebra generated by the random variables
(Tw,ex(x,y),exnts(x,y) : @ € L). Therefore {V(L) = K} is independent of the

pair of events H, {L = K}, so that

P(G, V(L) = K |H) = P(L*2’ K| H)P(V(L) = K)
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Then summing up over all sets K such that |K| > 6r, it follows from (A.12) and
(A.19) that

P(GIH) =z (1= (1 =)")P(V(L)| = 6r).
To complete the proof of Lemma A.5 first pick r such that (1 —¢)" < /2 and then
use (A.17) to pick m and n such that P(|V(L)| > 6r) > 1 —¢/2. O

Notation A.6. For a given x € Z3 and i = 1,2,3, H: will denote the hyperplane
perpendicular to e; passing through z. Before stating the next lemma where x €
B(2N — m), we define T, (m,n) to be the thickened box built from the quadrant
opposite to the one z belongs to in the face Hl N B(2N — m), that is

Tt (m,n) if 29 <0andaz3 <0,
T} (m,n) if 29 <0andxz3 >0,
T, (m,n) if x2>0andx3 <0,

T,

" (m,n) if x9>0andaxs>0.

Thanks to Lemma A.5, in the following lemma we construct open paths starting
in a seed inside B(2N), and reaching either a seed inside Bgne, (2IN)NBgne, (2N) or
inside Bgne,(2N) N Bsne, (2N). For i € {1,2}, the successive seeds in these open
paths will have centers belonging to the hyperplanes H. | no , H. one  Hoysne, s
H;HN%, ...; these successive seeds will be respectively contained in By, (2N),
Bane; (2N), Bsne,; (2N), Bane,; (2N), ..., and we will stop as soon as we will get a
seed in Bgpe,; (2N). This construction will use a steering procedure in which, at

each stage, the choice of a seed in T (m,n) compensates from an earlier deviation.

Lemma A.7. Given N > A, for any €, > 0 there exist n = n(XN,¢,0),m =
m(N,€,8) and N satisfying (A.1), such that for any x € B(2N —m),

P(C) > 1—8e, forie{1,2}
where
CL = {there exists a seed B,(m) contained in Bsye,(2N), with y; < 8N
and a path contained in B(3N) U Bgne, (3N)
from By (m) to By(m) whose edges are all (X' + §)-open and
those which are to the right of (resp. above) the hyperplane
szchi when i =1 (resp. i =2) are X'-open}
B(2N) Bsne, (2N)
seed
Be(m) /1
=] ~ - o
j) N N N 7 N

FIGURE A.3. Event C}

Proof of Lemma A.7. We consider C}L. Since the model is invariant under 90 degree
rotations, the proof will also be valid for C2. Let Vi be the set of vertices of all
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paths starting at B,(m) and contained in B,(n) U T,(m,n) whose first edge is
(N + 0)-open and all the other edges are A'-open. Let

Al = {V} contains a seed in T,(m,n)}.

Note that since z € B(2N — m) a path contained in B,(n) U T,(m,n) is also
contained in B(3N). Note also that the center of a seed in T, (m,n) belongs to
H!, n.,, and that by our definition of T (m,n) (in Notation A.G) this seed is

contained in Bpe, (2N). Thanks to Lemma A.5 with L = B,(m) and H the whole
probability space (that is without conditioning), there exist n, m such that

P(AL) >1—e (A.20)

If AL occurs, of all the seeds in T, (m,n) N Vi we choose one according to some
arbitrary deterministic order. We now define a random variable Z; as follows: on
AL, Z; is the center of the chosen seed and on (Al)¢, Z; = A where A is an extra
point we add to Z3. Note that on AL, Z; takes values in the hyperplane H;JFNCI.
The random variable Z; is a function of V; which we denote by F;. We now wish
to give a lower bound to the conditional probability given {Z; = 21} with z; # A
that there is a path contained in B,, (n) UT, (m,n) from V; to a seed in T',, (m,n)
and having the following properties:

(i) all its bonds are (N + §)-open;

(1) all its bonds which are to the right of H;JF(Ner)Cl are \'-open.
Therefore to obtain the lower bound we let L; be a value of V; containing a seed
in T, (m,n) and consider the event:

A'(z,Ly) = {there exist vy € Ly N Bp,(z,)(n) and a path
from v; to a seed in TFI(LI)(m, n), contained in
Br,(£,)(n) UTF, (1,)(m,n) whose edges are all (X" + §)-open

and those to the right of Hy |y, are N'-open}.

€1

The event {V; = L1} is 0(L1, A’)-measurable (recall Notation A.4), hence it follows
from Lemma A.5 that

PAYz,L)[Vi = L) >1—e (A.21)

Let V5 be the set of vertices of all the paths with the following properties:
(i) they start from B, (m);
(ii) they are contained in B(3N) U Bpne, (3N) and lie entirely to the left of
1 .
Hm+(2N+m)e1 ’
(111) all their edges are (A + d)-open and those to the right of H;+(N+m)c1 are
N -open.
We also define the event

A2 = {V, contains a seed centered in H, oye, N Bane, (2N —m)}.

Noting that A2 contains A'(z,L;) N {V4 = L1} for any L; containing a seed in
T.(m,n), summing over all such Ly’s we get by (A.20) and (A.21)

P(A2) > Y P(A'(x,L1)[Vi = L1)P(Vi = Ly)
Ly

> S (1P =Ly)=(1-e)P(AL)

Ly
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> (1—6?>1-2e (A.22)
Now we define a random variable Z, as follows: on the event A% among the seeds
contained in V5 and centered in Hm1+2Ne1 N Bane, (2N —m) we choose one according
to some arbitrary deterministic order and we let Z be its center. On (A42)¢ we let

Z5 = A. Thus, Zs is a function F5 of V5. As before we let Ly be a possible value of
V, containing a seed centered in H, 5y, N Bane, (2N —m) and consider the event:

A*(z,Ly) = {there exist vy € Ly N Bpy(z,)(n) and a path from v; to a
seed in TF2(L2)(m, n), contained in Bp,(r,)(n)U TF2(L2)(m, n)
whose edges are all ()" + §)-open and those to the right of
Hm1+(2N+m)e1 are X'-open}.

The event {Va = Lo} is o(Fa(La), L2, N, d)-measurable, hence it follows from
Lemma A.5 that
P(A%(x,Ly)|Vo = Lo) > 1 — €.
We now let V3 be the set of vertices belonging to all the paths with the following
properties:
(i) they start from B, (m);
(i1) they are contained in B(3N) U Bye,(3N) and lie entirely to the left of
1 .
Hm-l—(SN—i-m)el ’
(ii1) all their edges are (A + ¢)-open and those to the right of 1T171+(2]\,+m)Cl are

T
N -open.
We also define the event:

A2 = {V; contains a seed centered in H, 5y, N Bsne, (2N —m)}.

Since A3 contains A2(x, Lz) N {Va = Lo} we can argue as before and get:
P(A3)>1-3e

The argument is then repeated until we reach a seed in Bsne, (2N). The total

number of steps needed is at most 8. Since at each step the probability is reduced

by €, the lemma is proved. (I
Then define

C,=ClnC2 (A.23)

From Lemma A.7 we get:

Corollary A.8. Given X' > X, for any ¢,6 > 0 there exist n,m, N satisfying
(A1) and such that for any x € B(2N —m) we have

P(Cy) >1— 16e.
Next lemma fixes the values of all the parameters introduced up to now.

Lemma A.9. Assume A > A.. Then, there exist constants m, N, K and ¢ > 0 such
that for all k,

P(there exists a A-open path contained in
[-3N, (3+ 8k)N] x [-3N, (3+ 8k)N] x [-3N,3N]
from B(m) to a seed in Bgnie,+8Nkes (2IV)

whose number of edges is at most 2Kk) > ¢.



Shape theorem for an epidemic model in d > 3 949

Proof of Lemma A.9. We first fix ¢ > 0 small enough for the two dimensional
oriented site percolation of parameter 1 — 16e to be supercritical. Then we take
AN > A.and § > 0 such that M + ¢ < A. Finally for those values of €, § and X
we fix n, m and N = n + m + 1 satisfying (A.1) and such that the conclusion of
Corollary A.8 is valid.

We create a two dimensional oriented site percolation on (Z, )? associated to the
percolation model we already have. We will refer to this model as the “renormalized
model”, while the percolation model we already had on Z?3 will be referred to as the
“original model”. On the renormalized model all the paths are oriented upwards
and towards the right; moreover, two subsequent sites of a path are at euclidean
distance 1. We now explain the way in which these models are associated. In the
renormalized model site (0, 0) is always considered open, site (0, 1) is open (closed)
if C} occurs (does not occur) in the original model. Similarly, (1, 0) is open (closed)
if C2 occurs (does not occur) in the original model. Note that although the states
of these last two sites (0,1) and (1,0) are dependent, by Corollary A.8 they are
both open with probability at least 1 —16e. We then proceed recursively as follows.

At the n-th step we will look at the points in {(z,y) € Z% : +y = n—1} which
have been reached in the renormalized model from (0,0) following open paths and
order them according to their second coordinates. We start from the point having
the lowest second coordinate. Assume it is (x1,n — 1 — 7). This point was reached
from either (z1 —1,n—1—21) or (x1,n — 2 — 7). In the first case, in the original
model a seed is reached in the left portion of Bsnz e, +8N(n—1—21)es (2N) (remember
the description given before the statement of Lemma A.7). Let z; be the center
of this seed. If C1 occurs (does not occur) in the original model we say that site
(14 1,n — 1 — 1) in the renormalized model is open (closed). And if C2, occurs
(does not occur) in the original model we say that site (z1,n — 1) is open (closed).
Note that since z; is in the left portion of Bsng,e,+8N(n—1—z;)es (2IV), when we
attempt to move upwards, the first seed we are seeking is centered to the right of
z1 due to our steering procedure, thus avoiding regions where we have already used
(N + 6)-open edges. In the second case, the seed reached in the original model (we
again denote its center by 21) is in the lowest portion of Bsyz,e,+8N(n—1-=1)es (2IN)
and when we want to establish if C’;I occurs we will be looking for paths reaching a
seed whose center is above z;. We then move to the second point in {(z,y) € Z2 :
x+y = n—1} which has been reached in the renormalized model from (0, 0) following
open paths. Let (z2,n — 1 — 23) be that point and let zo be the center of the seed
located inside Bsya,e,+8N(n—1—=s)e, (2IV) Which was reached in the original model
following open paths starting at B(m). Two different cases arise: either x5 = 21 —1
or o < x1 — 1. In the first case the point (z2 + 1,n — 1 — z2) = (z1,n — 1) has
already been declared open or closed and remains in that state. Then, we declare
(z2,m — x2) open (closed) if CZ occurs (does not occur) in the original model. In
the second case (when zg < x1 — 1) we declare (x2 +1,m — 1 — z2) open (closed) if
C}, occurs (does not occur) in the original model and we declare (z2,n — x2) open
(closed) if sz occurs (does not occur) in the original model. Then we go on.

We now note that for all n each site examined in the set {(z,y) :  +y = n} has
probability bigger than 1 — 8¢ of being open and that such sites are dependent at
most by pairs. This implies, as explained in the following lines, that the open cluster
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of the origin is stochastically above the open cluster of an independent oriented site
percolation model of parameter 1 — 16e.

For this, we again proceed by induction on n. We denote by ai,as,...,ar the
points in the open cluster of the origin that belong to {(z,y) € Z% : z +y = n}.
We assume that they are ordered according to their second coordinates. Point a;
has two neighbors by, by on {(z,y) € Z2 : x+y = n+ 1}. They are both open with
probability at least 1 — 16¢, which is stochastically larger than if they were both
independently open with probability 1 — 16e. In other words, if a random vector
(Y1,Y2) with coordinates taking values in {0, 1} is such that P(Y; = Y2 = 1) >
1 — 16¢, then the vector (Y1,Y2) is stochastically larger than the vector (X1, X2)
where X7 and X5 are independent Bernoulli r.v.’s of parameter 1 — 16e. Going on,
if ag = a1 +(—1,1), then we just have to consider the point b3 = az+ (0, 1), because
az + (1,0) has already been examined. This point b3 will be open with probability
at least 1 — 8¢ independently of what happened with b; and bs. Otherwise if as
is more distant from a; we have to examine bs = a2 + (1,0) and by = a2 + (1,0):
they will both be open with probability at least 1 — 16e independently of what
happened with b; and bs, and so on. In the end, to each examined point on
{(z,y) € Z% : x4+ y = n+ 1} is attached a r.v. with value 1 if it is open and 0
if it is closed. The r.v.’s thus obtained are stochastically larger than a sequence of
independent Bernoulli r.v.’s of parameter 1 — 16e.

Thus, for our choice of € the renormalized model is supercritical and there exists
a constant ¢ > 0 such that P((0,0) — (k,k)) > for all k¥ € N. Note also that the
existence of an open oriented path from (0,0) to (k,k) (which has length 2k) in
the renormalized model implies the existence of a (A + §)-open path in the original
model from B(m) to some seed in Bsnke,+8Nke,(2N) whose number of edges is
bounded above by 2Kk where K is some constant that depends on N but not on
k. Indeed suppose that the point following (0,0) in the path of the renormalized
model is (1,0). This means that there exists an open path in the original model
from a seed in B(2N) to a seed in Bgye, (2N). This last path is not oriented, but
being contained in B(3N) U Bgne, (3N), it uses only edges in this set. The total
number of edges in the latter is a function of N which does not depend on k, that
we denote by K(N). Hence the derived open path in the original model from a
seed in B(2N) to a seed in Bgnge, +8Nkes (2N) has a number of edges bounded by
2K (N)k. O

For our next result we define the boxes:

Bij = B(318i)Ne1+(3+8j)Ney (2IV)

where ¢ and j are non-negative integers.
Corollary A.10. Assume A > A.. Let N be as in the conclusion of Lemma
A.9. Then, there exist ' > 0 and K' € N such that: For any k € N and any
0 <i1,12,41,72 < k we have

P(there exists a A\-open path contained in

[0, (6 + 8k)N] x [0, (6 + 8k)N] x [-3N,3N] from B, ;, to

By, j, whose number of edges is at most 2K'(|i1 — j1| + |ia — ja|)) > .

Proof of Corollary A.10. We wish to join B, ;, to Bj, j,- Lemma A.9 enables to go
from a box to another one along a diagonal direction issued from that box. Hence
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applying Lemma A.9 we get
P(there exists a A-open path contained in
[0, (6 + 8k)N] x [0, (6 + 8k)N] x [-3N, 3N] from B;, ;,
§i1+T,i2+T whose number of edges is at most 2K7) >

for all » € N such that iy + r,i2 + r < k. Since the percolation model is invariant
under 90 degree rotations, the same inequality holds if instead of adding (r,r) to
(i1,42) we add (r, —7),(—r,r) or (—r,—r). That is, instead of going in one direction
of one diagonal issued from (i1, i2), we may take this diagonal in the other direction,
or one direction of the other diagonal issued from (i1,42). This depends on the
relative positions of (i1,i2) and (j1, jo) within the square [0, k] x [0, k] to which they
both belong. More precisely, from (i1, 2) and from (41, j2) is issued a diagonal, and
those two diagonals intersect within [0, k] x [0,k]. If this intersection point has
integer coordinates, it can be written (i1 + r1, 42 + 72) as well as (j1 + €1, j2 + £2),
with 71 = r9 or 71 = —r2 (depending on which diagonal issued from (i1,i2) was
used), and with ¢; = ¢5 or 1 = —{5 similarly. If this intersection point does not
have integer coordinates, on each of the involved diagonals there is one point with
integer coordinates, with those two points at distance 1, of the form (iy 4+ 71, i2+72)
and (j1 + 41, j2 + £2), always with r; = 7y or 11 = —rq, and ¢ = €y or {1 = —{5.
To summarize, there exist integers 71,12, ¢1, {2 with the following properties

(1) o =71 or rg = —rp and €o = {4 or by = —{5;

(2) 0<iy+riia+re,ji+ 1, j2+ 0l <k

(3) either |i1 +7r1— (1 +€1)| + |i2 + 719 — (]2 +€2)| =0

or |it+71— (J1+ 1)+ |ia+re— (o + L) = 1;
(4) [ril + [€a] < fix = jaf + liz — Jal-

(J1,J2) %2)
(i1 411, i2 +72) (i1 + 71,02 + 72)

= (j1 1+ 01,52 + £2) (J1 + 1, J2 + £2)

. (’il,ig) Zla

(11 — j1) + (ig — jo) is even (i1 — j1) + (i2 — j2) is odd
FIGURE A.4. Two possible cases

The corollary now follows from Lemma A.9, the FKG inequality (see Remark 3.2)
and the fact that the distance from a point in B, 11, iy4r, t0 a point in Bj, +e, j,+¢»
is bounded above by 20N . (|

Proposition A.11. Suppose A > A.. Then there exist constants C;, N and 61 > 0
such that
a) for all M > 6N, x,y € [0, M] x [0, M] x [-3N,3N],

P(there exists an open path from x to y contained in
[0, M] x [0, M] x [-3N,3N] with at most C||lx — y||1 edges) > 01

b) The original model is supercritical in a slab on thickness k = 6N.
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Proof of Proposition A.11. Tt follows from Lemma A.9 that the probability of
having an open path of length n starting in B(m) and contained in the slab Z x
Z x [-3N,3N] does not converge to 0 as n goes to infinity. This proves part b). To
prove part a) consider the boxes Bsn4snije; +(3N+8Nj)e, With 0 < 4,5 < (% - 6)%.
Then, note that for any point in [0, M] x [0, M] x [-3N, 3N] there is such a box at
distance at most 12N. The result now follows from this, the FKG inequality (see
Remark 3.2) and Corollary A.10. O

We have now all the ingredients for the proofs of Theorem 3.5, Lemma 3.7, and

(4.2) of Lemma 4.3.
Proof of Theorem 3.5. Let x and y be two points in a slab of thickness 6 N. By
Proposition A.11, the probability to have an open path from x to y in the slab is
larger than ¢;. Therefore the probability for the outgoing cluster from x in the slab
to be infinite, as well as the probability for the incoming cluster to y in the slab to
be infinite, is at least 0.

Note that Proposition A.11 gives more precise information, since it restricts the
involved open paths to a part of the slab, and gives an upper bound on the lengths
of the paths. O
Proof of Lemma 3.7. For two points x and y, the idea to build an open path from
2 to y is to combine paths in different slabs using in each one Proposition A.11,a).

(i) Let 61, M and C be given by Proposition A.11, and let k¥ > M. For n > 0,
let © = (21, 22,73) € Bk \ Bn, ¥ = (Y1,92,¥3) € (Butx \ Bn) UAy(Bryr \ Bn).
Assume for instance that x1 < —n, n <y, —n < x2 <nand —n < y2 < n. Let
U, v € Bpyk \ Bp with —n < u3,n < ug and n < vy,ve. By Proposition A.11,a)
there exist with a probability larger than §; an open path from x to u, as well as
from u to v and from v to y. By FKG inequality (see Remark 3.2) there exists
therefore with a probability larger than 83 an open path from z to y. Since this
particular case gives the maximal distance between x and y, § = &5 enables us to
conclude.

(ii) Let n < m, © € A(n,m,0),y € A(n,m,0) U A,A(n,m,0). We proceed
similarly to (4). Assume for instance that 1 < n, zo < 0 and m < y1, y2 < 0. Let
u,v € A(n,m,0) be such that u; <n, 0 < uz and m < vy, 0 < ve. By Proposition
A.11,a) there exist with a probability larger than §; an open path from z to u, as
well as from u to v and from v to y. We conclude with § = §3 and C; = C.

Note that we have to add (—x2)" + (—y2)T in part (i) of the lemma because if
zef{z:—k+n<z1<n-o0<z<0tandye{z:m<z <m+k —o0<
zo < 0}, to move from z to y staying in A(n,m,0) we need to reach first the set
{z:=k4+n<z <m+k,0< 23 <k} (i.e. to increase the second coordinate until

it is positive). O
Proof of (4.2) of Lemma /.3. Relying on Proposition A.11,b), we can follow the
proof of Grimmett (1999, Theorems (8.18), (8.21)) to derive (4.2). O
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