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AN ASYMPTOTIC SHAPE THEOREM FOR ADDITIVE RANDOM
LINEAR GROWTH MODELS

AURELIA DESHAYES!*® AND PIERRICK SIEST?

Abstract. In this paper, we define a class of additive random growth models whose growth is at least
and at most linear and prove an asymptotic shape theorem for these models. This proof generalizes
already known proofs for the classical contact process [T.E. Harris, Ann. Probab. 2 (1974) 969-988; R.
Durrett and D. Griffeath, Z. Wahrsch. Verw. Gebiete 59 (1982) 535-552] or some of its variants (contact
process on supercritical random environment [O. Garet and R. Marchand, Ann. Appl. Probab. 22
(2012) 1362-1410] or contact process with aging [A. Deshayes, ALEA Lat. Am. J. Probab. Math. Stat.
11 (2014) 845-883]) and allows us to obtain conjectured asymptotic shape theorems for Richardson’s
model with stirring and the contact process with stirring [R. Marchand et al., arXiv 2504.03627 (2025)].
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1. INTRODUCTION

In 1974, Harris [1] introduced the classical contact process as an interacting particle system modeling the
spread of an epidemic through the grid Z¢ with the following dynamics: an infected site recovers at rate 1, and
infects its neighbors at rate A\. Harris showed that, for any dimension d, this process exhibits a phase transition.
This means that there exists a non-trivial value A.(d), called critical value, such that if A > A.(d) (respectively
A < Ac(d)), then the probability that, starting from a single infected point, the infection persists over time is
positive (respectively zero). In dimension 1, thanks to a coupling with an oriented percolation, Durrett and
Griffeath [2] proved that, in the supercritical regime, the rightmost infected particle has linear speed. In higher
dimensions, the analogous result is called asymptotic shape theorem: denoting by H; the set of particles infected
at least once before time ¢, is there a deterministic set B such that % converges to B (in a sense to be made
precise)? Durrett and Griffeath [3] proved this result for large infection rates A only, since they needed the linear
growth of the contact process, which at the time were only proved for large A. Then, Bezuidenhout—Grimmett [4]
made a smart block construction and proved these estimates to be true in the whole supercritical regime, thus
completing the proof of the asymptotic shape theorem for the classical contact process. An overview can be

found in [5] or [6].
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Since then, numerous extensions have appeared in the literature: the two stage contact process by Krone [7],
the boundary modified contact process by Durrett and Schinazi [8], the contact process in randomly evolving
environment by Broman [9], Remenik [10], Steif and Warfheimer [11], the contact process with aging [12], the
contact process with stirring [13], ete. For all these processes, we can exhibit a property of interest P about the
state of a site of Z¢, then define H; as the subset of Z? consisting of all points that have satisfied the property
at least once before time ¢. All these processes are linear random growth models in the following sense: there
are deterministic non-empty compact sets H_ and H such that, for ¢ large enough, with high probability:

tH_ C H, C tH,.

The first inclusion expresses the at least linear growth and the second one the at most linear growth. These
models also share characteristics such as attractivity, phase transition phenomenon etc. In this paper, the goal
is to highlight their common properties which allow to prove that a general class of linear random growth models
satisfies an asymptotic shape theorem. We call hitting time of x the first time ¢(x) that x satisfies the property
P. Models for which once a site x satisfies the property P, so it does forever, are called permanent models.
It includes, for example, first passage percolation, introduced by Hammersley and Welsh [14], considering the
property of “being wet”. For permanent models, Kingman’s theorem is generally used on the sequence of hitting
times (t(nz))nen for all z € Z%, thanks to the hypotheses of sub-additivity, stationarity and integrability. In
our case of random linear growth models, we consider non-permanent models: the fact that the property may
disappear means that the standard integrability conditions are not satisfied, since ¢(nx) can be infinite with
positive probability. If we condition on the property’s survival, then stationarity and subadditivity properties
can be lost. To overcome such lacks, we introduce a suitable quantity o(x) called essential hitting time of x,
inspired by [15]. It can been seen as a regeneration time: it is a time when the site x satisfies the property,
and spreads it forever. It turns out that this function o satisfies, under some hypotheses, adequate stationarity
properties as well as the almost-subaddivity conditions involved in Kesten and Hammersley’s theorem (see [16]
and [17]), a well-known extension of Kingman’s seminal result. Therefore, we can use the same techniques as
the ones involved in [12], in order to prove an asymptotic shape theorem, that is the existence of a norm p such
that, for all € > 0, almost surely on the event “the property persists over time”, for all ¢ large enough, we have
that

H
(1—¢)B, C Tt C (14¢)B,,

with H; = H; +[0,1)%, and B,, the unit ball associated to p.

Our techniques work with a general state space, provided that the process is well defined, constructible from
Poisson processes, and satisfies the growth assumptions. However, they require that the process be additive.
This assumption is discussed at the end of Section 2. It excludes many examples of the application of our
theorem, and we believe that it can be removed.

In Section 2, we define our class of random linear growth models, and give examples of such models. We
then state the general asymptotic shape theorem. We deduce from it asymptotic shape theorems that were
conjectured for Richardson’s model with stirring and contact process with stirring [13]. The proof of the general
asymptotic shape theorem is cut into two parts; in Section 3, we define the essential hitting time, and state
its properties; in Section 4, we prove the general asymptotic shape theorem for the essential hitting time, and
deduce from it the general asymptotic shape theorem for the hitting time.

2. A CLASS OF RANDOM LINEAR GROWTH MODELS

2.1. Notation and definitions
2.1.1. State space and property of interest

We work on interacting particle systems on Z%. For x and y in Z¢, we say that x and y are neighbors, and
we denote by z ~ y, if ||z — y||1 = Z?:l |z; —y;| = 1. Let S be a countable well-ordered set, that is, a totally
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ordered set with the property that every subset of S has a smallest element. We call S the states space: it
contains the possible states (or types) of a particle z € Z%. We endow S with the discrete topology, and we

denote by S the set of mappings ¢ : Z% — S. The set S%% is considered as the space of configurations:

a & 724 —» S
feSZ@{ r - Ew)

We define a property of interest P as a subset of S which satisfies the following properties:

e P is a non-trivial subset of S (that is, P ¢ {0, S}).
e P is an upper set, that is, if s € P and s < &', then s’ € P.

We can think of the property P as “to be in the maximal state” when S is bounded of “to be in a state bigger
than some py” (for example, “to be infected” for the classical contact process). By definitions of S and P, we
can define, for all x € Z¢, the smallest configuration A, in which only site x satisfies the property P: for all
y €29,

{Aac(y) =min(5) ify#x (2.1)

In the same way, for x € Z¢ and p € P we define AP such that AP(y) = min(S) for y # = and AP(x) = p.
Note that, since P # S and that P is an upper set, we have min(S) ¢ P. Finally, we say that a configuration £
has a finite support if the set {x € Z¢ : £(x) € P} is finite.

2.1.2. Markov process

We work with a continuous time space R. Let (&)¢cr, be a Feller Markov process taking values in Sz°,
This process gives the state of each site at each time. We denote by (F;):er, its associated filtration. For a

configuration f € szt (Etf) is the process starting from initial configuration & = f. For z € Z4, (&F) is the
process ({7 ), starting from A, the minimal configuration previously defined. If the initial configuration is not
specified, it means that we start with the configuration AOZ a-

We define the processes (A)icr, and (Hy)ier, , taking values in P(Z%), by

Ar={y e z4, &(y)e P} and Hy = U Ay;

s<t

A; is the set of points which satisfies the property P at time ¢, which has no reason to be non-decreasing, and
H, is the set of points which have satisfied P before time ¢. The process (H;) is non-decreasing in the sense
that once = belongs to H,,, it belongs to H; for all ¢t > ty. The processes (AN, (H]), (AY), (HY) are defined as
before, according to the initial configuration.

In general, the process (A;) gives only partial information: if we want to know the set A;q4; of sites satisfying
the property at time t 4 d¢, we need the full knowledge of & . Therefore, we should be careful when using the
Markov property with the process (A;).

2.1.3. Interacting particle system

We are interested in a subclass of nearest neighbor interacting (NNI) particle systems; a general definition
and the proof of their existence in the case where S is compact can be found in the book [18]. Here the set S
may not be compact; we do not prove that such interacting particle systems exist in general, it has to be done
for each particular case (for example, it is done in [12] where S = N).
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Let us introduce some notation. Let C(SZ") be the set of continuous functions from SZ° to R, and Co(SZ")
be the subset of continuous functions depending only on finitely many coordinates of &. For z,y € Z¢, s € S,
5= (s1,82) € S%and £ € S2 we set:

* {(5,5), the configuration identical to £, except for {(x) which is replaced by s.
¢ {(s,4.5), the configuration identical to &, except for {(x) (vesp. {(y)) which is replaced by sz (resp. s1).

We study Feller Markov processes on SZd, which we suppose to be well-defined and which have a generator of
the form:

AFE) =D e(@,&9) (f(Eas) — F(9) (2.2)

x€Z4 s€S

+ 30D el 1,65) (f(Eas) — F9),

x,ycz? 5€S52
T~y

for f € CO(SZd) and £ € SZ%. The quantity c(z,&,s) > 0 (resp. c(z,y,&,5) > 0) is the intensity of a jump
§ = &(a,5) (resp. & = &(z,4.5)), and depends on § only through {£{(2),z ~ z} and {(x) (resp. through {£(z),z ~
x or z ~ y}). For simplicity, we take ¢(z,&,s) =0 if £(z) = s and ¢(z,y,£,5) = 0 if {(z) = s5 or £(y) = 1. We
also suppose that the transition rates are symmetric, that is:

C(‘Tafa 5) = C(‘T,f(* ')7 5) and C(‘Tayvga §) = C(O7y - mﬂg(f ')7 §)_ (23)

Note that in most of the models considered, only one site changes its state at a time, so the second term of
the generator is zero. This term appears for models which incorporate stirring [13].

We will suppose that our interacting particle systems are translation invariant in the sense that for all
z,y € 2% € € Szd, s € S and 5 € 52, we have

o(@,8,8) = c(0,£(. —x),s) and  c(z,y,¢,5) = c(0,y — 2, &(. — ), 5). (2.4)

2.1.4. Construction with Poisson point processes

We say that the process (&) can be constructed from (marked) Poisson point processes if there are fam-
ilies (NV.)eecge (Where E is the set of oriented edges between nearest neighbors), and (N,)yeze of mutually
independent Poisson point processes on Rt x M, where M is a finite set of marks, such that:

e the set of jump times of the process (§;) is a subset of the times given by these families,
o if (T, M) € N, (resp. (T, M) € N;) is a jump time of (&) of mark M € M, then we have &r = fe(§7—, M)
(vesp. xr = fi(&r—, M)), where f, and f, are deterministic functions.

For many models, such a construction is done to obtain a graphical representation, as introduced by Harris
in the case of S = {0,1}. Foxall [19] constructed this for any additive model with finite state space. To our
knowledge, there is no general result for the case |S| = oo and it has to be done in all of such cases. See [12] for
an example of such a construction in the case where S = N.

Remark 2.1. Conversely, we could have built a Feller Markov process on SZ from a family of Poisson point
processes like it is done by Swart ([20], Sect. 4.3). When possible, he constructs the process from a Poisson point

process w on G X Ry, where G is a set of local maps from S to itself such that the generator A of (&) can be
written as:

e € 5P ALE) = S 1 [F(m() — F(E)],

meg

where for all m € G, r,, is a positive constant.
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2.1.5. Additive models

The classical contact process and some of its variations are additive processes, that is: for all f,g € SZd7 the
processes (&), (¢7) and (¢/V9) can be coupled (using the same family of Poisson point processes) in such a way
that

VteR,, &ve=¢", (2.5)

where for all z € Z%, (f V g)(x) = max|[f(z), g(x)]. Harris [21] proved that additive processes can be constructed
graphically based on Poisson point processes.
Let us summarize the class C of models we are considering:

Definition 2.2. Let (&) be a Feller Markov process taking values in SZd, and P a property of interest. We say
that ((&), P) belongs to the class C if it satisfies the following conditions:

e The generator of the process (&) is of the form (2.2), and verifies (2.4) (translation invariance).
e The process (&) can be constructed with Poisson point processes such that (&;) is additive.
o If there exists top € Ry such that Ay, = 0, then for all ¢ > ¢, we have A; = 0.

We state two properties that are verified by models of the class C.
Lemma 2.3. Let ((&),P) €C.

e The process (&) is attractive, i.e. for all f,g € SZ° | the processes (&) and (€9), can be constructed with
the same family of Poisson processes such that:

if f <g, then for allt >0, & <é&. (2.6)

e The configurations A, x € 79, defined in (2.1), are the worst initial configurations for the spread of the
property P, in the sense that for all f € SZd,

if f(x) € P then Vt>0, A% c Af. (2.7)
Proof. The first item comes from the additivity property:
if f<g, then¢f <&fvel=¢l""<¢.

For the second item, by definition of A, and since f(z) € P, then A, < f. So, by the attractivity property
(2.6), we have that:

vt>0, & <¢gl.

Now, let y € A¥. Since £7(y) < &/ (y) and P is an upper set, then y € AJ. O

2.1.6. Probability space and translations

We denote by E? the set of oriented edges between nearest neighbors of Z%. Let ((&), P) € C, (Ne)ecrd
and (NV;),eze be mutually independent Poisson point processes on RT x M such that the process (¢;) can be
constructed from these families. We endow RT x M with the o-algebra B(RT) ® P(M), and we denote by M
the set of locally finite counting measures m = Z:;og O(t;,ms) on R x M. We endow M with the o-algebra Fis
generated by the maps m + m(B), with B € B(R™). We define the measurable space (2, F) by

(Q,F) = (M= x M2 FEE' @ FE.
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We define the probability measure P = <®e€]]id Ne) ® (®x€Zd NI) on this measurable space. For any ¢t > 0, we
define the time translation operator 6; on a locally finite counting measure m = =, &, on Ry by setting

i

Otm = Z ]].{tiZt}(stift.
i=1

It induces an operator on €2, still denoted 6;: we call it time translation. It is defined as follows:

et((we)eeﬂida (Wﬂﬂ)zeld) = ((etwe)eEEdv <9tww)m€Zd)'

The Poisson point processes being translation invariant, the probability measure P is stationary under the
action of @;. For all z € Z%, we also define a spatial translation T, on  by:

TZ((we)eGEd7 (wx)xEZd) = ((w(r+z,y+z))e:(m,y)€]Eda (wx+z)zezd)~
Note that if (&) is in class C, then for all z € Z%, the processes (& o T~%) and (&;) have the same law.

2.1.7. Extinction time and hitting time

We define, for all f € SZ% and y € 7%
7 =inf{t >0, Al =0} and ¢/(y)=inf{t >0, yc Af},

and similarly to the notations for the process (£;), we denote by 7% (resp. t*(y)) the quantity 72 (resp. t2+(y)),
and 7 = 79 (resp. t(y) = t°(y)). Starting from f, 7/ is the extinction time of the property, that is, the first
time when no one satisfies P; by the Definition 2.2 of the class C models, we have that for all t > 7/, A{ = 0.
The quantity tf(y) is the hitting time of vy, that is, the first time when y satisfies P, starting from f. Finally,
we denote by P, the probability measure P(.[7% = +oc0), that is the probability measure conditioned on the
survival of the property, starting from A, and P = P;.

2.1.8. Linear growth models

We work on a subclass Cp, of C which contains processes for which the set of sites satisfying the property
grows linearly with time, in the sense of the following definition.

Definition 2.4. We say that ((&;), P) belongs to the class Cy, if, for any finite support initial configuration f,
it satisfies the following conditions:

1. we have P(7/ = +00) > 0,
2. there exist Cy, Cy, My, My > 0 such that for all t € Ry and z € Z¢,

P(3y ez : ¢/ (y) <tand ||y, > Mit) < Cyexp(—Cat), (AML)
P(t< < 00) < Cy exp(—Cat), (SC)
P (t/ (z) > Ms|z|s +t, 77 = 00) < Cy exp(—Cat). (ALL)

Condition (2) means that the growth of the set of points satisfying P is at most linear (AML), at least linear
(ALL) and, if the extinction time 7 is finite, then it is small (SC for small clusters, in analogy with percolation
vocabulary). A model in C N Cy, is called a random linear growth model.

For those familiar with this literature, we briefly review here how these conditions are obtained. The first
step is to create a Bezuidenhout—Grimmett block construction [4], i.e. find an event in a finite space-time box
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whose probability large enough ensures the positive probability of survival of the process by coupling it with
an oriented percolation. This construction has been implemented in [8, 11, 12] and [22]. The second step is to
perform a restart procedure: from any initial configuration, we wait until we have a good configuration before
starting the block construction, then we use the known results on the oriented percolation below to obtain the
desired estimates (we restart the percolation if it dies out before the top process). This procedure has been
implemented in [12]. It is generalized in [22] and can be applied to prove that the models from [11] and [§]
satisfy the (SC) and (ALL) conditions.

2.2. Results and examples

We will prove the following general asymptotic shape theorem.

Theorem 2.5. Let (&) be a Markov process taking values in SZ" and P an associated property of interest. If
((&), P) belongs to classes C and Cr,, then there exists a norm p on RY such that for all € > 0, P(.|T = +00)
almost surely, for all t large enough,

H
(1—-¢)By C Tt C (1+4¢)By,

with H, = H, + [0,1), and B,, the unit ball associated to yu.

The proof of this theorem is given in Section 4. In what follows, we give examples of models to which this
theorem applies. This asymptotic shape theorem is already proved for examples 2.2.1 and 2.2.2. In each statement
mentioned below, we denote by B, the unit ball associated to a norm p and P the probability conditioned to
survival of the property P starting from the configuration Ay.

2.2.1. Classical contact process

The generator of the contact process with infection rate A > 0 and recovery rate 1 can be written in the form
(2.2), with S = {0,1} and

c(2,€,0) = Leg(m)=1
c(x,§,1) = Lgy=0 ¥ )\Z Le(y)=1-

Yy~

As detailed in the introduction, the asymptotic shape theorem has already been proved for P = {1}, that is
the property “to be infected”, by Bezuidenhout, Durrett, Griffeath and Grimmett, see [3] and [4].

The next examples are extensions of the classical contact process from the literature which we define using
the notation from our setting. They belong to C by construction, and with quite some effort, several authors
showed that they are Cy.

2.2.2. Contact process with aging (CPA)

Here, we interpret the contact process dynamics as birth/death instead of infection/recovery. [12] introduced
the contact process with aging where particles have an integer “age” affecting their birth rate so S = {0,1,...}.
The parameters of the model are the aging rate v > 0 and the sequence of infection rates (\;);>1 which is
non-decreasing and limited when 4 goes to infinity. The jump intensities in the generator are

C(l‘,f,O) = ]15(12)>0a
C(SL’,E, 1) = ]15(:6):0 X Z)\zNz(xaE)a

i>1

and C(Jj, 57 k) = Vlﬁ(i):kfh
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where k > 2 and N;(z, £) is the number of neighbors of « with age 7 in £. Let P = {1, ...} be the property “to be
alive”. The process (A;) represents the set of points alive regardless of their age. Here, Ag is the configuration
where all particles are dead (0) except the origin which is alive with age 1. From the results obtained in [12],
((&), P) belongs to C N Cy, and verifies the asymptotic shape theorem in the supercritical phase. This work has
inspired our proof of an asymptotic shape theorem for a general class of random linear growth models. We
deduce from this result an asymptotic shape theorem for Krone’s model [7], which is a particular case of the
contact process with aging.

2.2.3. Richardson’s model with stirring (RMS) and contact process with stirring (CPS)

Richardson’s model is a contact process without healing. The stirring dynamic corresponds to an exchange of
the states of two sites. For both RMS and CPS, we have S = {0,1} and P = {1} the property “to be infected”.
Here, the initial configuration &y is the classical one where all sites are healthy except the infected origin. For
these two models, stirring represents the movements of the infected particles. The generators of RMS and CPS
can be written in the form (2.2). For RMS with infection rate A > 0 and stirring rate 1, the jump intensities
are:

c(w,8,1) = Lgpy=o0 X A Z Le(y)=1;

y~z

o(z,9,€,1,0) = Lig()=1¢(y)=0}-

For CPS with infection rate A > 0, healing rate 1 and stirring rate NV > 0, the jump intensities are:

c(@,6,1) = Leymo X A Y Le(y)=1s
Yy~x
o(z,y,€,1,0) = N X Lga)=1,()=0}
C($7£70) = ]‘f(x):l'

Marchand, Marcovici and Siest [13] prove that both RMS and CPS are in the class C N Cy, for large enough
infection rates, therefore Theorem 2.5 can be applied to obtain an asymptotic shape theorem in these cases.
We denote by A.(d) the critical infection parameter for the classical contact process with healing rate 1 in
dimension d.

Corollary 2.6 (Asymptotic shape theorem for RMS and CPS). 1. Let (§;) be a RMS with infection rate
A > 2d\.(d) and stirring rate 1. There exists a norm pu on R? such that for all € > 0, P-almost surely, for
all t large enough,

H
(1-¢)B, C Tt C (1+¢)By,

where H, = H, +[0,1)%, with Hy, the set of particles infected before time t.
2. Let (&) be a CPS of stirring rate v, infection rate A > (2dv + 1)\.(d) and healing rate 1. There exists a
norm p on R such that for all e > 0, P(.|7 = +00)-almost surely, for all t large enough,

b8
(1-¢)B, C Tt C (14¢€)B,,

where Hy = H; + [0,1)%, with H, the set of particles infected before time t.
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2.2.4. Others examples

In [19], Foxall gives two other examples belonging to class C: the bipartite infection model and the household
model. The author asserts that the Bezuidenhout—Grimmett construction can easily be extended to these models,
so that it would be possible to use [22] techniques to deduce the three conditions for belonging to Cy,.

2.3. Discussion on non-additive models

Additivity and attractivity are key ingredients in our proofs, in particular for the construction and properties
of the essential hitting time. We believe that the additivity assumption is not necessary, but we need it in
the proof presented in this paper. Indeed, this assumption allows us to use a percolative path structure; more
precisely, it allows us to restart the process from a point that we know to satisfy the property P, without
considering the environment, and, conversely, to consider any point satisfying the property as descending from a
configuration with a single point satisfying the property. The attractivity hypothesis, meanwhile, is fundamental
to all the tools and results in the paper.

Nevertheless, there are non-attractive models for which an asymptotic shape theorem is conjectured but for
which, to our knowledge, proofs only hold in dimension 1. For instance, kinetically constrained models which
are interacting particle systems on {0, I}Zd where each site can update its state (at rate ¢ in state 1, at rate
1 — g in state 0) if it satisfies a local condition (for FA1-f the condition is “to have at least one neighbor in state
17; for East model in dimension 1, the condition is “to have its right neighbor in state 1”). These models are not
attractive. Blondel [23], for East model, and then Blondel, Deshayes and Toninelli [24], for FA1-f with large g,
have shown linear edge growth in dimension 1, but the question remains open in higher dimensions. Hartarsky
and Toninelli [25] have recently proved that kinetically constrained models exhibit at least linear growth.

Velasco [26] introduced two new extensions of the contact process. In both models, S = {-1,0,1}, where —1
state represents sterile particle (unable to give birth):

e the inherited sterility process (IS), where 1’s give birth to 1 at rate A with probability p, and to —1 with
probability 1 — p.

e the spontaneous sterility process (Spont) where 1’s give birth to 1 at rate A (as in the classical CP), but
where —1’s can appear spontaneously in the place of 0’s (without neighborhood condition).

Spont process, which can be seen as a continuous version of the Garet—Marchand bacteria model [22], is attractive
but non additive. For these models, (ALL), (AML) and (SC) have been established in [22] but the lack of
additivity prevents us from applying our result to deduce an asymptotic shape theorem. The IS is also not
attractive so our techniques deeply fail. In a forthcoming paper [27], the authors prove a shape theorem for
these two processes in dimension 1.

Another extension of the contact process that is relevant to study is the contact process in a randomly evolving
environment; it was introduced by Broman [9] and Steif and Warfheimer [11] made the block construction that
could prove (ALL) and (SC). Unfortunately, the lack of additivity once again prevents us from applying our
result. A recent preprint [28] addresses this problem.

From now on, ((§;), P) belongs to C NCy,. In Section 3, we introduce the essential hitting time o, a quantity
with good properties for the induced dynamical system, and show that the difference between o and the hitting
time ¢ is not too large. In Section 4, we prove Theorem 2.5, thanks to a subadditive ergodic theorem applied to
the essential hitting time.

3. ESSENTIAL HITTING TIME

3.1. Definition and properties

With non-permanent models like extensions of the contact process, the hitting times can be infinite (because
extinction is possible), and survival conditioning can cause a loss of independence, stationarity and even subaddi-
tivity properties required by Kingman’s theory. We are inspired by the construction of Garet and Marchand [15],
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for the contact process in random environment, to build the essential hitting time for a random linear growth
model ((&), P) € CNCyr. In the following, we will use the different properties of (£;) detailed in Definitions 2.2
and 2.4.

We set ug(r) = vo(z) = 0 and inductively define two sequences of stopping times (un(z)), and (vy(z)), as
follows.

e Suppose that vi(x) is defined. We set
Up+1(x) = Inf{t > vp(x) : z € A}

If vy () is finite, then ugq1(x) is the first time after vy (x) when the site x satisfies P; otherwise, ugy1(z) =
+00.

e Suppose that ug(x) is defined, with k& > 1. We set vg(x) = up(x) + 7% 0 0y, (o). If ug(x) is finite, then the
time 7% 0 0,,, () is the (possibly infinite) extinction time of P starting at time u(x) from the configuration
A.; otherwise, vg(z) = +o0.

We have ug(z) = vo(z) < up(z) <wvi(z) < ... <wui(x) <wvi(z)... We then define K(z) to be the first step
when vg(z) or ug41(z) becomes infinite:

K(x) =min{k > 0 : vx(x) = +00 or ug41(z) = +o0}.

The following lemma says that if the property survives in the entire process (£;), then the procedure stops after
a finite number of steps almost surely, and at a time ug () such that the site x verifies the property P, and
spreads it forever.

Lemma 3.1. Let p:=P(7 = +00). We have:
1. Vz € Z% Vk e N, P(K(z) > k) < (1 - p)*.
2. Almost surely, for all x € 72,

(K(x) =k and 7 = +00) <= (ug(z) < 400 and vi(z) = +00).

Proof. First item. Since ug11(x) is a stopping time, we can apply the strong Markov property at time wug41(x).
Therefore we have:

( )
( x) < 400, V41 < +00)

(uk+1 x) < +00,7" 0 9uk+1(ﬂﬁ) < +00)
(ugt1(z) < +00)P(1% < +00)

(K(z) > k)(1 - p),

IA A N CIA
Il R,

the last line is due to translation invariance.
Second item. Suppose that K(z) = k and v (x) < +00. Since vg () is a stopping time, we can apply the strong
Markov property at time vy (x). Therefore, denoting by 1 the configuration &,, (., we obtain:

]P>(7- — Jroo,vk(x) < 400, Uk4+1 = JrOO|]:vk(ﬂc))
= ]l{vk(x)<+oo}P(7'n = +00,t"(z) = +00) = 0.

which is impossible because the growth is at least linear (ALL), so in particular the process survives strongly
(that is each point is reached). Now suppose that u(x) < 400 and v (x) = +o00. By definition, we have K (x) =
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o(x) —t(x)

time

Zd

H.,AAAAAAAAA

0

F1GURE 1. Construction of the essential hitting time. At time u;(z), the site x verifies the property
for the first time. At time v1 (), the process starting from A, at time u1(z) does not contain any sites
satisfying the property: since it is an absorbing state, the property disappears forever in this process.
However, the initial process spreads the property to x at time uz(z), so the procedure restart at that
time. At time v2(z), the process starting from A, at time uz(z) does not contain any sites satisfying
the property. Note that instead of pursuing the procedure at the red circle, we start at the first time
after the extinction time v2(x) when x satisfies the property. If we do not proceed as such, then the
process obtained does not have the independence properties we want. Finally, the process starting from
A, at time uz(z) spreads the property forever, therefore the procedure stops.

k and 7% 0 0, () = +00. Since the model is attractive, and since x satisfies the property P at time ux(z), then
we have 7 = 400, and the second implication holds. O

Now we can define our essential hitting time o(z), and a translation related to it. See Figure 1 for an
illustration of the construction.

Definition 3.2. For x € Z4, we call essential hitting time of x by the property P the quantity o(z) = UK (z)-
We define the operator 6, on Q by setting:

i - Ty 00y if o(x) < +oo,
YT, otherwise.

Note that, by the symmetry property of the transition rates of our processes (2.3), o(z) and o(—2) have the
same law. In the following lemma, we state that the essential hitting time o(z) and its associated translation 0,
verify the independence and invariance properties we need to prove our asymptotic shape theorem. We recall
that we denote by P the probability measure P(.|T = 4+oc), the probability conditioned to the survival of the
property, starting from Ag.

Lemma 3.3. Let x,y € Z%, with x # 0za.
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(I) For all A in the o-algebra generated by o(x), and B € F, we have:
-1(B)) = F(A)E(B).
(II) For all A € F, we have P(;(A)) = (Az

(1II) Under P, o(y) o 0, is independent from o(x), and it has the same law as o(y).
(IV) Under P, the random variables (o(z) o (6,)7);0 are independent and identically distributed.

Proof. For the first point, the proof is very similar to the one of Lemma 8 of [15]. Simply show that, for all
k € N*, we have

P(ANG; Y (B)N{K(z) = k}) =P(AN{K(z) = k})P(B).
Let A’ € R be a Borel set such that A = {o(z) € A’}. We have:

P({r = +oo} NANG, Y(B)N{K(z) = k})

T =+400,0(z) € A, (T 0 0,(2)) " (B),uk(z) < +00,v4(2) = +00) (3.1)
(z) € A, (T 0 04y (2)) ' (B), ug(x) < 400,77 0 0y, (o) = +00)

up(z) € A up(z) < +00)P({r% = +o00} N T, *(B))
(z)

Line (3.1) comes from the second point of Lemma 3.1. The attractivity property implies that, for any stopping
time T', we have

{T < +00,ér(z) € P,roT, 00r = +o0} C {17 = +o0},

from which we deduce line (3.2). We obtain line (3.3) with the strong Markov property at time uy(x). Dividing
by P(r = +00), we obtain:

P(AN0;(B) N {K(z) = k}) = BP(B),

where 3 is a constant that does not depend on B. Taking B = (), we obtain:
B=PAN{K(z)=k}),

and item (I) follows. Items (IT), (I1I) and (IV) follow from item (I), see the proof of Corollary 9 of [15] for
details. O

Item (2) of Lemma 3.3 implies that, for all z € Z4, (Q, F,P, 9}) is a dynamical system. Now, our goal is to
prove that the essential hitting time is not too large. Since on {7 = +0c0}, we have almost surely

K(z)—1 K(z)—1
o(x) =ui(z) + Z (vi(x) —ui(x)) + (w1 (z) — vi(x)), (3.4)
i=1 =1

by definition of o(z) and by Lemma 3.1, then it amounts to study these two sums. The following lemma addresses
the first one.
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Lemma 3.4. There are Cs,Cy > 0 such that, for all x € Z% and t > 0, we have:
P(3i < K(x), vi(z) —ui(z) > t) < Czexp(—Cyt).

Proof. Using the strong Markov property at time u;(z), Lemma 3.1, translation invariance and property (SC),
we have:

P(3i < K(x), vi(z) —ui(z) > 1)
P( o {vi(e) —wi(x) >t} N {K(x) > i} 0 {r = +oo})

P(r = +0)
< 1 ZP({t < vi(z) —ui(r) < 400} N{ui(x) < +oo} N{7T = +00})
s - ZP( ooy (It <77 < Foo}) N {ui(x )<—|—oo})

+oo
1
< Pt <71* <40 P(u;(z) < +o0
S Z; )
1 =
<Pt <7< +00) Y P(K(x)>i—1)
=1

I
_

—P(t <7 < +00)

s

< Czexp(—Cit),
with Cg = 71201 and 04 = 02. O

3.2. Bad growth points

The second sum in equation (3.4) is harder to bound: the “reinfection time” w;y1(x) — v;(x) depends on
the configuration at time v;(z), therefore the strong Markov property will not be sufficient. We will introduce
the notion of bad growth points in order to treat this case: if there is none of them at time v;(x) in a certain
box centered on x with high probability, then the site x will be reinfected quickly enough, which bounds the
reinfection time u;41(z) — v;(x).

Let v, be the counting measure giving the times of all possible changes of state of y. Thanks to the construction
with Poisson point processes, the measure v, can be expressed as the law of a Poisson point process on R.. For
every z € Z¢ and t > 0, we say that y has bad growth (with respect to z parameterized by t) if at least one of
the following events occurs:

the spread of the property starting from y, in some state p € P, is faster than expected by (AML),
y in some state p € P has a finite but too long offspring,

y in some state p € P has an infinite offspring but takes too long to reinfect x,

there is not a single event occurring at y in the time interval [0,¢/2].

=N

We denote by EY(z,t) the corresponding event:

EV(z,t)={3pe P: H™" ¢ y+ Bare) (1)
U{TpeP: t/2 <12 < +o0} (2)
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U{IpeP: 7% = +0 andinf{sZQt:xeAsAg} > Kt} (3)
U {y[0,2/2] = 0}. (4)

where Kk = 3M1(1 4+ Ms), M, and M are the constants respectively given in (AML) and (ALL). For a laps time
L > 0, the measure v, allows us to count the number of bad growth points (y, s) € (¢ + Ba,¢+2) % [0, L]:

L
Np(z,t) = Z 1gy(es) o 05 d(vy + d0)(s).

YET+Bpyt+2

Remark 3.5. In Ny (z,t), we count the number of space-time points (y, s) involved in state change such that,
at that moment, the event EY(x,t) o 65 occurs. We add &y to the count so that, for all zg € By, tt2, (€0,0) is
counted. If Ny (z,t) = 0, this means, in particular, that v,,([0,t/2]) # 0. Thus, by iteration, each time interval
of length ¢/2 included in [0, L] above xg € Bjs, 42 contains a potential arrival of v.

Let us go back to our examples:
e For CPA we consider:
vy =w, +w) + Z we?,
ecEd:yce

where wl, wy and wg® are the Poisson processes respectively giving the possible death times at y, the
possible maturatlng and the possible birth times through an edge e from y.

e For CPS, we consider:
= w + Z w + w
ecEd:yce

;, w) and w! are the Poisson processes respectively giving the possible death times at y and the

possible 1nfect10n times or stirring times through an edge e from y.

where w

We control the probability that a space-time box contains no bad growth point.
Lemma 3.6. There exist A, B > 0 such that for all L >0, x € Z% and t > 0 one has
P(Np(z,t) > 1) < A(1+ L) exp(—Bt).

Proof. Let # € Z4, t > 0 and y € = + By +42. First, we control the probability of EY(x,t). There exist
Ay, By, Ay, Bs > 0 such that, for all ¢ > 0, one has

e P(Ape P: HtAZ ¢ y+ Bart) < Ap exp(—Bit) by attractivity and property (AML),
. ]P’(Ep eP:t<T™ < 00) < Aj exp(—DBst) by attractivity and property (SC)

o If 7% = 400, thanks to the additivity property (2.5), there exist z € A2t’ and p’ € P with 72 az' 0ot =
—+00. Thus, the choice of k implies that

AP
{TA?:L; = +oo,inf{s >2t:x € A"} > mﬁ}

AP o
C{Ay" ¢ y+ Bamye} U U {tAZ () 003 > (K — 2M)t, 725 06y = +oo}

z€Y+Banmyt

C{A}, £ y+ Banre} U

U {tN; (x) 0 O3 > Myl|lw — z|| + Myt — 3Ma, 78% 06y = +OO} ‘
z€y+Bamyt
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Hence, with properties (AML) and (ALL),

P(r47 = +o0,inf{s > 2t : z € ASN‘;} > kt)
< Aexp(—2BM;t) + (1 + 4Mit)? Aexp (—~B(Mt — 3My)) .
We also have to bound P (14([0,t/2]) = 0). Since v, has the law of a Poisson point process on R, then there

exists a constant Az > 0 such that P (1,([0,t/2]) = 0) = exp(—Ast/2).
We obtain the existence of A4, B4 > 0 such that for all z € Z%, ¢ > 0 and for all Yy €  + B ¢42 we have

P(EY(z,t)) < Agexp(—Bat) (3.5)

For y € x 4+ B, 42, we set T = 0 and denote by (T¥),,>1 the increasing sequence of times given by v,. We
have

L
P(N(e,t) 2 1) SE[Np(a,t)] = Y El/ nEm,woesd(uywo)(s)]

YET+Bny t+2

+oo
> E [Z Liry<rylps (e © GT#]

YET+Bpyt+2 n=0

“+oo
> D E[lygy<ry] P(EY (1))

YET+Bnry 142 n=0
> (U +E[ (0, L)) P(EY(x,1))
YET+Bnpy t+2

(2Mit +5)* (1 + LI) P(EY(z,1)),

IA

IN

where I is the total intensity of the Poisson point process v,. Using equation (3.5) we obtain the desired upper
bound. O

If there are no such bad growth points, we can bound the reinfection time:

Lemma 3.7. Let x € Z% and t > 2. If L,s are positive integers such that Ni(z,t) o0y = 0 and u;(z) €
[s +t,s+ L], then v;(x) = +00 or u;r1(x) —u;(z) < Kt.

Proof. If we have v;(z) = +00, we are done; so suppose that v;(z) < +oo. Let u be the last arrival of the Poisson
point process v, before u;(z) (if w;(z) is an arrival, then v = u;(z)). By the definition of u;(z), we have z € A,,.
Moreover, by Remark 3.5, we have u > u;(x) —¢/2, and since u;(x) € (s+t,s+ L], we deduce that u € [s, s+ L].
Therefore, the space-time point (x,u) is counted in Np(z,t) o 05, so the event E*(x,t) o ,, does not occur. We
have:

T 00y =7 00,z +ui(z) —u =vi(x) —u < +o00.

Moreover, time u is an arrival of v, ; therefore, the event E*(x,t) o 6,, does not occur. Thus, we have 7% 08, < t/2,
and so v;(z) — u;(x) < wvi(x) —u < t/2.
Now let us prove that we have w41 (z) —u;(x) < st. By additivity, there exists zo € Z% such that 29 € Ay, (z)—¢
AP0
and x € A; ™ 00y, (z)—¢, With po = &, (z)—¢(20). If T0 & & + Basi12, let xl G 7% be a site on the boundary of
the ball  + B, 42, and t1 € (u;(z) — t,u;(x)) such that z1 € Ay, z € Au ’”(w o 0,, with p; = &, (x1), and
t1 is an arrival of v,,. The space-time point (z1,t1) is counted n Np(z,t) 00y, so the event E*'(xz,t) o 6y, does

not occur. But ||x — z1|| > Mit, so it contradicts: Vp € P, H, . C x4+ Bay¢-
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So xg € & + By, t4+2. Since Np(z,t) o s = 0, by Remark 3.5 we have:

Vay ([ui(z) — £, ui(x) — /2]) # 0.
)
Let ¢y be the first arrival of v, in [u;(z) — ¢, u;(x) — ¢/2]. We have x € AtAj’o o 0y,, with p{; = &, (x0). We have

A

wi(z) —to >1t/2,80 T =0 o 0, > t/2, and the non-occurrence of the event E*°(x,t) o 0, implies that it is infinite

Pg
and inf{u >2t:z € AR o 01, } < rt. Therefore, there exists ty € [to + 2t, to + kt] such that © € A;,. We proved
earlier that v;(z) — u;(z) < ¢/2, and we have:

t
ty >t +2t > ui(z) +t > vi(z) + 2
o ta > v;(x), thus u;1(x) < to. Finally, we have:
U1 (x) —ui(z) < tg —ui(z) < to+ Kt — ui(x) < Kt.

See Figure 2 for an illustration of the proof. O

Tterating Lemma 3.7, we will be able to dominate o(z), which will be useful to prove almost sub-additivity
in Proposition 3.8.

3.3. Subadditivity and difference between o and ¢
Proposition 3.8. There exists A, B > 0 such that for all x,y € 7%,

vt>0, P (cr(x +y)— (a(x) +o(y)o 9}) > t) < Aexp (fB\/{f> .

Moreover, for p > 1, there exists My, > 0 such that for all x,y € VAS

E[(o(x +y) = (o(z) + o(y) 0 0:))5] < My,

)

,a(ar+y)28+t)-

Proof. Let z,y € Z%, t > 0 and let s = o(z) + o(y) o 0. We have:

P(a(x+y)>o(m)+a(y)o€~x+t) SP(K(:c+y)>

SRS

+]P’<K(a:+y) <

Thanks to (1) in Lemma 3.1, the first right-hand term is bounded by % exp (% In(1 — p)) For the second term
we will iterate Lemma 3.7 to prove that o is unlikely that big. Note that if K(x +y) < g, then t > K (x4 y)rv/t
and

{Nk(aryynvi(@ + 1, VE) > 1} C{Ni(z +y,Vt) > 1}.

So,

]P(K(x—l—y)ﬁxf,a(m-i-y)Zs—l—t)
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FIGURE 2. The gray block does not contain any bad growth point, so we use the 4 events in
the bad growth definition, at arrival times, to control the reinfection time of = from zg.

K

< (N(x+y 7)o )

+P (EIZ<K NE vz(a:+y)—uz(a:+y)>\[) (3.6)

<K g\/i (x+y)>s+K(x+y)mf>

/\

Indeed, if Npe(,iy)nvi(@ + ¥, Vt) =0 and Vi < K(z +y), vi(z +y) — ui(z +y) < +/t then there are two
possibilities:

e cither Vi < K(z +y), ui(z +y) < s+t and then o(x +5y) < s+t < s+ K(x + y)rv/t,
e or we define 79 = max{i : u;(x +y) < s+ V/t} then v; (z +y) < s+ 2v/t and 7*+Y 0 0, = +00 so inf{r >
2Vt x+y € ATV} 06, < ky/t and finally u;o 41 (2 +y) < s+ K/t . Furthermore ;4 (z +y) > s+ /1t for
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all 7 > 1 and we can iterate Lemma 3.7 to conclude that for all j < K(z +y) — i, wiy (7 +y) < s+ ikt
and then o(z +5) < s+ K(x + y)kV/1.

Since Ny(z +y,vt) 0 05 = N¢(0,vt) 0 Ty 0 Ty 0 (1) 0 0, we have

(y)obs>
N; (x—l—y,\/i) oy =N, (O,\/i) oéyoéw.

Thus, P(Ny(z +y,Vt) o 05 > 1) = P(N(0,+/%) > 1), which is controlled by Lemma 3.6. And the second term
of the sum (3.6) is bound by Lemma 3.4. O

Proposition 3.9. There are A, B, > 0 such that for every z > 0 and every x € 72,
P(o(2) > t(z) + K(2) (alog(1 + ||z[]) + 2)) < Aexp(—Bz).

Proof. We use the same method as in the proof of the previous proposition. Let us set ¢t = %ﬂxmﬂ)

« is a parameter bigger than 1 that will be adjusted later. In particular, ¢t > z/k.

, Where

P(o(x) > t(x) + K(2)kt) <
< (32 < K( ) : (‘T) _Uz(x) > t) +P(NK(z)Ht(xvt) > 1)

P(o
P

The first term is bounded by by Lemma 3.4. For the second one, we have that:

P (Nic(oyme (2.1) > 1) Z\/]P’ ) = DBt 1) > 1)

< Z VE(K (2) = j)VA(L + jrt) exp(—Bt)
j=1

+oo
< VAT + T exp(~ 1) >y ) = ).

Using the fact that K (x) is sub-geometrical, the sum is finite. Then, take « large enough, there exist A’ and B’
such that the last term is bounded by A’ exp(—B'z).
O

_ —t
Proposition 3.10. P-almost surely, it holds that | Hlim |a(m)|”(ac)|
x||—+o0 T

=0.

Proof. We want to bound E(|o(x) — #(z)[P). Using Minkowski inequality, Proposition 3.9 and item 1 of
Lemma 3.1, we obtain

E(lo(z) — t(z)|P) < CP(log(1 + [|z[]))P.
So, the sequence (%) S is in £P(Z?) and tends to 0 almost surely. O
re

Corollary 3.11.  (I) There exist A, B,C > 0 such that

Ve e 22t > 0, P(o(x) > Cllz|| +t) < Aexp(—BVt).
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(II) For p > 1, there exists a constant Cp, > 0 such that
Vo € 2%, Elo(x)?] < Cp(1 + |l2l)?.
(IIT) For every e > 0, P-a.s., there exists R > 0 such that

o,y € 2%, (llz] > R and ||z — y|| < e|zl)) = (lo(z) — o(y)| < Ce|lz]).

Proof. For the first item (I) we can write

P(o(@) > (C+ Dlle] +¢) <P((ta) 2 Cllall +1/2) + P (K(m > /el +1/2

1

20
+P (o) > (C+ D)zl + 1, #2) < Cllell +1/2, K(2) < 57 +t/2>
<P(t(z) > Cllal| +t/2) + P (K(m) (I t/2)

+P (U(m) > t(z) + K(z) x 2ay/][z][ + t/2) .

The first term is bounded by (ALL), the second one using Lemma 3.1 and the third one using Proposition 3.9
with 2z = Bv/t. The second item (II) comes from Minkowski inequality and (I). Then, for the last item (III), for
m € N and € > 0, we introduce

Bp(e) = {32,y € Z%: |z| = m, |z — y|| < em and |o(z) — o(y)| > Cem}.

We have

P(By,(€)) < Z P (O’(Z) 00, +7r(x,2) > Cem)
(I—eym<|lz]|<(1+€)m
llzl|<em

> P(0(z) > 2Cem/3) + P (r(z,y — z) > Cem/3).
A—eym<|lz||<(1+€)m
]| <em

IA

Using (I) and Proposition 3.8, we have

P(Bp(e)) < (1+ 2em) (1 + 2(1 + €)m) Aexp( B\/T)
exp( B\/m)

and we can conclude thanks to Borel-Cantelli lemma. O

4. PROOF OF THE ASYMPTOTIC SHAPE THEOREM

In this section, we will use the following almost subadditive ergodic theorem, which is a reformulation of the

theorem of Kesten and Hammersley (see [17] and [16]), adapted for the essential hitting time and the properties
it verifies.
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Proposition 4.1 (Thm. 39 of [12]). Let (Q, F,P) be a probability space. Let (0(x)),eze be random variables
with finite second moments and such that, for every x € Z%, o(x) and o(—x) have the same distribution. Let
(s(y))yeza and (r(z,y))s yeza be collections of random variables such that:

Hyp 1: Va,y € 74, o(x +y) < o(x) + s(x,y) + r(z,y) with s(z,y) having the same law as o(y), and being
independent from o(x),

Hyp 2: Vx,y € 72, 3C:,y and oy < 2 such that
Vn, p, E[r(nz, py)?] < Cyy(n+ p)ew,

Hyp 3: 3C > 0 such that Yz € Z2, P(o(nz) > Cnljz|) 2= 0,

Hyp 4: 3K > 0 such that Ve > 0,P — p.s AM such that (||z|| > M and ||z — y|| < K||z||) = |lo(z) — ()] <

ell]],
n— oo

Hyp 5: 3c > 0 such that Vz € 72, P(o(nz) < enlz|]) == 0.
Then there exists pu: Z¢ — Rt such that

o(z) — p(x)

lim =0 a.s.
[EEC 4]

Moreover, ji can be extended to a norm on R and we have the following asymptotic shape theorem: for all € > 0,
P almost surely, for all t large enough,

G
(1-€¢)B, C Tt C (14 €)B,,

where Gy = {x € 2% : o(x) <t} +[0,1]¢ and B,, is the unit ball for .
We now deduce the expected asymptotic shape theorem for the hitting time ¢:

Proposition 4.2. There exists a norm p on R? such that almost surely under P,

and for every € > 0, P-a.s., for every large t,

H,
(1-)B,c St c (1+ 0B,

where Hy = {x € 24/t(x) <t} +[0,1]¢ and B,, is the unit ball for ji.
Theorem 2.5 is contained is the previous result.

Proof. First, we use Proposition 4.1 to show that o satisfies an asymptotic shape theorem. We check the
hypotheses of Proposition 4.1 using the controls of Corollary 3.11. Thanks to (I), o has finite second moment
required. We take s(y) = o(y) o 9~w~ and 7(z,y) = o(z +y) — (6(x) + 0(y) © 0,))4. The hypotheses 1 and 2 are
satisfied thanks to properties of 6, (Lem. 3.3) and Proposition 3.8. The hypothesis 3 is the at least linear
growth (I). The hypothesis 4 is the control (III). Finally, hypothesis 5 is immediately checked thanks to the at
most linear growth (AML):

P(o(nx) < Man||z|) < P(t(nz) < Manl|z|) <

exp(—BMan||x]|).

YIS
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So, o satisfies a shape theorem. We deduce the result for ¢ from the result for ¢ thanks to Proposition 3.10. To
deduce the geometric result from the analytical one, the classical proof can be done by contradiction: assuming
that the geometric inclusion is not true, it is possible to construct a sequence (z,,) of points such that p(z,,)/t(z,)
does not converge to 1. O
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