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Abstract

We consider a stochastic model of N evolving particles studied by Brunet and Derrida. This model can
be seen as a directed polymer in random medium with N sites in the transverse direction. Cook and Derrida
use heuristic arguments to obtain a formula for the ground state energy of the polymer. We formalize their
argument and show that there is an additional term in the formula in the critical case. We also consider a
generalization of the model, and show that in the noncritical case the behavior is basically the same, whereas
in the critical case a new correction appears.
© 2014 Published by Elsevier B.V.
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1. Introduction

A relatively simple formulation for the problem of directed polymer in random medium can
be found in [7,13]. The lattice consists of L planes in the transversal direction. In every plane
there are N points that are connected to all points of the previous plane and the next one. For each
edge ij, connecting the rth plane to the (# + 1)th plane, a random energy &;; (¢ + 1) is sampled
from a common probability distribution &£. With a slight abuse of notations we write £ for both
the distribution and a random variable with distribution &. For v = [wy, ..., wr] a standard
random walk on Gy the complete graph on N vertices, we define the energy E,, of the directed
path by summing the energies of the visited bounds

L
E, := wax gy (5 + 1)

s=1
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We define the probability measure 17, on the space of all directed paths of length L by
pL(@) = Z(T)™ exp(~Eo/T),

where T is the temperature and Z; (T) is the partition function. The directed path (a)[, i )l.>0 can
be interpreted as a polymer chain living on Gy x N, constrained to stretch in one direction and
governed by the Hamiltonian exp(—E,/T).

We will focus on the case where the random energies &;; depend on N the number of vertices
of Gy and we will work at zero temperature. When 7' = 0, we are faced with an optimization
problem: computing the ground state energy of the model i.e. the lowest energy of all possible
walks.

In [7] Section 7.3, Cook and Derrida consider the particular case of zero temperature and
& distributed according to a Bernoulli of parameter 1/N I+ with r > 0, which they call the
percolation distribution. In this case, the energy E,, of a directed path of length L is equal to the
number of times &, »,,,, = 1 along this path.

For N fixed, the ratio E; /L converges a.s. as L — oo to a constant, which depends on N.
In [7], the authors call this limit the ground state energy per unity of length and they derive the
following asymptotic for it, as N — 0o

E= (1+ L1/rj)71, (1.1)

where |-| denotes the integer part. Their statement is based on the observation that the typical
number of sites on the rth plane connected to the first plane by a path of zero energy is N!~/".
Hence, if N is large enough and 1 —¢r positive there is a path of zero energy (which is necessarily
a ground state) from O to 7, whereas when 1 —¢r is negative there is no such path. Their argument,
although informal, is correct, but the case where 1/r is an integer (the critical case) requires
a more careful analysis. In this paper we formalize their argument and show that there is an
additional term in (1.1) when 1/r is an integer.

We will approach the polymer problem described above through the point of view of an inter-
acting particles system. It consists in a constant number N of evolving particles on the real line
initially at the positions X1(0), ..., Xn(0). Then, given the positions X; (¢) of the N particles at
time ¢ € N, we define the positions at time ¢ 4 1 by:

Xi(t+1) = ILI}zLxN{Xj(Z) +&.:(t+ D), (1.2)

where {& j(s);1 <i,j < N,s € N} are i.i.d. real random variables of common law &. The
N particles can also be seen as the fitness of a population under reproduction, mutation and se-
lection keeping the population size constant. Moving fronts are used to model some problems in
biology and physics. It describes, for example, how the fitness of a gene propagates through a
population. In physics they appear in non-equilibrium statistical mechanics and in the theory of
disordered systems [11].

One can check by induction that

1
Xi(t) = max { Xy (0) + ) w10, (8): 1 Sy <N, Vs =0,....t—landw, =i .
s=1
We will often assume that all particles start from zero, i.e. X;(0) = O forall 1 <i < N. Hence,
if we sample —§;;(¢) from a Bernoulli of parameter 1/N 147 then — X, (¢) is equal to the lowest
energy among all paths w such that w; = i. It corresponds to the ground state energy of the
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polymer in [7] conditioned to be on i at t. Therefore, the ground state is obtained by taking the
maximum over all possible positions.

Definition 1.1 (Front Speed). Let ¢(X (1)) := max {Xi(®)}. The front speed vy is defined as
<i

=

vy = lim —(b(X(t)) . (1.3)
t—00 t

For N fixed, the limit (1.3) exists and is a constant a.s. see [6] for more details and a rigorous
proof. It is not difficult to see that the ground state energy per unit of length is equal to —vy as
defined in (1.3).

The model defined in (1.2) was introduced by Brunet and Derrida in [4] to get a better un-
derstanding of the behavior of some noisy traveling-wave equations, that arise from microscopic
stochastic models. By the selection mechanism, the particles remain grouped, they are essen-
tially pulled by the leading ones, and the global motion is similar to a front propagation in
reaction—diffusion equations with traveling waves. In [4], Brunet and Derrida solve the micro-
scopic dynamics for a specific choice of the disorder (&;; are sampled from a Gumbel distri-
bution) and calculate exactly the velocity and diffusion constant. Comets, Quastel and Ramirez
in [6] prove that if £ is a small perturbation of the Gumbel distribution the expression in [5] for
the velocity of the front remains sharp and that the empirical distribution function of particles
converges to the Gumbel distribution as N — oo. They also study the case of bounded jumps,
for which a completely different behavior is found and finite-size corrections to the speed are
extremely small.

Traveling fronts pulled by the farmost particles are of physical interest and not so well under-
stood, see [15] for a survey from a physical perspective. It is conjectured that, for a large class
of such models where the front is pulled by the farmost particles, the motion and the particle
structure have universal features, depending mainly on the tails distribution [4,5]. We mention
recent results that confirm some of these conjectures. Bérard and Gouéré [2] study the binary
Branching Random Walk (BRW) under the effect of selection (keeping the N right-most parti-
cles) and they prove that the asymptotic velocity converges to a limiting value at rate (log N)~2.
Couronné and Gerin [8] study a particular case of BRW with selection where the corrections to
the speed are extremely small. Maillard in [14] shows that there exists a killing barrier for the
branching Brownian motion such that the population size stays almost constant. He also proves
that the recentered position of this barrier converges to a Levy process as N diverges. In the case
where there are infinitely many competitors evolving on the line, called the Indy-500 model,
quasi-stationary probability measures are superposition of Poisson point processes [1].

In the first part of this paper, we study the model presented in [7] and described above. We
consider the case where the distribution of the &;; depends on N and is given by

P(&(N) = 0) = po(N) ~ p/N'*" (1.4)
P(E(N) =—1) =1 -P(§(N) =0),

where r > 0, p > 0 and for sequences ay, by we write ay ~ by if ay /by — 1. We will often
omit N in the notation. Since £ is non-positive, the front moves backwards. As a consequence
of the selection mechanism and the features of &, all particles stay at a distance of at most one
from the leaders. And when the front moves, i.e. ¢>(X(t)) = qb(X(t — 1)) — 1, all particles are
at the same position. This particular behavior hides a renewal structure that will be used when
computing the front speed.



A. Cortines / Stochastic Processes and their Applications 124 (2014) 3698-3723 3701

The case 1/r € Nis critical and the system displays a different behavior. For N large enough,
attime r = 1/r, we show that there is a Poissonian number of particles X; that remain in position
zero. Then, at the 1/rth plane there exists a finite number (possibly zero) of sites that can still be
connected to the first plane through a path of zero energy. Whereas, when 1/r ¢ N the typical
number of such sites is of order N'~/". This difference of behavior leads to an additional term in
(1.1) and the following Theorem holds.

Theorem 1.2. Let & be distributed according to (1.4). Then the front speed vy satisfies

-1 .
tim oy = "UFWA) g N (1.5)
N—o0 —(1+[1/r)=e”" )", ifl/reN,
In the case wherer =0
lim vy =0. (1.6)

N—o00

In Section 3 we generalize (1.4) and consider £ taking values in the lattice Zg = {l € Z;
[ < 0}. Then we set fori € N

pi(N) =P(E(N) = —i), (1.7)
and assume that pg ~ p/N!*" where r and p are non-negative. Let
@(N) :==P(EN) < ~2) =1 - po— p1. (1.8)

We also assume that for i > 2
P =—i|t<-2) =" _puy=_i), (1.9)
2

where ¢ is an integrable distribution on the lattice Z_, that does not depend on N. We then
compute the asymptotic of vy as N — oo, that resembles the expression in (1.5), but a different
correction appears in the critical case, see Theorem 1.3.

As we explain in Section 4, we can further generalize the model and consider & distributed as

§ = po(N)dr, + p1(N)dy; + q2(N)P (dx), (1.10)

where A1 < Xg, ¥(dx) is an integrable probability distribution over (—oo, AM—(Go— A 1)] and
8, is the mass distribution. Then, if we assume that po(N) ~ p/N 147 the velocity vy obeys
the following asymptotic.

Theorem 1.3. Let & be distributed according to (1.10). Assume that

po(N) ~ and lim g>(N) =90,
N—o00

NI+
wherer > 0 and 0 < 0 < 1. Then the front speed vy satisfies
—1 .
lim vy = ro— (o—AD(1+L1/r]), if1/r ¢N
N=o0 ho = Go =20 (L1/r]+1=1/g®) ", if 1/reN,

where g(0) > 1 is a non-increasing function. The conclusion in the case 1/r & N still holds if &
satisfies the weaker assumption g2 /(1 — po) < 6', for some 0 < 0’ < 1.

(1.11)
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The paper is organized as follows: in Section 2.1 we compute the typical number of leading
particles, which corresponds to the number of paths of zero energy and in Section 2.2, we cal-
culate the limit of vy as N — oo, exhibiting in particular the additional term appearing in (1.1)
in the critical case. In Section 3.1 we compute the typical number of leading particles, when & is
distributed according to (1.10). Sections 3.2 and 3.3 present some technical results and calcula-
tions. In Section 3.4 we compute the front velocity and prove the discrete version of Theorem 1.3.
Finally, in Section 4 we sketch the proof of Theorem 1.3.

2. Front speed for the two-state percolation distribution

In this section, we consider the case of &;;’s distributed according to (1.4). For this choice of
distribution, all N particles meet at a same location at a geometric time 7 regardless the initial
configuration, see [6] Section 5 for a rigorous proof. Due to the choice of &;;’s and (1.2), at all
later times ¢ > T every X, (¢) is either at a leading position or it lies at a unit distance behind the
leaders.

Since @(X (T)) /t converges to 0 a.s. as t — 00, the front speed vy is not affected by the
particles’ positions at time 7". So, we may assume that at r = 0 the particles’ relative positions to
the leader satisfy the above property. In this situation, we consider the following process.

Definition 2.1. Let ¢>(X (t — 1)) be the front’s position as in Definition 1.1. Then, for t € N
we define the stochastic process Z(t) := (Zo(t), Zl(t)) as follows. For t = 0 let Zy(0) be the
number of leading particles and Z1(0) the number of particles that are at a unit distance behind
the leaders. For t > 1 define

Zo@) =1 <i < N; Xi(t) = (Xt — D)) };
Zi() =1 <i < N; Xi() = (X (1 — 1)) — 1},

where ff denotes the number of elements in a set.

2.1

Note that for t > 1 Zy(¢) is equal to the number of leaders if the front has not moved backwards
between times ¢ — 1 and ¢, and to O if the front moved. Z is a homogeneous Markov chain on the
set

Q(N):{xe{o,l,...,N}2;xo+x1 =N},

where xg and x; are the coordinates of x. The transition rates of the Markov chain Z(¢) are
given by the Binomial distributions

P(Zo(t +1) = - | Z(t) = x) = P(Zo(t + 1) = - | Zo(t) = x0)

B {B(N, 1= (1=pp)™) (), x0=1

B (N, 1—(1— p())N) (). xo=0. 22)

We will often consider Markov chains with different starting distributions. For this purpose we
introduce the notations IP,, and £, for probabilities and expectations given that the Markov chain
initial position has distribution given by p. Often, the initial distribution will be concentrated at
a single state x. We will then simply write P, and [E, for Ps_ and Es, .

In this section, & denotes the configuration (N, 0) € 2(N) . Furthermore, we introduce the
notation

l/r=m+n, (2.3)

where m stands for the integer part of 1/ and 7 its fractional part.
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2.1. Number of leading particles

In this subsection, we show that under a suitable normalization and initial conditions the
process Zg converges as N goes to infinity.
We consider the random variable

v = inf{r > 1; (X (1)) < ¢(X(t — 1)}, (2.4)

that is a stopping time for the filtration 7; = {&;;(s); s < tand 1 < i, j < N}. Itis not difficult
to see that 7 is also the first time when Z visits zero

T =inf{r > 1; Zo(t) = 0},

as a consequence Z(t) = (0, N ) From (2.2), it is easy to conclude that the distribution of
{Z (t+1),t> 1} is equal to the distribution of {Z (1),t > 1} under Pg,. It yields the renewal
structure that will be used when computing the front speed.

Definition 2.2. Let Y (¢) be the number of leading particles at time 7 if the front has not moved

Y (1) = Zo()1j<q). (2.5)

Then, Y is a homogeneous Markov chain with absorption state at zero and transition rates given
by the Binomial distributions

P+ =-1Y@0 =k =B(N.1-0-pl) 0.
The advantage of working with Y rather than Z is that the above formula holds even if Y (1) = 0.

Proposition 2.3. Let & be distributed according to (1.4). For k € {1,2,..., N} denote by
G (s, t) the Laplace transform of Y (t) under Py at s € R. Then,

Gi(s, 1) =T [T O] = expf (e = Dk(Npo)' (1 +0(1)} 2.6)
as N — oc.

Proof. Conditioning on F;_; := {&;(s); s <t — 1}

o [esm] - Ek[E [e”“) | Y(r — 1)]]

—E, [(1 F -1 (1 (- pO)Y(l_l))>Ni| .

Since po ~ p/N'*" withr > 0and Y (r — 1) < N, we obtain by first order expansion that

(1+@ =0 (1= 1= p" D))" = s e,

where s(1)(N) = exp{(e’ — 1)(Npo + o(Npp))} and o(Npo)/Npy — 0 as N — o0
independently from Y (¢ — 1). Repeating the argument

Ey [es Y(t)] = Ey [5(1)(N)Y(t_1)] = Ey [S(Z)(N)Y(I_z)] ,
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with s(2)(N) = exp{(s(1)(N) — 1)(Npo + o(Npo)) }. Expanding s;(N) — 1
sy(N) — 1 = exp{(es — (N po+ o(Npo))} —1
= (¢’ = 1)(N po + o(Npo)).

Hence, s)(N) = exp{(e* — )(N po)2 + 0((Npo)?)}. We proceed recursively and obtain the
expression

o [e”@] _ exp{k (e = 1)(N po) (1 + 0(1))}, as N — oo,
which proves the statement. [

We point out that the case k = N corresponds to Z(0) = @. We now state two corollaries of
Eq. (2.6).

Corollary 2.4. Let & be distributed according to (1.4) and k € {1, ..., N}. Then, fort > m + 1
Pe(Y(t) =0) = 1 — p' N'7'" 4 o(N''7) 2.7)
as N — oo.
Proof. Since P¢(Y (1) = 0) = lim,—, _o Ey [¢*¥ "], Proposition 2.3 implies that
Pe(Y (1) = 0) = exp[—k(Npo)' (1 +0(D)} = expf =N (Wpo)' (1 + 0(D)}.
Then, we obtain (2.7) by first order expansion. [

Corollary 2.5. Let & be distributed according to (1.4) withn =0 (i.e.r = 1/m) and k(N) be a
sequence of random variables in {1, ..., N} with some distribution u(N). Suppose that k (N)/ N
converges in distribution to U a positive random variable.

Then, under P, (n), Y (m) converges in distribution to Y, a doubly stochastic Poisson random
variable characterized by its Laplace transform

E [es Yoo] = E[exp{U (¢' — 1)p"}]. (2.8)
Proof. We may assume that all {§;;(t);¢,i, j € N} and {«(N), N € N} are constructed on the
same probability space in such a way that k (N)/N converges a.s. to U. Then we use (2.6) to get

Eecv) I:eSY(m)] = exp{(e' = D k(N)p" N™' (1 +0(1))}, as N — oc.

The term o(1) converges to zero independently from «(N) the initial position. Then, by
dominated convergence, we obtain that

1. ]EI: SY(m)] — E U S _ 1 m ,
Jim E|e [exp{U(e* = 1)o"}]
which concludes the proof. [

We now prove a large deviation principle for Y. As in [9,10], we denote by

, 1
i) = fim - log By [es Y(”] , 2.9)
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the cumulant generating function of ¥ under P¢. From (2.6) we see that Az (s) = (ef — 1)p.
Denoting by

Ay 1 (x) = sup{xs — A (5)}, (2.10)
seR

the Legendre transform of Y (¢) under P, we have that

_ t [ : .
Az,t(x) _ {x(logx logp") +p' —x, ifx>0; @211

00, ifx <O.

Proposition 2.6 (Large Deviation Principle for Y). Let & be distributed according to (1.4). For
t <m, let k(N) < N be a sequence of positive integers such that

lim k(N) N7 = o0.
N—o0

Then, under Prvy, Y (t)/ (k(N )\ ’) satisfies a large deviation principle with rate function
given by A,tyt as in (2.11) and speed k(N)N~"".

Proof. In fact, it is a direct application of the Gértner—Ellis Theorem (see e.g. Theorem V.6 in
[10]). Since A is smooth, it is a lower semi-continuous function, therefore the lower bound in the
infimum can be taken over all points. [

The next corollary formalizes the statement of Cook and Derrida in [7].

Corollary 2.7. Let & be distributed according to (1.4) and k (N) be a sequence of random vari-
ablesin {1,2, ..., N}. Assume that all {k(N); N € N} and {§;;(t); t,i, j € N} are constructed
in the same probability space in such a way that they are independent and denote by PV and
P®@ their distributions.

Suppose also that in this probability space kK (N)/N converges a.s. to U a positive random
variable. Then, fort < 1/r

. Y ()
(1) (@)
th P eP <‘p’ N1 1

where P1) ® IP’S()N) is the distribution of {Y (t); t € N} started from k (N).

> g) =0, 2.12)

Proof. We first consider the case where k (V) is a deterministic sequence and k (N)/N — u,
with 0 < u < 1. Then the conditions of Proposition 2.6 are satisfied and Y (¢)/ (K(N )N ’”)
satisfies a large deviation principle with rate function given by (2.11), that has a unique zero at
p!. This implies the desired convergence.

The random case is solved by conditioning on « (N) = Y (0).

Y (@)
(1 (2) _
P ®]PK(N) ( thletr 1’ = 8)

_ [p@ Y() _
- k(N)(@1) th(wl)letr

Since k (N)(w;)/N converges to U (w;) PM-a.s.

> 8) ]P’(l)(da)l).

. Y ()
2
]vh_I)IlOOPK(N)(wl) ( p U (wp)N1- - ’ = 8) -

and we conclude by dominated convergence. [
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Cook and Derrida [7] consider the particular case where p = 1 in (1.4). From Corollary 2.7,
we see that Y (r)/N'~"" converges in probability to one. Since under Py, Y (r) is equal to the
number of paths with zero energy at time ¢, the typical number of such paths is N~

2.2. Front speed

In this subsection, we give the exact asymptotic for the front speed, proving Theorem 1.2. The
front’s position can be computed by counting the number of times Z visits (0, N). Indeed, at a
given time ¢ either the front moves backwards and ¢(X (t)) = qS(X (r — 1)) — 1 or it stays still
and ¢(X (1)) = ¢(X (¢ — 1)). Then,

(X)) _ -N,
t ot

where N; is the stochastic process that counts the number of times that Z visited (0, N) until
time ¢. A classic result in renewal theory (see e.g. [12]) states that

N, 1
lim — = ) (2.13)
t—>o00 t EEB[I]

Hence, to determine the front velocity, it suffices to determine Eg[7].

’

Eolt]l =) Por =1+ 1) =) Pe(Y() = 1). (2.14)
t=0 =0

A consequence of Corollaries 2.4, 2.5 and 2.7 is that if £ is distributed according to (1.4) with
n > 0, then

. 1, ift <m;

aim Pe(Y™) = 1) =107 0 S 41,

Whereas we have the following limits when n = 0

1, ift <m-—1;
lim Pg(Y(t) = 1) =1 —e", ift =m;
N=oe 0, ifr>m+ 1.

Then, to finish the proof of Theorem 1.2, it suffices to show that

Jim > Pe(Y()=1)=0. (2.15)
t>m—+1

Since Y is a homogeneous Markov chain we use the Markov property at time m + 1 to obtain

oo N
Y Pe(Y()=1) =Y > P(Y(t) = 1) Pg(Yn +1) = k).

t>m+1 t=0 k=1

It is not difficult to see that under P, Y is stochastically dominated by ¥ under Py, which implies
that Py (Y (t) = 1) <Py (Y (t) > 1) . Then, applying this inequality in the above expression, we
get

> Pe(Y(1) = 1) <Pg(Y(m+1) = 1)Eglt]. (2.16)

t>m+1
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Proposition 2.8. Let & be distributed according to (1.4). Then, E[t] is bounded in N
sup sup {E,[r]} < oco. (2.17)
NeNxef2(N)

Proof. By Corollary 2.7, limy_, » Pg ('L’ >m +2) = 0. Therefore, there exists a constantc¢; < 1
such that for N sufficiently large

Pe(t=>m+2) <c.
Coupling the chains started from §, and §g we obtain that Py (t > m 4 2) < Pg(r > m + 2) for
every x € {2(N) and therefore

P.(t >m+2) <cj. (2.18)
Then, Proposition 2.8 follows as a consequence of the Markov property and (2.18). In Section 3.2
we present an equivalent argument in all details. [

Applying Proposition 2.8 and Corollary 2.4 in (2.16), we conclude that
Y Pe¥)=1)=0 (N1—<'"+”’) .

t>m+1
Hence, from (2.14) we obtain the limits
{l—i—m, ifr % 1/m;

lim Eglt] = "
m Beltl =\ L e ifr=1/m,

N—o00

(2.19)

proving Theorem 1.2 in the case r > 0.
To finish the proof of Theorem 1.2 it remains to study the case r = 0. For that we use a
coupling argument. Up to the end of this subsection we denote by &(r)

PEr) =0) =1 —PEF) = —1) ~ p/N.

For r > 0, the random variables £(0) are stochastically larger than £(r) for N large enough.
Denoting by X7 (¢) the stochastic process defined by &(r) we construct the process in such a way
that the following relation holds

p(X°m) _ ¢(X" )

t t

0>

From (2.19), if we choose r such that 1/7 is not an integer, we have the lower bound

0= wy(0) = on(r) = =1+ [1/r)7,
whence taking r to 0, we obtain limy_, 5, vy (0) = 0, which concludes the proof of Theorem 1.2.
3. Front speed for the infinitely many states percolation distribution

In this section, we prove a discrete version of Theorem 1.3. We consider the case of §;; dis-
tributed according to (1.7).

Assumption (A). The random variable & distributed according to (1.7) satisfies Assumption (A)
if there exists a constant 0 < 6 < 1 such that

lim =0,
N%ooq2

and ¥ defined in (1.9) is integrable.
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In the non-critical case we do not need to assume the convergence of g>. We prove Theo-
rem 3.2 under the weaker condition.

Assumption (A’). The random variable & distributed according to (1.7) satisfies Assumption
(A) if there exists a constant 0 < 6" < 1 such that for N large enough

_ < 9”
(I = po)
and ¢ defined in (1.9) is integrable.

As in the “two-state percolation model”, the N particles meet at a same location at a geomet-
ric time despite the starting configuration. Since &;;(s) € Zg (for all s € N), for all later times ¢
every X;(¢) is at adistance d; € {0, 1, 2, ...} behind the leaders. For this reason, we may assume
that at ¢+ = O the particles’ relative positions to the leader already satisfy this property and we
consider the process Z(t) := (Z; (1)1 e N), where

Zi) =8{j;1<j <N, X;()=¢(Xt - D)~ 1}.

Then, Z is a homogeneous Markov chain on the set
o

QN) = {x 0. L. N = N},
i=0

where x; are the coordinates of x. If at time r we have that Z(t) = x € 2(N), foreach k € N
there are x; particles in position —k with respect to the leader at time ¢ — 1. In this situation,
suppose that xo > 1, then for every 1 < i < N the probability that X;(¢# + 1) is in position —k
with respect to the leader at time ¢ is equal to

o0 Xk—1 o0 X0 o0 Xk o0 X0
sk (x) = (Zm) (Zm) - (Zp,-) ( > p,-) : 3.1)
i=1 i=k i=1 i=k+1
where we define x_; = 0. So the probability that X; (¢ + 1) = & (X (¢)) is given by
so(x) = 1—(1 — po)xo.

If xo = 0, we shift (xp, x1, ...) to get a nonzero first coordinate obtaining a vector x € {2(N)
such that Xo > 1. Then, one can check that

sk (x) = sk (X).
The transition probability of the Markov chain Z is given by
P(ZG+ 1) =y| Z({t) =x) = M(N;5x)) (), (3.2)

where s(x) = (so(x),s1(x)...) and M(N;s(x)) denotes a Multinomial distribution with in-
finitely many classes, we refer to [6] Section 6 for more details on the computations. It is clear
that Zy(¢) has the same transition probability as the process studied in the two states model. In
particular, the results proved in Section 2.1 hold with the obvious changes.

Definition 3.1. Let A C 2(N), we denote by T 4 the first time that Z(¢) visits A
Tp:=inf{r > 1; Z(t) € A}, 3.3)
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that is a stopping time for the filtration 7; = o'{&;;(s);s <t, 1 <i, j < N}. Often A = {x}, in
this case we will simply write T for T{y).

For a stopping time 7', we define recursively 7® = 0 and fori > 1
T (@) ==inf{t > TV ()t =T 0 Opi-1 () (@)}, (3.4)

where 6O, is the time-shift operator. We adopt the convention that inf{J} = oo. Once more we
denote by 7 the stopping time defined as

t=inf{r > 1; ¢(X(1)) < p(Xt —D)}. (3.5)

In contrast with the previous section, T is not a renewal time for Z. We adapt the notation of
Section 2 and define & = (N, 0, ) € 2(N) and A := (0, N,0,...) € 2(N). Finally, we
keep notation (2.3) and let m be the integer part of 1/r and 7 its fractional part. We now state the
main result of the section.

Theorem 3.2. Assume that & satisfies Assumption (A). Then
—1 )
R U R AL e
N=eo —(L/rl+1-1/8®)"", ifl/r=meN,

where g(0) > 1 is a non-increasing function. The conclusion in the case r # 1/m still holds if
& satisfies the weaker Assumption (A').

3.1. The distribution of Z(t)

In this subsection we study the limit distribution of Z(t) as N — oo. When 1 > 0 the limit
is similar to the one obtained in the previous results.

Proposition 3.3. Assume that & satisfies Assumption (A’) and that n > 0. Then,
lim Pg(Z(z) =A)=1. 3.7
Ngnoo EB( (T) ) ( )
The case n = 0 is critical. We show that Z(t)/N converges in distribution and that the limit
distribution is a functional of a Poisson random variable.

Proposition 3.4. Assume that & satisfies Assumption (A) with n = 0. Then under Pg, Zo(m)
converges in distribution to Il (p™) a Poisson random variable with parameter p".
Moreover, there exists a function G : N — [0, 1] (see Definition (3.16)) such that

Z1(1) ~Zi(0) d m "
( N Z:; N >—>(G(H(p ). 1= G(I(p ))). (3.8)

Before analyzing the cases n = 0 and n > 0 separately, we prove a technical lemma that
holds in both cases. It can be interpreted as follows: if at time ¢ there are sufficiently many lead-
ing particles, then at time ¢ + 1, with high probability, there is no particle at distance two or more
to the leaders at time ¢.

Lemma 3.5. Assume that & satisfies Assumption (A"). For x = x(N) € 2(N) such that
log N = o(xg)
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as N — oo, define s;(x) as in (3.1) and let M (N; s(x)) be a Multinomial random variable with
infinitely many classes as in (3.2). Then,

Nli_r)nooIP’<M(N; s) e [y e o ;yi = o}) = 1. (3.9)

Proof. We can write

IP’<M(N; s()) € {y € Q(N); iyi - 0}>

i=2

N

= ZP(M(N;S()C)) € {y €2(N);yo=n,y1 =N —n})
n=0
NN

= ZO A = n)!SO(X)" s1(0)N "

> (1-6)",

where the last inequality holds for N large enough as a consequence of Assumption (A’). Since
o(xp) = log N we obtain that (1 — Q’XO)N — 1, proving the result. [

Casen >0

Proof of Proposition 3.3. From Corollaries 2.4 and 2.7 we see that Pg, (r #*m+ 1) — 0. Then,
it suffices to prove that P@(Z(m +D=~At=m+ 1) — 1.

Po(Z() =20t =m+1) = Z Pe(Z(m+1) = A; Z(m) = x; T = m + 1).
x€f2(N)

Since T = m + 1 it suffices to consider x such that xg > 1. Fix 0 < ¢ < p" and take x € {2(N)
such that |xo/N"" — p™| < €. From (3.2),

Pe(Z(m +1) = AlZ(m) = x) = M(N;s(x))(2) = s1(x)"
N
= ((1=p0)" = (1= p0)" (1 = po— p1)")
> (1= po)™" (1—0"")", (3.10)

where the last inequality is a consequence of Assumption (A’). Due to the choice of xg, (3.10) is
bounded from below by

(1- p0)<p”"+a)N1+’”(1 e

which converges to one as N — oo. Then, by Proposition 2.6 and Eq. (3.10), we see that

Pe(Z(t) = A) > Z Po(Z(r) =A;Z(m) =x; Tt =m+ 1)

|xo/N"™—p™|<e

converges to one, proving the result. [
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Casen =20
In this paragraph, we prove Proposition 3.4 and also a generalization that allows us to compute
the distribution of Z;(z¥).

Lemma 3.6. Assume that & satisfies Assumption (A") with n = 0. Fix 0 < a < b and denote by
Qf(N) the subset of (2(N) defined as

DNy =[x € 2y aN'™ <30 < BN
Then the following limit holds

lim  sup Po(Z(1) # A | Zo(1) = 0) =0. G.11)
N=00 reb(N)

Proof. It is not difficult to obtain the following inequality

B(z) e [y e ow): X v #0))

Py (Zo(1) = 0)

P (Z(1) # A | Zo(1) =0) <
Under P,, Z(1) is distributed according to M (N , s(x)), then from the proof of Lemma 3.5
o0
lim  sup ]P’X(Z(l) € {y € 2(N); yi # 0}) =0.
N=00 veb(n) ; l

To finish the proof it suffices to show that P, (Zo(l) = 0) is bounded away from zero. Indeed,
Z(1) is distributed according to a Binomial random variable of parameter N and so(x). Using
the hypotheses of the lemma we obtain the lower bound

1/m
so(x) > 1 — (1= po)?V"".

1/m

Coupling Z(1) with B a Binomial of parameter N and 1 — (1 — pg)*
Po(Zo() =0) = B(N, 1= (1= pp)" ™) @ > 77",

for every x € (Zf (N), which finishes the proof. [

m—1

From Corollary 2.7, we see that under Pg, Zo(m —1)/N /™ converges in probability to p
as N — oo. Hence, from Lemma 3.6, we conclude that

Jlim Po(Z(r) = A| Zo(m) =0) = 1. (3.12)

This is the first step to prove Proposition 3.4. The second step is to study the conditional distri-
bution of Z(t) under Zo(m) = xo for a positive integer xo.

Proposition 3.7. Assume that & satisfies Assumption (A) with n = 0. Let k be a nonzero integer
and denote by (2 (N) the subset of {2(N) defined as

(N) := {x € 2(N); xo =k}.
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Then, for ¢ > 0 the following limit holds

> Zi(1)

Z1)
fim  sup P ||| A2 =2 —(1—9’<,9’<) el =o0. (3.13)
N—o00 xE.Qk(N) N N

Proof. From (3.2), we see that under PP,, Z(1) is distributed according to an infinite class Multi-
nomial of parameters N and s(x). In particular, the triplet

(zoa), Z(), szl))

i>2
is distributed according to a three classes Multinomial of parameters N and (so (x), s1(x), > si (x)).
If & satisfies Assumption (A) and x € (% (N), we have that
: — 0 . _ 1 _ k. . ) — gk
Jim so(x) =0; lim si(x) =1-0% dim Y si(x) =65, (3.14)

and the rate of convergence is uniform on x € {2 (N). A three classes Multinomial random vari-
able as above satisfies a large deviation principle (see e.g. [9,10]) and the rate function is given by

")y ok .
1 - ) -1 — ), if =1
A*(y) =" Og((l “yoa—oh) el ) et (3.15)
00, otherwise.

The unique zero of A* is at y = (0, 1 — 6%, 6%). Implying the convergence in probability

% (zoa), Z1(1), Zz,-m) — (0.1-06%6%),

i>2
as N — oo, which proves the statement. [

We now give the definition of the function G (-) appearing in Proposition 3.4.

Definition 3.8. Let G : N — [0, 1] be defined as

1—6F, ifk>1;

1, ifk =0, (3.16)

G(k) = {

where 0 is given by Assumption (A).

Proof of Proposition 3.4. From Corollary 2.5, we have that under Pg, Zo(m) converges in dis-
tribution to a Poisson random variable of parameter p™. Hence, to prove Proposition 3.4 it suf-
fices to show that
3 Zi(x)
Zi(t) i>2 l
N’ N

P — (G(Zom)). 1 — G(Zo(m)))| > ¢
> Zi(7)

N
Z1(t) i>2
=Y P ||| 222 2 | = (G, 1= G)| > &5 Zo(m) =k
2 N W
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converges to zero. From (3.12) and Proposition 3.7, we know that for each k € N the terms in
the above sum converge to zero. Then, from the tightness of Zy(m) we obtain that the sum itself
converges to zero, proving the result. [l

We finish the present subsection by computing the limit distribution of Z (r(i)) fori € N. We
also prove the convergence of some related processes that will appear when calculating the front
velocity in Section 3.4.

Proposition 3.9. Assume that & satisfies Assumption (A) and that n = 0. Let k(N) be a se-
quence of random variables in §2(N) with some distribution w(N) and denote by ko(N) the first
coordinate of k(N). Assume also that ko(N)/N converges in distribution to U a positive random
variable. Then, under P, (), we have that

1. Zy(m) converges weakly to V a doubly stochastic Poisson random variable, whose distribu-
tion is determined by the Laplace transform

E [esv] = E[exp(e' — 1) p" U]. (3.17)

2. Furthermore, the joint convergence also holds

z
<Zo(m), 11\(;)’ r) L (V. GV m+ 1) (3.18)

Proof. We may assume that all §;;(¢)’s and « (N)’s are constructed on the same probability space
in such a way that kg(N)/N — U a.s. The hypotheses of Corollary 2.5 are satisfied, implying the
first statement of the proposition. From Corollaries 2.4 and 2.7, we see that P(m <t <m + 1)
converges to one. Since t = m if and only if Zo(m) = Oand 7 & {1,...,m — 1} we obtain
that

lim IP’(|'L’ —m — Liz,m=0y| > 8) =0,

N—o0

which implies the convergence in distribution t LY m + 1{yqy. Finally, to prove that Z;(t)/N
converges to G(V), we proceed as in Proposition 3.4 and show by dominated convergence that

Zi(7)
Zi(7) i§2 i
" N

lim E | P —(G(Zo(m)), 1 = G(Zo(m)))| > ¢ | | =0,

N—oo N

we leave the details to the reader. [

As an application of Proposition 3.9 we can calculate the distribution of Z (1(2)). Indeed we
can consider the convergence in Proposition 3.4 as the stronger a.s. convergence. We do not lose
any generality since we can construct a sequence of random variables (possibly in an enlarged

probability space) x (N) 4 Z(7) that converges a.s. Details about this construction can be found
in [3]. Passing to the appropriate product space we also consider that the «’s and &;;’s are inde-
pendent, which implies that

Peny(Z 0 O:(t) € ) £ P2y (Z 0 O:(t) € ), (3.19)
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for + > 0. We apply the strong Markov property and Proposition 3.9 to obtain the weak conver-
gence

7 (T(Z))

<Zo(f +m), N

’ ‘L’(2) _ ‘E(l)) _d> (V(Z), G (V(Z)) .m+ l{v(Z)?éO}) s

where V@ is a doubly stochastic Poisson variable governed by V(! the limit distribution of
Zo(m). This method can be iterated to obtain the following result.

Lemma 3.10. Assume that & satisfies Assumption (A) with n = 0. Denote Atlg) =10 (=D
and let | € N. Then, under Pg

[(2o(z7) +m), z,(zO) /N, Ac) s 1 =i <1 (3.20)
converges weakly to

[(vO.6 (V) m+1yos)i1 =i <1). (3.21)
The distribution of V¥ is determined by

]p(v(i+l) =tiy | V(./) =1, j< i)

. L4
=P (V(’*” =51 | VO = ti) = =Gt (GO (3.22)
tiy1!
where t1,...,ti11 € N and v s distributed according to a Poisson variable with parame-

ter p™.
Proof. It is a direct consequence of Proposition 3.9 and an induction argument. [

With a very small effort we can state Lemma 3.10 in a more general framework. We consider
the space of real valued sequences RY where we define the metric

X |an — bpl
d(a,b):Z—.

n
n=0 >

A complete description of this topological space can be found in [3]. Since time is discrete, the
following proposition holds as a corollary of Lemma 3.10.

Proposition 3.11. Assume that & satisfies Assumption (A) with n = 0. Then, under Pg the
process

[(2o(z/=) +m). 2, (V) /N, Ac®) ;i e N} (3.23)
converges weakly in (( RY)3, d). The limit distribution Wy is given by

[(vO.6 (VO).m+1yisy) i e N, (3.24)
where VO is a Markov chain with initial position at 0 and transition matrix given by

—Gk)p" (G(k)[)m)l
¢ N
that is a Poisson distribution with parameter p™ G (k).
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Process convergence in the case n > 0
For the sake of completeness, we state the result in the case n > 0. We omit the proof of the
proposition and leave the details to the reader.

Proposition 3.12. Assume that & satisfies Assumption (A') and that n > 0. Then under Pg the
process

{(zic)/N, ArD);i e N} (3.26)

converges weakly in ((RN)Z, d). The limit distribution is non-random, and concentrated on the
sequence

{(ai,b,-); ai=landb; =m+1Vi € N}. (3.27)

3.2. Uniform integrability and bounds for T

In this subsection, we show that if & satisfies Assumption (A”), then E,[TA] is bounded inde-
pendently from the initial configuration x

sup sup E; [TA] < 00. (3.28)
NeN xef2(N)

We prove (3.28) through the following steps.

1. There exists a set = C §2(N) such that for N large enough and every starting point x € =
there is a positive probability to visit A before m + 1

PX(TA <m+4+ 1) > ¢, (3.29)

where ¢y > 0 does not depend on x € =.
2. For N sufficiently large and every starting point x € {2(N) there is a positive probability to
visit = before m + 1

IP’X(T_: <m+ 1) > c3, (3.30)
where c3 does not depend on x € 2(N).

Before proving these two statements, we show that they indeed imply (3.28).

Proposition 3.13. Assume that & satisfies Assumption (A'). Then, there exists K € R such that

sup sup E, [TA] < K. (3.31)
NeNxef2(N)

Proof. If (3.29) and (3.30) hold, then for N large enough and any starting point x € 2(N)
Py(Ta < 2m +2)
>P(Ta <2m+2;Tz <m+1)
>P(Ta—Ts <m+1;Ts <m+1)
=Ex[Pzr)[Ta < m + 1172 <1 ] (strong Markov property)

>cpce3 > 0.
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Hence, sup ¢ oy Py(Tao = 2m+3) < 1—cyc3.Fori € N, let j be such that 2m +3)j <i <
(2m + 3)(j + 1). Using the Markov property j times we obtain the geometric upper bound for
the tail probability

J
Py(Ta > i) < < sup {Py(Ta > 2m + 3))}) ,
YEQN)

that is uniform in x € 2(N). As a consequence, (3.31) holds with K = 2m + 3)/(c2¢3). O

We now present the formal definition of =.

Definition 3.14. For x € (2(N) define I(x) = inf{i € N;x; > 1}. Then, = is the subset of
{2(N) defined as follows

s = {x € 2(N); xrx) = aN},

where 0 < @ < 1 — 6’ and @’ is given by Assumption (A’). Hence, if Z(t) € = there are at least
aN leaders at time 7.

We prove (3.29) and (3.30) in the next two lemmas.

Lemma 3.15. Assume that & satisfies Assumption (A’). Then, for = given by Definition 3.14
there exists a positive constant co such that for N sufficiently large

inf Po(Ta <m+1) > cs.
xeo

Proof. Note that
Px(TA §m+1) > ]PX(Z(‘L’)ZA;T §m+1)
=P, (Z(t) = AD) —PX(Z(‘L') =A;t>m +2).

From Corollary 2.4, the second term in the lower bound converges to zero as N — oo and the
rate of decay is uniform on x € §2(N). Hence it suffices to show that there exists a positive
constant ¢4 such that uniformly on x € =

liminfPy (Z(7) = A) > c4. (3.32)
N—o0
To prove (3.32) we distinguish between the cases n = 0 and n > 0. We start with the latter case

n > 0.Let Y(t) = Zo(t)1;<¢) and denote by Y the process started from 8. Then, for x € =
we can couple the processes in such a way that

where x; () is the number of leaders when Z(0) = x. From the proof of Corollary 2.7 and (3.33)
we obtain

Jim P (o™ — &)aN" < Zo(m) < (o™ +&)N") = 1. (3.34)
—00

Finally, applying the arguments of Lemma 3.5,
lim P, (Z(r) =A) =1.
N—o00
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In particular, any 0 < ¢4 < 1 satisfies (3.32). The case where n = 0 is similar but it requires an
additional step (3.33) still holds, hence by the same arguments we obtain

lim IP’X((,O’"_l —e)aNY" < Zom —1) < ("' + e)Nl/’") =1.
N—o00
From Lemma 3.6, we see that IP’x(Z (t)=A| Zo(m) = O) — 1 and from the coupling argument
(3.33) and Corollary 2.5 we obtain the following limit
Py (Y(m) =0) > Pg(Y(m) =0) — 1 —e ",

It implies that liminfy_, oo Py (Zo(m) = 0) > 1 — e ", hence every ¢4 < 1 — e~ P" satisfies
(3.32), proving the statement. [

Lemma 3.16. Assume that & satisfies Assumption (A’). Then, for £ given by Definition 3.14
there exists a positive constant c3 such that for N large enough

inf Po(Ts <m+1 .
xel.Q(N) x(__m )>C3

Proof. Since P, (tr > m + 2) converges to zero uniformly on x € (2(N), it sufficient to show
that for N sufficiently large

Py (Z(r) € E) = cs,

and ¢s5 > 0 does not depend on x € 2(N).

P.(Z(zr) € &) = ZIP’X(Z(k) €T =k)

k=1
o0
Z Z ]P’ y(Z(D) € Zy 1 = D1zg—1)=y, T>k}] (Markov property)
k=1 yef2(N)
o0
> inf [Pz eSt=D}Y Y B[Pyt = Dlgzuonmyiean]
yef2(N) k=1 yeR(N)
= inf {P,(Z(1) e & =1). 3.35
yelg(N){ y(Z(1) |t =1} (3.35)

Then, it suffices to show that the infimum in (3.35) is larger than a ¢5 > 0. We have that
Py(Xi(1) = ¢(X(0) — 1]t =1) =51(0)/(1 — 50(»)),

hence P, (Z;(1) = - | r = 1) is binomially distributed with parameters N and s1(y)/ (1 — so()).
Assuming that yo > 1 (otherwise we must consider y the shifted vector)

si) (= po) — g5

I —so(y) = (1= po)
>1—(0")">a,

where the lower bound holds for N large enough as a consequence of Assumption (A’) and the
definition of . A large deviation argument allows us to conclude that

Py(Z(1) € 5 | Zo(1) = 0) = Py (Zi(1) = aN | Zo(1) =0) — 1.
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Then, the infimum in (3.35) is larger than any ¢5 < 1 for N sufficiently large, finishing the
proof. [

The next corollary generalizes (3.28) to the later visiting times of A.

Corollary 3.17. Assume that & satisfies Assumption (A'). Then, for every i € N, sup,.p
E, [TA(i)] and sup,.. o Ex [r(i)] are bounded uniformly on N. In particular, under Py the families

of random variables TX) and ©® are uniformly integrable.

Proof. Since ) < TX), it suffices to prove the statements for TX) . To prove that the expecta-

tion is bounded we proceed inductively and apply the strong Markov property at time TA(FI) Lt
is clear that

sup E, [TA(i)] < Ki,
xeR(N)

where K is given by (3.31). We now prove the uniform integrability. Applying the Markov prop-
erty we obtain the upper bound

B 11 z1] = ( s By [10] 4 1) B (180 2 1), (3.36)
ye2(N)

It is not difficult to see that the right-hand side of (3.36) converges to zero, finishing the

proof. [

3.3. Convergence of some related integrals

To compute the front velocity in Section 3.4, we have to calculate two integrals Eg [TA] and
]E[¢(X (TA))]. As usual, we assume that all particles start from zero, then

O(X(Tn)) == min{l € N; Z(r?) # 0} 0 <1,

i=1
In the next lemma, we use for the first time the condition E[|¢#}|] < oo, which appears in
Assumptions (A) and (A").
Lemma 3.18. Assume that & satisfies Assumption (A’). Then

sup E, [min{l € N; Z;(z) # 0}] = 1 + o(1) (3.37)
xeR(N)

as N — oo.

Proof. By an argument similar to the one used in Lemma 3.16 we obtain that
E, [min{l eN; Z(7) # 0}]

< sup Ey[min{l eN; Z/(1) #£0) | T = 1]
YeQN)

<1+ sup Ey[min{l € N; Z(1) # O mingrens zop=2) | 7 = 1]. (338)
yeN(N)
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Under the conditional probability Z is distributed according to a Multinomial with infinitely
many classes and parameters s; (y)/(l - so(y)), i > 1. Applying Assumption (A’) we obtain
that for N sufficiently large

nf 15100/ =so0) | = 10"

Moreover, the minimum in (3.38) is bounded from above by some |£;;|. Indeed, it suffices to
choose i such that X;(0) is a leader, then

—min{l € N; Z;(1) # 0} = ¢(X (1)) — X;(0) > &;.
Hence, we can give an upper bound for the right-hand side in (3.38)
Ey[min{l € N; Zi(1) # OMymin(ien; z;(h0)>2) | T = 1]
< Ey[IéijIl{min{ZGN;Z,(n;eO}zz} 7= 1]
< E[19;;1]P, (min{l eEN:ZI() £ 0} >2 |7 = 1)
< E[19;;1]©@)",
which converges to zero independently from the initial position y € 2(N). O
With Lemma 3.18 at hand we prove the following result in the noncritical case.
Proposition 3.19. Assume that & satisfies Assumption (A") with n > 0. Then

lim Eg[7al=(m+1) and lim E[¢(X(Tn))] = —1. (3.39)

N—o0

Proof. The first limit is a direct consequence of the uniform integrability of 7a and Pg(Tar =
m+1) — 1,as N — 0o. We now prove the second statement.

E[¢(X(T2)]

o0
=-) Ee [min{l eN; (V) # 0}1{TAZ,(,->}}
i=1

o
= — Z Z Eg |:Ey [min{l eN; Zi(r) # 0}]1{2(1(;'71)):),; TAZT(I‘)}]
i=1 ye 2(N)
m .
= (~1+0(1) Y Pg (TA > r(’)> . asN — oo, (3.40)
i=1

the last equality in (3.40) is a consequence of Lemma 3.18. The sum on the right-hand side of
(3.40) converges to one as N — oo. Indeed, Pg,(TAo > ) = 1 and

> P (Ta 2 10) = LG — DPg (T = 1)
i>2 i>2
<Eg [Taliz,>7}]- (3.41)

Since Tx is uniform integrable, it follows from Proposition 3.3 that the upper bound in (3.41)
converges to zero, which proves the result. [
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The critical case is more delicate and we prove the following result.

Proposition 3.20. Assume that & satisfies Assumption (A) and that n = 0. Then

lim o [To] = (n+ DEo %] =1 and  lim E[¢(X(Ta)] = ~Eo[T5]. (342)

where 1y is the stopping time given by Ty := min {i >1;vO = O}, for V@ a Markov chain
defined as in Proposition 3.11.

We split the proof of Proposition 3.20 into two parts. We first show that min{i > 1;
Z1(t®)/N = 1} converges weakly and we characterize the limit distribution. Let i* = min{i >
1; Z4 (r(i)) /N = 1}, then Tp = 709 So in the second part, we show that E[r([*)] and
]E[¢(X (r(i *)))] converge to the desired limits.

Lemma 3.21. Assume that & satisfies Assumption (A) with n = 0. Then, under Pg, the following
convergence in distribution

min [i >1;Z,V)/N = 1} 4 min{i >1;G(VDy = 1}
takes place. The process V'® is the Markov chain defined in Proposition 3.11 and
To:=minfi = 1 VO =0} =min fi = 1:6v") =1}.
Proof. Since x — min{i > 1; x; = 1} is not continuous in RY Lemma 3.21 is not a direct corol-

lary of Proposition 3.11. On the other hand, {Zo (t“~" 4+ m); i € N} converges in distribution
to {V(i )i e N} € NN and the minimum becomes continuous when restricted to NN, SO

min [i > 1; Zo(t(i_l) +m) = O} —d> To = min{i > 1; y®O = O},

we refer to [3] for more details on convergence in distribution. We use Lemmas 3.6 and 3.10 to
obtain that

Jim Po(Zo(zV™" +m) = 0: 2(zV) # ) =0,
— 00
for every j > 1. Then, we deduce from Lemma 3.10 that
min [i > 1; Zo(z'" 4+ m) =0} —min fi = 1; 2, («©)/N =1}

converges in probability to zero. It implies the convergence in distribution of min{i > I;
Z1(t®)/N = 1} to Tp, finishing the proof of the lemma. [

Proof of Proposition 3.20. We may write

(0.¢]
E@[TA] = ZE@ [T(k) I{TA:r(k)}iI
k=1

00 k
1
=D Ee [Z W —zu7h) 1{@?{zl<r<t‘>)/1v:1}=k}]'

k=1 j=1
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For a fixed k € N the random variable 21;:1 (¢ = 7Y™ D) Lnin,_ 120 (e /N =1}y CONVerges
in law to
k
20m+ 160D Ymingreny. 6 vy=ij=k) = ((n + Dk = 1) Liz—p).
j=l1
Since t® is uniformly integrable the convergence also holds in L!. From the uniform integra-
bility of T we obtain the convergence in L' of the sum and the following limit holds.

Jim Eo[Tal = Y (0n + Dk — 1)Po(To = k)
o k=1

= (m + DEo[To] — 1.

This proves the first statement of Proposition 3.20. We now prove the second limit in (3.42).
From the proof of Proposition 3.19 we obtain that

Eg[¢(X(Ta))] = —(1+ o(D) ZE" @ <1,).

From the uniform integrability of 7, we obtain that } {2, Pg(t) < Tp) — E¢[7o], which
finishes the proof. [

The transition matrix of V) depends on G and a fortiori on 6. A coupling argument shows
that [Eg[7p] is non-increasing in 6. Nevertheless, we do not know how to calculate explicitly the
integral. However the asymptotic behaviors as & — 0 and 1 are easy to compute.

Proposition 3.22. Let V© be the Markov chain whose transition matrix is given in Proposi-
tion 3.11, then

lim Eo [70] = exp (o™)

Proof. We write Eo[Zo] = Y ;o gPo(7o > k+ 1).For/ > 1, then 1 > G(I) > G(1) =1 -6,
and

Po(To = k+1)

0 I ) -
= Z e " (™) Z e P"GUk2) (p" G lx—2) )+ (1 _ e*pmG(Zk—l)).

P ! Pt lk—1!
The last expression is bounded from above by (1 — e~ ")k, Since G(I) — 1as® — 0 we can

conclude by dominated convergence. [

We point out here that the case § — 0 corresponds to the “two-state percolation distribution”
model studied in Section 2. Informally, when 6 is very small there is a high probability that Z(7)
starts afresh from A. A similar computation can be done in the case where 6 converges to one.

Proposition 3.23. Let V") be the Markov chain whose transition matrix is given in Proposi-
tion 3.11. Then

Jim Bo[7o] = 2 — exp (—p").
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Proof. The proof follows the same lines as that of Proposition 3.22 and we leave the details to
the reader. [

3.4. Front speed

As in Section 2:2, we explore the renewal structure of Z that starts afresh from A. Let
N(t) = max{i ; TX) < t}. Then

N(t)

o050) = =3[0 (1 (1£°) o (¢ (1) o

as t — oo almost surely. Taking the limit, as t — oo, we have that
N (1)

i 2O = 5 e (1 (127) o (1 (1)

_ E[p(X(Tw)]
~ EglTal

The limit is a consequence of the ergodic Theorem and the renewal structure. In Section 3.3, we
calculated the limits of the above expected values. We obtain that

(3.43)

N—o00

fim oy = 10T 1/r)) if1/r ¢ N
—(L1/r]+ 1= 1/Eo[Tol) ', ifl/r=meN,

which proves Theorem 3.2 with g(0) = Eo[7p].
4. Conclusion and sketch of the proof of Theorem 1.3

Theorem 1.3 follows as a corollary of Theorem 3.2 proved in Section 3. We will not prove it in
detail but we give a sketch of the proof. The constants Ag and A; — A¢ appearing in Theorem 1.3
are justified by an affine transformation. Then, it remains to explain how we pass from the
distribution over the lattice to the more general one. In the proof of Theorem 3.2 we see that in
the discrete case ¢ contributes to the position of the leaders only in rare events. Indeed, if there
are k leaders at time ¢ the position of the front is determined by ¥ at # 4+ 1 only in the case where
&j(t+1) < —2foratleast N k random variables. The probability of this event is of order oN g , as
a consequence of Assumption (A). This behavior still holds in the general case. For a complete
proof we refer to [6] Theorem 1.3, which applies also to our case with the obvious changes.

The position of the front depends basically on the tail distribution of &, that is determined by
the point masses Ag and A;. The only case where © could contribute to the position of the front
in long time scales is in the non-integrable case. Then the mechanism responsible for propaga-
tion is of a very different nature and the front is no longer pulled by the leading edge. In the
rare events, when the front moves backwards more than Ao — A the contribution of ¥ would be
non-negligible depending on its tail and the global front profile. This problem is still open and
much harder to solve.
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