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Abstract

Traveling fronts arising from reaction diffusion equations model various phenomena observed in
physics and biology. From a biological standpoint, a traveling front can be seen as the invasion
of an uninhabited environment by a species. Since biological systems are finite and thus undergo
demographic fluctuations, these deterministic wavefronts only represent an approximation of the
population dynamics, in which we presuppose that the local density of individuals is infinite
so that the fluctuations self-average. In this sense, reaction diffusion equations can be seen
as hydrodynamic limits of some individual based models. In this thesis, we investigate the long
time behaviour of some finite microscopic systems modeling such front propagations and compare
them to the one of their large population asymptotics.

The first part of this thesis is dedicated to the study of the dynamics of a population
colonising a slowly varying environment. This question has been widely studied from the PDE
point of view. However, the results given by the viscosity solutions theory turn out to be
biologically unsatisfactory in some situations. We thus suggest to study an individual based
model for front propagation in the limit, when the scale of heterogeneity of the environment
tends to infinity. In this framework, we show that the spreading speed of the population may be
much smaller than the speed of the front in the PDE describing the large population asymptotics
of the system. This qualitative disagreement between the two behaviours is related to the so-
called tail problem observed in PDE theory, due to the absence of local extinction in FKPP-type
equations.

In a second part, we study the impact of the type of the deterministic limit waves on
the related stochastic models to explain this drastic slow-down in the particle system. Indeed,
wavefronts arising from monostable reaction diffusion PDEs are classified into two types: pulled
and pushed waves. It is well-known that small perturbations have a huge impact on pulled
waves. In sharp contrast, pushed waves are expected to be less sensitive. Nevertheless, some
recent numerical experiments have suggested the existence of a third class of waves in stochastic
fronts. It is a subclass of pushed fronts very sensitive to fluctuations. In this thesis, we investigate
the internal mechanisms of such fronts to explain the transition between these three regimes.



Résumé en francais

Les ondes progressives générées par les équations de réaction-diffusion peuvent modéliser divers
phénomeénes observés en physique et en biologie. Du point de vue biologique, une onde progressive
peut étre interprétée comme l'invasion d’un habitat par une espéce. Cependant, les systémes
biologiques étant finis, ils sont soumis & des fluctuations démographiques qui n’apparaissent
pas dans ces équations de réaction-diffusion. Ainsi, les ondes progressives qui en résultent ne
représentent qu'une approximation de la véritable dynamique de la population. Par ailleurs,
la dynamique d’une population peut aussi étre décrite par un modéle prenant en compte son
caractére aléatoire grace a des modéles individu-centrés, retracant la vie de chaque particule.
Contrairement aux ondes progressives, qui donnent une description macroscopique de la dy-
namique, les modéles individu-centrés en donnent une vision microscopique. Le lien entre ces
deux représentations est obtenu en faisant tendre la densité locale de particules dans le modéle
individu-centré vers 'infini de sorte que les fluctuations se compensent. En ce sens, les équations
de réaction-diffusion peuvent étre considérées comme les limites hydrodynamiques de modéles
microscopiques.

Dans cette thése, nous étudions le comportement en temps long de deux systémes micro-
scopiques modélisant des invasions biologiques et les comparons a celui de leurs limites en grande
population. Plus précisément, nous nous intéressons & deux facteurs importants en écologie :
I'impact d’habitats fragmentés sur les espéces ainsi que 'effet de la coopération entre individus
sur la structure génétique d’une population. En effet, dans le contexte du changement clima-
tique, il semble crucial de prendre en compte ces deux paramétres pour prédire ’évolution des
espéces. D’une part, les habitats naturels se trouvent de plus en plus fragmentés par les amé-
nagements humains et modifiés par le réchauffement climatique. Il est donc essentiel d’identifier
des modéles permettant de mettre en lumiére les conséquences de tels changements sur la dy-
namique des espéces. Par ailleurs, de nombreux travaux ont montré que la présence ou ’absence
de coopération au sein d’une espéce affectait de maniére radicale sa diversité génétique. Or,
une grande diversité génétique se traduit par une plus grande capacité d’adaptation face aux
changements environnementaux. Comprendre les mécanismes microscopiques menant a de telles
différences de structure génétique permettrait donc de repérer les populations les plus sensibles
aux changements d’environnement.

La premiére partie de cette thése est consacrée a ’étude de 'impact des habitats présentant
des hétérogénéités a grande échelle sur la vitesse de propagation des populations. Cette question
a déja été étudiée dans le domaine des EDP en généralisant des modéles d’invasion en milieu
homogéne tel que celui introduit dans les années 1930 par Fisher et par Kolmogorov, Petro-
vsky et Piskunov, I’équation de FKPP. Une théorie, dite des solutions de viscosité, répond a ce
probléme lorsque I’échelle d’hétérogénéité est trés grande. Cependant, dans certaines situations,
les solutions de viscosité fournissent des dynamiques irréalistes d’un point de vue biologique et
donc inexploitables dans ce cadre. Nous proposons donc de revenir & un modéle individu-centré
et d’étudier son comportement limite lorsque ’échelle d’hétérogénéité de ’environnement tend
vers I'infini, avant de considérer des tailles de population arbitrairement grandes. Dans ce cadre,
nous montrons que la vitesse de propagation de la population peut étre beaucoup plus petite
que la vitesse d’invasion donnée par 1’équation déterministe décrivant la limite hydrodynamique
du systéme microscopique. Par conséquent, la limite hydrodynamique ne fournit pas systéma-



tiquement la bonne dynamique macroscopique. Cette différence de comportements est liée au
"probléme des queues" di a ’absence d’extinction locale dans les équations de type FKPP : des
populations exponentiellement petites peuvent dicter la dynamique de 'invasion dans le modéle
déterministe. De plus, cette étude nous renseigne sur les échelles d’hétérogénéité en jeu dans de
tels problémes de modélisation et nous donne une idée du modéle & adopter en fonction de la
taille des populations étudiées.

Dans une seconde partie, nous étudions 'impact du type des fronts d’onde limites sur les
modeéles stochastiques associés pour expliquer ce net ralentissement des systémes de particules.
En effet, les dynamiques d’invasion modélisées par des équations de réaction-diffusion monosta-
bles sont divisées en deux classes : les fronts tirés et les fronts poussés. Cette classification est
faite en fonction de la vitesse des fronts : ils sont dits tirés si leur vitesse correspond a la vitesse
de I’équation linéarisée en 0 et poussés si leur vitesse est strictement plus grande. De nombreux
travaux ont cherché a quantifier ’effet des fluctuations démographiques sur les fronts tirés. Il est
désormais bien connu que les fluctuations ont un impact considérable sur ces fronts : la correc-
tion sur leur vitesse est bien plus grande que celle suggérée par le théoréme central limite. En
revanche, les fronts poussés sont supposées étre moins sensibles aux perturbations. Néanmoins,
de récentes études et simulations numeériques sur des équations de réaction-diffusion bruitées
suggérent I'existence d’une troisiéme classe de fronts. Il s’agit d’une sous-classe de fronts poussés
particuliérement sensibles aux fluctuations. Dans cette thése, nous développons un systéme de
particules capturant les mécanismes internes des fronts d’invasion afin d’expliquer la transition
entre ces trois régimes ainsi que leurs conséquences sur la structure génétique des populations en
expansion.
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CHAPTER |

Introduction

1 Modeling spatially structured populations

Biological invasions have been widely studied to understand, predict and control the spatial dis-
tribution of species with which we cohabit. The examples of such biological invasions are manifold
and occur at different scales: they can be observed at a macroscopic level with plants, mammals,
birds, insects, etc. as well as at microscopic levels (virus, bacteriae, etc.). Consequently, there
also exists a variety of mathematical models to investigate biological invasions, each one depend-
ing on the specifications of the species studied. Nevertheless, one can identify two main classes
of models: stochastic and deterministic ones. Stochastic models describe the population at a
microscopic scale. Each individual evolves according to a series of rules, which are given by a
list of conditional probabilities to give birth, migrate, reproduce, die... The population is there-
upon seen as a system of interacting particles and naturally, the invasion speed of the species
is determined by the velocity of the extremal particles in the particle system. From another
perspective, the deterministic approach consists in assuming that the density of population is
governed by a partial differential equation that combines two mechanisms: a diffusion, reporting
the dispersal or migration of the particles, and a reaction, describing the births and deaths. As a
result, wavefront or traveling wave solutions, which perform a switch from one state to another
(e.g. uninhabited to colonised) at constant speed, often arise from this class of equations. The
invasion speed of the population is then deduced from the speed of this wave. Prototypes of
these two different approaches are described in the two following subsections (Sections and

12).

In the context of climate change, there has been a renewed interest for population dynamics.
Our own living conditions rely on ecosystem services (pollination by bees, carbon sequestration
by trees, etc.) that are threatened by humans alterations. That is why understanding how these
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Chapter I. Introduction

endangered species colonise their environment is an important challenge. From this perspective,
we will focus on two major factors in ecological studies: large scale space-time heterogeneities in
the environment and Allee effects.

The large space-time heterogeneities are at stake when it comes to model the effect of global
warming on the ecosystem: the time scale at which we observe the temperature and therefore
the climatic niches shift might be much larger than the typical life span of the individuals.
On the other hand, spatial heterogeneities are ubiquitous on earth (mountains, oceans, human
developments) and we have to take it into account to get a workable outcome. The first part of
this thesis will be dedicated to the study of populations colonising slowly varying habitats.

The Allee effects depict, for instance, the effect of intraspecific cooperation. It is natural
to consider that individuals struggle for resources since the food supply is always finite, but
one should not overlook the fact that some individuals cannot reproduce without the help of
their congeners. In other words, the presence of Allee effect in the system presupposes that the
growth of the population is maximal at intermediate population densities. This phenomenon not
only increases the invasion speed of the species but also drastically affects the genetic diversity
of the population. Indeed, when the interactions are restricted to mere competition, only a
few individuals give birth to a significant fraction of the population, which leads to a rapid
diversity loss. The Allee effect might be the result of various biological mechanisms such as
consanguinity, sexual reproduction, cooperation for food/against a predator, etc. In opposition,
when the growth is maximal at low densities, we will say that there is no Allee effect.

1.1 Individual based models (IBM)

In this framework, the individuals are seen as particles. The first example of IBM is the birth and
death process: it is a pure jump Markov process whose jumps are equal to 1. The transition
rates of this process are the following. If the population size is equal to 4, it jumps to ¢ + 1
with rate A; (birth) and to ¢ — 1 with rate u; (death). The sequences (\;)ien and (u;);en satisfy
Ao = po = 0 and may depict several situations. As an example, we cite the birth and death
process with immigration (A\; = i\ + p, and p; = iu, with p, A\,p > 0) and the logistic birth
and death process (A\; = i\ and p; = ip + ci(i — 1) with p, A > 0). See [Fel57] for further
examples. These monotype processes has been widely studied. For instance, we know a simple
necessary and sufficient condition on the sequences (A;) and (u;) for almost sure absorption at 0
(i.e. extinction) [KM5T7], and in the latter case, the average extinction time can expressed as a
function of (u;) and (A;) [PK10].

The case of spatially structured populations can be seen as a generalisation of this toy
model, in which individuals are characterised by a type. In this work, the type of the particles
will correspond to their positions. The set of particles evolves in discrete or continuous time, in
a continuous environment or on demes. In this thesis, we will only deal with the one-dimensional
case so that the position of one particle x will be either a point of the real axis or of the
rescaled lattice AzZ. In the microscopic framework, the invasion speed of the system is therefore
investigated by tracking the displacement of its rightmost particle on this axis.

In discrete time ¢, the simplest example of microscopic system to model an expanding

14



Section 1. Modeling spatially structured populations

population is the branching random walk (a precise definition is given in the following subsection),
in which there is no interaction between particles, apart from the one induced by the genealogy.
In this model, at each generation, all the particles give birth independently to a random number of
children, scattered around the parental location. Therefore, the population growth is Malthusian
(the growth is exponential if the typical number of children is larger than 1), which is not realistic.
On the other hand, one can assume that the individuals live on demes and that the population
size is fixed on each site. Thus, a birth on one site has to coincide with a death on another
site: this is the so-called Stepping stone model [KW64]. Obviously, this approach is not adapted
to the study of biological invasions. Therefore, it is natural to consider arbitrary population
sizes and to introduce regulation mechanisms. These mechanisms can be thought as the effect
of competition for resources such as food, housing, etc. A legitimate question is to wonder if
such systems survive or die out. Many models have been studied in the mathematical literature
to answer this question [Eth04, BDQ7, [D1.94] but we will overlook this difficulty by considering
simplifying assumptions that will ensure that the population does not go extinct.

In discrete time t € {At,2At¢, ...} and space x € {...,—Ax,0, Az,2Az, ...}, an individual
based model can be described by its configuration & in such a way that & (x) specifies the state
of the system at time ¢t on the site z. This state may refer to the number of particles living on
a site or if the site is occupied or vacant. In this latter case, we mention the example of contact
processes [DL94]. The configuration function & takes the value 1 at z if the site is occupied,
0 if it is vacant and evolves as follows. At each generation, a particle living on the site x dies
with probability ~. If it survives, it gives birth to a particle on the site y with probability A
if y is a neighbour of z i.e if |y — x| = Az. At the end of this step, if at least one particle
lives on y, the site y is occupied. In addition, there can be at most one particle per site. This
model is particularly well suited to annual plant populations (see [DL.94] for examples) since it is
reasonable to assume that the population evolves in generations and one can easily understand
why a site can only be occupied by one individual (e.g. a tree). In this work, we will rather focus
on the first representation, indicating the number of particles occupying each site.

The discrete time approach is often adopted when the population is supposed to evolve in
generations. The dynamics of plant populations is often depicted by discrete models given that
annual plants produce a random number of fertile seeds each year and that the individuals only
migrate at their birth times. The discrete approach can also be seen as an approximation of a
continuous time model if we let the time step between two generations At tend to zero.

In the continuous framework, particles live during a random lifespan. During its life time,
a particle performs a random motion (e.g. a Brownian motion) before splitting in a random
number of offspring or dying. Instead of describing these systems by their configurations, we will
rather consider the set of particles alive at time ¢, denoted by N;, and for each particle u € N,
we denote by X, (t) its position at time t. We refer to the following subsection on branching
Brownian motion and to Section [2.2] for examples of processes evolving in continuous time and
in a continuous state space (R).

To conclude this paragraph, we point out that, in the continuous settings, the evolution of
the system can also be represented by a measure valued process (p;)i>0. Roughly speaking, an
atom J, is added to the measure p; when a particle is born at x. This strategy turns out to be
very useful when it comes to investigate some scaling limits [CMO07, [FMO04al.
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Chapter I. Introduction

We now introduce two individual based models which will serve as the basis for the two
models investigated in this thesis: the branching random walk and the branching Brownian
motion.

The Branching Random Walk

This particle system is governed by a reproduction law (pg)ren and a displacement law p. It
starts with a single particle at x = 0 at time ¢ = 0. At time ¢ = 1, this particle gives birth to
a random number of children N, distributed according to (py), and die. The N newborns are
respectively located at positions Z1, ..., Zx, where (Z;) is a sequence of i.i.d. random variables of
law . At time t = n, a particle living at position x; is replaced by a random number of particles
M of law (py), located at z; + =4, ..., z; + E,, where (Ez) is a sequence of i.i.d random variables
of law p. Similarly, all the individuals of the n-th generation give birth independently of one
another according to (py) and their children are independently distributed around the parental
location according to u.

Note that the reproduction law of the particles is the same at each generation and on
each site. Moreover, all the particles evolve independently and there is no interaction between
individuals in the system (except the one induced by the genealogy).

The invasion speed of this system can be deduced from Biggins’ theorem [Big77]. Indeed,
if we denote by M, the position of the rightmost particle in the system at time ¢t = n, we know

that as n — oo,

My
— = ¢ a.s. (1.1)
n

The value of ¢ depends on the laws (pg) and p through the rate function I. Let X be a random
variable of law p. Consider m = >°3°, kpg and A(6) = log E [¢?X]. The rate function I is then
given by

I(z) = sup (0x — A(6))

and for m > 1, the speed ¢ of the BRW is the unique positive solution of
I(c) =log(m).
For instance, if p is a standard normal distribution and m = 1 4 r for some r > 0, we have

c=2r.

This remark will play a crucial role in the analysis made in Chapter [l For further details on
the maximal displacement of a branching random walk, see Section [A] of Chapter [[I}

Branching Brownian Motion (BBM)

Branching Brownian motion is the continuous counterpart of the BRW. It starts with a single
particle at time t = 0, located at the origin. Each particle moves independently according to
a standard Brownian motion during its lifespan, which is exponentially distributed time with
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Section 1. Modeling spatially structured populations

mean one. When it dies, a particle splits into two particles. Actually, the offspring distribution
can be more general than dyadic branching but we will only consider this particular branching
distribution in this work. We recall that we denote by N; the set of particles alive in the BBM
at time ¢ and by X, (¢) the position of the particle u € N; at time t.

As in the discrete case, the position M; of the rightmost particle in this system at time ¢
has already been well documented. Indeed, Bramson [Bra78| proved that under these assump-
tions, the rightmost particle sits close to /2t for ¢ large enough. More precisely, he studied the
distribution function of the position of the random variable M;,

ult,z) =P <%%< Xu(t) > m> (1.2)

and considered the position mg(t) such that u(t,mgs(t)) = for 0 < § < 1. He proved that for
fixed § > 0, we have the following asymptotic expansion of mg as t — oc:

me(t) = V2t — 2\3/5 log(t) + O(1). (1.3)

1.2 Fisher’s equation and wavefronts

From the PDE point of view, a population can be described by a space-time dependent density
u governed by a reaction diffusion (RD) equation. Typically, the function u takes values in [0, 1],
the value 1 indicating the saturation state. This saturation state corresponds to a stable state in
which the population has reached the carrying capacity of the environment. This density then
evolves according to two mechanisms: the diffusion that accounts for the migrations and the
reaction which characterises the births and deaths. A significant property of RD equations is the
existence of wavefront solutions describing the switch from vacancy (u = 0) to saturation by a
traveling front.

The prototypical model for front propagation is the Fisher-Kolmogorov-Petrovskii-Piskounov
(FKPP) equation, a semi-linear parabolic partial different equation. It was first introduced by
Fisher [Fis37] and independently by Kolmogorov, Petrovskii and Piskounov [KPP37| in the fol-
lowing form:

1
Ut = 5Uaa + ru(l — u), (1.4)

for some r > 0. Fisher related Equation (|1.4)) to the expansion of an advantageous gene in a
linear environment as a shore line. What we call FKPP-type equations are the more general
partial differential equations of the form

Uy = %um + f(u), (1.5)

where the forcing term f, which governs the population growth, satisfies the following conditions,
referred to as the KPP conditions:
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2. f(u) >0 for all u € (0,1),
3. f/(0) >0 and f(u) < f'(0)u for all u € (0,1).

The first condition ensures that 0 and 1 are respectively sub-solution and super-solution of the
Cauchy problem combining Equation and an initial data ug such that 0 < ug(x) < 1, so that
the solution w of this problem stays between 0 and 1 at all time. Biologically speaking, the third
condition implies that the lower the population density, the faster the expansion. Throughout
this thesis, we will assume that the forcing term f is continuously differentiable on R and negative
on (—00,0) U (1, +00), even in the non-FKPP case (unless otherwise specified).

A crucial property of this equation is the existence [KPP37| of traveling wave solutions
u(t,x) = pc(x — ct) as long as ¢ > ¢* := /2f'(0). These traveling fronts ¢, are solutions of the
ordinary differential equation

2ol + e’ + flpe) =0

A o) =1l pe(a) =0 15)
pe = 0.

Kolmogorov, Petrovskii and Piskounov [KPP37| proved that Equation (1.6) has a solution as
long as ¢ > ¢*. For fixed ¢ > ¢*, the traveling front (. is unique up to translation and decreases
from 1 to 0. In the case of Equation (|1.4)), note that

= 2r.

The analysis of Equation in a neighbourhood of the stable point 0 suggests that as

z — 00 (or equivalently ¢. — 0), the front ¢.(z) decreases as Ce™** if ¢ > ¢* and as Cze ™ if

¢ = c*, where X is a positive real number such that —\ is the largest root of %XQ +cX + f/(0).

Therefore, there is a bijection between the speed ¢ of the traveling wave ¢, and the shape of its
leading edge, called the dispersion relation and given by

f'(0)

c=""+

1
=Y 1.
R (L7)

Note that ¢ is minimal and equal to ¢* for A = 1/2f/(0) = ¢*.

The major interest of these traveling fronts lies in the fact that they provide the invasion
speed of the population. Indeed, it was shown [KPP37] that for the solution w of (1.5) with

initial condition u(0,z) = 1,0, there exists a centring term m(t) such that

sup [u(@ —m(t), t) — @e+ (x)] = 0 (1.8)

as t — oo and satisfying
m(t) ~ +/2f'(0)t.

In this thesis, we will distinguish two regions of this asymptotic shape ¢q«: the bulk and the
leading edge. In the leading edge, the population size is so small that the effect of the nonlin-
earities can be neglected (u =~ 0). The bulk can itself be divided into two zones: the first one
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Section 1. Modeling spatially structured populations

corresponds to the sites where the population size is close to the equilibrium /saturation state
(u ~ 1) and the second one is the transition region between the stable state 1 and the leading
edge.

Another matter of interest is the asymptotic propagation speed of the solution u of the
Cauchy problem (|1.5) with compactly supported initial data. We say that the invasion speed of
u is ¢g > 0 if for all ¢ < ¢

min u(t,x) = 1, as t— oo, (1.9)
|z|<ct

and for all ¢ > ¢,
sup u(t,z) -0, as t— oc. (1.10)
|z|>ct

In what follows, when we talk about invasion speed, we implicitly assume that the initial condition
up is compactly supported and takes values in [0,1]. It was shown [AWT8| that the invasion
speed of the solution u of is equal to ¢*. In other words, if the population starts with a
configuration wugy such that ug(x) = 0 for = large enough, the individuals successfully invade the
right-hand side of the real axis at speed c¢*. Therefore, under the KPP conditions, the upper
bound and the lower bound on the invasion speed coincide. We mention that the dynamics
arising from an initial data with tails e=®* for some a < ¢* has been investigated [Uch78], but
this case is less relevant biologically. As a result, the latter invasion speed is larger than c*
and the decay of the transition front is given by the relation . For a study of FKPP-type
equations with slowly decaying initial conditions, see [HR10].

If we then define the position of the invasion front z* of a solution u of (1.5 by

}, (1.11)

x*(t) ~ 't as t— oo, (1.12)

N | —

x*(t) = sup {x eER:u(t,z) >

in view of the above, we have

for any solution u arising from a compactly supported initial data.

While propagation speed seems well-understood in homogeneous FKPP equations, the ac-
tual expansion of biological species is much more complex [SK97]. The most obvious explanation
is that the habitats are intrinsically heterogeneous and that we need to take this heterogeneity
into account to design a realistic model. Various approaches were suggested to investigate the
impact of space heterogeneity on the conditions of successful invasion and on the propagation
speed of a species. Here, we only cite a simplified version of the SKT model [SKT86], which is
a natural extension of the FKPP equation,

1
Uy = §Um~ + u(p(z) —yu), (1.13)
where p and  are respectively the intrinsic growth rate and  the intraspecific competition
coefficient. If the growth rate p is a periodic function, the problem is well documented [SKTS86]:
the population will either becomes extinct or invade the real axis, in the latter case the spreading
speed corresponds to the speed of the slowest periodic traveling wave [Wei02]. As in [HFRIO],
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we will refer to the SKT patch model [SKT86] when p is a 1—periodic step function such that

;d@=:{“+ relod) (114

pooxe[g1),

for some put > p~. This presupposes that the environment can be seen as an alternation of
favourable and unfavourable regions, which are broadly homogeneous. At first sight, one could
expect the invasion front to behave as in the homogeneous settings in each patch. However, we
will see in Section that this is not necessarily the case. Heterogeneous FKPP equations will
also be further discussed in Section 3.1

A first relation between the stochastic and the deterministic approaches is the so-called
McKean representation [McK75|. If X is a BBM with branching law (pg)ren and branching rate
B and if u: RT x R — [0, 1] solves

{ut = Ugy + B(u - f(u))

u(0.2) = g(a), (1.15)

for some initial data g and f(s) = Y_ pps¥, then u has the following representation:

u(tvx) =E, [H g (Xu(t))] .

ueN;

In particular, if X is a dyadic branching Brownian motion with branching rate § = r, and g is
the Heaviside function, Equation ([1.15)) is the FKPP equation introduced in Section

{ut = Ugy + (U — u?)

u(0,2) = 1,<0. (1.16)

The McKean representation then implies that the solution of this equation can be written as

ME@=P<£%XMﬂ>$>>

which explains why the coefficient of the first term in is given by the invasion speed of the
FKPP equation. Actually, Bramson [Bra78| [Bra83| was the first to prove, thanks to probabilistic
arguments, the logarithmic correction of the invasion speed of the FKPP equation, in the sense
that the centring term m(t) from has the same expansion as :

m(t) = V2t — 2\3/5 log(t) + O(1). (1.17)

2 Particle systems

In this thesis, we will focus on microscopic models for front propagation and compare their long
time behaviour to the results obtained thanks to the deterministic approach. In Sections|2.1]and
2:2] we give an overview of the models studied in Chapters [[]] and [[T]]
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Section 2. Particle systems

2.1 A particle system with local competition and inhomogeneous branching
rate modeling large space-time heterogeneities

In this section, we introduce a simplified version of the interacting particle system analysed in
Chapter [T} briefly explain the biological interpretation of its parameters and indicate the main
ideas that allows us to compare this system to the branching random walk defined in Section

L1

The system evolves in generations and we assume that the time between two generations
is given by a small parameter At > 0. We also discretise space: the population lives on demes
(2)iez, with x; = iAz for some small space step Az > 0. The state of the system is described
by a sequence of configurations (ny)ren, where ng(i) counts the number of particles living on
the site z; at time ¢ := kAt (or equivalently after the k-th generation).

The dynamics of the particle system is governed by two parameters: its growth rate r and
its local population density K. The first one is assumed to be a smooth function r : (0,00) xR —
(0,00), (t,x) = r(t,x) that models the heterogeneity of the environment. A favourable (resp.
harsh) region or period corresponds to a large value or r (resp. close to 0). As discussed in
Section [I.T], a regulation mechanism is introduced to prevent the population size from increasing
exponentially. In practice, we assume that the maximal number of particles living on a site is
approximately given by K. Consequently, this parameter can be seen as the local density of
the population, the carrying capacity of the environment or the strength of the competition.
Note that the larger the carrying capacity, the weaker the competition. Typically, we will be
interested in the scaling limit of the system for large values of K (see Section. Finally, once in
a generation, the particles migrate, according to a given law u. To simplify the computations and
get the expected large population limit, we assume in Chapter [[] that y is a discretised Gaussian
distribution. However, the same analysis could be conducted for any distribution exhibiting
exponential tails.

Starting from a configuration (ny(7))icz at time ¢, the system evolves as follows:

Step 1 At time ¢, on each site x;, the ng(i) particles living on x; duplicate independently with
probability r(t, z;)At.

Step 2 The population size on each site is truncated to K,

Step 3 All the particles migrate independently according to (1;)jez: a particle born at z; jumps
to x4, with probability p;.

The resulting configuration is ng11. We conclude the definition of this model with two remarks.
First, the particles do not die, except trough the truncation that only affects large populations,
so that the system never goes extinct. This assumption will drastically simplify the proof of the
lower bound on the propagation speed, since there is always at least one particle in the system.
Second, the spatial discretisation allows us to postulate that the competition is only local and
that the particles do not interact with their neighbours. This might also be seen as the mean-field
approximation of a more complex dynamic.
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The main idea to study this system is to locally compare it with some BRWs, whose prop-
agation speeds are well-known (see Equation ) Therefore, two difficulties arise. First, the
reproduction law is not “constant” since we no longer assume that the environment is homoge-
neous. Second, the truncation (Step 2) breaks the “linearity” of the system: one has to keep in
mind that for K large, the scaling limit of the particle system is not a system without interaction
between the particles. In short, the analysis of this system relies on a comparison principle (or
a coupling lemma) using the monotony of the system with respect to the growth rate r and the
carrying capacity K.

Indeed, note that Step 1 implies that the system is monotone with respect to the growth
rate r in the sense of stochastic domination. In other words, for any m € N, the probability to
get more than m children on a site after Step 2 increases with the value of r. Thus, if there exist
r1,72 > 0 such that r takes values in the interval [rq,rs], the system can be coupled with two
other systems (n}.) and (n}), evolving according to the same Steps 1,2 and 3, in which individuals
duplicate with probability r At (resp. roAt), in such a way that

ni(i) <ng(i) <ni(i), VieZ VkeN, a.s. (2.18)

This observation is the first element of proof. It allows to compare this system with a BRW of
reproduction law py = roAt, p1 = 1 — r9At, in a cylinder [ty,, tg, ] X [zi, — Az, T, + jAz], for
some appropriate constant rg > 0.

Moreover, recall that thanks to the space discretisation, we can assume that the interactions
between the individuals only take place locally, in such a way that the population size is regulated
by a simple competition rule (Step 2). As a consequence, the system (ny) is also monotone with
respect to the local density K in the sense of coupling defined in . Moreover, remark that
as long as the total population size does not exceed K, the competition step has no effect and
the particles behave as if there was no interaction. These two remarks on the competition step
constitute the second element of the proof.

As mentioned in Section [I} we are interested in the effect of a slowly varying environment
on the invasion speed of a species. Hence, we will introduce an additional parameter € > 0 that
quantifies the scale of heterogeneity of the habitat and replace the probability to give birth in
Step 1 by

(g, i) At := r(ety, ex;) At. (2.19)

Let X/ denote the position of the rightmost particle in this system at time ¢, that is
X =max{i € Z:ng(i) > 0}. (2.20)

The goal of Chapter [[T]is to establish the existence of a function  such that, for all 7' > 0, we
have
(eXi, 0<k<T/e)— (z(t), t €[0,T]), (2.21)

when we let first ¢ — 0, then K — oo. This function ¢ — x(¢) will be the solution of a certain
ordinary differential equation whose form depends on r and . The result of this chapter and
some simulations of the dynamics are presented in Section
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2.2 A branching particle system modeling Allee effects

In this section, we define a version of the branching Brownian motion introduced in Section 1.1
we consider a BBM with absorption and inhomogeneous branching rate.

Branching Brownian motion with absorption was first introduced by Kesten in 1978 [Kes78].
This process evolves as the Branching Brownian motion (see Section except that the particles
move according to a Brownian motion with drift —u and are killed (or absorbed) when they enter
the interval (—oo, 0]. Kesten proved the existence of a critical drift u. such that this process goes
extinct almost surely as long as p > p.. If p < p, the process survives forever with positive
probability.

In Chapter [[TI, we consider the following version of the BBM with absorption. We now
assume that the particles branch at a space dependent rate r(z), namely, we set

r(z) = {

for some p > 1. The drift p is then chosen in such a way that the number of particles in the system
(N;) stays controlled. Actually, the process (INV;) will eventually die out but its fluctuations will
report the mechanisms driving the invasion in the particle system.

[0,1]

S
v (2.22)
x> 1,

SIS

The model introduced in this section is very largely inspired by the one analysed in [BBS13|
to prove (under slightly different assumptions) the conjectures stated in [BDMMOG6bL BDMMO07].
Their model corresponds to the special case where p = 1 in (2.22). In [BBS13|, the drift is
supercritical (in the case of dyadic branching Brownian motion and constant branching rate
r(x) =1, p. = v/2). For each N € N, they consider a dyadic branching Brownian motion with
absorption and drift —uy, with

272
o= \/2 ~ (log(N) + 3loglog(N))2’ (223)

starting, for instance, with N log(IN)? particles at = 1, and denote by My(t) the number
of particles living in the process at time ¢. Their result is the following: as N tends to +oo,
(QW”M ~n(log(N)3t), t > 0) converges in law to a version of Neveu’s continuous-state branching
process (see below for a precise definition). Using the results from [BLGO00], they deduce that
the genealogy of the particle system is given by a Bolthausen-Sznitman coalescent.

As above-mentioned, this work was motivated by the conjectures from [BDMMO06b, BDMMO7]
on a particle system with fixed population size N. Their system evolves in generations on a con-
tinuous state space, R. At each generation, the individuals give birth to & children (e.g. k = 2),
scattered around the parental location. Only the N rightmost individuals survive to the next
generation. As discussed in [BDMMO06b, BDMMOT], this model can be seen as a model of biolog-
ical population undergoing evolutionary selection. The position of a particle measures its fitness,
which evolves because of successive mutations. When a particle gives birth, the dispersion of
the offspring corresponds to the effect of mutations. The constant population size stands for the
selection: the carrying capacity of the environment is finite so that only the N fittest individu-
als survive. In this work, we will rather consider the interpretation given in [BDMMO6al: this
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system is a stochastic model for front propagation, related to the fluctuating fronts arising from
noisy FKPP-type equations. To this extent, the branching Brownian motion with absorption
considered in [BBS13| can be seen as a toy model for what happens at the leading edge of a
wavefront. See Sections and for further explanation on the link between FKPP-type
equations, noisy FKPP-type equations and particle systems.

In chapter m, we consider a model similar to the one in [BBS13|, where the saturation
rule is no longer given by a fixed population size but modeled by a moving wall, that keeps
the population size approrimately constant. Biologically speaking, the parameter p scales the
strength of the cooperation between individuals. Indeed, for a suitable choice of p (typically
the speed of the corresponding wavefront), the interval [0,1] corresponds to the intermediate
density region of the wavefront. In other words, this system is meant to depict the dynamics of
a population undergoing Allee effects in a co-moving frame following the invasion front. Note
that, in contrast to the previous model (Section , the space-dependent branching rate does
not reflect spatial heterogeneities but the effect of cooperation.

The aim of Chapter [[T]]is first to determine the value of p, to get the speed of the stochastic
front, second, to study the microscopic internal dynamics of the front thanks to the particle
system. The case p = 1 has already been dealt with in [BBS13 IMS20|: p is equal to 1 and the
number of particles in the co-moving frame converges to a Neveu’s CSBP so that the genealogy of
the individuals is given by a Bolthausen-Sznitman coalescent. We will discuss the interpretation
of this result later on (Sections and [1.2)).

Continuous-State Branching Processes (CSBP)

We now turn out our attention to the definition of the continuous state branching processes in
order to motivate the results proved in Chapter [[I]|

A continuous-state branching process is a Feller process (X, t > 0), taking values in [0, +-00],
satisfying the branching property:

Va,y =0, >0, Xy(z+y) £ Xi(z) + Xi(y), (2.24)

where (Xi(x),t > 0) and (X;(y),t > 0) are two independent processes with the same law as
(X¢,t > 0), starting respectively from z and y. The states 0 and 400 are absorbing.

The branching property means that a population Z;(x+vy) started with an initial population
size Zy(x 4+ y) = x + y can be seen as the sum of two subpopulations respectively starting from
x and y and evolving independently. The branching and the Markov properties of the process
ensures that there exists a map A — wu;(\) such that for all A > 0, z > 0 and ¢, s > 0, we have

{E [e™ AN @)] = exp (—2u(N)) (2.25)

ut-l—s()\) = Ug O Ut.

Each continuous-state branching process can be characterised by a function ¥ : [0, 4+00) — R,
called the mechanism of the CSBP, such that if (X¢,¢ > 0) is a U-CSBP, the function ¢ — ()
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Section 3. Motivations from PDE and biology literature

from ([2.25)) is a solution of the differential equation

{gtut()\) = —U(u(N)) (2.26)
ug(A) = A.

We will be interested in a-stable CSBP for « € [1,2], for which the branching mechanism ¥ is
of the form

- bu® if 1,2

\y(u)z{ e e (l2 (2.27)

—au+ bulogu, if a=1.

It is known that in this case, the CSBP does not explode in finite time, i.e. Grey’s condition
is satisfied. The 2-stable CSBP is also known as the Feller diffusion and the 1-stable CSBP as
Neveu’s CSBP.

As explained in [Ber(09], a CSBP can be seen as the continuous analogous of a Galton-Watson
process. In discrete time, let (Z,) denote a Galton Watson process with offspring distribution
(pr). This process can be associated to a random walk on a random time scale. Indeed, if we
consider (L;), a sequence of i.i.d. random variables of law (py), X; = L; — 1, S, = > | X; and
T, = 2?2_11 Z;, we have

Ly = STn, Vn € N.

Let us now consider a continuous time Galton-Watson process (Z;), in which individuals branch
at rate @ > 0 and give birth to a random number of children L. This process can also be
associated to a continuous time random walk (S;), with jump rate a and increment distribution
X = L—1. Given that Z; = z, the rate at which Z; jumps to z 4+ x is the rate at which Sy jumps
from z to z 4+ x times z. The continuous analogous of Z; is the CSBP X; and the analogous of
the random walk S; is a Levy process Y; with non-negative jumps. The Laplace transform of
this Levy process satisfies E [e_)‘(Yt_YO)] = exp (—t¥(A)), where ¥ is the function from Equation
(12.26]).

Given this interpretation of the CSBP, the result in [BBS13| can be understood as follows.
Over a time scale of order log(N)3, a particle reaches a position ahead of the front. Since this
particle is far from 0, it produces in a short time a significant number of offspring, which causes,
on the time scale log(N)3, a jump in the CSBP. The goal of Chapter is to prove that on a
suitable time scale, the number of particles in our system converges in law to an a-stable CSBP.

3 Motivations from PDE and biology literature

3.1 Hydrodynamic limit and tail problems

In Section [1.2] we pointed out a first relation between an individual based model, the branching
brownian motion, and a certain class of FKPP-type equations through the McKean representa-
tion. A second connection between microscopic models and FKPP-type equations lies in what we
call the hydrodynamic limit or the large population asymptotics. Essentially, this limit appears
when we consider a particle system whose typical population size tends to +oco. In practice, we
consider a certain type of IBM with local density K (typically, K represents the average number
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of particles on a site in a stable phase of the system) and weight the individuals by % The
hydrodynamic limit of the process is thereupon the limit behaviour of the system as K tends
to infinity: the fluctuations self-average and the system converges to a deterministic dynamic,
governed by a PDE.

In the system presented in Section the three steps to prove this convergence would be
the following ones. We consider a finite number of sites (x;), i € {—M, ..., M}, and of generations
(tx), k €40,...,L}.

1. Assume that the system starts with K individuals located at 0. Set &5 (i) = n’}éi) and
prove (using the law of large numbers) that as K — oo, we have

(X)) i=—n1,.a0 = (0k(0))i=—na,.0a
k=1,....L k=1,...L

where (vg) is a sequence on “densities” governed by the following deterministic dynamics:

{’00(2) = 50,
kg1 (1) = 205 g (ok(i = 3) A1)

2. In the above-mentioned dynamics, let Az — 0. The sequence of configurations (vg)k=1
converges to a sequence of functions (wy)g=1,..1, governed by

L

LA

{wo = dg
wk+1(x) = [FAt * (wk N 1)] ((E),

1
V2w At

3. Finally, let At — 0: one can show that (wy) converges to the solution u of a FKPP-type

equation (see (3.28))).

_ Y
e 2At.

where I'a(y) =

See [CMO07] for another type of hydrodynamic limit, where the interactions between the particles
are not replaced by a mean-field approximation.

The continuous limit « of the IBM introduced in Section with duplication probability
given by (2.19) would be solution of a PDE of the form

up = %um + r(et,ex) f(u), (3.28)

with f(u) = uly<y. A first remark is that at order 1, the invasion speed of is the same
as if we replace the forcing term by f(u) = u(1 — u) [KPP37|. Equations of type with a
forcing term of the form (x,u) — r(z)f(u), where f is a function satisfying the KPP conditions,
has been broadly investigated in the PDE literature [ES89] but also with probabilistic arguments

[Fre86].

The long time behaviour of this equation is studied by introducing an hyperbolic scaling

Wt ) = u <z§> .
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Figure I.1: Convergence of the IBM to its hydrodynamic limit. The fourth subfigure is the graph
of the growth rate r: we chose a step function as in the SKT patch model (see Equations and
(1.14)). In the three first figures, the green line corresponds to the rescaled position of the rightmost
particle (see ) in one simulation of the process introduced in Section This process is run for
e = 0.075 and different values of K. The blue line corresponds to the position of the invasion front
z(t) = sup{z € R : u(t,z) > £} for u solution of the limit PDE with f(u) = u(l — u) and
u(0,2) = 1,0, on the same time scale as the process X*. The orange dotted line represents the solution
of the ordinary differential equation #(t) = /2r(x(t)), (0) = 0, which can be seen as the speed of the

wave in the two equivalent homogeneous environments.

The idea (discussed in [Fre86]) behind this scaling is given by the convergence results in the
homogeneous case (see Section. Indeed, let us consider u the solution of equation (|1.5) with
initial condition u(0,2) = 1,<¢. Since u converges to the travelling wave, we will get that for
e small enough, u®(t,z) ~ Q.- (xfgc*t). Yet, since .~ decreases from 1 to 0, we expect that as
e — 0,

us(t’ $) — 1:L‘<c*t7
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which provides the invasion speed of the solution. If we now go back to Equation ({3.28]) and
assume that r» does not depend on ¢, we obtain that u° is a solution of

€ 1
uy = 5“351: + gr(x)f(ug)~

Note that the diffusion term vanishes as ¢ — 0 and that the reaction term blows up. As a
result, it was shown [ES89] that v* = —clog(u®) converges to the viscosity solution v of an
Hamilton-Jacobi equation of the form

min (vt + %(vw(t,m))2 + r(m),v(t,x)) =0. (3.29)

Again, if we denote by x° the position of the invasion front of the solution u®, for instance
2(t) = sup { € R: uf(t,x) > 3}, this convergence result implies that for fixed ¢ > 0,

2 (t) — () ;= sup {z : v(t,z) = 0} .

This approach has been extensively employed so far to deal with different types of forcing terms
or equivalently, of heterogeneous environments: periodic, random, patch models, etc. [Xin00,
NR12, Nad16l Xin00, [HNR11]. Note that this method hardly provides explicit propagation
speeds except in very specific cases [HFR10, [HNR11].

A major limit to this approach is the potential qualitative disagreement between the in-
dividual based model and its hydrodynamic limit. This is the so-called tail problem [Jabl2]:
artefacts may be generated by the deterministic equation, due to the lack of local extinction.
Indeed, the solutions of FKPP-type equations exhibit exponential tails that is small populations
sent to +o0o by diffusion, at an infinite speed [HFR10] (for any compactly supported initial date
ug, the solution of is positive for all ¢ > 0). If these populations reach a favourable region
before x°(t), in which they expand fast enough, we may observe a jump in the position of the
front: the tail pulls the invasion. The core of the problem is that these exponentially small pop-
ulations, which can be meaningless in some biological way, drive the invasion. In the individual
based model, there is no tail since the population is finite so that there is no ambiguity around
the definition of the position of the rightmost particle.

This phenomenon can be observed in [HFRI10, [Fre85]. In the first article, the authors
investigate the propagation speed of a population in a slowly varying environment by studying
an SKT patch model (see Equation and (1.14)) with a L—periodic reaction term (u(-) is
replaced by p(L-) in ) Surprisingly, they numerically observe that the propagation speed
of the system is an increasing function of L. Moreover, they remark a speeding up of the invasion
front in the favourable patches, where the front can go faster than the corresponding propagation
speed in the equivalent homogeneous environment. In [Ere85], the author gives a simple example
of reaction term leading to a jump in z77, namely a step function f(z) = ¢; > 0 if z < 1 and
f(x) = ¢ca > 2¢q if x > 1. What we can derive from these two remarks is that in the case of
patchy environments, if the ratio between the growth in the favourable and unfavourable patch
is too large, one can observe a speed up of the invasion, generated by the tails. As a remark,
the analysis conducted in [HFRI10| explains how this phenomenon can be understood through
the dispersion relation (|1.7). With regard to the two above-mentioned examples, Freidlin [Fre85|
claims that the Huygens principle does not hold: the propagation of the front cannot be described
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by a velocity field. A solution suggested from the PDE point of view is to cut the tails with
a negative square root term and a threshold [Jabl2, MBPS12]. This allows local extinction in
the solution of the PDE: it can be positive in some regions and vanish in other zones. Another
approach, advanced in [HFR10| consists in adding an Allee effect to the SKT patch model (see
Section for a precise definition). In both techniques, the idea is to add a small correction to
the equation, to prevent meaningless populations from driving the invasion. As a consequence,
the KPP conditions no longer hold.

A way to go back to the microscopic model in the case of heterogeneous environment, is to
consider a noisy version of the Fisher-KPP equation. For instance [BDMMO06al, the equation

1 1-—
ut:§uxm+u(1—u)+ M

where 7 is a Gaussian white noise, can be seen as a microscopic model for front propagation. The
deterministic part of can be interpreted as the hydrodynamic limit of a stochastic reaction-
diffusion model [Pan04] while the noise term depicts its microscopic fluctuations: the system is
represented as a perturbation of its large population limit. As explained in [BDMMO06al, the
front of the noisy equation (|3.30)) vanishes with a faster decay than the exponential given by
the deterministic FKPP equation in the region where u = % Heuristically, one can understand
this fact recalling that K is the average number of particle on a site at the equilibrium and
there cannot be less than one individual on a site. Moreover, it was conjectured in [BDI7,
BDMMO06a] that the velocity of the front in admits a correction compared to the speed of
the hydrodynamic limit, which depends on K and tends to 0 as the typical population size K
tends to infinity. More precisely, they inferred that this correction is of order log(K)~2. Since
then, this conjecture has been rigorously proved [MMQI0]. In this framework, the speed of the
system converges to the speed of its hydrodynamic limit. In the light of the above, it is not
always the case in heterogeneous media. A generalisation of Equation will be further
discussed in the following section.

n(t, ), (3.30)

3.2 Allee effects and pulled/pushed waves

The qualitative disagreement between the stochastic model and its hydrodynamic limit which
can be observed under the KPP conditions comes from the fact that the wavefronts arising from
the limit PDE are pulled. The speed of pulled fronts is only governed by the value of the
reaction term at low densities, which might generate jumps in the position of the front.

Recall from Section that in the homogeneous settings, the KPP conditions ensure that
the invasion speed is given by the linearised equation at zero. A wavefront solution ¢, traveling
at speed ¢ exists for all ¢ > ¢* = /2f/(0) and any solution of arising from a Heaviside
initial data converges in shape and speed to the front ¢~ [KPP37| (but it does not converge to a
specific traveling wave solution ¢, see ) A. N. Stokes [Sto76| interpreted this phenomenon
as follows:

“the speed of the wave is determined by the fecundity of their pioneers”.

Two questions arise from this statement:
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1. Is this assumption legitimate for all biological populations ?

2. What is the invasion speed of the population if the KPP conditions do not hold ?

To partially answer the second question, we first mention the case of bistable reaction terms
f satisfying

o f(0)=f(1)=0, f(0) <0, f(1) <0,
o fol f(u)du > 0,

e f has exactly 3 zeros in [0, 1], namely 0, 1 and some « € (0, 1).

Under these assumptions, Equation has a wave solution . traveling to the right for a
unique value of ¢ > 0 that not only depends on f’(0), but on the functional form of f (this
dependence on f is typically integral-like [Sto76]). We denote this speed by ¢,. Moreover, under
suitable assumptions on the initial condition (that ensure successful invasion), the solution of
the PDE arising from a compactly supported initial data converges uniformly to a pair of
diverging fronts, traveling at speed ¢, [FMT77]. Consequently, the speed ¢, is also the invasion
speed of the solutions. In the latter case, Stokes calls the wavefront pushed.

More generally, the difference between pulled and pushed waves has been discussed in the
case of propagation into unstable states [Van03| Rot81l [Sto76]. Here, we only mention the case
of a monostable reaction term, that is, satisfying the following conditions:

f(0)=f(1)=0, f(0)>0, f(1)<0, and f(u)>0, Vue(0,1). (3.31)

The second condition ensures that 0 is a saddle point for the linearised equation so that it is
an unstable state for the PDE: any small perturbation (i.e. introduction of a small population)
results in a successful invasion. The linear spreading speed c¢* of this nonlinear PDE is defined
from its linearisation at zero:

up = %um + f/(0)u. (3.32)

If we denote by z* the position of the invasion front (see Equation (1.11))) for a solution w of
(3.32) arising from a compactly supported initial data, the linear spreading speed of (|1.5) is
defined as

¢ = lim L(t) (3.33)

t—oo t

Note that this definition does not depend on the threshold chosen for z* since the equation is
linear. Besides, the assumption f’(0) > 0 ensures that ¢* > 0. It can be shown (e.g. using the
Fourier transform [Van03| or comparison principles [AWTS]) that in the monostable case

" =+/2f(0).

On the other hand, it is a know fact [HR75| that under assumption ({3.31), there exists
a minimal speed c¢pin and a one-parameter family of traveling fronts (¢¢)e>e,.. , solutions of
Equation ((1.6). The speed ¢pmin plays a crucial role in the dynamics of the solutions of ([1.5)
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arising from compactly supported data. Indeed, these solutions converge to a pair of diverging
fronts at speed cpin (at least in shape and speed [Sto77]). Consequently, the invasion speed (see

Equations (|1.9) and (1.10])) is given by the minimal speed cpiy.

Based on these observations, pulled and pushed waves are defined as follows. A nonlinear
wavefront arising from equations and is said to be “pulled” if its asymptotic invasion
speed is equal to ¢* and “pushed” if it is greater than ¢*. Roughly speaking, this means that
while the dynamics of pulled waves is only driven by their leading edge, the dynamics of pushed
waves depends on the nonlinearities of the reaction term. For bistable reaction terms f, we have
f/(0) < 0 so that 0 is a linearly stable state. Therefore, small perturbations are bound to die
out so that the invasion is led by the nonlinearities. That is why bistable fronts are classified
as pushed fronts. Another remark formulated in [Van03| is that nonlinear invasions can not be
slower than ¢* in the monostable case (3.31)) since small populations go forward with speed c*.
Thus, the dynamics can only be accelerated by the advance of the bulk. Finally, in the light of
the above, note that pushed waves are observed when ¢* # cpin.

Given these definitions, it is now clear that KPP waves are pulled and bistable fronts are
pushed. An interesting question is then to determine when the transition between these two
regimes appears, as well as the microscopic interpretation of this distinction. An enlightening
example can be found in [BHKIS§|: the authors study an example of solvable model in which we
can observe this transition from pulled to pushed fronts. They consider a reaction term of the
form

fw) =ru(l —u) (14 Bu) (3.34)

for some parameter B > 0 (which is sometimes called the Fisher’s Equation). For B = 0, the
KPP conditions hold so that ¢y, = ¢ = v/2r. Besides, the authors points out the fact that

1
vel2) = TV (3.35)
1 2

is an explicit solution of Equation . Notice that necessarily, we have ¢ > ¢* (one can easily
prove this fact by computing ¢ —¢*). At first sight, we do not know if this speed ¢ corresponds to
the minimal speed cnin. Nevertheless, they claim that the transition between pulled and pushed
regimes occurs when ¢ = ¢* or equivalently when B = 2. This switch from one to another can be
justified by analysing the decay of the function ¢. and proving that ¢y is an increasing function
of B. Indeed, we know [HR75] that the asymptotic behaviour of a traveling front ¢ as z — 400
is given by

0o (2) ~ Ce—A(C’)z} with A(¢) = {c: +/()? = 2£7(0), %f ¢’ = cmin

d— /()2 =2f(0), if ¢ > cmin-
Equivalently, if we consider the two roots 0 > A > Ao of %XQ + X + f'(0), we see that
M) = =Xy for ¢ = cpin and A(¢) = =)y for ¢ > cpin. A simple computation gives that for
B>2 M= V1B so that ¢ = ¢ and the traveling front is the front associated to ¢min-
Since cpin > ¢* for B > 2 (because ¢ = ¢* iff B = 2), the wavefronts are pushed for B > 2.
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Then, note that f is increasing with respect to B. Yet, cpin is given by the following variational
formulation [HR75]

cmin = inf {L(p) : p € C1([0,1]), p(0) = 0, p'(0) > 0}

with f(u)
U
L(p) = sup plu)+ 2,
u€(0,1) p(u)
S0 that ¢y is also increasing with respect to B. Therefore, cpin = v 2r = ¢* and the wavefronts
are pulled for all B € [0,2]. This transition between pulled and pushed fronts is illustrated by

Figure [[.2]

Figure (a) Figure (b)
—l- pushed ’ 1.0 A =TS, ---- pushed front B=3
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Figure I.2: Speed (a) and shape (b) of the fronts for a reaction term of the form and different
values of B for r = 2. Figure (a) The red dashed line corresponds to the linear spreading speed ¢* from
Equation . In the pulled regime (B < 2), it coincides with the asymptotic invasion speed of the
solutions of the nonlinear equation . In the pushed regime (B > 2), this invasion speed is larger
than the linear speed. It is given by Equation , which corresponds to the green square markers in
the figure. This figure corresponds to Fig. 1.(A) from [BHKIS]|. Figure (b) Shape of the fronts in the
corresponding co-moving frames at speed cpi,. For B < 2, we have ¢y, = ¢® and the solutions of the
nonlinear PDE converge in shape and speed to the front .« (red solid line). For B > 2, the larger B,
the steeper the limit shape of the front. The green dotted/dashed lines correspond to the graph of ¢,
for ¢ = ¢min, for different values of B. In this case, one can prove that the solution of the nonlinear PDE
converges uniformly to the front ¢._,,

The aim of Chapter [[T]] is to study the internal mechanisms behind this changeover via a
particle system. The reason why we take such an approach are the results of the simulations
obtained in [BHKIS] on a noisy version of Equation (3.34). Before we describe their observations,
we give a first interpretation of the two regimes based on the deterministic equation .
Indeed, the forcing term might be interpreted as follows. While the first part of the
equation is similar to the logistic growth from the FKPP equation, giving the saturation rule
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of the population, the second part can be seen as a cooperative term and B as the strength of
this cooperation. Unlike the KPP conditions, this presumes that the per capita reproduction
rate r(u) = u~!f(u) decreases at low densities and has a peak for some positive value of wu.
Consequently, the region of maximal growth in the front is shifted from the tip into the bulk of
the wave when B increases (see Figure . This is known as the Allee effect.

B=0.5 B=1.5

—— pulled front

—— pulled front

B=2.5 B=6

—— pushed front —— pushed front

Figure 1.3: Position of the region of maximal growth in the limit wavefront ¢, _, for different values
of B (see Equation (3.34)). When the cooperativity is low (B < 2), the wavefront is pulled. For B < 1,
the KPP conditions hold so that the growth is maximal at the leading edge. For B > 1, the region of
maximal growth is shifted to the left when the strengh of cooperation increases. For B > 2, the growth
in the bulk overtake the growth at the leading edge: the speed of the front is larger and the shape of the
wavefront is steeper than in the pulled regime. The doted line corresponds to the value u,, of u € [0,1]
such that uf(u)~! is maximal.

There may be various biological interpretations for this mechanism: interspecific competi-
tion, reduced fitness due to consanguinity, difficulty to find a mate at low densities, etc. In the
case of monostable reaction terms , we always have r(0) > 0. We say that the population
undergo no Allee effect if r(u) < r(0) for all u € (0, 1) and weak Allee effect otherwise. We speak
of strong Allee effects when 7(0) < 0 so that it is often modeled by bistable reaction diffusion
equations. In Equation , there is no Allee effect for B < 1 (which coincides with the KPP
conditions) and weak Allee effect for B > 1, so that the transition (B=2) between pulled and
pushed fronts occurs in the region of weak Allee effect (see Figure [[.2)). From this point of view,
pushed waves are called “pushed” because their are not pulled by their leading edge, but pushed
by the growth in the bulk, that quickly overtakes the growth in the leading edge thanks to co-
operation. See Figure for a different parametrisation of the forcing term for which we
can observe bistable waves and strong Allee effects.
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Figure 1.4: Asymptotic spreading speed of the solutions of Equation (1.5) with a forcing term of the
form f(u) = rou(l —u)(u —u*). This forcing term can be obtained from by setting B = —-- and
ro = — . This representation allows to plot the invasion speed of bistable reaction terms for u > 0, which
corresponds to B — 400 in . The main advantage of the first representation (with B) is that the
growth rate per capita u~'f(u) at low densities is the same for all B. That is the reason why we can not
observe bistable waves in (3.34)). See [BHKIS) SI| for a discussion on the two different parametrisations.

While the distinction between pushed and pulled fronts can be made thanks to the asymp-
totic invasion speed of the fronts, this is not the only consequence of cooperation on the popu-
lation. Indeed, Allee effects also have a huge impact on the genetic diversity. A first way to see
it [RGHK12, BHK1S], is to track a neutral marker in the population (that does not interfere in
the dynamics) to trace the location of the individuals that gave birth to a significant part of the
population. In pulled fronts, they are positioned at the leading edge: only a few particles give
birth to a significant part of the population so that a large fraction of the individuals shares the
same ancestor. This leads to a drastic genetic loss. In sharp contrast, the ancestors are located
in the interior of the front for pushed waves, which brings a wider genetic diversity.

Another standpoint developed in [BHK1S] is the analysis of the transition between the two
regimes in an “individual-based model”. Actually, they consider the noisy equation

1
Ut = —Uggy +7u (1l —u) (14 Bu) +

5 T (u) n(t, ). (3.37)

1
VN
Here, N stands for the local number of particles at equilibrium, I' is the strength of the de-
mographic fluctuations and n a Gaussian white noise. As explained in Section the noisy
equation can be seen as a perturbation of the hydrodynamic limit of the individual based model,
including the demographic fluctuations generated by the finite nature of the system. The effect of
noise on the density n is the following: the speed and the shape are now fluctuating. Depending
on the type of waves generated by the deterministic equation (without noise), the effect of these
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fluctuations on the system of the front will be drastically different. For instance, pulled waves
are very sensitive to fluctuations. Indeed, recall from Section that the difference between the
velocity ¢ of the deterministic front and the velocity ¢y of the front in the noisy equation
is of order log(N)~2 [BDMMO0G6al, MMQ10]:

C

oV (3.38)

c—cN ~

for some C' > 0. This correction, that is much greater than expected (1/v/N), underscores
the large fluctuations in the pulled regime. In opposition, we expect pushed waves to be less
sensitive.

This observation can be explained by considering the genealogies of such processes. In
IBDMMO06a], the authors describe the mechanisms driving the fluctuations of the noisy fronts
for B = 0 by considering a particle system rather than a continuous stochastic model. Since the
fluctuations develop at the leading edge, they do not need to introduce a regulation mechanism to
infer the correction on the speed of the noisy wavefront. The addition of a saturation rule in this
model then allows to describe the genealogies of the particles leaving close to the invasion front.
In [BDMMO6a], the authors suggest to analyse a branching random walk with a fixed population
size N: at each generation, the individuals give birth to k children, scattered around the parental
location. Only the N rightmost individuals survive to the next generation. This forms a cloud of
particles that does not spread and can be described by a front [BDMMO07]. It was shown that the
same correction holds for the speed of this cloud of particles [BGI0] (for £ = 2 and under
suitable assumptions on the displacement law of the offspring). In this model, it was conjectured
[BDMMOG6D, BDMMO07| that the number of generations needed to reach the most recent common
ancestor of two particles sampled in the population at a given generation is of order log(NN)3.
This implies that the genealogy of the particles is described by a Bolthausen-Sznitman coalescent,
a coalescent with multiple mergers: the particles sent ahead of the front give birth to a large
number of descendants. These offspring survive and expend exponentially fast since the effect
of competition is negligible at the leading edge. As a consequence, a significant fraction of the
population is replaced by these descendants. This result on the genealogies of the system has
been proved under slightly different settings in [BBS13| (see Section. In opposition, for large
values of B, the time scale at which we observe the fluctuations is of order N [BHKIS]|, which
suggest the presence of Kingman'’s coalescent with binary mergers (see [EP20] for a proof of this
fact, in the framework of population genetics and in the case of bistable waves - see Figure .
Therefore, the population behaves like a neutral population and the system is far less sensitive
to fluctuations.

However, the numerical experiments conducted in [BHK18| suggest the existence of a class
of pushed fronts with large fluctuations. These fluctuations are observed in the position of the
front as well as in the genetic diversity of the population. Besides, the numerical experiments
conducted in [BHKIS]| suggests that the genealogies can be observed on a time scale of order N7
for some «y € (0, 1) for intermediate values of B (that is close to 2). This leads to the distinction
of two different classes in the pushed regime: weakly pushed (or semi pushed) waves and fully
pushed waves. This semi pushed regime will be the object of Chapter [[TI]

We end this section with two other remarks on the stability of pushed fronts. The first
one concerns the asymptotic stability of the solutions in the pushed regime for monostable
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reaction terms. Indeed, Rothe [Rot81] showed the uniform convergence of solutions arising from
compactly supported data to pairs of diverging fronts at speed cpin in the pushed regime. This
is not the case in the pulled regime because of the logarithmic correction of the invasion speed
(see Equation (|1.17)). The second one can be connected to the tail problem. Indeed, it was
observed that adding a strong Allee effect to an heterogeneous FKPP equation has the effect of
cutting the tails [HER10]. Similarly, it was shown by Freidlin [Fre85|] that in the bistable case,
the Huygens principle holds and that there is no jump in the position of the front.

4 Main results

4.1 Propagation speed of a population colonising a slowly varying environ-
ment

This section regards the result proved in Chapter [lI} It is based on the preprint [MRT21].

In this chapter, we are interested in the long time behaviour of the particle system described
in Section [2.1] with a slowly varying growth rate of the form

(t,z) — r(et,ex),

for some small parameter € > 0. As mentioned in Section considering the viscosity solutions
of the hydrodynamic limit of this system may be unsatisfactory from a biological standpoint.
Recall from Section [3.1] that some corrections on the PDE were suggested to tackle this issue.
However, for biological concerns, we suggest to invert the two limits, that is to let first € — 0 in
the microscopic system, then consider large population sizes (i.e. K — oo). In this framework,
we are interested in the asymptotic behaviour of the position of the rightmost particle X} (see
Equation ) as € — 0. Basically, we expect that for all 7' > 0, we have

(eX7, 0 < k< T/e)— (x(t), t € [0,T]). (4.39)

when we let first € — 0, then K — oo.

The goal of Chapter [[T)is to show that under appropriate assumptions on the reproduction
and migration laws, the function z from Equation satisfies an ODE, depending on the
growth rate r and the dispersion law p of the system. To simplify and clarify the proofs,
we assume that p is a discretised Gaussian distribution. The resulting ODE can therefore be
expressed only in term of r. Moreover, we essentially assume that r is a smooth positive function
and that the system is monotone with respect to r and K. This latter assumption allows us to
locally compare the system with some branching random walks. This strategy can be thought
as a comparison principle, widely used in PDE theory (see [AWTS8| for homogeneous FKPP
equations, [BHNOS§| for recent developments in heterogeneous settings).

Recall from Section [2.I] that At refers to the time step between two generations and Az
denotes the space step between two sites. Roughly speaking, in Chapter [T, we prove that for
any 7' > 0 and ¢ > 0, if At and Az are small enough and K is sufficiently large (but fixed)

lim P max |eX] —x(keAt)| < | =1,
=0 \kelo, [ & ]
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where ¢ — z(t) is the solution of the Cauchy problem

{x’(t) = /2r(t, z(t)) ©)

The proof of this result is divided into two main parts. We first establish an upper bound
on the invasion speed of the interacting particle system (Section . Second, we establish a lower
bound (Section , which concludes the proof. Both steps rely on a coupling lemma, stated
in Section The general assumptions under which each bound is proved as well as precise
statements of the results are given in Section [2]

The main result of this asymptotic method is that the long time behaviour of the system
satisfies the Huygens principle, without adding any correction. Moreover, the proof of this result
suggests that it holds as long as elog(K) — 0. On the other hand, we know that the large
population asymptotics gives a proper estimate of the invasion speed when elog(K) — +oc.
Therefore, this provides a good understanding of the scales at stake in each situation. If we
refer to the datas collected in [SK97| on biological species, we can infer which approach will
best fit each situation. Typically, our approach seems relevant when the population size is small
compared to the scale of heterogeneity of the environment.

These two different limits are illustrated in Figures and in the first one, we fixed e
and observe the convergence to the hydrodynamic limit as K increases. In the second one, we
fix K and remark that the rescaled position of the rightmost particle converges to the solution
of the Cauchy problem @ In both cases, we simulate the simplified version of the system
introduced in Section for a space dependent growth rate r that is a 1—periodic step function.
For instance, this could depict the invasion of a species colonising a linear habitat, constituted
of an alternation of favourable and unfavourable patches as in the SKT patch model [SKTS8G].

4.2 Particle systems and semi-pushed fronts

In Chapter [[TI} we investigate the internal dynamic of a population undergoing moderate Allee
effect. To this extent, we study the branching Brownian motion with absorption and accelerated
branching rate in the interval [0, 1] in Section [2.2] As above-mentioned, this system constitutes
a toy model describing the dynamics of the particles ahead of the front and the barrier at zero
combined with the drift —u is seen as a moving frame. Thereupon, the effect of cooperativity
on the particle system will be investigated by considering a space dependent branching rate
r(x), reaching its maximum where we expect to find an intermediate density of particles (that
is between the bulk and the leading edge). For simplicity, we consider a step function of the

following form:
1 p—-1
r(z) = 5t o liepo- (4.40)

This way, the intensity of the Allee effect can be easily strengthened by increasing p.

As explained in Section[3.2] this work was mainly inspired by the conjectures and the results
in [BHK18, BDMMO06a, BDMMO06b, BBS13|. In [BDMMO06a], the authors explain how to infer
the speed correction of the front arising from ([3.30)) thanks to a particle system, in the pulled
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Figure 1.5: Convergence of the position of the rightmost particle in the IBM to the solution of the
ODE @ The green line corresponds to the rescaled position of the rightmost particle (see ) in one
simulation of the process. This process is run for K = 20 and different values of €. The orange dotted
line corresponds to the graph of the solution of the Cauchy problem on a time scale of order 1 (and
not e~! as in the process). The last subfigure is the graph of the growth rate r.

regime. The analysis carried out in [BDMMOGD] is dedicated to the genealogies of a population
undergoing selection. This selection is modeled by a constant population size: the saturation
rule consists in keeping only the N rightmost individuals in the system at each time step. In
our work, this cloud of particles will be seen as an IBM for front propagation. Under these
assumptions, it was conjectured that the genealogy of the process is described by a Bolthausen-
Snitzman coalescent in the pulled regime. In the authors prove this conjecture under
slightly different settings: they investigate the genealogies of a branching Brownian motion with
absorption. The drift puy (see Equation ) is chosen so that holds (replacing ¢ by
w = \/i) Instead of keeping a constant population size, they chose to kill the particles at
a barrier to keep it approzimately constant. Therefore, they can assume that particles evolve
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independently during their life span. Moreover, they also considered a continuous time model
to simplify the analysis. Under this assumption, they show that the genealogy of this process
is described on a time scale of order log(N)3 by a Bolthausen-Snitzman coalescent. Based on
the observations made in [BHKIS§]| (see Section , we study a BBM with absorption at 0 and
branching rate r given by . The goal of Chapteris to examine the effect of the parameter
p on the genealogy of the process and identify the three regimes (pulled, semi-pushed and fully
pushed) observed numerically in [BHKIS|.

In our system, the quantity of interest is the number N; of particles alive at time ¢. As
in [BBS13|, we set p in such a way that this number stays roughly constant. In our case, the
population will eventually dye out, but the fluctuations of the process (N;) during its life time
will be extremely instructive and will provide some information on the genealogy of the particles
as well as on the mechanisms driving the invasion.

First, we need to fix u: it is given by the spectral analysis of the operator
Tv ="+ r(x)v.

More precisely, it is related to the principal generalised eigenvalue of the operator T'. For p <
p1 =1+ 7, we claim that p = 1. For p > py, it is the unique solution of

Vo= p? =1 '
such that p — p? € [g, 7r]. In this case, we have y > 1. Therefore, the critical value p; delineates

the transition between pulled and pushed regimes in the particle system. The drift p is plotted
and compared with the speed of the deterministic limit waves from [BHKIS8| in Figure .

As in the numerical experiments conducted in [BHK18|, the semi pushed regime will emerge
in the study of the fluctuations of the system for p > p;. To observe this second transition, we

assume that p > p; and set
ViZ—1
=PIV (4.42)
p— /=1
Suppose that the system starts with N particles at 1 and set N; = % We claim that we can
distinguish the weakly pushed and fully pushed regime thanks to the following observation:

1. If a € (1,2), (Nya-1;) converges in law to an a—stable CSBP as N — oo,

2. If > 2, (Nyy) converges in law to a Feller diffusion as N — oo.

The transition at @ = 2 can also be seen in terms of p. Indeed, we have
3
a>2 & > Z‘@’ (4.43)

which provides a second critical value of p > p; thanks to Equation (4.41]). We denote by ps this
second critical value and we claim that

a>2 & p>po.

39



Chapter I. Introduction
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Figure 1.6: The expansion velocity as a function of cooperativity. Figure (a): in the particle system.
Graph of the drift x4 as a function of p. For p € [%,pl], © = 1, which corresponds to the pulled regime
in the particle system. For p > pp, the drift u is given by Equation . In this case, u > 1, which
corresponds to the pushed regime. Figure (b): in the PDE with reaction term for r = 1.
Graph of the speed cpiy as a function of B. For B < 2 the invasion is pulled and its speed is given by
the linear spreading speed i.e. cpin = ¢* = v/2r = 1. For B > 2, it is pushed and the invasion speed is

given by Equation ([3.36]).

Hence, the semi pushed regime occurs in the particle system when the strength of the coopera-

tivity p takes values in the interval (pi1, p2). This is illustrated by Figures and

The picture is then the following:

o If p < p1, the Allee effect is not strong enough to let the growth in the bulk overtake the
growth at the leading edge. This corresponds to the pulled regime. As in the deterministic
framework, the speed of the wavefront p is constant, equal to the linear spreading speed.
An analysis of the fluctuations, similar to the ones carried in [BBS13, [MS20], would prove
that the genealogy of the population is described by a Bolthausen-Sznitman coalescent.
Therefore, most particles descend from the particles who gave birth at the leading edge.
In that sense, the invasion is driven by the tip of the front.

o If p > po, we claim that the fluctuations in the process occur on a larger time scale, of order
N. This suggests that the genealogy of the process is given by a Kingman’s coalescent. As
expected, the particles evolve as a neutral population, because the wave is pushed by
the growth in the bulk. The speed of the wave p is an increasing function of p (as ¢pin
is an increasing function of B for a forcing term of type )

e If p € (p1,p2), the two dynamics coexist. Indeed, the wave is faster than the linear
spreading speed (p > 1) so that the invasion is accelerated by the dynamic of the bulk.
Nevertheless, the convergence of the rescaled process (IV;) to the a—stable CSBP implies
that the fluctuations occur at a shorter time scale than in the fully pushed regime. Besides,
the genealogy associated to the a—stable CSBP being given by a Beta(2 — «, ) coalescent,
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Figure 1.7: The expansion velocity as a function of cooperativity. Figure (a): in the particle system.
The weakly pushed regime is observed when p € (1, pi¢), for p. defined in (4.43)). Figure (b): in the PDE
li with reaction term ([3.34]) for r = % Graph of the speed ¢y, as a function of B.

we deduce that the invasion is still driven by the particles sent to the leading edge of the
front.

This statement and the definitions of . and « are consistent with the observations made in
IBHK18, BHK20]. Indeed, the genealogy associated to the a-stable CSBP and the Feller diffusion
are exactly the ones suggested for the semi and fully pushed regimes in [BHK20|. Besides, if we
set r = % in , the time scale N®~! over which we observe the fluctuations in our process
is the same as in [BHKIS| (their definition of « is nothing else than 1 — « in our notations). In
this case, the critical value of the speed ¢ for which a = 1 in [BHK18] is equal to p. from .

Chapter [[T]] is aimed at proving the convergence of the rescaled process N to the a-stable
CSBP when p € (p1, p2). The proof of this fact is divided in two main parts. First, we estimate
the first and second moments of several quantities in a process with an additional barrier (Sections
and . Second, we gather these estimates and prove the convergence of the process to the
CSBP by establishing the convergence of its Laplace transform (Sections |§| and E[)

4.3 Open questions and conjectures

In this last section, we indicate the two main questions raised by the results mentioned in Sections
4.1l and We then conclude with several other directions for future research.
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Figure 1.8: The pushed regime in the particle system. Figure (a): Graph of « from Equation (4.42)) as
a function of p. The weakly pushed regime corresponds to the values of p such that « € (1,2). Figure
(a): Graph of p from Equation (4.42) as a function of p.

The interpolation regime between the two scales of heterogeneity

In order to determine which of the analysis of the individual based model from Section 2.T] or of
its hydrodynamic limit is better suited to a given biological population, one might consider
our microscopic model in the limit when K and 1/e go to infinity together. In chapter [II} we
deal with the case log(K) — 0 and prove the convergence to the ODE. This condition appears
in the proof of the upper bound on the invasion speed of the particle system. Thanks to a first
moment method, we obtain an upper bound on the probability that the rightmost particle moves
faster than the solution of the ODE of the form

Kexp (—S) ,

for some C' > 0. Roughly speaking, this is the result of a union bound. Essentially, it corresponds
to the probability that a descendent of a single particle goes too far to the right (which is given
by the theory of large deviations), multiplied by the typical number of particles on a site. On
the other hand, the analysis of the viscosity solutions given by the hydrodynamic limit described
in Section [3.1] corresponds to the case €log(K) — +oo.

We conjecture that it is possible to interpolate between the two double limits in K and &,
when K and 1/e go to infinity in such a way that log K is of the same order as 1/e. This relation
is indeed suggested by the hyperbolic scaling . Precisely, setting log K = k/e for a constant
k > 0, we believe that the renormalised log-density is described in the limit by a solution v*
to a variational inequality similar to the one satisfied by the solution v of [Fre86l, [ES89],
but with an additional constraint imposing that v*(¢,z) > k implies v" (¢, x) = +o0, similarly to
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IMBPS12]. The variational representation of the function v would then be

tAT(2) 2(5)2
v"(t, z) = supinf {/0 (2) —r(t—s,2(s))ds| 2(0) =z, z(t) =0,

T z

Vu < 7(2) : AMT(Z) z’(23)2 —r(t—s,2(s))ds < /@}.

The fully pushed regime

In Chapter [T} we study the long time behaviour of the particle system from Section in the
semi pushed regime p € (p1, p2). The logical follow-up question is to investigate the fully pushed
regime p > ps. As explained in Section [3.2] in the fully pushed regime, we expect the genealogy
of the system to evolve on a time scale of order N. In Section [£.2] we claim that if we start
with N particles at x = 1, the rescaled number of particles in the process Ny = N;/N at time ¢
satisfies

Ny¢ = Z(t), as N — oo,

where = is a Feller diffusion starting from 1.

To prove this result two methods can be employed:

e First, one can prove, as in Chapter [[TI} that the Laplace transform of the process converges
to the one of a Feller diffusion. Contrary to what is observed in [BBS13] and in Chapter
[T} the invasion is no longer driven by the particles far to the right of the front but by the
ones living in the bulk. That is the reason why the proof of this point will mainly rely on
first and second moments estimates on the branching Brownian motion in an interval.

e Second, one can prove that the limit of (Ny¢)is0 as N — oo is solution of a certain
martingale problem whose unique solution is given by a Feller diffusion [Ber09, p.108|.
Again, this proof relies on moments estimates.

An overview of the proof described in the first point is given at the end of Chapter [[TI}

Other questions

In this section, we point out additional questions arising from the analyses conducted in Chapter

M and 11

In Chapter [T, we establish the convergence of the rightmost particle in the system from
Section for a particular reproduction law, ensuring that the population does not go extinct.
First, we point out the fact that this assumption is not necessary to establish the upper bound
on the invasion speed. Therefore, this upper bound is still valid in some situations where the
population does not survive with probability one. However, one can also be interested in the
propagation speed of our system under more general assumptions on the reproduction law. In
this case, the invasion can be slower than the ODE.

43



Chapter I. Introduction

In Chapter [[TI} we investigated the fluctuations of a dyadic branching Brownian motion
with absorption. As in [MS20], one could then investigate the behaviour of such process under
more general assumptions on the branching law. For instance, one can consider that at each
branching event, a particle gives birth to a random number of children N distributed according
to a certain law (py)ken satisfying > kpp > 1.

We are also interested in the genealogy of the system studied in Chapter In [BBS13],
the convergence of the genealogy to the Bolthausen—Sznitman coalescent ensues from the con-
vergence of a certain process to Neveu’s CSBP through a flow of bridges [BLGO00, BLG06|. In
their case, this convergence takes place on the same deterministic time scale log(/N)? as the con-
vergence to the CSBP. A technical difficulty appears for the genealogy of the a-stable CSBP: the
corresponding flow of bridges encoding the genealogy is defined thanks to a random time change,
depending on the population size [BBCT05|. Besides, we know that Neveu’s CSBP never hits 0,
which allows to consider the genealogies backwards in time starting from any time ¢ > 0. The
a-stable CSBP gets absorbed at 0 in finite time so that we can only sample individuals in the
population before its extinction time.
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CHAPTER ||

Spatial dynamics of a population in a heterogeneous environment

We consider a certain lattice branching random walk with on-site competition and in an environ-
ment which is heterogeneous at a macroscopic scale 1/¢ in space and time. This can be seen as
a model for the spatial dynamics of a biological population in a habitat which is heterogeneous
at a large scale (mountains, temperature or precipitation gradient...). The model incorporates
another parameter, K, which is a measure of the local population density. We study the model
in the limit when first &€ — 0 and then K — oo. In this asymptotic regime, we show that
the rescaled position of the front as a function of time converges to the solution of an explicit
ODE. We further discuss the relation with another popular model of population dynamics, the
Fisher-KPP equation, which arises in the limit K — co. Combined with known results on the
Fisher-KPP equation, our results show in particular that the limits ¢ —+ 0 and K — oo do not
commute in general. We conjecture that an interpolating regime appears when log K and 1/¢
are of the same order.
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1 Introduction

In this article, we are interested in the spatial propagation of a biological population in a het-
erogeneous environment, where the population lives on discrete sites or demes. Formally, the
population is a system of interacting particles on the integers Z evolving in discrete time. At each
generation, particles duplicate at a certain space- and time-depending rate, undergo a regulation
step where roughly K particles at most survive at each site and jump (migrate) according to a
discretized Gaussian distribution.

In this introductory section, we present a special case of the model and state our main
results for this model. The general model is presented in Section

1.1 Model and main result in a special case

We consider a particle system evolving on the rescaled lattice Az - Z at discrete time steps
0, At,2At, ..., where At, Ax > 0 are small parameters. The system depends furthermore on the
following parameters:

e £ > 0 a small constant (with 1/e being the space- and time-scale of interest)
e K >0 a large constant (the local population density)
e (t,x) — r(t,x) a smooth, bounded function (the reproduction rate, see Theorem for

precise assumptions).

We denote by ng(i) the number of particles on the site iAz at time kAt. We assume that
the initial condition satisfies ng(i) = 0 for ¢ > 0 and ng(0) > 1, i.e. the right-most particle is
at the origin. The configuration (n41(7));ez is obtained from (ny(i));ez through the following
three consecutive steps:

1. Reproduction step. FEach particle living on the ¢-th site at generation k£ duplicates with
probability r(ekAt,ciAx)At. Hence the number of descendants (including the individual
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itself) produced by a particle is then given by a random variable Y with law

Vp(ekAtging) = (1 — r(ekAt, eiAx)At) 61 + r(ekAt, eiAx) At da. (1.1)

2. Competition step. The number of particles at each site is truncated at K. In other words,
the number of particles after the competition step is given by the truncated sum

(1.2)

)
Yo | AK,
m=1
with (Y;,) a sequence of i.i.d. random variables of law v,.(cpatcinz)-

3. Migration step. A particle on the i-th site jumps to the site i + j with probability u(j),

where the migration law p is a discretized normal distribution:

S ) )
M: 6_27& T 5 13
= j—1)Az 2w At !

(

All particles jump independently.

The resulting configuration is ngy1.

We denote by X the position of the rightmost particle at generation k in this system. Note
that X7 = 0 by assumption. We investigate the long-time behaviour of the process (5X1:)keZ'
More precisely, we compare (X} )., and the solution x of the Cauchy problem

{:c’(t) = /2r(t, z(t)) ©)

The result is the following.
Theorem 1.1. Assume that r € C1(RT xR, R), that Vr is bounded and that there exist r,7 > 0,

V(t,z) € [0,00] xR, r<r(t,z) <T.

Let T >0 and § > 0. There exists Ats > 0 and Cs > 0 such that, if At < Ats and Ax < CsAt,
there exists Kg such that, for all K > K

lim P max |eX] —x(keAt)| < | =1.
=20 \kefo[ ]

1.2 Discussion and comparison with deterministic models

In Theorem (1.1} we consider a double limit ¢ — 0, K — oo. The order of the limit is to first let
e = 0, then K — oo. A more classical large population asymptotics of individual-based models
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such as this one consists in exchanging the order of the two limits. If we let K — oo and divide the
population size by K (and let Az, At tend to 0 in a controlled way), we obtain a (deterministic)
PDE ([EM04b], [CM07]). This PDE is a reaction-diffusion equation of Fisher-KPP type:

ui (t,x) = %uix(t, x) + r(et,ex) f(u°(t, z)), (1.4)

with f(u) = uly<i. The limiting behavior of u® as ¢ — 0 has been widely investigated in the
PDE literature [BES89, [ES89, BN15| but also with probabilistic arguments [Ere86]. Introducing
the change of variables (t,z) — (t/e,x/¢) and the WKB ansatz

us(t7x) — efvs(t/e,x/s)/s’ (15)

and assuming that, in a certain sense, u®(t,x) — 1,—¢ as t — 0, it can be shown that the function
v® converges, when € — 0, to the viscosity solution v of the following Hamilton-Jacobi equation
(or, more precisely, a variational inequality) [ES89]:

(1.6)

min (ve(t, 2) + 5 (va(t, 2))? +r(t,z),v(t,2)) =0
v(t,x) = colzzg, t — 0.

As a consequence, u°(t/e,x/c) converges to 1 (resp. 0) uniformly on compact subsets of int([)
(resp. I€), where
I ={(t,z) €[0,00) x R:v(t,z) =0}

In particular, if z°(t) denotes the position of the front (for example, z¢(t) = sup{x : u®(t,x) >
1/2}), then, for fixed ¢t > 0,

2°(t/e) — zf17(t) = sup{z : v(t,2) = 0}, ase— 0.

This approach has been extensively employed so far, to deal with different types of heterogeneous
environments: periodic [SK97, [SKT86, [Xin91], random [BN15, [Nad16], etc., but does not provide
an explicit propagation speed, except in very specific situations [HNR11]. However, if z(-) denotes
the solution of the ODE (C|), with initial condition x(0) = 0, we always have

eI (1) > x(t) for all ¢ > 0.

To see this, recall the variational representation of the function v [ES89]:

tAT(2) ()2
v(z,t) = sgpigf {/0 (2) —r(t—s,2(s))ds| 2(0) =z, 2(t) = 0} . (1.7)

Here, the infimum is over all z € Hlloc([O, o0);R) and the supremum is over all stopping tz’meﬂ
7, i.e. maps 7 : HL ([0,00);R) — [0, 00) satisfying for all 2, Z and all s > 0:

loc
if z=2on [0,s] and 7(z) < s, then 7(2) = 7(2).

In order to show that x1/(t) > x(t), it suffices to show that v(x(t),t) = 0 for all ¢ > 0. Fix
t > 0. Define z(s) = x(t — s) for s € [0,t]. Then 2(0) = z(t), 2(t) = 0 and for all s € [0,1],

'In fact, general theory of variational inequalities (see e.g. [BL82] p.6]) implies that for given (¢, x), the optimal
stopping time in (1.7) is given by 7¢,.(z) = inf{s € [0,¢] : v(t — s, 2(s)) = 0}, but we don’t make use of this fact.
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(2/(s))?/2 = r(t — s, 2(s)). Hence, for every stopping time 7, the integral in (1.7) equals 0. This
shows that v(x(t),t) <0 and thus v(x(t),t) = 0 by non-negativity of v.

It is easy to construct examples where z77/(t) > x(t) for some or all ¢ > 0. This is
for example the case when r(¢,z) = ro(x) for some strictly increasing function 9. It is even
possible to construct an example in which 27 has jumps: if we consider a function r such that
r(xr) =c1 >0 for x < h and r(x) = c2 > 2¢; if z > h > 0, and an initial condition 1(_ ¢, we
observe a jump in the wavefront at time Tp := % 2(ca—c1) < \/% (see Example 3 in [Ere85]).

On the other hand, when 7 is non-increasing, then 77 (¢) = z(t) for all t > 0. See [ES89, [Fre85]
for a detailed discussion and other sufficient conditions such that 277 (t) = 2(t) for all ¢ > 0. In
this case, one says that the Huygens principle is verified, in that the propagation of the front is
described by a velocity field, see Freidlin [Fre86| for a discussion of this principle and its relation
with the Hamilton-Jacobi limit, that he relates to geometric optics.

It has been observed previously that the viscosity solution method may be unsatisfactory,
from a biological standpoint, in some situations [HER10, [Jab12]. This has been dubbed the
“tail problem” [Jabl2]: artifacts may be generated in the deterministic model by the absence
of local extinction caused by the infinite speed of propagation [HERI0] of the solutions of (L.4)),
where meaningless, exponentially small “populations” are sent to favourable regions by diffusion
before the invasion front x(t), accelerating the speed of propagation and possibly causing jumps
in the position of the invasion front. Some adjustments were suggested to “cut the tails” in the
deterministic model. For instance, one can add a square root term with a survival threshold
parameter in the F-KPP equation [Jabl2, MBPS12|. Another correction suggested in [HER10]
consists in adding a strong Allee effect in Equation . Namely, they set the growth rate f to
be negative at low densities, leading to a bistable reaction-diffusion equation. For such equations,
the Huygens principle is verified, as shown by Freidlin [Fre86].

In this article, we propose to come back to the microscopic, or individual-based population
model and to study it under a double limit, where we let first the space-time scale 1/e, then the
population density K go to infinity. The discrete nature of our model has the effect of a “cutoft”
which prevents the solution from being exponentially small in 1/e. In terms of the function v,
which arises in the limit after a hyperbolic scaling, the cutoff prevents the function v from taking
finite positive values and thus formally “pushes it up to co” whenever it is (strictly) positive.
The main conceptual advantage of this approach compared to the PDE approach is
that our model naturally satisfies the Huygens principle, without the need of ad-hoc
modifications.

In order to determine which of the two models, with or without cutoff, is a better model
for a given biological population, one might consider our microscopic model in the limit when K
and 1/e go to infinity together. Indeed, we conjecture that it is possible to interpolate
between the two double limits in K and ¢, when K and 1/¢ go to infinity in such
a way that log K is of the same order as 1/¢. This relation is indeed suggested by the
hyperbolic scaling . It also appears in the proof of Theorem see for example Theorem
Precisely, setting log K = k/e for a constant £ > 0, we believe that the renormalized log-density
is described in the limit by a solution v™ to a variational inequality similar to , but with an
additional constraint imposing that v*(t,z) > k implies v"(t,x) = +o0, similarly to [MBPS12].
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The variational representation of the function v would then be

tAT(2) ()2
vo(t,x) = sgpirzlf {/0 (2) —r(t—s,2(s))ds| 2(0) =z, 2(t) = 0,

tAT(2) Z/(8)2

VugT(z):/u 5 —r(t—s,z(s))ds</@.}

We leave the details for future work.

1.3 Explicit example and simulations

We now give an example for which the asymptotic speed of propagation of the Fisher-KPP
equation ([1.4)) is strictly larger than the speed of the ODE . Consider a reaction term of the
form r(et,ex) f(u) = r(ex)u(l — u) where r is a 1—periodic function such that

{T(a:) =pt Vzelo3)
1

r(z) =p" VYrxe] (18)

for some constants pu* and p~ satisfying 0 < pu~ < pt. For € > 0, denote by ¢ the minimal
speed such that a pulsating travelling front with speed ¢ exists for all ¢ > ¢ [BHRO5]. It has been
shown [Nad10] that ¢! is nonincreasing with respect to € and bounded. Therefore, it converges to
some limit c¢jj as € — 0. In the framework of slowly oscillating periodic media, an explicit formula
of the asymptotic spreading speed cf; has been computed in [HNR11] with the viscosity solution
method. Under assumption , this expression is even more explicit and given [HFR10|] by

g = oy ) et pOVA
(Wt + p~ +2vVA)32
A= WP+ ) -t
The limit speed of the ODE is the harmonic mean between the two speeds W and \/2;? :
ODE _ o V20t p— '
Vi Vet
In [HFRI0], the authors point out that ¢} > c?PE. On the one hand, they remark, thanks to a

convexity argument, that ¢?PF is strictly smaller than \/u+ + pu—, the spreading speed in the
averaged environment. On the other hand, they claim that cf is larger that the homogenization
i

Cc

limit ¢, = \/pt 4+ p~ of ¢f ase — oo [ESHRQ9]. The simulations plotted in Figure|II.1|illustrate
the behaviour of the process under the two double limits for a growth rate r of the form .
We observe that when ¢ is fixed and K goes to infinity, the position of the rightmost particle in
one simulation of the process tends to the solution of the PDE. When K is fixed and ¢ tends to
0, it tends to the solution of the ODE.

1.4 Relation with other stochastic models

The model we consider in this work is an example of a microscopic model for front propagation.
Such models have seen considerable interest in the last two decades in mathematics, physics and
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Figure I1.1: Rescaled position of the rightmost particle in simulations of the process defined in Section
(green line) for different values of (K, ¢). Left column: fixed ¢, increasing K, right column: fixed K,
decreasing €. The growth rate r is a 1-periodic function of the form with u™ = 3 and = = 0.1, and
the initial configuration is given by (i) = 1;,<0. The orange dotted line is the graph of the solution
of the ODE @) The blue solid line is the position of the front z(t) = sup{z € R : u(t,z) > &} for u
solution of uy(t, z) = Sua.(t, z) + r(et, ex)u(t, z)(1 — u(t, x)), with initial condition x(z) = 1,<o.
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biology. The prototypical model of front propagation is the Fisher-KPP equation, a semi-linear
parabolic partial differential equation which admits so-called travelling waves, i.e. solutions which
are stationary in shape and which travel at constant speed. Many microscopic models of front
propagation (in homogeneous environment) can be seen as noisy versions of the Fisher-KPP
equation, see e.g. the reviews [Pan04, [Kuel9|. A rich theory originating in the work of Brunet,
Derrida and co-authors [BD97, BDMMO06al, BDMMO06b| has put forward some universal asymp-
totic behavior when the population density K goes to infinity. First, the speed of propagation
of such systems admits a correction of the order O((log K)~2) compared to the limiting PDE.
Second, the genealogy at the tip of the front is described by the Bolthausen—Sznitman coalescent
over the time scale (log K)3, in stark contrast to mean-field models where the genealogy evolves
over the much longer time scale K and is described by Kingman’s coalescent. These facts have
been proven rigorously for several models [BG10, MMQ10, BBS13| Mail6l, [Pail6, [Cor16].

Compared to the case of homogeneous environment, the model in heterogeneous environ-
ment considered in this paper has a different speed of propagation than its continuous limit, even
in the limit of infinite population size. A similar situation happens in homogeneous environment
when the displacement is heavy-tailed. Such a microscopic model, with branching, competition
and displacement with polynomial tails, was considered in [BDKTI8|. For their model, the au-
thors show the existence of a phase transition in the tail exponent of the displacement law: when
the exponent is sufficiently large, the model grows linearly, whereas it grows superlinearly when
the exponent is small. On the other hand, the continuous limit of the model, a certain integro-
differential equation, always grows exponentially fast regardless of the exponent. This example,
as well as the one considered in this paper, show that microscopic probabilistic models of front
propagation or of spatial population dynamics can exhibit quite different qualitative behavior
than their continuous limits. We believe this to be an exciting direction for future research.

Another body of literature is concerned with the behavior of locally regulated population
models at equilibrium, i.e. in the bulk. Basic questions like survival and ergodicity are often
studied using two methods stemming from interacting particle systems: duality and/or compar-
ison with simpler models such as directed percolation [Eth04, [HWO07, BEMO0T7, BD07, BEH09].
The genealogy of such systems is also of interest. Some related models from population genetics
admit an explicit description of their genealogy in terms of coalescing, and sometimes branching
random walks. Their behavior is therefore dimension-dependent, see e.g. [BEV13| for a survey.
For the one-dimensional model considered here, we expect the same to happen: the genealogy
should be described by random walks coalescing when they meet at a rate proportional to 1/K,
where K is the population density. In particular, on the time-scale K, its scaling limit should be
a system of Brownian motions which coalesce at a rate proportional to their intersection local
time, whereas on a larger time-scale, corresponding to small population density, it should be
described by the Brownian web. See [SSS16l [EFS17] for recent results on related models.

Finally, we point out that our model has been defined in such a way that it it is a monotone
particle system. This property is crucial in order to compare the process to other, simpler
processes. It is the analogue of the parabolic maximum principle for PDEs. Its absence causes
significant technical difficulties, see for example [MP21] which studies (homogeneous) branching
random walks with non-local competition.

52



Section 2. General model: definition and results

1.5 Structure of the proof

In Section [2| we define the general model we study in this article and state Theorems [2.1] and
[2.2] which taken together yield a more precise version of Theorem [I.I] In Section [3] we state a
general coupling lemma allowing us to compare models with different reproduction rates r. In
particular, this allows to compare the model to branching random walks.

Section [4] contains the proof of Theorem (upper bound). The proof uses a Trotter-Kato-
type scheme and local comparison with branching random walks. The proof of Theorem
(lower bound) appears in Section [5| and uses a martingale argument together with first and
second moment estimates.

Appendix [A] recalls some known results on branching random walks and gives some explicit
estimates on the rate functions of the branching random walks used in this article. Finally,
Appendix |B| recalls known results on the Euler scheme for solutions to .

2 General model: definition and results

2.1 Definition of the model, assumptions and notations

Consider a discrete-time system of interacting particles X on Z, evolving in discrete time (tg)gen-
At each time step, the particles give birth to a random number of children and die. After their
birth, the offspring migrate independently: they may settle on another deme or stay on their
birth site.

The state of the system at time t; = kAt (or equivalently at generation k) is described
by its configuration ng : Z — N, where the integer ny(i) counts the number of particles living
on the site z; = iAx. The intrinsic reproduction rate of the particles is governed by a function
r:]0,00) x R = (0,00) and the intensity of the local competition, by a positive real number K,
called the carrying capacity of the environment. In this paper, we investigate the impact of a
long-scale heterogeneity on our system. The typical scale of this heterogeneity is of order =1,

for a small parameter ¢ > 0.

We will denote by v, k the law of the number of offspring produced on a site inhabited
by n parents, whose reproduction rate is r, given that the carrying capacity of the environment
is K. The migration law of the particles will be given by

= e 2at dx | 0;. 2.9
: ;/( LAz V2TAtL (29)

=3

At time tg, the ng(i) individuals living on the site x; are replaced by a random number of
offspring X distributed according to Vp(cty ex;),np (i), Once the population is renewed on all
sites, the particles migrate independently according to p. The resultant configuration is ng4 .

Definition 1. Let p and v be two probability distributions on R. We say that v stochastically
dominates p if v([z,00)) = p(x,00)) for all x € R.

53
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Definition 2. A family of probability distributions (Py)r~o on R is increasing with respect to r
if for all r1 < ra, Py, stochastically dominates P, .

Assumption 1. The function r : [0,00) x R — (0,00) is bounded and there exists r > 0 such
that
r(s,z) =r, V(s,z)€ (0,00) xR.

Furthermore, the function r is C*([0,00) x R)) and Vr is bounded on [0,0) x R.

Assumption 2. 1. There exists a family of discrete probability distributions on N, denoted
by (P.)r>0, such that (P,) is increasing with respect to v, E[P,] = 1+ rAt and, for all

K >0, P stochastically dominates vy p f .

2. There exists a probability distribution on N, denoted by v, with finite expectation and such
that 7K stochastically dominates Vrn K, for all m € N.

Assumption 3. There exists a family of probability distributions (vy),>o such that

1. (vy) is continuous and increasing with respect to r,
Elv,] = 1+ rAt,

v (0) =0,

e

if X is a random variable distributed according to vy, g and (Y;)ieN is a sequence of i.1.d.

random variables of law v,.,
n
X £ <Z Y> NE.
i=1

Notations We recall that n; € NZ describes the configuration of the process at time t; and
we define
X =max{i € Z:ng(i) >0} - Az,

the position of the rightmost particle at time ¢;. We denote by Dy the set of particles alive at
time t, and by X, the position of the particle u € Dy. For the sake of clarity, we define the
following constants:

v=1log(2), Co=16y"%,and, L= |97/t + [10r/02 00

2.10
Ner (210

Note that, for all (¢1,z1), (t2, z2) € (0,00) X R,
1V2r(t1, 21) — /27 (2, 22)| < L(|t1 — to| + |21 — 22]), (2.11)

under Assumption
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2.2 Main results

Theorem 2.1 (Upper bound on the propagation speed). Assume that Assumptions and@ hold
and that X§ = 0. Let T > 0. Let At < |r||z) and Az < g5v/27rAt. There exists o > 0 and
go > 0 such that, for all e < gy and K > 0,

i! : v ﬁ < € .
<E|k € [[0, L t”‘ eXp > x(keAt) + C < 7 + At>> < 7 > Ke™ =, (2.12)

for some constant C' > 0 that only depends on r and T, and x the unique global solution of
on [0,T7].

Theorem 2.2 (Lower Bound on the propagation speed). Assume that Assumptions and@ hold
and that X5 =0. Let 6 > 0 and T > 0. There exist Ats > 0, Cs > 0 such that, if

At < Ats, Ax < CsAt, (H)

there exists Ko > 0 and €9 > 0 such that, for all K > Ky and ¢ < &g

T *

for some constant C' > 0 that only depends on r and T, and x the unique global solution of
on [0, T].

3 A coupling lemma

Let S' and S? be two systems of interacting particles on Z whose configurations, (n}) and (n2),
evolve as follows. At time ¢, the particles of S* (resp. S2) living on z;, are replaced by a random
number of offspring distributed according to (p}(ni(i), i, tx))ien (resp. (pf(ni(i), i, t))ien)-
Once the population is renewed on each site, the particles migrate independently according to
p in both processes. Furthermore, let 7 be a stopping time for the process S? (which may be
infinite). The following lemma establishes a coupling between S' and S? provided that the
reproduction laws p' and p? meet certain conditions.

Lemma 3.1. Assume that

1. The initial configurations satisfy ng(i) = n3(i), for all i € Z.

2. For all (m,n) € N? such that n > m,

> ph(note,wi) =Y pi(mity,x), VIEN, j€{1,2}. (3.13)

q>l q>!

3. Almost surely with respect to the process S?, for every k < 7, i € N,

> pp(ni(i),teymi) =Y pe(ni(i),t i), VIEN, VieZ. (3.14)

q=l q=l
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Then, there exists two processes ST and 52, distributed as S* and S?, such that

P(Vi € Z,Vk < 1: (i) > ni(i)) = 1.

Proof. We first assume that 7 = +00. We construct a probability space supporting two processes
St and S2, distributed as S! and S2, such that S! dominates S2. We first consider a set of
particles organised according to nj. On each site z;, n3(i) of these particles are coloured blue.
The remaining individuals are coloured red. The initial population of the process 52 (resp S b
is defined as the set of blue (resp. red and blue) particles.

We then construct the first generation (k = 1) as follows. Consider a site x; such that
n§(i) = g (i) # 0: this site is inhabited by k; red particles, kg blue particles such that ki +kg > 0.
Draw a uniform random variable ¢/ on [0, 1] and consider /;(w) and la(w), two integers defined
by

n—1
li(w) =max<{neN:Uw) > Zpé(k:l + ko, t1, x;)
q=1

and likewise,

n—1
la(w) =max{neN:Uw) > Zp?](kg,tl,xi)
q=1

According to equations (3.14]) and (3.13)), for all ls € N,

la—1
S pikatiw) = 1= pikasti, ) =1 prlkatr, ) 21— py(ks + ko, 1, 24)
g=1 q=la q=la q=la
lo—1
2 Zpé(kl + k27t171‘i)'
q=1

Hence, by definition of i1 and Iy, if I; > ls — 1, Equation ({3.13]) implies that

lo—1 lo—1 I
Uw) > Zpﬁ(kz,tl,wi) > Zpﬁ(kl + ko, t1, i) > Zpé(kl + ko, t1,25) > Uw).

Thus, we deduce that /;(w) < la(w). We then generate la(w) individuals on z; and l3(w) of
them are coloured blue. The remaining ones are painted in red. We repeat this construction
until the population is renewed on each non-empty site ;. Then, all the particles (red and blue
ones) migrate independently according to u. After the migration phase, the first generation of
S' (resp. S?) is the set of blue (resp. red and blue) particles. The following generations are
constructed similarly by induction on k.

If 7 is an arbitrary stopping time, since it is a measurable function of the process S2, it
can be transferred to the probability space constructed above, to become a stopping time for the
process S2. The above chain of inequalities then still hold for every k < 7 and the statement
follows. O
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4 Proof of Theorem 2.1} Upper bound on the propagation speed

In this section, we give an upper bound on the invasion speed of the process X under Assumptions
and 2] The idea of the proof of Theorem is to first establish a coupling between X and a
process without competition. The absence of competition in this process then allows to compare
it with several branching random walks, for which we can easily control the position of their
rightmost particles (See Section [4.1]).

4.1 An estimate on the branching random walk

Let X7 be a random variable of law pu. We define the function A by
E [e/\Xl} =MV, YAER, (4.15)
and denote by [ its convex conjugate:

I(y) = iléIR) Ay —A(N), VYyeR. (4.16)

Note that p has super-exponential tails and that its support is unbounded both to the right and
to the left, which implies that both A and I are finite and strictly convex on R. Furthermore,
I1(0) = I(E[X1]) = 0 that I is decreasing on (—o0,0) and increasing on (0, 00), as a consequence
of strict convexity. We also define

1 —a2 At
A\ ==1o / e2at Ty = —X\2 VYAeR 4.17
()=t [ ——— ; (a.17

and remark that 1%(y) := supycr (Ay — A°(X)) is given by
2
o) = (L) y—no (L)Y
1) = (37) v =2 (3) = 280 (4.18)

Thus, for all m > 1, the equation I°(c) = log(m) has a unique positive solution,

co = / 2At log m. (4.19)

Since I in increasing and strictly convex on (0, 00), the equation I(c) = log(m) also has a unique
solution ¢ € (0,00). In Appendix we state several results (Lemmato A.5)) on the regularity
of I and c¢. These results lead to a first rough estimate on c.

Lemma 4.1. Let At < [|r||} and Az < {&\/2yrAt. Let 7 € [r,||r||so] and € be the unique
positive solution of I(¢) = log(1 + 7At). Then,

%\/Q’yzAt < €< 24/2||r|| 0 At. (4.20)
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Proof. By concavity of the logarithm function,
(1 —7At)log(1) 4+ FAtlog(2) = yrAt < log(1 + TAt). (4.21)

This implies that Az < 1—16 \/ 2Atlog(1 + rAt) and, according to Lemmaand Equation 1|
that

1
5\/2At log(1 + FAt) < & < 2¢/2Atlog(1 + FAt). (4.22)
Finally, combining (4.21)) and (4.22)), we get that
1 1
?/mzm < 5\/2717& < ¢ < 2V2FAL < 2¢/2||7| s At. (4.23)
O

Lemma 4.2. Under the same assumptions as in Lemma [{.]]

‘E —/2Atlog(1 + fAt)) < aAw,

1

1 1
with a = 167_% (%) <16y 2 (%) 2

Proof. According to Lemma [4.1] ¢ is located in a compact interval that does not depend on 7.
Let ¢y = \/ 2Atlog(1 + 7At) and remark that the inequality 1) also holds when ¢ is replaced

by ¢g. Then, since Az < i (%\/27£At) ) Lemma applied with y = %\/ZPygAt implies that

Ve — ol < 11(2) — (@) (424)

In addition, note that I(¢) = I°(¢y) = log(1 + 7At) (see Equation (4.18))), so that

11(2) — I(20)| = |I°(@) — I(@)| < 2@0% < 2V2rAz, (4.25)

according to Lemma Then, thanks to Equations (4.24)) and (4.25), we get that,

|c — ¢o| < aAux.

O

Let us now consider a branching random walk (BRW) of reproduction law Pj, for some 7 €
[r,||7]|s0], and migration law . In Lemma[1.3] we give an estimate on the speed of propagation
of this BRW. For further details about the BRW, we refer to Appendix [A]

Lemma 4.3. Suppose the same assumptions as in Lemma hold. Consider a branching
random walk of reproduction law Pr and displacement law p, starting with a single particle at 0,
and denote by M, the position of its rightmost particle at generation n. Then, for all m > 0 and

A>0,
P(3n € N: M, > (1 + n)ne + A) < h(n)e™ 54,

with h defined by
e_%mn
h(n) = ———&—> VYn>0. (4.26)
1—e "8 7"
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Proof. Let n >0, A > 0. It will be enough to prove that
Ac

P(3n e N: M, > (1+n)nc+ A) < g(n)e” 1ai, (4.27)

where ¢ refers to the unique positive solution of I(¢) = log(1 + 7At) and

gl = (4.28)

Indeed, according to Lemma c > %\/QVEAt, so that

_2 —
15 1 c 1
SarAt, and, ——— >
TESL AN AL T8

BN 9.
AAL 8 e

We now prove (4.27)). For a particle v living in the process, we denote by =, its position
and define Z,, = EM:n 1= > (14n)ne+a- Markov’s inequality implies that

P(M, > (1+n)nc+ A) =P(Z, > 1) < E[Z,], (4.29)
and thanks to the many-to-one lemma (see Lemma[A.1)), we know that
E[Z.] = (1 +7A)"P(E, > (1 +n)nc + A), (4.30)
for any particle v of the n-th generation. Besides, by Chernoff’s bound,
P(E, > (1 +n)ne+ A) < MAMO-0(0+netA/m) - yg > 0, (4.31)
Remark that for 6 < 0,
(1 +n)c+ A/n) —A((1+n)c+ A/n) < =A((1+n)e+ A/n) < I(0) = 0.

Yet, I((14n)c+A/n) > 0, so that I((1+n)c+A/n)) = supyso 0((1+n)c+A/n)—A((1+n)c+A/n),
and Equation (4.31) gives that

P(E, > (1+n)nc+ A) < e~ ((Hmeta/n), (4.32)

Moreover, thanks to Lemma we know that Ax < g, therefore, according to Lemma

=2
I(e)+ — (77+ ;45> <I((1+n+ A/(nc))e), VneN.

Thus, combining (4.29), (4.30) and (4.32), we get that
=2
E[Z,] < e iae(77z),

since I(¢) = log(1 + rAt). Finally, by a union bound,

0 _ Az _ &

> nc? e 1At and'l
P(3n € N: M, > (1 +n)nc+ A) < Z [<e iy e dhn=2"2 "0
n=1 n=1 1-— 67ﬁn
This proves (4.27]) and finishes the proof of the lemma. O
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4.2 Invasion speed estimate: small time steps

In this subsection, we bound the displacement of the rightmost particle in X after |[e~!]| gener-
ations, i.e. after time At - |e7!].

Proposition 4.1. Assume that Assumptions and@hold. Let At < |r||zt and Az < g5/29rAt.
There exist two positive constants a and €y such that, for all K > 0, ¢ < g9, (ko,i0) € Nx Z
and ky = ko + [e71],

P (Elk: € [ko, k1] : €Xf > exiy + 1/ 2r(ethy, iy )eAt(k — ko) + A(Az + At?) )| X5, < xm)

< Ke =, (4.33)

for some constant A > 0 that only depends on ||r||s and r.

Proof. Let (ko,i9) € Z x N. Throughout the proof, we will assume that we start the process at
generation ky with a deterministic initial condition ny, such that X ,’:0 < zj,. The estimates we
obtain will not depend on this initial condition. Rewriting the statement slightly, it will therefore
be enough to show the following:

P(3k e ko+1,ki]: X} >ar) < Ke =, (4.34)

where aj, = 24, + /27 (etpy, i, ) At (k — ko) + A(Az + At?) /e and «, &¢, A, to be defined later,
are as in the statement of the proposition.

The proof is divided into two steps. In the first step, we let the process run for one time
step, after which the expected density of the process can be bounded by a constant multiple of
K, thanks to Assumption [2| In the second step, we control the displacement of the rightmost
particle in X between generations kg + 1 and kj, thanks to several couplings with processes
without competition and distinguishing the particles according to the position of their ancestor
at generation kg + 1.

Step 1: Control of the population at generation ky + 1. In this step, we control the
number of particles on each site in the process X after one generation. Recall that ng denotes
the configuration of the process X at generation k. We denote by N; the number of individuals
born on the site z; during the first reproduction phase. In addition, for ¢ € [1, N;], we denote by
Uf the displacement of the ¢-th particle born on the site z; during the first reproduction phase.
Therefore, we have for every i € Z

nk0+1 Z Z :I.Uzz,Z —j* (4.35)

J<ip (=1

Recall that (Uf) is a sequence of i.i.d. random variables of law x and that the (NN;) are stochas-
tically dominated by the sum of K i.i.d. random variables of law 7 of finite expectation m, by
Assumption [2] Thus, we have that

E[nk,4+1(1)] < mK Z PU =i-j), (4.36)

J<io
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where U is a random variable of law p. In particular, we get

Elng,+1(1)] < mK. (4.37)

We will also need a bound on the position of the maximal particle at generation kg + 1. Let
k € Ng and ¢ € Z such that x; — z;, > ﬁ + (k+ 1)Az. Then, we have that

o0 1 2 o0 1 22
PWU=1—3) = e_wdxg/ e 24t dx
Z ( 7) /(z'—z‘o—;)Ax V2T At L tkaz V2TAL

J<io 2./

_L(L_i_kAx)Q 1 _ _kAs
< e 2AiI\nE < e SeAte 2VEAL

where we have used the Gaussian tail estimate P(Z > z) < e~*/2 for a standard Gaussian
r.v. Z. Using Equation (4.36)), we have by Markov’s inequality and a union bound,

" 1 L& kae
P Xk:()-‘rl > 'CL‘Z'O + 27\/5 + ACC < mKe 8eAt kE_O e 2\/§At’
and therefore, as long as ¢ is small enough,
* 1 1
P Xk:()-i-l > Lig + % § 2mKe seat, (438)

Step 2: Between generations ky+1 and k. As mentioned above, between generations kg+1
and kp, we control the process X by another process without competition between particles. More
precisely, we denote by X! the process defined as X, but where for every k € [ko + 1, k1] the

reproduction law on site x; at time ?j is given by the probability distribution P:(Z l;}fzgm
of Vp(etycs)m, i (the migration law is still p). The position of its maximum at generation k is
analogously denoted by X ,i* By the first part of Assumption [2{and Lemma we can couple X
and X! such that X' dominates X. Hence, in what follows, it will be enough to prove with
X! instead of X. The advantage of working with X! instead of X is the fact that X! satisfies
the branching property, i.e. the descendants of different individuals from the same generation

evolve independently.

) instead

We first make use of the estimates from Step 1. Conditioning on the process at generation
ko + 1, and using a union bound over the particles from that generation, with the notation
P (5,,ko+1) to mean that the process starts with one particle at site z; at generation ko + 1, we get
for sufficiently small ¢,

P(3k € [ko+ 1, k1] : Xp* > ay)

< > Elno+1()]P s ko) (Fk € [ko + 1 ka] « X3 > ay) + P (X,:0+1 > @, +

i€Z:x; Sxio + %

S
NG
L
<mK Y Plikgrn) (3k € [ko+ 1 ki) s X2 > ap) + 2mKe s, (4.39)

iEZ:xigaziO +%
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Here, we used (4.37)) and (4.38) from Step 1 in the last line.

In what follows, we bound the probability appearing on the RHS of (4.39) for various values
of z;. The bound will depend on whether x; > x;, — R/e or not, where

R = 2/2||7|| s At (4.40)

We need a few more definitions. Define
_ 2R
7 =max r(et,ex); tg, <t < tgy, |2 — 23| < — ¢ (4.41)
€
and ¢ the unique positive solution of
I(c) =log(1 + rAt). (4.42)

Note that thanks to Assumption [I| and Equation (2.11]), with L defined there, we have that

V2T — /21 (ety,, exiy)| < L(e(tr, — tr,) +2R) < L(1 4 4/2||r]|00) At. (4.43)
Denote by 7 the function
_ il — o | < 2R
Ft,x) =14 i = 3| < < (4.44)
ITlloo if |2 — @4y| > =t

Now introduce three more processes X2, X3 and X*. These processes are defined as X1 except
that their reproduction law on site z; at time ¢, k € [ko + 1, k1], is given by P i (1)

Tetg,exs)’ = T
ng(2)

*
lIrlloo i
Py respectively.

, respectively. In other words, X3 and X* are BRW with reproduction laws P; and

From the definition of 7, we immediately get that ¥ > r. Therefore, according to Lemma
and Assumption [2, there exists a coupling between X' and X? so that X? dominates X!.
Similarly, there exists a coupling between X2 and X* so that X* dominates X2. In order to
construct a coupling between X? and X3, define the stopping time 7 as the first time at which

a particle from the process X? exits the interval [acio — %,mio + %] before time t,. By the

definition of 7, there exists then a coupling between X2 and X3, such that X3 dominates X2
until the time 7.

Let i € Z. As a consequence of the previous couplings, we have the following two bounds
for the probability appearing on the RHS of (4.39)). First,

P(ﬁi,ko—i-l) (E”{? S [[/{30 + 1, kjl]] : Xé* > ak) < P(5i,ko+1) (E”C S [[k?[) + 1, k:l]] : X;L* > ak) . (4.45)

This bound will be used for z; < x;, — R/e. Second, denoting by Xg’* the position of the minimal
particle in the process X3 at generation k, we have

Pikor1) (3k € [ko + L k1] : Xp* > ar) < Ps, kor1) 3k € [ho + 1, k1] : Xi* > ay)
+ P kot1) (Fk € Tko + 1, k1] « X > @y + 2R /e or Xj* < x, — 2R/e)
=11 4+ T5. (446)

This bound will be used for 7 such that x; € (z;, — R/e, z;, + 1//€].
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Section 4. Upper bound on the invasion speed

Step 2a: particles close to the maximum. Let i € Z such that x; € (x;, — R/e, zi, +1//<].
We bound the RHS of (4.46]). Assume ¢ is small enough so that 1/y/c < R/e. Using first the
assumption on z; and then the symmetry and translational invariance of X3, we have

T < P, porr) (Fk € [ko+ 1] : X" > @i + R/ or Xi* < 2y — Re)
< 2P(50,0) (Hki € [[0, k1 — (k‘o —+ 1)]] . Xg* > R/S) .

We can now apply Lemma with A = 4—R€ and n = %. Indeed, since Az < %\/ 2vrAt, Lemma

applied to ¢ (see Equation (4.42))) gives that

1
¢ < V2ATlog(1+ PAY) +alz < VIFAL+ L VETAL < gﬁAt < gR

so that, for k£ < ky

5 3R R R
1 k—Fky—1)c+A < —¢c+AL<—+4+—=—.
(14 m)( 0 Je+ 4sc+ 4e + 4 ¢
Lemma [4.3| now gives that
Ty < 2h(1/4)e 5", (4.47)

with h as in the statement of Lemma

We now bound the term 73 on the RHS of (4.46|). Let ¢ € Z such that x; € (x;, — R/e, xiy +
1/4/e]. We then have by the definitions of (ay) and 7

A
T < P(5i,]€0+1) (E”f S [[ko +1, kl]] : X]Z)* > T, + \/ﬁAt(k — k'()) + ;(Am + AtQ)) . (448)

Now, according to Lemma [£.3] we have, for some C' > 0 not depending on ¢,

NG a2
P (Hk: € Tko+ L] : X3 > 2 + (1 + At)(k — ko — D) + ;) <Ce TR (449)
Besides, recall from Lemma [£.2] that
¢ < V2FAL + aAx, (4.50)

1
1

with some a < 1672 (%)5 Therefore, combining (4.49) and (4.50) and using that x; <
Tiy + % and At < ||r|| 5! and k — ko < 2 for k < ky, we have

P<3/~ce Tko + 1, k1] :

2|[rlloce + (1 + v/2[[7[lc) At + a(1 A
X > VT k) 4 VeV e+ (L5 o)A + ol + 11l )

VI A2
< Ce 508 (4.51)

Combining (4.48)), (4.51)) and (4.43), it follows that for
A=T4max(l+ v2[lrfoo + L1 +4v2[r]lo0) a(l + 7<),
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we get for € small enough,
V2T A2

T <Ce 5 5, (4.52)
Combining (4.46)), (4.47) and (4.52), we now get, using again that 1/,/¢ < R/e,
> Pikor1) 3k € [ko + 1, k1] : X2 > ay)
iEZ:xie(xiofR/s,miOJr%}
T r 2
< 2R (gm gy R of) < eoi/e, (453)
xe

for some a1 > 0 and for ¢ sufficiently small, and with A as above.

Step 2b: particles far away from the maximum. Let i € Z such that z; < z;, — R/e. We
bound the RHS of (4.45)). We have for every A > 0, using that ay > z;, for every k € [ko+1, k1],

Ps; kor1) (3K € [ko + 1, k1] - X" > ap) < P(s:kor1) (Fk € [Ko + 1, k1] - X3 > x4)
<P (k< 670 X0 > mi —mi) . (4.54)

Denote by ¢ the unique positive solution of I(coo) = log(1l + ||7||ccAt). Following the same
calculations as in Step 2a, we have ¢y, < %R. We again use Lemma with n = 1/4 and
A:xio—xi—%toget

- « - « . I+ 3R
P(ég,O) (E”f < {8 1J : X;CL > Ty — J}Z) < P(5070) (3]{ < Lz’;‘ 1J : X;i > 7( :)C + Xy — T; — 4E>
V2
< h(1/4) exp (— 8” <a:i0 — - Z:’j:)) . (4.55)

Combining (4.45)) and (4.55)), we now get

> Pikor1) (3k € [ko + 1, k1] : Xp* > ay)
iEZ:xigxio—R/a

< S h/ e (‘ﬁj (ﬁ ¥ (Aw)j)) < exp(—as/e), (4.56)

for some as > 0 and for e sufficiently small.

Combining (£.39), (4.53) and (4.56), and using the fact that X' dominates X, we obtain
(4.34)) for some o > 0 and for € sufficiently small, with A as above, depending only on |||« and

r. This concludes the proof of the proposition. O

4.3 Comparison with the solution of (C)): proof of Theorem

Let T > 0, and for & > 0, define N = |T//At| and consider the subdivision (s;)}¥, of [0,77] :
so=0<s =¢cle At < .. < sy = Nele ! |At.
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Section 4. Upper bound on the invasion speed

We denote by A, = ﬁ where A > 0 is the constant from Proposition and let (9;)i=1..n
be a sequence defined by gy = 0 and,

A
A ( 2r(s;, 3;) + Ae (A‘: + At>> le 7 eAt, Vje[1,N —1]. (4.57)

For j € N, we define ¢(j) = j|e~!| and consider the following function:

t/(eAt) — p(j)
p(j+1) — ()’

f@) =95 + (Fj+1 — 95) ift € [ep(j)At,ep(j + 1)At]. (4.58)

First, recall that Xj = 0 and note that these three events are equal:

By : {Hk:e [(0), o(1)] : eX7 > do + (51 — o)
= {3k € [¢(0),0(1)] : e Xy > f(keAt)}
= {Hk € [w(0),p(1)] : eXf > Xy + ( 2r(0,eX§) + Ae <if + At>> eAt(k — 90(0))}

Then, for all j € [0, N —1], we define B; = {3k € [p(j),¢(j + 1)] : eX} > f(keAt)}. According
to Proposition there exists o and €p, that does not depend on ¢; nor on s;, such that, if
€ <eg, K>0, .

P(Bj]X;(j) <yj) < Ke =, Vje[0o,N —1].

Therefore, we get by induction on j that
P(Bj1) < P(B)) +P(Bjs|Bf) < (j + DKe ™=, Vje [N ~1],

and by union bound, we have
P(UNS'B;) < N?Ke %, (4.59)

Then, let us consider the maximal solution Z of

{g*c(t) = /2r(t, (1)) + Ac (B2 + At)

#0) =0,
on [0,T]. Thanks to Equation (B.112|) (see Appendix , we have

. - Lorr 1 L rr
jeﬁ]a\fx—l]] |Z(s;) — y;| < ¢ ele” AL < 3¢ At.
Thus, for all j € [0, N —1] and t € [s;, 5j+1],

[2(t) = F@O < [2(t) = 2(s5)] + [2(s5) — 95| + [£(E) — 93]

1
2<\/2H lloo + Ae < +At>>At+26LTAt.
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Let us now compare & with the solution x of on [0,T]. According to Lemma we have

Ax
— i) <A == + At ) T
max [o(0) ~ 7(0)] < 4. ( & t) ‘

Thus, there exists a constant B > 0 that only depends on r and T such that, for all ¢ < 1

A
sup |z(t) — ()] < B <At + Az + m) . (4.60)
t€[0,1] At

Finally, combining (4.59) and (4.60)) and choosing T+ 1 instead of T, we get that for all K > 0
and € < gg

P <3k € [0,|T/(cA8) ] : eX; > w(keAt) + B (At + Az + if)) < (T;lfma,

L)

which concludes the proof.

5 Proof of Theorem 2.2} Lower bound on the propagation speed

In this part, we establish a lower bound on the propagation speed of the process X under
Assumptions [I] and [3] Note that Assumption [3] ensures that the process does not vanish and
that the population size on each site is limited to K individuals, before the migration phase.
The idea of the proof of Theorem is to construct a minimising process X° in which the effect
of local competition is negligible (Section so that it can be compared to a BRW (Section
[5.2), and then to the solution of the ODE (C]) (Section [5.3). In contrast to Section [d] we can no
longer compare the process X with several BRW over |¢~!| generations. That is why, we will
consider smaller time intervals, of order log(K) < |71 |, during which the population size does
not grow too much. Note that the length of the time steps considered in Section [£.2] was only
constrained by the scale of heterogeneity of the function r and not by the carrying capacity of
the environment.

In Section 5] we denote by ¢ the unique positive solution of

I(c) = log(1 + ||7||sc AL). (5.61)

5.1 The rebooted process X°

As explained above, this subsection is aimed at constructing a minimising process X in which
we can ignore the effect of local competition. By minimising process we mean a process that can
be coupled with X in such a way that it constitutes a subtree of X. We recall that X,g* denotes
the position of the rightmost particle in the process X° at generation k.

The idea of the following construction is to "reboot" the process X before its population
size gets too large. Let (p(k))ren be a sequence of rebooting times i.e. an increasing sequence of
integers. The process X starts with a single particle at X and has the same reproduction and
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Section 5. Lower bound on the invasion speed

migration laws as X. At generation (1), all the particles in X are killed, except one, located
at ngl). The process X° then evolves as X until the following rebooting time ¢(2). Similarly,

XY is rebooted at each generation ¢(k) and is distributed as X between generations ¢ (k) and
ok +1).

The goal of the following lemma is to show that for K large enough, the population size of
X does not exceed K with high probability for

o (k) = k[log(K) . (5.62)

Lemma 5.1. Let At < ||r||ct and Az > 0. Let K > 0. Consider a branching random walk of
reproduction law v, and displacement law p, starting with a single particle at 0. Let T be the
the first generation during which the population size of the process exceeds K. Then,

P (m0 < [log(K)]) < Flog(1+Irllcc At)—1-

Proof. Let Ni be the number of individuals alive during generation k in the BRW. Recall that
(Ng) is a Galton-Watson process of reproduction law v|. According to Assumption |3} the
expectation of the reproduction law is equal to 1 + ||r||ccAt. Thanks to basic results on Galton-
Watson processes, we know that ((1 + ||7||ccAt) ™ Ny )r>0 is a positive martingale of mean one.
Thus, Doob’s inequality implies that

P(my < |log(K = P max N> K
(< Log(K))) = P (o N> K)

< P < ma N > K >
S X =

1<(log(K)] (14 [|7]|acAt) 7 (1 4 ||7| o At)108(E)
- (L+ |IrllocAt) s ™ 10817l AL 1) log(K) |

K
O

Note that there exists a coupling between X° and a BRW of reproduction law V|rflo» dis-
placement law g, starting with a single particle at Xo*k on each time interval [t, ), to(k+1)]-

Thus, if we consider a sequence of rebooting times (¢(k))ren defined by (5.62)), the probability
that the population size of X° exceeds K between generations ¢(k) and ¢(k + 1) is bounded by
Klos(+lrlle A0 =1 "wwhich tends to 0 as K tends to infinity if At < |||zt

5.2 Comparison with a branching random walk

In this section, we bound the first (Lemma and and the second moment (Lemma
of the increments of the process (Xp*)gen between generations ¢(k) and ¢(k + 1), for ¢ defined
by . Let (Fj)ren be the standard filtration associated with X%. In Lemma we state
a result on some stopping times, that will be needed to construct a coupling between X° and
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a BRW between generations (k) and ¢(k + 1). In what follows, we denote by h the function

defined by
_ovirlieo
ha) = Va > 0 5.63
(@-Wa x>0 (5.63)
l—e 42

Note that h(z) — 0 as © — +o0.

Lemma 5.2. Let At < 7|3 and Az < %\/%@At. Let K >0 and & < (4/2]|7]lsotp(1) At) 4.
Let r € [r,||r]lcc]. Consider a branching random walk of reproduction law v,, displacement law
W, starting with a single particle at 0. Denote by =, the position of a particule v living in the
BRW and by Ny the size of the process at generation k, and define

i =inf{k € N: Ny > K} and nginf{keN:Eiv:M — k|2 >s*1/4}.

Then,
P(ri < (1)) < Klos(Hrloat)—1

and,

P(r. < (1)) < 2k <
e(1)

Proof. The branching random walk defined in Lemma [5.2) can be coupled with a BRW of repro-
duction law v, , displacement law i, starting with a single particle at 0. Thus, the estimate on
T directly ensues from Lemma [5.1) and it is sufficient to establish the result on 7. for r = ||r||.
Thanks to a similar argument than in Equation , one can prove that, for any particle v
living during the n-th generation,

(=)
-n
P(E, > ) <e v

Thus, by the many-to-one lemma (see Lemma [A.1]) and by symmetry of u, we get that, for all
n < (1),

—1/4
P(Fv: |v] =n,|Z,| > 6_1/4) < 21+ ||r]|cAt)" e " ( " )

o, (152 ) sl
26’”(1(5;(11/>4)*logﬂﬂlruwm))
(5 )-e),

Besides, I is convexe, therefore I (5_1/4) > @5;(11/)4 as long as e~ /4 > ¢p(1). Thus, if e~ V/4 >
2cp(1),

A N I /e
I(m)) HCDI(C)( 1>>2w<1>6 > Tha ey B0

N

N
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since I(c) = log(14||r||ccAt) > ||| At and ¢ < 24/2||7]| 0 At according to Lemma 1l Hence,

P(r- < (1)) =P (Eln <(l):Fv: v =n,|Z,] > 671/4>

< 2§1:>€n(1(5(1/> ) —log(1+||r ||ooAt))

n=1
c—1/4
< 2h .
< (1) )

Lemma 5.3 (Lower bound on the first moment). Let At < |r[|, Az < {6v/29rAt and n > 0.
There exists Ko > 0 such that, for all K > Ky, there exists &g such that, for all € < &g,

O

E |:Xg0(k+1) X0t | Foy | = (o) —me(1),

with cy k) the unique positive solution of I(cyky) = log(1 + 7y At) for

otk :min{r(et,sx), (t,2) € [p(k) A,k + 1AL x X% — /4 X0+ —1/4]}. (5.65)

Proof. For the sake of simplicity, we assume that X" starts at generation ¢(k) with a deter-
ministic configuration ng(k) =9 X0 The estimates we obtain will not depend on this initial
@

condition. The proof of the lemma relies on a coupling argument with a branching random walk
of reproduction law Vr oy -

Consider a branching random walk = of reproduction law v ) displacement law p, starting

with a single particle at Xg?k) at time p(k)At. We denote by Z, the position of a particule v
living in this BRW and by Ny the size of the BRW at generation k, and define

e =inf{I > p(k): N; > K} and 7/ = inf {z > (k) 30 o] = 1, [ — X0y | > 5*1/4} .
In addition, for n > ¢(k), define
M,, = max{=,, [v| = n}. (5.66)

According to Lemma one can couple XY and Z such that = is a subtree of X° until generation
(k) + (1 A 7). Thus, we have

O O _ 0% 0 0%
E [me) - X%(k)} = E [(X (k1) ~ Xw(k))lr;w;@(m)] +E [( olk41) — Xk Lrjenrt >¢<k+1)}

0% 0%
> E [(X (k+1) — Xt,o(k))lT}{/\Téggo(k:+1)] +E [(Mgo(k-i-l) — X)) Le ars >¢(k+1)} :

Note that E [(X ?k+1) X0 (k))l / /\T/<§0(k+1)} > 0. Indeed, we know that for any particle

v from generation ¢(k + 1),
E [(Xg?k—l-l) ( ))1 ; /\T’é(p(k-&—l)} > E [(X - X o(k ))1 4 /\T’é(p(k—&—l)} .
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Therefore, using that the displacements of the particles and the population size are independent
and that the displacement distribution p is symmetric, we get that

0
E [(X Xgp(k))lT}{/\ngv(kJrl)] = 0.

Besides,
E [(Map(kJrl) — X200 Ly e ><p(k+1)} =E {(Mga(k+1) - X;”Ek))] —E {(Mga(k+1) — X000 Lrs nrr<p(ern) |
(5.67)
and by the Cauchy-Schwarz inequality,
E |:(Mgo(k+1) ( (1)1 /\r’<<p(k+1)] < \/E [(M (k+1) — }\/P (T NTE< p(k+1)).
(5.68)

Note that, by translational invariance, T7x (resp. 7:) follows the same law as 7} (resp. 77) from
Lemma[5.2] Besides, according to Corollary and Lemma[A7] there exists Ky > 0, that does
not depend on 7,x), nor on Xg’(‘k) such that, if K > Ky,
E (M) — X0)?] < 4c%0(1)% (5.69)
and,
E [(Mpany = X%)] > (e — me (D). (5.70)
Hence, combining (5.67)), (5.68)), (5.69)) and (5.70]), we get that

E [Xo(k+1) X(p(k):| > (cory —Mp(1) = 2c0(1)v/P(rr A 72 < 0(1)).

Finally, remark that ¢,y < ¢ since [ is increasing on (0,00) and that, according to Lemma ,
there exists Ky > 0 such that, for all K > K, there exists €1 > 0 such that for all € < &1,

2
Ui
P(m AT < 1) < .

so that, for K > max(Kp, K1) and € < €1,

E |:Xgo(k+1) X0 | = (comy — 3n)p(1).
This proves the lemma. O

Lemma 5.4 (Upper bound on the second moment). Let At < |||}, Az < ;5v/2yrAt. There
exists Ko > 0 such that, for all K > Ky, for all € > 0,

E [(Xw(kﬂ) Xt ) | F o ] < (4¢ + At)p(1)%.

Proof. One can couple X° and a BRW ZE of reproduction law V|r||o» displacement law u, such
that X constitutes a subtree of = until generation ¢(k + 1). Then, if we denote by M,, the
position of the rightmost particle in = at generation n, we get that

- [((X@(M X)) 17 @(’”} < E[(M) v 0)" e
< E [Mza)‘}—so(k)} <dce(1)?,
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for K large enough, according to Corollary . Then, consider (Z,) a random walk whose
increments are distributed as p and remark that

2
0% 0% 2
E |:<(X<p(k:+1) — X‘p(k)) A 0) ]':p(k):| < E [(Zsﬂ(l) A 0) |.7:¢,(;€)}
< E [Zz(l)u:tp(k)} < p(1)%At,
which concludes the proof of the lemma. O

Lemma 5.5 (Upper bound on the first moment). Let At < ||r||5}!, Az < &\/2yrAt and n > 0.
There exists Ko > 0 such that, for all K > K, there exists g such that, for all € < e,

E [Xg?k—i-l) — X001 Fotry | < (Coy +m)p(1)

with C,) the unique positive solution of I(Cyy) = log(1 + Ty At) for
Fp(k) = max {r(at, ex), (t,z) € [p(k)At, p(k + 1)At] [Xg’(‘k) — eV X0 5*1/4]} .
Proof. The proof is similar of the proof of Lemma [5.3] but some details are different, which is

why we give a complete proof. Again, we assume that X" starts at generation (k) with a
deterministic configuration ng(k) =94 X0, - The estimates we obtain will not depend on this
@

initial condition.

Consider a branching random walk = = of reproduction law vz ot displacement law pu, starting

with a single particle at Xg’(‘ %) at time p(k)At. We denote by Z, the position of a particule v
living in this BRW and define

= inf {l > (k) :3v: v =1,|2, — Xg?k)] > 5_1/4} .
In addition, for n > ¢(k), we define
M, = max{Z,, |v] = n}. (5.71)

According to Lemma one can couple X9 and = such that X constitutes a subtree of = until
generation (k) + 7. Therefore, we have

0 0% 0% 0% 0%
E | X (1) — Xgo(k)] = E [(X (k1) — ch(k))l‘r;’éso(kﬁ—l)} +E [(Xp(k+l) Xgo(k))lfg’>go(k+1)}
E [(X¢?k+1) - Xg?k))lrgggo(kﬂ)} +E [( o(kt1) — Xg?k))lr;'>¢(k+1)}
\/E [(X%k+1 - X%, } 2| \/P(r < o(k + 1))
B [ — X0 VPG> o4 D), 5.72)

thanks to the Cauchy-Schwarz inequality. According to Lemma [A-§] there exists Ky > 0, that
does not depend on 7, nor on Xg(kk), such that, for all K > K,

N

N

E [(Myern) = X20)2 Foiiy | < oy +m3e(1)2. (5.73)
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Besides, according to Lemma[5.4] there exists K7 > 0 such that for all K > K7,
0= 0= 2 2 2
E (Xw(kﬂ) - X@(k)) Foy| < (46 + At)p(1)2. (5.74)

Let us now assume that K > max(Ky, K1). By translational invariance, 77/ follows the same law
as 7. from Lemma [5.2] so that there exists 1 > 0 such that for all £ < ey,

2

n
P(r. < (1)) € —t . :
(7 < (1)) (4c2 + At)? (5.75)
Finally, combining Equations (5.72)), (5.73]), (5.74]) and (5.75)), we get that, for e < €1,
E [ngkﬂ) - Xg?k)} < (Cor) +2m) (1),
which concludes the proof of the lemma. O
5.3 Comparison with the solution of
Lemma 5.6. Let § € (0,1). There exists Cs > 0 such that, if
1 2
At < (AACy)|rls), Az < <16 29r A gé) At, (Hy)
then, for all K > 0, there exists ey such that for all € < €,
o) > (L= 0)y/2r(etp, e X )AL, VR EN,
and
Cot) < (L+0)y /20 (etp, e X0 )AL, VR EN,
for cpy and ¢y respectively defined in Lemmas and and a in Lemma .
Proof. Let At < [|r|} and Az < &./2yrAt. Thanks to Lemma we know that
|C<p(k) — \/QAt log(l + T(p(k)At” < alAx. (576)

Let § € (0,1) and and let Cs > 0 such that log(1 + ) > (1 —§/3)%z, for all x < Cs. Let us now
assume that At < (1 A Cs)||r||zL. Then, Equation (5.76) gives that

Colk) = \/QAt log(1 + ryk)At) — alz > (1 —6/3)4 /21, At — alz. (5.77)

Besides, by definition of 7, (see Equation ([5.65])), Equation (2.11]) gives that

|\/2rso(ks) - \/27“(575@(@, €X3,’(‘k))| < Lisp(1)At 4 %4, (5.78)
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for L from Equation (2.10]). Combining (5.77)) and (5.78) we get that

Cory = (1— 5/3)\/27“(5t(p(k), eX00) At — (1= 6/3)L(ep(1) At + /AL — aAz

Remark that Assumption (Hg|) implies that

1 1) :
ala < 5\/280¢ < g\/Qr(stw(k),eXg(k))At,
so that it is sufficient to choose € such that
2r

V7 oo (ep(1) At + £¥/%) < 30

to get

o) > (1= 8)y/2r (et a0, =X ) AL,
Similarly, Equations (5.76) and (5.78) give that

o) < (20 (t oy X0 At + L(sp(1) At + ¥/ At + aa,

and Assumption (Hs) implies that aAz < 1./2r§At, so that it is sufficient to choose & such that
IVT||oo(ep(1)At + 63/4)At < rd to get the result. ]

Corollary 5.1. Let d > 0. There exists Cs5 > 0 such that, if At and Ax satisfy , there exists
Ky > 0 such that, for all K > Ky, there exists g such that for all € < g,

‘E [Xg’(*kH) _ Xg*(‘k)|}"¢(k)} - \/2r(5tw(k),eXg’(‘k))cp(l)At‘ < 2v/2)[r[|ocdp (1) At.

Proof. We choose n = 0/2||7||ccAt in Lemmas and O

Proof of Theorem[2.2 Let § € (0,1) and assume that At and Az satisfy (Hg). Let T > 0 and
N = Lﬁj. We define the Euler scheme (yk),ivzo of Equation |D on [0,7], of time step
ep(1)At, by yo = eXJ* and

Yk+1 = Yk + 1/ 2r(etym), yp)ep(1) AL, VEk € [0, N —1].

We also consider the processes (i), (Zx)_, and (W)Y such that Yy, = e X%

p(k)’
k—1
Wi, = E [Yjs1 = Yj| Fp] » and Z =Yy — Y E[Yj41 = V)| Fpy] = Yi — Wi, Vk € [0, N

=0
Since (Zy) is a martingale, we have
k—1

Var(Zy) = » E[Var(Yj11 — Yj|F,;)], Yk € [0, N]. (5.79)

j=0
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Besides, Lemma [5.4] implies that there exists Ky > 1 such that, for all K > K,
Var(Yj1 — Yj|Fu) < (4% + At)e®p(1)?, Vi € [0,N —1]. (5.80)

Thus,
Var(Zy) < (4¢® + At)e?p(1)°N < (4¢? + At)p(1)eT.
Moreover, let As be the event

Zp —Yo| <6,
e

sy

then, by Doob’s inequality, we know that

Var(Zy) _ 32T¢(1)

2 ST o
Besides, we know that on the event As, |Yi — Yo — Wi| = |Z; — Yo| < ¢ for all k € [0, N] and,
by triangle inequality

P(AS) < (5.81)

\Yir1 — Wi — Yol + (Wi — Yo — Yt1]

Vi1 —yra| <
< 0+ Whir — Yo — Yt (5.82)

for all & € [0, N — 1]. Moreover, using the definition of Wy and yi, we get by triangle inequality
that on the event Ag, for k € [0, N — 1],

Wit + Yo =yt < Wi+ Yo = gl + [E[Viess = YelYal = /20ty y)zp(1)AY
< Wi + Yo —yi| + ‘E[Yk—&-l = Yi|Yi] — /2 (et Yk)ESD(l)At‘
n } 2 (et ), Vi)ep(1) At — 2r(5t¢(k),yk)e<p(1)At‘ . (5.83)

According to Corollary there exists K7 > 0 such that for all K > K, there exists £ > 0
such that, for all e < &1, k € [0, N — 1],

|E[Yir1 — Yl Y] — /27 (eto), Yi)ep(1)At] < /2|7 c0edp(1)At. (5.84)
Besides, recall from Equation (2.11)) that, for k£ € [0, N — 1], we have

‘\ / 27‘(5254)0(]4), Yk)EQO(l)At — A /2T(€t@(k),yk)8(p(1)At‘ < L\yk - Yk|€g0(1)At. (5.85)

Let us now assume that K > max(Kp, K1) and € < £1(K). Combining Equations (5.83)), (5.84))
and ((5.85]), we obtain that, on As, we have

[Ykt+1 — Wi — Yo| < |yp — Wi — Yo| + ep(1)At (\/ 2||7||o0d + L|Yy — yk|) , (5.86)

for all k € [0, N — 1]. Thus, combining Equations (5.82)) and (5.86)), we get that, on As, for all
ke [o,N —1],

N

[y = Wi = Yol + (1) At (/2[llocd + LIy — Wi — Yol +9))
(1+ Lew(1)At) [y — W — Yol + edp(1)A (/2o + L)
LAy — W — Yo + 20p(1)AL (v2rl + L) .

[Yk+1 — W1 — Yol

N

N
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Section 5. Lower bound on the invasion speed

Then, by induction, using that Yy = yo and Wy = 0, we get that on As,

k
|Uks1 — Wiar — Yo| < edip(1)At (\/QHTHOO + L) D eitee()Ad

j=0
< Nep()At (V2o + L) eVEerar
< ( QHTHOO—FL>5T6LT, (5.87)

for all k € [O,N —1]. If we set « =1+ («/2||7“Hoo + L) Te!T | we obtain that
Yi >y —ad, Vke[0,N], on As, (5.88)
thanks to and . Moreover, note that
P(3ke[0,N—1]:3 € [ok),p(k+1)] : eX* <y — 20)
<P(3ke0,N—1]:3 € [p(k),p(k+1)] : eX* < yp, — 20| As) (5.89)
+P(AS)

To show that the first term in ([5.89) is small, we prove that the probability of the event
{35 € [pk), p(k+1)] : X7 = X2 < —8}

decays exponentially as € goes to zero, for all k € [0, N —1]. Let I € [¢(k), p(k+1)] and consider
a sequence (Z;) of i.i.d. random variables of law u. Note that for any M € R, {X* < M} C
{X% < M} for any particle u living at generation k. Therefore,

ad Feb) ad
P <Xl0* - X2 < —€> < Pl DY zi<-——

e—(l—w(k))l(m)

N

< eil<5<?(51)>

using a similar argument than in Equation (4.32)). Finally, since I is convex, we know that
I( ad ) > I(ad) a5 _ I(ad)

ep(l) ) 7 ad ep(l) ep(1)’
ep(l) <1,

as long as ep(1) < 1. Thus, by union bound, we get that, for

0 0% ad T Iy
P3ke[0,N—1]:3l€ [po(k),pk+1)] : X7 — X < - < ——e =0, (5.90)

In addition, according to Equation (5.88)),

P(3ke[0,N—1]:3l € [p(k), p(k + 1)] : eX* < ypp — 2a6| As)
(5.91)

<P (Hk € [0.N —1]: 3 € [p(k), ok + D] : eXP* — X% < —aa) ,
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Chapter II. Spatial dynamics in a heterogeneous environment

and since the function x is a solution of , Equation (B.112) and the mean value theorem imply
that

lyr — 2 (leAt) | < |yk — 2 (kep(1)At) [ + [z (kep(1)At) — x (leAt) |
< e Tep(1) At + /2|7 sosp(1) At, (5.92)

for all k € [0, N — 1] and I € [(k), ¢(k + 1)]. Thus, if we choose € small enough so that

ep(DAH(V2|rloo + 7)< ad,

53
32Tp(l)e < 5
T I(af) )
—e ep(1) < =,
eAt 2

we get by combining ((5.81)),(5.89), (5.90), and (5.91)) that

P(3n € [0,0(N)] : X0* < yp — 2a8) < 6,
and finally, using Equation ([5.92)), we conclude that
P(3n € [0,p(N)]: X)* < z(keAt) — 3as) < 6.

Again, choosing T'+ 1 instead of T', we get that for all K > max(Ky, K1), there exists ¢/(K) > 0
such that for all ¢ < &'(K)

P <3n € |[0, LTNH] P X0 < (ke At) — 3a6> <0 (5.93)

We conclude the proof by remarking that for all K > max(Ko, K1), one can couple X°
and a process rebooted every |log(max(Ky, K1))| generations in such a way that this process
constitutes a subtree of X°. Besides, the previous computations hold for K* = max(Kjy, K1)
and yield the existence of an &’(K*) such that holds for all € < &/(K*). The coupling then
implies that it also holds for all K > K* and ¢ < ¢/(K*). O

A Appendix: the branching random walk

A branching random walk is a particle system governed by a reproduction law (pg)ren and
a displacement law p. The process starts with a single particle located at the origin. This
particle is replaced by N new particles located at positions (21, ...,2Zx), where N is distributed
according to (px)ren and (Z;) is an i.i.d. sequence of random variables of law u, independent of
N. These individuals constitute the first gereration of the branching random walk. Similarly, the
individuals of the n-th generation reproduce independently of each other according to (pg)ren
and their offspring are independently distributed around the parental location according to u.
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A.1 Many-to-one lemma

Let D,, denote the set of individuals living during the n-th generation of the BRW and remark
that (|Dp|)nen constitutes a Galton-Watson process. For an individual u € D,,, we denote by
ug, ..., Up, the set of its ancestors, ordered in the chronological order, so that ug = @ and u,, = u,
and by =, its position. We assume that 1 <m = >, kp < oc.

Lemma A.1 (Many-to-one Lemma). Let n > 1 and g : R™ — R™ be a measurable function. Let
(Zk)keN be a sequence of random variables such that (Zx11 — Zy) is i.i.d. of law p. Then,

E [Z g(Eul,...,Eun)] = m"E [g(Z1, ..., Zp)] . (A.94)

ueDn

A.2 Regularity of the rate function

In this subsection, we state several results on the function I defined by Equation (4.16)) in Section
[ All the notations are introduced in Section [4.1]
Lemma A.2. Let At >0 and 0 <y <y. If 0 < Ax <y, then
Ax Ax B
Ply) —yx; <Iw) <)+ 25, ey (A.95)

Proof. Let y € [y,y]. First, remark that, for A >0

o = ([ ()
= %8 (i—1)Az Aty At “)e

iceZ 2
(z+%)A$ 1 Py
> 1 —— =) AT | = AON) — AAz.
"g;(/@_;m Ja () e ) = w0 —aaa

Similarly, one can obtain an upper bound on A and get the following estimate for any A > 0:
AP(N) — AAz < AN < AN + AAz (A.96)

Then,

0 =g Qu =A%) > () -4 (57)

(A.97)

according to Equations |A.96| and (4.18]). Using (A.96|) again, we get that for any A > 0,

- At -
Ay — AN < Ay — A°(\) + Mz < sup ()\(y + Az) — 2)\2> = 1%y + Az).
AER
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Note that A(A) = A(—A) for all A € R. Hence, Equation implies that
AOON) — |MAz < AN < AN + [NAz, VAER. (A.98)
Then, if A < 0, we get from that
Ay — AN <Ay — A\ = MAz < I%(y — Az), VyeR.

Since 1Y is increasing on (0, 00), we know that I(y — Az) < I(y + Az) as long as Az < y and

Az Azx?
I(y) = sup Ay — A(N)) < I°(y + Az) = I° ~ o
() ilelg( y= AN S Ty +Az) = I(y) +y 1 + 5
Since 0 < Az < y, we have that Az < 2y and
Ax
I(y) <1 2
() < 1) +29 5.
This estimate and Equation (A.97) conclude the proof. O

Lemma A.3. Let At >0 and 1 < p < p. If Az < 11—6 2Atlog(p), then

% <c<2c, Vpelp,pl, (A.99)

where cq is defined by for m =log(p) and c is the unique solution of I(c) = log(p).

Proof. Let p € [p,p] and y € [0,%]. The function I is increasing on (0, 00), therefore, I(y) <
I(%). Besides, since Az < 15, /2Atlog(p) < 8,

I(%) S <C§0>+C° Y 0(62())+1162(2)t
< 1) + g5l = 1) = 2 log(p),

according to Lemma and Equations (4.18) and (4.19)). Since I is increasing, this implies that
9 < c. Let us now consider y > 2¢o. Then, I(y) > I(2co) and since Az < 2co,

Az Az
1(200) 2 10(260) — COE E

1
> AI%(co) = gI°(eo) = 3I°(co) = Blog(p),

= 41%(co) — <o

according to Lemma and Equations (4.18) and (4.19)). Since I is increasing, this estimate
implies that ¢ < 2c¢y. O

Lemma A.4. Let At >0, y > 0. If Az < ¥, then

2

1) + 15n < 1L+ n)y). (A.100)
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Proof. The function [ is convex on R. Thus,

I(y) = I<141r77(1+77)y)

n
——I((1+n)y) +-——1(0) = ——
1Jrn(( m)y) 1+n() oo

which is equivalent to I((1 +n)y) = I(y) + nl(y). Besides, if Az < ¥, Lemma implies that

I((1+n)y), (A.101)

X

Az y? Y2 y?
I) 2I°(y) — Y= 2 o — o = A.102
W)= L) =y 3y 2 98 ~ 1a1 ~ 1A (A.102)
Combining (A.101) and (A.102), we get Equation (2.4). O
Lemma A.5. Let At >0 andy > 0. If Az < %, then
Yy _
Tl = el <) = 1)l Y w) € v, 71" (A.103)

Proof. Without loss of generality, assume that y < y1 < y2. Since I is convex on R, we know

that
I Iy)—1(0)  I(y)—1I I(u) — I
W _ Q)= 10) _ 1)~ 10) _ 1)~ 1) o
y y—0 y1—y Y2 — Y1
Besides, we know thanks to Lemma that
Ax y? Ax y?
Iy) =1y —y— = =— —y— > —, A.105
W= =08 = on “Yar 7 aae (A.105)

since Az < %. We conclude the proof by combining [A.104) and (A.105)) and recalling that I

(y2)—I(y1) _ |[I(y2)—I(y1)]
Y2—Y1 - ly2—y1]

is non-decreasing on (0, 00) so that <

If y1 =y, we write (A.104) with y — ¢ instead of y and let ¢ tend to 0. The case y2 =  can
be dealt with similarly. O

A.3 First and second moment of the maximum

For n € N, define M,, the position of the right-most particle in the branching random walk. In
this section we study the asymptotic behaviour of the first and second moments of M,,. These
are used for the proof of the lower bound in Section [5] We recall that the reproduction law of
the BRW is denoted by (pg)ken-

Lemma A.6 (Biggins’ theorem [Big77]). Let At > 0 and Az > 0. Assume that m > 1 and
po = 0. Let ¢ be the unique positive solution of I(c) =log(m). Then,

M,
n

= C.

limE[

n—0

In fact, Biggins [Big77| proves almost sure convergence of M,,/n. Lemma follows easily
from the subadditive ergodic theorem as outlined in Zeitouni [Zeil6].

79



Chapter II. Spatial dynamics in a heterogeneous environment

Lemma A.7. Let At >0 and Ax > 0. Let 1 < p < p. Consider a family of reproduction laws
(Pm)m>0 such that >, kpmx = m and (pm) is increasing with respect to m (with respect to
stochastic domination). Uniformly in m € [p, pl,

lim E {”] =c,
n——+00 n

where ¢ is the unique positive solution of I(c) = log(m).

Proof. Define
) (1,00) —R
\m sE[m]

We claim that (f,,) is a sequence of increasing functions. Indeed, for any 1 < mj < mg, consider
St (resp. S?) a branching random walk of reproduction law p,, (resp. pm,) and of displacement
law p. According to Lemma , we can construct a coupling between S' and S2, such that S!
is a subtree of S2. Hence, M} < M2 where M denotes the position of the maximal particle in
the branching random walk S%, i = 1,2. It follows that f, is increasing on (1, c0), for all n € N.

Let us now consider the function ¢ : (1,00) — (0,00) that maps m to the unique positive
solution of I(c) = log(m). According to Lemma the function ¢ is continuous on (1, 00).
Moreover, by Lemma fn — ¢ pointwise as n — oo. Using the monotonicity of f,, Dini’s
theorem then yields uniform convergence on the compact sets of [p, pl. O

Lemma A.8. Let At >0, 1< p < p and Az < = /2Atlog(p). Consider a reproduction law

(Pk)ken such that > kpr = m > 1 and c the unique positive solution or I(c) = log(m). For any
n > 0, uniformly in m € [p, p|, there exists N € N such that

2

Mn
Vn>N, E [712] < (e+1n)2

Proof. Let us first remark that, for all n € N,

1 2 1 2
E|— (maxZ, < E|— [ max |5, .
n? |v|=n n? lv|=n

Then, we define &, = max|y|—p, |Zy|, and write that, for all R >0,

E[6)] = El6a1e2 o] + E[6hde2 s o). (A.106)
Besides, E[£21¢2  ge] < R? and,

El¢21e2ope] = /: 2uP (&, = u)du. (A.107)

Thanks to the Many-to-one lemma (Lemma [A.1)) and Markov’s inequality, we know that

1
P& >u)=P ( max |=,| > u> <E Z 1z,

n |v|=n
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where (Z,,)n>0 is a random walk whose increments are distributed as p. Moreover, by symmetry,

P <|U| > u> =2P <:v > u> . (A.109)
n n

Equations (A.108]) and (A.109)), together with Chernoff’s bound then give

M(

P& = u) < 2mMe (W = 97l =)  ge—n—(u=c), (A.110)

According to Lemma [A.3| and Equation (4.19)), since Az < % 2Atlog(p),

,/2At log(p \/2At log(m) < ¢ < 2¢/2Atlog(m) < 2v/2Atlog(m) < 2v/2Atlog(p),

so that

1(3,/2a0080)) 1)

< .
21/2Atlog(p) c

Let > 0 and consider R = ¢+ n. Equations (A.107)), (A.108)), (A.110]) and (A.111)) give that

0<a:=

(A.111)

oo

E[6h1e25p2] < 4/

ue” ") gy = 4/ (u+ c)e” " du < 4/ (u+ +/2Atlog(p))e " *“du.
ct+n n n

Remark that the last integral tends to 0 as n tends to infinity, so that there exists IV,, € N such
that, for all n > Ny,

> NEEATED)
/ (u+ /2t log(p))e ™ aar - Mdu <,
n

and, thanks to Equation (A.100)),
E[G2] = (c+m) +1.
O

Corollary A.1. Let At > 0,1 < p<p and Ax < %, [2Atlog(p). Let ¢ be the unique positive

solution of 1(¢) = log(p). Consider a reproduction law (pg)ken such that > kpx = m > 1 and
reproduction law p. Uniformly in m € [p, p|, there exists N € N such that

2
M”] < 482,

Vn > N, E[ 3
n

B Appendix: stability of the solution of ((]) and convergence of
the Euler scheme

B.1 Stability

Lemma B.1. Let § > 0 and T > 0. Consider x the unique solution of

{a‘:(t) = \/2r(t, z(?))



Chapter II. Spatial dynamics in a heterogeneous environment

on [0,T] and & the unique solution of

Then,

Proof. Let u(t) = /(z(t) — (t))2 + 6 for t € [0, T]. Note that
lz(t) — ()| < wu(t), Vtel0,T].

Besides, the function w is differentiable on [0, 7] and

vt = 2ul(t)cctlt((i"(t) —2(t)’+9) = u(lt) (jtaz(t) - Zﬁ:(t)) (a(t) — #(1))
1 T ~
- = (V2 70) — v/2r(E, 2(0) + ) (1) — (1)
1 ) ) . ~
< @(L\m(t) — E(t)| 4+ 0)(Z(t) — a(t)) < m(ﬂx(t) —E(t)| — S)u(t)

< L(u(t) +9),

where the third inequality is obtained thanks to Equation (2.11). Then, by the Gronwall’s
inequality, we have
u(t) < u(0)eH < sel, vt e 0,7,

which concludes the proof of the lemma. O

B.2 Euler scheme

Under Assumption [1} we know that each maximal solution y of (C)) is global i.e. defined on [0, c0).
Besides, for any 7' > 0 and h > 0, we can define the Euler scheme of this solution by considering
the sequence defined by

vo  =y(0)
Yit1 = Yi +/2r(ih,y;)h.

Thanks to Equation (2.11) and convergence results on the Euler method (see Theorem 14.3 from
[Hen65]), we know that

h
) — ;| <elT=. B.112
Z,e[[gl@hm!y( ) — il <e 5 ( )

Remark B.1. For any 6 > 0, Equation still holds for the function § solution of

Y= \% 2T<t7y(t)> + 9,

and its Euler scheme

Uir1 =i+ (\/2r(ih,g;) + d)h,
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CHAPTER ||

Particle systems and semi-pushed fronts

We consider a system of particles performing a one-dimensional dyadic branching Brownian
motion with space-dependent branching rate, negative drift —u and killed upon reaching 0,
starting with N particles. More precisely, particles branch at rate p/2 in the interval [0, 1],
for some p > 1, and at rate 1/2 in (1,+00). The drift u(p) is chosen in such a way that,
heuristically, the system is critical in some sense: the number of particles stays roughly constant
before it eventually dies out. This particle system can be seen as an analytically tractable
model for fluctuating fronts, describing the internal mechanisms driving the invasion of a habitat
by a cooperating population. Recent studies from Birzu, Hallatschek and Korolev suggest the
existence of three classes of fluctuating fronts: pulled, semi-pushed and pushed fronts. Here, we
rigorously verify and make precise this classification and focus on the semi-pushed regime. More
precisely, we prove the existence of two critical values 1 < p; < pg such that for all p € (p1, p2),
there exists a(p) € (1,2) such that the rescaled number of particles in the system converges to an
a-stable continuous-state branching process on the time scale N as N goes to infinity. This
complements previous results from Berestycki, Berestycki and Schweinsberg for the case p = 1.
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Section 1. Introduction

1 Introduction

In this chapter, we are interested in the underlying dynamics of traveling wavefronts arising from
certain reaction diffusion equations. Formally, the front is represented by a branching Brownian
motion with absorption at zero and negative drift —u. This system can be seen as a co-moving
frame following the particles located at the tip of the front. In this framework, the drift p is
interpreted as the speed of the wave.

In this introductory section, we first motivate our analysis with the results of some recent
studies and state an informal version of the theorem in Section In Section [1.2] we recall
some well known facts on continuous-state branching processes. The model and the results are
given in Section and the sketch of the proof is outlined in Section In Section [1.6] we
explain the connection between the model defined in Section [I.I] and the generalised principle
eigenvalue of the pertubated Laplacian on the half-line. We then discuss the link with previous
work on pulled fronts in Section [I.7] and give a biological interpretation of the result in Section
.ol

1.1 Noisy FKPP-type equations and semi-pushed fronts

This work is motivated by the results of recent work by Birzu, Hallatschek and Korolev [BHK1S|
BHK20| on the noisy FKPP-type equation

up = %um + ru(l —u)(1 + Bu) + \/%F(u)W(t, x). (1.1)
From a biological standpoint, Equation models the invasion of an uncolonised habitat by a
species: u corresponds to the population density, B is a positive parameter scaling the strength
of cooperation between the individuals, IV is the local number of particles at equilibrium, I"
stands for the strength of the demographic fluctuations and W is a Gaussian white noise. The
numerical experiments and analytical arguments from [BHKI8 [BHK20] suggest the existence of
three regimes in Equation : the pulled regime for B < 2, the semi-pushed or weakly pushed
regime for B € (2, B.), for some B, > 2, and the fully pushed regime, for B > B..

The notion of pulled and pushed waves was first introduced by Stokes [Sto76] in PDE
theory. The distinction between the pulled and pushed regime in Equation relies on the
asymptotic spreading speed v of the solutions of the limiting reaction-diffusion equation (that is
when N — 00),

Ut = %uazx + f(u), (1'2)
where
f(u) =ru(l —u)(1+ Bu). (1.3)

It is a known fact (see e.g. [HRTH]) that Equation has a one-parameter family of front
solutions u(t,x) = pe(x — ct) for ¢ = cmpin, for some cpin > 0. Moreover, it was shown [Sto77|
that the asymptotic spreading speed v of any solution to Equation with compactly sup-
ported initial data is equal to the minimal speed cpin. See Chapter [[] for further details on the
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Chapter III. Particle systems and semi-pushed fronts

convergence of such solutions. Thereupon, an invasion is said to be “pulled” if ¢y, coincides
with the asymptotic speed cg = v/2r of the linearised equation

1
Ut = iuxx + f/(O)U,
and “pushed” if ¢pin > co. In Equation (|1.2), the transition between pulled and pushed fronts
occurs at B = 2 [HR75] since ¢min, and thus v, is given by
V2r if B<2
v(B) =19, oy (1.4)
sVrB(1+ %) if B>2

As observed in [BHK18|, the addition of demographic fluctuations in uncover a third class
of invasions: the semi pushed or weakly pushed regime. The effect of fluctuations on pulled
fronts has already been widely studied in the literature. A rich theory based on the work of
Brunet, Derrida and co-authors [BD97, BDMMO06a, BDMMOGDb| describes the behaviour of the
front solutions of for B = 0. The spreading speed of these solutions admits a correction of
order log(N)~2 compared to the one of the limiting PDE . In this sense, fluctuations have
a huge impact on pulled fronts (see Section for further details). Besides, the genealogy at
the tip of the front is expected to be described by a Bolthausen—Sznitman coalescent over a time
scale of order log(IN)3, which suggests that the particles located at the tip of the front evolve as
a population undergoing natural selection.

On the other hand, pushed fronts are expected to be less sensitive. In [BHKIS|, it is
numerically observed that for B > B, the fluctuations in the position of the front and in the
genetic drift occur on a time scale of order N, which may indicate the presence of Kingman’s
coalescent (a coalescent with binary mergers). This is consistent with the fact that the population
in the bulk behaves like a neutral population. However, for intermediate values of B, that is
B € (2, B.), the fluctuations appear on a shorter time-scale, namely N7 with v € (0,1). This
intermediate region is defined as the semi pushed regime.

In this work, we propose an analytically tractable particle system to investigate the mi-
croscopic mechanisms leading to semi pushed invasions. This model is an extension of the one
studied by Berestycki, Berestycki and Schweinsberg [BBS13| to prove the conjecture on the
genealogy of pulled fronts. Similarly, we are able to exhibit the timescale and the structure
of the genealogy of our particle system. Based on the branching particle system analysed in
[BBS13|, we consider a branching Brownian motion with absorption at 0, negative drift —u and
a space-dependent branching rate r(z) of the form

1 p—-1

5 T 5 Leep); (1.5)
for some p > 1. As mentioned above, this system is a toy model for what happens to the right
of the front. Hence, the parameter p plays the same role as B in Equation ([1.1)) and thus scales

the strengh of the cooperation between the particles.

We assume that the system starts with IV particles located at 1. We denote by Ny the
number of particles alive in the particle system at time ¢ and consider the rescaled number of
particles Ny = N;/N. Essentially, our result is the following:
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Theorem 1.1 (informal version). There exists 1 < p1 < pa such that for all p € (p1,p2), there
exists p(p) > 1 and a = a(p) € (1,2) such that, if we consider the BBM with branching rate
and drift —u(p), the process (Nya—14)i>0 converges in law to an a-stable continuous-state
branching process as N goes to infinity.

This result seems consistent with the observations made on the fluctuations in [BHK1S8| and
with the genealogical structure proposed in [BHK20| for semi pushed fronts. Indeed, it is known
that the genealogy corresponding to an a-stable continuous-state branching process is given by
a Beta(2 — a, a)-coalescent [BBCT05].

We refer to Section for a precise statement of Theorem and to Section for a
definition of the CSBP.

1.2 Continuous-state branching processes

We recall known facts about continuous-state branching processes (CSBP), and, more specifically,
the family of a-stable CSBP, for a € [1,2] (see e.g. [Ber09, BBCT05]). A continuous-state
branching process is a [0, co]-valued Markov process (Z(t),¢ > 0) whose transition functions
satisfy the branching property pi(z + vy, ) = pi(x, -) * pe(y, -), which means that the sum of
two independent copies of the process starting from x and y has the same finite-dimensional
distributions as the process starting from x+y. It is well-known that continuous-state branching
processes can be characterised by their branching mechanism, which is a function ¥ : [0, 00) — R.
If we exclude processes that can make an instantaneous jump to oo, the function ¥ is of the form

U(q) =vq+ Bg* + /0 (e79 — 14 qzly<) v(de),

where y € R, 8 > 0, and v is a measure on (0, 00) satisfying [;°(1Az?)v(dx) < co. If (E(t),t > 0)
is a continuous-state branching process with branching mechanism ¥, then for all A > 0,

Ele =0 |5y = z] = 72w, (1.6)
where u;(A) can be obtained as the solution to the differential equation

%Ut(k) = —V(u (X)), uo(A) = A. (17)

We will be interested in a-stable CSBP for o € [1,2], for which the branching mechanism ¥ is
of the form
- b Oc’ if € 172 ’
IO A 19
—au + bulogu, if a=1.

It is known that in this case, the CSBP does not explode in finite time, i.e. Grey’s condition
is satisfied. The 2-stable CSBP is also known as the Feller diffusion and the 1-stable CSBP as
Neveu’s CSBP.
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Chapter III. Particle systems and semi-pushed fronts

1.3 The model: assumptions and main result

We consider a dyadic branching Brownian motion with killing at zero, negative drift —u and
position-dependent branching rate

r(z) = p/2 x€]0,1],
1/2 2> 1,

for some parameter p > 1. We denote by N; the set of particles in the system at time ¢ and for
all v € M, we denote by X, (t) the position of the particle v at time ¢t. Furthermore, we write
Ny = #N; for the number of particles in the system at time ¢. The drift p is chosen with respect
to p in such a way that the number of particles in the system stays roughly constant. Depending
on the value of p, p is equal to 1 (pulled regime) or p is strictly larger than 1 (pushed regime).

In practice, u = p(p) is a function of p related to the principal generalised eigenvalue AJ°
of a certain differential operator (see Section for further details). More precisely, we have

° If,o<1+%2,then
w=1. (1.9)

o Ifp>1+ 7%42, then p is the unique solution of

tan(y/p — p? 1 2
an(y/p - 1) =— , such that p—p?¢€ 1,71'2 . (1.10)
VP — p? p?—1

In terms of A\{°, we have that A\}® =0 for p <1+ %2, A >0forp>1+ %2 and that the
definition of y given by Equations ([1.9)) and (1.10) is equivalent to

= +/T+2)%, (1.11)

so that
2

p>1 for p>1+%.

This way, the branching Brownian motion with absorption at 0, branching rate r(x) and drift
—p is fully defined. Let us define the exponent «: for p > 1, we set

2 _
oo IV T (112)

p—/p? =1

We now define two regimes of interest for the parameter p. The first one corresponds to a
(subset of) the pushed regime:

2
P> p1, pgé{l%—kzz,keN}. (Hpsn)
where
2
pr=1+"". (1.13)
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It turns out that the transition between the weakly pushed and the fully pushed regimes occurs
when o = 2, which corresponds to the critical value of p,

fe = Zﬁ' (1.14)

Therefore, the weakly pushed regime corresponds to the following range of the parameter p:

p1 < p < p2, (Hup)

where po is the unique solution of

tan (x/p— M?) 1 . > [7# 2] (1.15)
=— st. p—p —, . .
Vo — 12 Vi =1 co L4

In this regime, we have the following result, which is the main result of this chapter:

Theorem 1.2. Assume holds and suppose the system initially starts with N particles
located at 1. Then, there ewists an explicit constant a(p) > 0 such that if we define Ny =
o(p)Ny/N, as N — oo, the finite-dimensional distributions of the processes (N yo-1;)>0 converge
to the finite-dimensional distributions of an a-stable CSBP starting from 1, where « is given by

FEquation (1.12)).

A more general version of Theorem is stated in Theorem In addition, an explicit
formula for o(p) is given in Section (see Equation (7.15)). We strongly believe that this
result can be completed with the study of the cases p € [1, p1) and p € (p2, +0). The expected
convergence results are summarised in the following conjectures. This will be the subject of
future work.

Conjecture 1. If p < p1, under suitable assumptions on the initial configurations, the finite-

dimensional distributions of the processes (N(log N)3t)t>0 converge to the finite-dimensional dis-
tributions of a 1-stable (Neveu’s) CSBP starting from 1 as N — oo.

Conjecture 2. If p > ps, under suitable assumptions on the initial configurations, the finite-
dimensional distributions of the processes (N nt)iso converge to the finite-dimensional distribu-
tions of a Feller diffusion starting from 1 as N — oo.

The proof of Theorem [I.2] relies on the first and the second moment estimate of several
processes. The assumptions m and (]H_wp[) are used to estimate these moments in the weakly
pushed regime. The first moments (see Sections and are computed under assumption
, so that they can also be used to investigate the fully pushed regime, whereas the upper
bounds on the second moments require the assumption (H,l).

The fact that p ¢ {1 + kQ%Q, ke N} is only a technical assumption and one could prove
the result under more general assumptions with extra work. Moreover, one can also investigate
systems with more general branching rates, of the form

1 p-1
r(z) = 5T Tf(l’)y
for a function f that is compactly supported (or even a function that quickly converges to zero).
In this case, the spectrum and eigenvectors are not necessarily explicit, but one can still analyse
the system using spectral theoretic methods.
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Chapter III. Particle systems and semi-pushed fronts

1.4 Comparison with results on fluctuating fronts

In the particle system, we say that the pulled regime corresponds to p € [1,p1), the weakly
pushed regime to p € (p1, p2) and the fully pushed regime to p > ps. From a biological stand-
point, the process IV is related to the number of descendants left by the early founders mentioned
in [BHK20]. Moreover, CSBPs can be seen as scaling limits of Galton-Watson processes, with
associated genealogical structures [Ber09]. In this sense, the convergence results stated in Theo-
rem and in the two conjectures are consistent with the observations on the genealogical trees
made in [BHK20]: in the pulled regime, the genealogy of the particles at the tip of the front
is the one of a population undergoing selection, that is a Bolthausen—Sznitman coalescent. We
know since the work of [BLGO00] that it is precisely the genealogy associated with Neveu’s CSBP.
Similarly, we know that the genealogy associated to the a-stable process and the Feller diffusion
are respectively the Beta(2 — a, «)-coalescent and Kingman’s coalescent [BBCT05|. Again, this
is exactly what is observed [BHK20| on the genealogical structures of their model.

Besides, note that the transitions between the three regimes occur at the same critical values
of p and v. Indeed, consider Equation (l.1)) with r = % Therefore, cg = 1 and the invasion
speed v is given by (see Equation (1.4]))

1 if B<2
B) = 1.16
v(B) t% B(1+2) if B>2 (1.16)

In the particle system, note that the drift is also equal to 1 in the pulled regime (see Equation
(1.9)). In both cases, the definition of the transition between the pushed and the pulled regime
happens when the propagation speed, p or v, becomes larger than 1, that is when p > 1 + %2
in the particle system and B > 2 in the noisy FKPP Equation . Similarly, the transition
between weakly and fully pushed waves occurs for the same critical value of the invasion speed.
Following [BHK18], consider & such that (see [BHK18, Equation (8)])

o 2y/1=cj/v? .y 3
D R ey R G ) (1.17)
2 if 2 >3v2

They observe that the fluctuations in the pushed regime appear on a time scale N4, so that the
transition between the weakly and fully pushed regimes occurs at v = %\/ico. This is consistent
with Theorem if r = %, co = 1 so that the transition occurs at v = %ﬁ, which corresponds
to the critical value u. from Equation , delineating the semi pushed and the pushed regime.
Besides, note that for ¢y = 1, we have
d_{igi;ifve@3 2)
2 if v> 39

which seems to indicate the existence of a universality class given the definition of « (see Equation
(1.12). Besides, note that the exponent « (resp. &) depends on p (resp. B) only through the
drift p (resp. the speed v). This can be explained by the fact that the particles which cause the
jumps in the CSBP stay far away from the regions where the branching rate depends on p (see
below for further explanations).
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We now investigate the asymptotic behaviours of u and v as the cooperation parameters p
and B tend to their critical values. First, note that Equation (1.16|) implies that for r = %,

1 /B
U(B)Niwi as B — +oo.

On the other hand, by definition of u (see Equation (1.10))), we have %2 < p— p? < 72, so that

e~ /p as p— +oo.
When B — 2, B > 2, a second order Taylor expansion gives that

(B —2)°
v(B) ~ 1+ BT

Besides, when p — p1, p > p1, one can show that 4 — 1 and the expansion of each term in

Equation (1.10]) gives

so that we have

These similar asymptotic behaviours as well as the three regimes observed in the particle system
support the hypothesis the existence of a universality class. This is illustrated in Figure [[IL]]

and Figure

Figure (a) Figure (b)

pulled pulled
pushed 2.4 1 pushed

10 20 30 40 50 10 20 30 40 50
cooperativity p cooperativity B

Figure ITI.1: The expansion velocity as a function of cooperativity. Figure (a): in the particle
system. Graph of p as a function of p (see Equations and ) The transition between
the pulled and the pushed regimes occurs at p; = 1 + %2 ~ 3,47. Figure (b): in the PDE
(L.2). Graph of v as a function of B (see Equation (L.16])) for » = 5. The transition between
the pulled and the pushed regimes occurs at B = 2
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Figure (a) Figure (b)
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Figure IT1.2: The expansion velocity as a function of cooperativity. Figure (a): in the particle
system. Graph of u as a function of p (see Equation ) The weakly pushed regime is
observed when p € (1, i.). The transition between the weakly pushed and fully pushed regime
oceurs at p = po, given by Equation . Figure (b): in the PDE. Graph of v as a function
of B (see Equation (I.16)) for r = 3. In the noisy FKPP equation, the transition between
weakly pushed and fully pushed waves occurs when v = . (see (1.17))), which corresponds to
B =4.

1.5 Overview of the proof

The strategy of the proof is inspired by the work of Berestycki, Berestycki and Schweinsberg
[BBS13], who treated the case of a constant branching rate r that is p = 1. The main idea is to
introduce an additional barrier at a point L depending on IV, in such a way that the jumps of the
limit of the rescaled process N are caused by particles that reach L. In their case, one chooses
L = log N + 3loglog N, and it is reasonable to believe that this will be the case for p < p;.
If p € (p1, p2), we rather choose a barrier at L = C'log N for some C' > 0. In this section, we
outline the main ideas used to choose this barrier and to prove the convergence to the a-CSBP
in the case where p € (p1, p2).

As explained in [BBS13|, the role of the barrier is to capture the particles which cause a
jump in the CSBP, or, stated otherwise, which will have a number of descendants of order N
at a later time. Hence, the barrier is chosen in such a way that the number of descendants at a
later time (but shorter than the time-scale of the CSBP) is of order N. From this perspective,
the behaviour of the particle system is the following:

1. Most of the time, the particles stay in the interval [0, L]. Therefore, the system is well
approximated by a BBM with drift —u, branching rate r(z), killed at 0 and at the additional
barrier L.

2. From time to time, on the time-scale of the CSBP (which we expect to be N®~1) a particle
reaches L. The barrier L is chosen in such a way that the number of descendant of a
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particles hitting L is of order N after a short time (on the time scale of the CSBP).

3. In order to deal with these descendants, we let the particle reaching L evolve freely during
a time period which is large but of order 1. Following [BBS13|, one can for example fix
some large constant y and track the descendants when they first reach L —y. The number
of such descendants will be a random quantity with tail 1/z. This random quantity will
be proportional to an additive martingale of the BBM rooted at the particle that reaches
L.

4. After this large (but independent of L) relaxation time, all particles are again in the interval
[0, L] and the system can again evolve as before.

Thanks to this sketch of proof, one can infer a suitable value of L and justify the definition
of the parameter u. Indeed, the first step implies that most of the time, the system can be
approximated by a heat equation in the interval [0, L] with Dirichlet boundary conditions. In
other words, if we denote by N the set of particles in the BBM at time ¢ that have stayed in
the interval [0, L] until time ¢, the density of particles is given by the Many-to-one lemma:

Lemma 1.1 (Many-to-one lemma, see [Lawl18|, p.88). Let pi(z,y) be the fundamental solution
to the PDE

(A)

w(t, 2) = gy (t, @) + pug(t, z) + r(z)ult, )
u(t,0) = u(t,L) = 0.

Then for every measurable, positive function f: Ry — R, we haveﬂ

L
B | 3 50| = [ miensy

v EML

Therefore, the function p; can be deduced from the Sturm-Liouville theory. Since (A) is
not self-adjoint, we first set the function ¢; in such a way that

2
u(x*y)Jr(%*%

pe(z,y) =e )tqt(x,y). (1.18)

Then ¢;(z,y) is the fundamental solution to the self-adjoint PDE
ut(tv x) = %ul‘x(tv x) + %11[0,1] (x)u(tv JZ‘)
u(t,0) = u(t,L) = 0.

By the Sturm-Liouville theory, the eigenvalues of the operator

1 -1
Tv = 5o+ P =1 () (1.19)

are simple and can be numbered

MsAs o> Als 5 o

!The notation E, means that we start with one particle at position x.
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As a result, we will prove that each )\Z-L is increasing with respect to L. If v1,v9,... denote the
corresponding eigenfunctions of unit L%-norm, then the function ¢* is given by [Zet10, p.87]

G (2,y) =Y o (@)vn(y),
n=1

and hence,
(o]

pelzy) =Y P@=FOTH3 =1/t (V0 ().
n=1

We say that p; is the density of the BBM with branching rate r(z), drift —u and killed at 0 and
L in the sense that, starting with a single particle at z, the expected number of particle in a
Borel subset B a time ¢ is given by [ p Pi(x,y)dy. From these observations, p will be chosen in
such a way that the loss of mass in p; is controlled. Yet, we will prove that for p > p1, a positive
and isolated generalised eigenvalue A\{° emerges as L — oo. Therefore, we will choose p such
that

= /1+2A, (1.20)

as stated in (1.20). We will prove in Section that this definition is equivalent to (1.10]). In
the case where p < p1, the sequence (/\f) converges to a non positive continuous spectrum, in
particular A\{® = 0, so that p = 1.

For p > p1 and t sufficiently large, we show that
pe(,y) = HTITOTAD Yy, (2)0, (3). (1.21)

Note that the time parameter ¢ only appears in the exponential factor in the formula SO
that the population size should be roughly constant as long as ()\f — A{°)t < 1. Therefore, the
time scale over which particles reach L is of order (A\3® — Af)~!. Beside, the spectral analysis of
the system (B) provides the existence of a constant C' > 0 such that

AP = Af ~ Ce2VATE,

To simplify the notations, we set
B = /2A7°. (1.22)

As we expect the time scale of the CSBP (that is the time scale over which particles reach L) to
be N®~! the asymptotic behaviour of )\f gives a first relation between a, N and L, that is

Na—l — GQBL.

The eigenfunction associated to the principal eigenvalue AlL will play a crucial role in this
analysis. We denote by w; the eigenfunction which is of order 1 at L — 1 and such that

wy (1) = sinh(y/2AF(L — 1)). We then define as in [BBS13] the process

Zy =Y "0 By (X)) 1x, yep,1)-
vEN}
As long as the particles stay in [0, L], this process coincides with
Zi= Y O (X)),
ve/\/tL
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which is a supermartingale since, by the Many-to-one Lemma
E, [2] = N A7, (1.23)

The process Z;, and thus Z}, governs the long time behaviour of the particle system. Indeed, for
t large enough; the expected number of particles in the system starting with a single particle at
x will be approximately given by

L L
E, [Ni] ~ / pe(,y)dy ~ %oy (z)e P! / Vv, (y)dy.
0 0

We will show in Section that the second integral is bounded by a constant and that v (x) ~
Ce Pl (z) so that
E. [Ny ~ Cet=PEZl (1.24)

for t < €?%L. Thus, we first prove Theorem for Z; instead of N; and then deduce the result
on Nt.

Moreover, we claim that the barrier L has to be chosen so that
N = en=PAL, (1.25)

Indeed, L is fixed in such a way that the particles that reach L have a number of descendants of
order N after a short time, on the time scale e2#L of the CSBP. Yet, if we consider the system
starting with a single particle close to L, say at + = L — 1, we get that Z| is of order 1. Thus,
the result ensues from Equation (1.24)). Besides, we obtain that

g btB
pw—p

which is equivalent to the definition (1.12) given Equations (1.20) and (1.22).

(1.26)

In the light of Equations (1.24), (7.14) and (1.26), we claim that it is sufficient to prove
that as L — oo,

Z s, = E(t), (1.27)

where = is an a-stable CSBP, starting with a suitable initial configuration.

As explained in [BHK20], the difference between the genealogical structures of the popu-
lation for p < p1, p € (p1,p2) and p > py is explained by the fluctuations in the total number
of descendants left by the early founders. In our particle system, this number of descendants
is related to to the number of offspring of a particle hitting the barrier L. We prove that the
number Z, of these descendants reaching L — y (for the first time) is such that

e(“*'g)yZy =W as y— 4oo,

for some random variable W satisfying
C
PW >z)~— as x— +o0.
wOé
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Chapter III. Particle systems and semi-pushed fronts

The fact that o depends on p only through the drift ¢ can be explained by this barrier at L — y:
it can be chosen in such a way that the particles are stopped before they reach 1 so that they
behave as in a BBM with drift —u and constant branching rate %

The proof of the fact that the number of particles does not fluctuate too much when we
add a barrier at L will rely on the estimate of the second moment of Z;. To this end, we will
make use of the Many-to-two Lemma.

Lemma 1.2 (Many-to-two lemma [INW69], Theorem 4.15). Let f and p(x,y) be as in Lemmal[l.1]
Then

2

E, || Y £(x)
vENtL
2

= [t nseras [ [ nprem, | Y 5| das
0 ’ 0 0 ’ Y

L
veNE,

Actually, this result is more general and a stopping line version of this lemma holds. Once
the result is proved, one can deduce the same convergence on N;. Indeed, it will be
sufficient to prove that over a short time, on the time-scale of the CSBP, Z does not vary much
and that N is well approximated by Z (see (1.24))) as in [BBSI3, Section 4.6|.

We end this section with a reformulation of (H,)) and (H,y,)) in terms of AY°, o, p and
(the first assertion will be proved in Section :
o Assume (H,)) holds. Then, AY® > 0 so that pu > 1.
e Assume (H,,|) holds. Then, a € (1,2), > 35 and AY® € (O, %6)

This second remark, which ensues from the definition of ., will be useful in the estimate of the
second moments.

1.6 Perturbation of the Laplacian on the half-line

A crucial role in the analysis will be played by the family of differential operators T, p € R,
defined by

Tyu(z) = {%uu(x) + 8101y (x)u(zr), =€ (0,1)U(1,00)

lim, 1 Tpu(z), r=1.

with domain

Dr, = {u € C*((0,00)) N C*((0,1) U (1,00)) : lim u(z) = 0, lim Tju(z) exists}.

z—0
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The operator T}, is a perturbation of the Laplacian on the positive half-line by a function of
compact support.

In this section, we recall a few well-known facts about such operators, based on Section
4.6 in [Pin95]. These results are only given for continuous perturbations but one can extend
them to our particular perturbation by approximating the step function on [0, 1] by continuous
functions. Actually, these facts will not be used in the following proofs, yet, they provide a
better understanding of the three regimes in the particle system. To this end, we first define the
generalised principal eigenvalue and the Green function of the operator 7.

Define the generalised principle eigenvalue of the operator T}, by
Ae(p) =inf{A € R:3u € Dz, : u >0 on (0,00), Tu = Au}.

Theorem 4.4.3 in [Pin95| implies that A. is a convex function of p and Lipschitz-continuous with
Lipschitz constant 1/2.

Let (Bi) be a standard Brownian motion starting at « > 0 and let 7 = inf{t € (0,00) :
By ¢ (0,00)}. The Green function G, of the operator T}, is the unique function such that for all
bounded measurable functions g : R — R, we have

e[ [T ([ Sronmaas ) amoat] = [~ 6wt

Similarly, one can define the Green function of the operator T, — A, denoted by Gﬁ, such that

e[ [T ([ DB - aas)gtzar] = [~ Gt

Recall from [Pin95], Section 4.3, that an operator is called

e subcritical, if its Green function is finite (and hence, positive harmonic functions, i.e. eigen-
functions of eigenvalue 0, exist),

e critical, if its Green function is infinite, but positive harmonic functions exist,

e supercritical, if no positive harmonic function exists.

It is well known that the Laplacian on the positive half-line, i.e. the unperturbed operator Ty,
is subcritical in the sense of [Pin95|, i.e. its Green function is finite, in fact, it is expressed by
Go(z,y) = 2x Ay, x,y > 0. Furthermore, its generalised principle eigenvalue is A.(0) = 0. It
then follows from Theorem 4.6.4 in [Pin95] that there exists p. > 0, such that A.(p) = 0 for all
p < pe and A(p) > 0 for all p > p.. Besides, T), is subcritical for p < pe, critical for p = p. and
supercritical for p > p.. In fact, Theorem 4.7.2 in [Pin95] implies that T, — Ac(p) is critical for

P> pe.

These properties can be verified by elementary calculations, which also yield exact expres-
sions of p. and A.(p). We summarise these calculations in the following proposition:
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Chapter III. Particle systems and semi-pushed fronts

Proposition 1.1. Define p. = 72 /4. Define the function

g(x) = sinc(vz) %, z € [pe, 1),

where sinc(z) = sin(z)/z. Then g is an increasing and strictly convex function on [pe, 72) with
9(pe) = pe, 9'(pe) = 1 and g(z) — 400 as x — w2. Denote by g~ its inverse, defined on [p, o).

Then,
0, P < pe
)\c(P) =
{é(p —97'p), P> pe

The proof of this result is given in Appendix [A] One could go on expliciting the positive
eigenfunctions of the operator 7}, for all p. One would see that there exists for every p € R and
every A > \.(p) a unique (up to a multiplicative constant) positive eigenfunction of eigenvalue A.
For A = A\.(p), this function is affine on [1,00) with positive slope for p < p., and exponentially
decreasing, with exponent —y/2X.(p), on [1,00), for p > p.. In fact, in the latter case, an
eigenfunction is

u(z) = sin(y/g~1(p)), z € [0,1]
sin(y/g=1(p))e~ VP =1 = 4 e 1, 00).

This function will play a crucial role in the system. Indeed it corresponds to an harmonic function
of the critical operator T, — Ac(p). According to Theorem 8.6 in [Pin95], this function is the
unique (up to positive multiples) invariant function for the transition measure associated to
T, — Xe(p). Roughly speaking, this means that u is a stable configuration in the particle system.
On the other hand, for A > A.(p), the function grows exponentially on [1,00) with exponent

V22,

Let us now go back to the differential operator L = %v” + pV + r(z) from Equation (A]).
Thanks to Equation (1.18)), the Green function G of the operator L can be expressed thanks to
G;‘_l as follows:

21

5
The value of p will be then chosen in such a way that the operator L has an harmonic function.
Then, for p — 1 < p. it is sufficient to choose p = 1 since T}, is subcritical. For p —1 > p., we
know that T,_1 — Ac(p — 1) is critical. Therefore, the corresponding Green function is infinite
but the operator has harmonic functions. Hence, we will choose the drift p such that

1(p) =V 1+2x(p—1).

Note that the limit A\3° of the maximal eigenvalues A and the generalised principal eigenvalue
Ae(p — 1) coincide. This is a consequence of Theorem 4.1 in [Pin95].

G(x7 y) = eM(I*y)szil(x? y), for A = H

1.7 Related models

A rich theory has been developed in the case where B = 0 in (|1.1), which corresponds to a
special case of the pulled regime. First, the equation

1 u(l —u
Ut:*Uxx+U(1—u)+ g

: W (t), (1.28)
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was studied by [BDMMO06a| to investigate the effect of demographic fluctuations on the FKPP
equation. Indeed, if one removes the noise term in , one obtains the FKPP equation intro-
duced by Fisher [Fis37| and independently by Kolmogorov, Petrovskii and Piskounov [KPP37],
to describe the invasion of a stable phase (u ~ 1) in an unstable phase (u ~ 0). In this case, it
is well-known [KPP37] that cmin = co = v/2r so that the invasion is pulled.

As explained in [Pan04], the FKPP equation can be seen as the hydrodynamic limit of many
particle systems. However, the finite nature of the physical or biological systems induces fluctu-
ations, that can be modeled by adding multiplicative square root noise to the FKPP equation.
Heuristically, this correction corresponds to the rescaled difference between the limiting PDE and
the particle system in the style of a central limit theorem [MT94]. The addition of this noise term
in Equation (|1.28)) makes the shape and position of the front fluctuate.

In [BDMMO6al, the authors explain how to infer the first order of the correction to the
speed of the noisy fronts (compared to the deterministic fronts) thanks to a particle system.
Since the fluctuations emerge at the leading edge of the front, they do not need to introduce
a saturation rule in the particle system to deduce the correction to the velocity of the wave.
Analysing the mechanisms driving the invasion, they conjecture that the fluctuations appear
over a time scale of order log(N)3. They deduce from this fact that the correction of the speed
co is of order log(N)~2. This statement was then rigorously proved in [MMQI0] in the case of
the SPDE (T.2§)). This correction, that is much greater than expected (1/v/N) underscores the
large fluctuations in the pulled regime.

In [BDMMOGD, BDMMO07], the authors analyse a particle system with a fixed population
size to investigate the genealogy at the tip of the invasion front in the pulled regime. The particles
evolve in discrete time and, at each generation, independently give birth to exactly k children,
scattered around the parental location. At the end of each generation, only the N rightmost
individual survive. This set of particles forms a cloud, that does not diffuse and can be described
by a front governed by [BDMMQ7|. In this framework [BDMMOGD], they conjectured that
the genealogy of the particles in the cloud is described by a Bolthausen—Sznitman coalescent.
The fact that the correction on the speed of this system is the same as the one for solutions of

(1.28]), was rigorously proved in [BGI10] (in the case k = 2).

The conjecture on the genealogy stated in [BDMMO06b, BDMMO07| was proved under slightly
different assumptions in [BBS13|. Indeed, to simplify the analysis, it was proved for a continuous-
time model, in which the constant population size is replaced by a moving wall. More precisely,
they consider a branching Brownian motion with absorption for a suitable choice of drift —u such
that the population size in the system stays broadly constant. It is the branching property of
the branching Brownian motion with absorption that makes this system analytically tractable.
The drift is then chosen supercritical, matching the correction on the speed of the noisy front
conjectured in [BDMMOGal]. More precisely, for each integer N, they consider a dyadic BBM,
with drift —py, with

71'2
o= \/ 1= (log(N) + 3loglog(N))2’

starting, for instance, with N log(N)? particles at x = 1. With the notations of Theorem
they obtain that as IV goes to oo, the processes (Nlog(N)3ta t> 0) converge in law to Neveu’s

(1.29)
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Chapter III. Particle systems and semi-pushed fronts

continuous-state branching process. Using the results from [BLGO0|, they deduce from this fact
that the genealogy of their system is given by a Bolthausen—Sznitman coalescent.

In this work, we are interested in the genealogy of the particles at the tip of the front
for a more general form of reaction term in the limiting PDE. While the study in [BDMMO064,
BDMMOGD| concerns FKPP fronts, that are classified as pulled, we focus on forcing terms of the
form . In this case, the deterministic front of the limit PDE can be either pulled (B < 2)
or pushed (B > 2).

1.8 Biological motivations : the Allee effects

In terms of population models, a front is pushed, for instance, in the presence of a sufficiently
strong Allee effect, meaning that the particles near the front have a competitive advantage over
particles far away from the front. The strength of the Allee effect is scaled by the parameter B
in Equation and by p in the particle system defined in Section

Allee effects are well explained in [BHKIS]: “The presence of conspecifics can be beneficial
due to numerous factors, such as predator dilution, anti predator vigilance, reduction of inbreed-
ing and many others. Then, the individuals in the very tip of the front do not count so much,
because the rate of reproduction decreases when the number density becomes too small. Conse-
quently, the front is pushed in the sense, that its time—evolution is determined by the behavior
of an ensemble of individuals in the boundary region”. In sharp contrast, pulled invasions are
the one for which the growth is maximal at low densities so that the individuals located at the
leading edge pull the invasion. As explained in [Sto76], the consequence of this fact is that “the
speed of the wave is determined by the fecundity of their pioneers”, or, in other words, it only
depends on f/(0) (see Equation (1.3))). Pushed waves are faster and pushed, or driven, by the
nonlinear dynamic of the bulk (see Section . Consequently, the speed of the waves depends
on the functional form of the reaction term f.

The shift in the invasion speed is not the only consequence of Allee effects on the population.
Indeed, one can investigate the genealogies of a particle system governed by Equation . One
expects them to evolve over larger time-scales for pushed fronts than for pulled fronts. In
biological terms, this translates into larger genetic diversity [HNOS§|. For pulled fronts, the time-
scale is logarithmic in IV and the genealogy is described by the Bolthausen—Sznitman coalescent
[BDSO8]. If the Allee effect is sufficiently strong, it is natural to assume that the genealogy evolves
over the timescale N and is described by Kingman’s coalescent [BHKI18|. This was proved in
the case of strong Allee effects in the context of population genetics [EP20]. Strong Allee effects
are often modeled by bistable reaction diffusion equations, which can not be considered with
reaction terms of the form (heuristically, it corresponds to B — 00). See Chapter 1 for
further details on the classification of Allee effects. The simulations in [BHKI8| and the analysis
conducted here describe the intermediate regime between these two extremes: the genealogy is
observed on a time scale N~ for some a € (1,2) and its structure is given by a Beta-coalescent.

According to [BHK18|, pulled and pushed fronts can also be distinguished by the spatial
position of the ancestors of the particles. Taking a particle at random and looking at its ancestor
at a time far in the past, this ancestor will sit at a position at the leading edge of the front (i.e. far
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to the right of the front) in pulled fronts, whereas it will be at the middle of the front in pushed
fronts, where most particles lie [BHK1S| Fig. 2|. One can consider the trajectory described by the
ancestors of this particle as the path of an immortal particle, and thus conjecture the following
two distinct behaviours: in pulled fronts, the path of an immortal particle typically spends most
of its time far away from the front, whereas in pushed fronts, it spends most of its time near
the middle of the front, in the vicinity of the other particles. Indeed, in the model studied in
IBBS13|, which can be seen as a simplification of the noisy FKPP equation, the prime example of
a pulled front, the path of the immortal particle ressembles in the co-moving frame a Brownian
motion constrained to stay in an interval of size of order log N, and is thus typically a distance
log N away from the front. On the other hand, for pushed fronts, one should expect that the
path of an immortal particle is described in the co-moving frame by a positive recurrent Markov
process independent of the population size.

Another distinction arises when one considers the events which drive the evolutionary dy-
namics, i.e. which cause mergers in the ancestral lines of individuals randomly sampled from the
population. The authors of [BHKIS] conjecture here that the distinction does not take place be-
tween pulled and pushed, but between pulled and semi-pushed on the one side and fully pushed
on the other [BHKIS, SI, p36]. In fully pushed fronts, the population can be approximated by a
neutral population, with all the organisms at the front. In contrast, the particles located at the
tip of the front that drive the evolutionary dynamics in semi-pushed and pulled waves. This is
consistent with the genealogical structures introduced above. Indeed, in pulled and semi-pushed
fronts we expect the genealogies to be described by coalescents with multiple mergers. In these
coalescents, single individuals replace a fraction of the population during merge events. It is
reasonable to think that for this to happen a particle has to move far away from the front in
order to have time to produce a large number of descendants before being incorporated in the
front again. On the other hand, in fully pushed fronts, we expect the genealogy to be described
by Kingman’s coalescent, indicating that the population behaves like a neutral population where
particles are indistinguishable. Thus, typical particles, i.e. those which are near the front, should
drive the evolutionary dynamics. Of course, it is still possible for particles to move far away from
the front and replace a fraction of the population. But since Kingman’s coalescent only consists
of binary mergers, these events are not visible in the limit and thus have to happen on a longer
time-scale than the time-scale N at which the genealogy evolves.

The characteristics of the three types of fronts are summarised in Table

1.9 Structure of the chapter

The proof of the result follows the steps detailed in Section (1.5

First, we examine the density of particles p; in Section [2| We give a detailed description
of the eigenvalues of the PDE for all p € (1,400) \ {1 + %, ke NQ}. This first analysis
motivates the distinction of the pushed and the pulled regime in the particle system. We also
estimate the speed of convergence of the principle eigenvalue to its limit, which provides the time
scale of interest. In Section [2.2] we prove that the density of particles p; is well approximated by
its first term for sufficiently large ¢. In Section 2.3] we control the Green function of Equation

101
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pulled pushed
semi-pushed fully pushed
cooperativity B B € (0,2] B e (2,B.) B € (B, +)
Allee effect weak Allee effect
+ no Allee effect strong Allee effect —
(B=0) (B — o)
speed of front compared to lin- same faster
earized equation
path of an immortal particle far to right of front close to front
time-scale of genealogy polylog(V) Ne—la e (1,2) N
evolutionary dynamics driven ... far to right of front ...close to front
by particles at positions. . .

Table II1.1: Summary of the characteristics of pulled, semi-pushed and fully pushed fronts.

. These estimates are needed to bound the double integral given by the Many-to-two lemma
1.2

In Section [3, we bound the first and second moments of several quantities (including Z;)
which rule the long time behaviour of the system. The first moments is estimated under ,
so that the results also hold in the fully pushed regime. The second moments are estimated
under stronger assumptions, that is (Heyp)).

In Section [4], we bound the number of particles that hit the additional barrier L. In Section,
we estimate the number of descendants of a particle that reach L, after a large time of order 1.

As explained in Section we then prove the convergence of the process Z to the CSBP.
Inspired by [MS20|, we gather all the estimates established in Sections and [5| to estimate
the Laplace transform of Z. In Section [6] we control the Laplace transform of Z on small time
steps, on the time scale of the CSBP. In Section [7.1] we bring all these small time steps together
to obtain the convergence of the process Z via its Laplace transform and the Euler scheme of
the ODE satisfied by the branching mechanism ¥ of the CSBP. In Section we give a more
general version of Theorem in the semi pushed regime and deduce it from the convergence of
the process Z.

1.10 Notations

We recall in this section the definition of several quantities depending the parameter p of the
model as well as their dependences. As outlined in Section we denote by A; the maximal

eigenvalue of the operator
1 -1
Ty = 5'[)// + %1[0&}(3})”7

on the domain Dy, = {v € C*((0, L))NC?((0,1)U(1, L)) : v(0) = v(L) = 0, lim,_,; Tu(z) exists}.
Hence, \; depends on L and we prove (this is the object of Section that for p > p1, A1 in-
creases with L and converges to a positive limit A\{® as L goes to oc.
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In this case, we write «, 8,7 and u to refer to the following quantities:

ViZ—1
p= JTTE, B IaF, a=PIVIEZL _BED 0= o T, (130)

w— ,LL2—1_,U—57

to emphasize that they do not depend on L, but only on p.

2 BBM in an interval: the density of particles

2.1 Spectral analysis

Let L>1, pe (1,00)\ {1+ k2§, k € N} and consider the differential operator

1 -1
Tv(x) = iv"(:r) + pTv(x)lml, (2.1)
on the domain Dy, = {v € C*((0, L))NC?((0,1)U(1, L)) : v(0) = v(L) = 0, lim,_,; Tu(z) exists}.
We are interested in the spectrum of the operator T, that is the set

{A € C : Tv = Mv has a non-zero solutionv € Dr,}.

According to Sturm-Liouville theory (see Theorem 4.3.1 from [Zet10]), this set is infinite, count-
able and it has no finite accumulation point. Besides, it is upper bounded and all the eigenvalues
are simple and real so that they can be numbered

AM< <. < A\, — —00, as n — +00.

The sequence (\;);en is described in Lemma . In Lemma we compute an asymptotic
expansion of the positive eigenvalues as L. — 4o00. For L sufficiently large, the set of positive
eigenvalues is not empty as long as p > 1 + %2. In Lemma E and Corollary we give an
explicit formula for the limit of the L?—norm and the speed of convergence of the principal
eigenvalue A1, which will be needed in Section [6]

We first introduce some notations that will be used throughout this section. Denote by

% Y(z, \) € [0, 400) x (0, +00) Sinh (Vo)
S(z,A) = @ V(z,\) € [0,+00) X (—00,0) = A V(z, ) € [0,00) xR.
x V(z, A) € [0,+00) x {0}.

(2.2)
Similarly, we define C(x, ) = cosh <ﬁx> and T (x,\) = ‘g((if\‘; for all (z,\) € [0,4+00) X R.

Lemma 2.1. There exists Lo = Lo(p), such that the following holds for all L > Lg: Let K € N
be the largest positive integer such that

1 2
p—1> <K—2> 72, (2.3)
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and K = 0 otherwise. Then, for all 1 < k < K, Mg is the unique solution of

T 22 4+1—p)=T(L—-1,2)), (0O)
such that,
1\ 2
(p—l—k27r2\/0)<2)\k<p—1—<k‘—2> w2, (2.4)
Furthermore, A\, < 0 for all k > K. More precisely, set for all i > 0:
1 1 \?
Ai_2<<K+2+i> 7r2+1—p) (2.5)
L—-1 1
N; = {( )\/Ai —J +1 (2.6)
T 2
and A_1 = N_1 = 0. Also, set ag =0 and
. 1\2
V-3 o
= = > 1. 2.7

Then, for every i > 0 and every j € N such that N;—1 < j < N;, Axyj is the unique solution of
@ i the interval
(—Ai, _Ai—l) N (—aj_H_l, —aj_i). (28)

Finally, for all k € N, the eigenvector vy associated with A\ is unique up to a multiplicative
constant and is given by

S(x, 2y —p—1)/S(1,2 y —p—1) =z €]0,1],
vi(z) = {S (2.9)
(L —2,2)\;)/S(L — 1,2)g) x € [1,L].
Proof. For A € R, consider the system @
V'(z) = (2 4+ 1—p)v(z) =z €]0,1],
v (z) = 2Xv(x) x € [1,L], (€)
v(0) =v(L) = 0.

First, note that if @ has a non-zero solution, then 2\ < p — 1. Indeed, if there exists a function
v solution of for some A > (p —1)/2, it is of the form

( _{Asinh(\/Wx) x €[0,1],

Bsinh (\/ﬁ(L - m)) zell, L, (2.10)

for some A, B € R. Thus, \; > p%l and v satisfies 1) Yet, v1 > 0 on [0, L] (see The-

orem 4.3.1 in |Zetl10]), hence, A and B are both positive. Besides, since v; is continuous and
differentiable at 1, we have

A\/2X+1 = pcosh(y/2A + 1 — p) = —BV2X cosh(V2A(L — 1)).
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Figure II1.3: Location of the eigenvalues of the differential operator T' (see Equation )
for p = 4 and different values of L. The blue line represents the graph of the left-hand term
in Equation @ The red line corresponds to the graph the right-hand term in Equation @
Thus, the eigenvalues are located at the intersections of the blue and red solid lines. The
integer K corresponds to the number of positive eigenvalues. Their limits are isolated. Note
that the negative eigenvalues tend to a continuous spectrum. For p = 9, we have K = 1.

Thus, A = B = 0 and v is constant equal to 0. Similarly, one can prove that A\ # %1.
Therefore,

-1
Ak<pT, Vk € N.

If v is a solution of @ for some 0 < A < p%l, there exist A, B € R such that

B Asin (vVp—1-2Xz) z€(0,1],
v(@) = Bsinh(\/ﬂ(L—x)> xe[l,L).

Since v is continuous and differentiable at 1, A satisfies the following system:

Asin(v/p — 1 — 2X) = Bsinh(v2A(L — 1)),
Avp—1—2Xxcos(v/p — I —2X) = —Bv2Xcosh(vV2X(L — 1)).

If A=0 (resp. B =0), the second equation of the system implies that B = 0 (resp. A = 0), so
that v is not an eigenfunction. Hence, we can assume without loss of generality that A # 0 and
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Figure II1.4: Location of the eigenvalues of the differential operator T' (see Equation )
for p = 30 and different values of L. The blue line represents the graph of the left-hand term
in Equation @ The red line corresponds to the graph the right-hand term in Equation @
Thus, the eigenvalues are located at the intersections of the blue and red solid lines. The
integer K corresponds to the number of positive eigenvalues. Their limits are isolated. Note
that the negative eigenvalues tend to a continuous spectrum. For p = 30, we have K = 2.

B # 0. Therefore, A is a solution of the equation
tan(v/p — 1 —2X\)  tanh(v2XA(L — 1))
p—1—2\ V2 ’
We now prove that Equation (2.11) has exactly K solutions in (0, %), for L large enough.
Define

(2.11)

f(z) = tanx(a;), and g(z) = tanxh(a:). (2.12)
For x € (0, %) U (UkEN(kga (k + 1)%)) ,
() = 2x — sin(2x) -0

222 cos(x)?
since sin(2x) < 2z. Besides, f(x) < 0 if and only if x € Upen(k5, kA7) and f(z) — 0 as . — krm
and f(x) = +o0 as x — (k+1)5 . Moreover, for z € (0,00),

2z — sinh(2z)

/
9{w) = 22 cosh(x)? <0
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since sinh(2z) > 2z. Note that g(x) > 0 for all x € (0,00) g(x) — 0 as  — oo and g(x) — 1 as
x — 0.

Therefore, on each interval ((3(p —1— (k+ 3)?7?),3(p— 1 — (k— 3)?x?)) k€ {1,... K —
1}, the function A — —f(v/p — 1 — 2)) is increasing and

1
—f(Wp-1-20) =0, A=(p-1-k7)
1 1N\ L\
—f(v/p—1—=2)\) = +o0, )\—>§ p—1— k:—§ T
The function A — g(v/2XA(L—1)) is positive and decreasing on (0, 00). Hence, Equation (2.11) has

a unique solution in each interval ((3(p — 1 — k?72), 5(p — 1 — (k— 3)?n?)), k€ {1,..., K — 1}.

It has no solution in Uf;ll([%(p —1—(k+3)21?), 3(p — 1 — k*x?)] since A — g(V2A(L—1)) is
continuous and positive on each closed interval and for k € {1,..., K — 1}, we have

1 1\? 1
—f(Vp—1-20)<0, Ieuri! (2 (p—1—<k+2> 7r2>,2(p—1—k27rz)>

+
1 1\?
—f(V/p—1-2)\) =5 —o0, )\—>2<p—1—<k—|—> 7r2> :

2
1 1\? L\
—f(\/p—1-=2X\) = +o0, /\—>§ p—1-— k:—l-§ T

Then, note that for sufficiently large L, Equation (2.11)) has a unique solution in the interval
OV 3(p—1—-Kr%),L(p—1— (K — $)?n?). Indeed, the function A — —f(v/p— 1 —2X) is

positive, increasing and

1 1\2
—f(Vp—1=2\) = +o0, )\H2<p1<K2> 772>,

_tany/p — 1
p—1

Besides, A — g(vV2A(L — 1)) is positive, decreasing and g(v2A(L — 1)) - L —1 as A — 0.

Therefore, if L > 1 — ®22¥2=1 Buation (2.11)) has one solution in (0 V 3(p—1—K?r%),3(p—

vp—1
1— (K — 1)%r?%)). If it exists, this solution is unique.

—f( plQA)HO\/( > )\HO\/%(,O—I—K27T2).

There is no solution of (2.11) in (0, %(p —1— K?7?)] since the left-hand side term in (2.11
tan /p—1
V=

in (0, %) Conversely, one can check that these solutions are eigenvalues of T', corresponding

to eigenvectors defined by (22.9).

is negative on this set. Therefore, for L > 1 — , we found exactly K solutions of (2.11

Let us now consider the system for A = 0. A solution of this system is of the form

o(z) = C'sin (y/p — 1z) sin ( p—1)_1 z € [0,1],
=t v € [1,L),
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for some C € R. Remark that this function is not differentiable at 1 if L > 1 — % VfII) so that

0 is not an eigenvalue of T

If @ has a non-zero solution v associated with some \ < 0, there exist A, B € R such that

(2) = Asin (Vp—1—=2Xz) z€[0,1],
= Bsin (V=2X (L —z)) =z € [1,L].

In the same way as for Equation (2.11]), we get that A has to satisfy the following equation:

tan(y/p— 1 —2%)  tan(v/—2X(L — 1))
 Vp—1-20 V=2 '

The function A — (L —1)f(V—2A(L — 1)) is defined on U32,(—aj1+1,—a;), with (a;) defined
in . In view of the above, A — (L — 1)f(v/—2A(L — 1)) is decreasing on each interval
(—ajt1,—aj). Similarly, the function A — —f(v/p —1—2X) is defined on U2 (—A;, —A4;—1),
where the sequence (A;) is defined by Equation , and it is increasing on each interval
(—=A;,—A;—1), 1€ N. Besides, forall : >0 and j > 1,

lim (L—1)f(V=2XML—-1)) = +oo,

(2.13)

)\—>—CLj

T>—aj

lim (L—1Df(V_2AL-1) = —oo,

)\Hfaj

r<—aj
li — —-1- =
i f(Vp—1=2)) +00,
.’L’<*Ai
lim — “1-2)) = —co.
Jm f(WVp—1=2X) 00
r>—A;

Also note that N;—N;_1+1 (see Equation ({2.6))) is the number of complete intervals ((—aj4+1, —a;))jen
included in the interval (—A;y1, —A4;), @ > 0. Therefore, Equation (2.13) has a unique solution
in the interval (—Ai, _Az'—l) N (—aj_i+1, —aj_i), for all N;_1 < j < N;, i € Ng.

Finally, remark that

lim (L — 1) f(vV=2ML—1)) = L—1,

A—=0
A<0
tan/p—1
lim—f(Vp—1-2)) = —— VP
A—0 p—1
A<0
tan /p—1

Hence, Equation ([2.13|) has no solution in (—ay,—ag) if L > 1 — =

Again, one can check that all these solutions are eigenvalues, associated with the eigenvectors

given by ([2.9). O

The position of the eigenvalues for different values of L and p are illustrated in Figures
I3 and [[IT.4] In the following lemma, we compute the speed of convergence of the positive
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eigenvalues to their limits. The speed of convergence of the maximal eigenvalue indicates the
time scale of interest.

Lemma 2.2 (Asymptotic expansions of the positive eigenvalues). Assume holds. Let
K € N be the largest positive integer such that

1\ 2
p1><K2> 2,

Then, for all 1 < k < K, A 1s decreasing and tends to the unique solution A\° of

Ctan(vp—1-2)) 1
Vp—1-2X  2x

(2.14)

located in the interval

p—1—Fk*n? 1 1\? 9
- re “lp—1-(k==Z
( 5 \/072 D k 5 T ,

as L — oo. Besides, for all 1 < k < K, there exists a constant Cy(p) > 0 such that
Mo = A — Ck(p)eq./Q,\gOL To (e’2 2)@%) ’
where B from Equation .

Proof. Recall from Lemma that for 1 < k < K, A\; is the unique solution of Equation @:

tan(yv/p — 1 —2X) _tanh(\/ﬁ(L —1))

p—1—2\ V2
located in the interval (3(p—1—k?72V0), 1(p—1—(k — %)2 72)). Besides, L + A is an increasing
function. Indeed, recall from the proof of Lemma that the function A — —f(v/p—1 —2))
is increasing on each interval (3(p — 1 — k272 Vv 0),5(p— 1 — (k — %)2 72)) and does not depend
on L. Yet, for L > 1, the function A — (L — 1)g(v/2A(L — 1)) is decreasing on (0, 00) and for
A > 0, the function L ~ (L — 1)g(v2X\(L — 1)) is increasing on [1, +00). Thus, L + \x(L) is an

increasing function for all 1 < k& < K. Since it is bounded by %(p —-1- (k: — %)2 72), it converges

to some limit Ap° € (%(p —1-k*72Vv0),i(p—1— (k- %)27r2)].

IfA° = %(p— 1— (k — %)2 72), the left-hand term in |D tends to 400 as L — oo whereas

the right-hand term tends to (2)\,‘30)7%. Thus,

e (Yoo1owevo o1 (k1)
k! 2p ™ 72p 2 7T *

Then, since the right-hand side and left-hand side terms in (2.11)) are continuous on each interval
(%(p —1—-k272Vv0), %(p —1— (k- %)2 72)), we obtain that A is a solution of Equation 1)
Moreover one can show that this solution is unique (see proof of Lemma [2.1]).
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Let us now compute an asymptotic expansion of Ay as L — oo. From now, we assume that
k = 1 but similar computations can be conducted for k € [2, K]. Let us recall the definitions
of f and « from Equation (1.30). First, note that 8 > 0 since A\}® > 0. Then, remark that
cos(7) < 0. Indeed, we know thanks to Lemma [2.2| that v € (5, 7) and that

sin(y) = -7 cos(7).
B
Hence, we have cos(y) = —%sin('y) < —%g <0ify e (Z,%] and cos(y) < —3 if v € (3, 7).
Let us now rewrite @ as
2\
M tan (\/p— 1—2)\1> = —tanh (\/2)\1(L— 1)), (2.15)
p—1—2)\
and define h = A\; — A{°. As L — oo, h — 0, so that
1/2
o2 2\ + h) _( 2N )1/2 L+ 5%
p—1—2\ p—1—=2(A°+h) p—1—2X° 1- 2~
p 1

3 2n\ /2 on\? 3 h h
= (v m) (%) =T (e mrem) (1 frvem)

B + 5
(0 () o).

and
tan(y/p—1—2X1) = tan <7 — : + o(h)) = tan(y) — 'y(:(i(’y)Q + o(h).
Then, since tan(y) = —%, we have
2M\1

m tan(\/ P — 1-— 2)\1)

_P v+ 8 1

= (tan(’y) + ( YE tan(vy) — ’YCOS(’Y)2> h+ o(h))

1
1t (307 8 cos)? +8) h olh

- 5 (2 + B%) cos(7)* + 5°) b + o(h)

T Y cos(y)
-1 VP — 1= 2X°)2 4 (2X5°)3/2

_(poo )COS( poo 1)+( 1202h+0(h)
20°(p — 1 = 2A3°) cos(y/p — 1 — 2A9°)

Besides, as x — oo
tanh(z) = 1 — 2e™ % 4+ o(e™ ).

Thus,
tanh(v/2 (L —1)) =1— 2e2V2M (1) 4 o(efzm@*l)).
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Combined with Equation (2.14)), this implies that

02 00\3/2
Qe WVIE-) | o2y _ (P Deos(yp “TZ2XFP 4 @A) o

T O2X®(p—1—2X2) cos(y/p — 1 — 2A°)2

Therefore we get that Lh — 0 as L — +00 and that

e—2V2X1(L-1) 6—2,3(1+%5%+0(h))(L—1) = o~ 2B(L=1) go(1) — —26(L—1) 4 O(e—Qﬂ(L)).

Finally, according to Equation (2.16]), we have

X(p—1— © _ 1 _ )2
M AP = PP 120 cos(Vp — L= 2AF)” opip oy 4 o1,
(p—1)cos(y/p — 1 —2X§°)2 + (2A3°)3/2

2X7°(p — 1 = 2A9°) cos(y/p — 1 — 2A{°)? —0
(p—1)cos(y/p— 1 —2A°)2 + (2A5°)3/2 ’

since cos(y/p — 1 — 2A3°) = cos(vy) > 0. O

Lemma 2.3 (L2-norm of the first eigenvector). Assume holds. As L — oo,

1 (p—1)cos(y/p—1—22)2 + (2A5°)3/2
2./2X%(p — 1 —2X°) cos(/p — 1 — 2X3°)

with

lorl* —

Proof. The L? norm of the function v; is given by

. | _ sin@v/p—T=2x) sinh(2v2X (L—1)) (L—1)
HU1H2 _ / 1)1(.%')2d.%' _ 2v/p—1-2) + 221
0 2sin(y/p —1—2X1)? 2sinh(v/2M (L — 1))

One can show that the first term of this sum tends to

1 (1 _ sin(2y)
2sin(y)? 2y

) and the second one to
% as L — oco. Besides, we know thanks to Equation 1' that sin(y) = —% cos(y). Therefore,

Ly osiny)y 1 1pE (1omRe
2sin(7y)? 2 28 242 cos(7)? 25
- 1572 1+ cosé’y) i

= 292 | ez | T 28

1B (B +cos(y)? 1

- - + =

272 \ etz )t 28

1

— 5T cos( 2 ((v* + B?) cos(7)? + B?)

1 (p—1)cos(y/p—1—22)2 + (2A3°)3/2
2/20%(p—1—2X°) cos(y/p — 1 — 223°)
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Corollary 2.1 (Asymptotic expansion of the maximal eigenvalue). Assume holds. There-
fore, we have

B —28(L—1 -
A A\ ( ) 4+ 26L 2.17
1 l LhHl Hvlﬂze ole ) ( )
— 00

as L — oo.

This expansion yields the following remark, that will be extensively used throughout this
paper.

Remark 2.1. Assume holds. There exist C1,Cy > 0 such that for L large enough,
C1ePt < sinh(v/2M (L — 1)) < Coell.

More precisely, there exists a positive function ny, such that n, — 0 as L — oo and

sinh(v/2A1 (L — 1)) = %(1 + o(1))eP =D,

One can also deduce the following remark from the fact A\; 7 A{° and that vy € (g, 7[‘).

Remark 2.2. Assume holds. Therefore, there exists a positive constant C' > 0 such that,

for L sufficiently large,
sin(v/p—1—2\;)
VP — 1-— 2)\1

Indeed, the left-hand side term increases to Sinv(v) = —% cos(y) as L /* 4o00. Besides, v € (5, )
and cos(y) = —gsin('y) < —%g <0ifye (3,25] and cos(y) < —5 if y € (3, 7).

> C.

The following lemma compares the eigenvectors (v )x>2 with the eigenvector associated with
the maximal eigenvalue \; in the pushed regime. The proof of this result is given in Appendix [B]

Lemma 2.4. Assume holds. Let K the largest integer such that

1\ 2
p—1><K—2> 2.

There ezist Cy, Cy,Co,C3,Cy > 0 such that for L large enough and x € [0, L], we have

[o1][ = Co,
vk (2)| < CyePL Ul(x)’ ke{2, ., K},
[[vkl o1

||'Uk||2 > (b, ke {2, ...,K},
|ve ()] < Cyv/p— 1= 2, €L vi(z) k> K
[[vgl [oa]|” ’

Cy
2> k> K.

102 VR - D Asin(v - T
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Remark 2.3. If holds, then K = 1. Indeed, if holds, \3° < 15 (see Section [1.5)
and according to Lemma |2.1], we have

9
p<1+7r2+2)\1<1+7T2+2X1’°<§+772(z11),

since Ay increases with respect to L. Therefore, p < (2 — 5)2 % = %7‘(2 (~22) and K < 2.

2.2 Heat kernel estimates

Consider a dyadic branching Brownian motion with branching rate r(z) and particles killed at
both 0 and L (and no drift). Suppose that there is initially a single particle at = in the system.
Recall from the Many-to-one lemma and the definition of ¢ (see Equation (B])) that the
density of particles in the system at time ¢ > 0 is given by

oo
wlw.y) = 3 T @), (218)
2 T

where the functions (vy) are defined by Equation . We also recall that ¢; is the density of
the BBM in the sense that the expected number of particles in the Borel subset B C (0, L) at
tis fB qt(x,y)dy. In Lemma we prove that the first term of the sum in Equation in
dominant when ¢ > L, using the estimates given in Lemma[2.4] From this perspective, we define

ur(z,y) = ‘|Ui|’2€>‘1tvl(az)vl(y). (2.19)

In what follows, C' is a positive constant whose value may change from line to line. The following
result holds under assumption (H,sp)) and the computations conducted in the proof are valid as
long as K > 1.

Lemma 2.5. Assume holds. Therefore, there exists a constant Co > 0 such that, for
t > 1, L large enough and z,y € [0, L], we have

lqe(%,y) — wi(z,y)| < M(t, L)u(z,y), (2.20)
with )
M(t, L) = Cy (eW*%”Qt + LezﬁL’iA?ot) . (2.21)
In particular, there exist C,Cy > 0 such that for L sufficiently large and t > CsL,
’%ﬁ(‘rv y) - ’U,t(l’, y)’ < eiclLut(x7 y) (222)
Proof. First, note that
K 1 [e'S)
gr(x,y) — wi(w,y) = Y e op(@)o(y) + D s o (z)vk(y) = S1+ Sa. (2.23)
2 o 2 Tl
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Besides, recall from Lemma [2.1] that for L large enough and k > 2

Sp2 if K>2
Al—Ak>{§Z’ ' ’ (2.24)

i K=1.

According to Lemma for L large enough and k € {2,..., K'}, we have

1 -
Torl2 ok (2)or(y)] < Ce* Mty (2, y).

Therefore, using (2.24)), we get that
[S1] < CKeQBL_%WQtut(x,y). (2.25)

Let us now estimate the quantity Sy from ([2.23]). According to Lemma for L large enough
and k > K, we have

ol e (@)ok(y)| < Ce*PL M (p— 1 — 2X ) w(z,y). (2.26)

Besides, we know thanks to Lemma that for 4 > 0 and N;_1 < j < N;, we have

—A; < )\KJrj < —A;_1.

Hence,
oo
S3 = Z (p—1—2X\)e (A—Ax41)t _ Z Z 1 2)\K+j)E(AKijf)‘K“)t(Q,Q?)
k=K+1 20 j=N,_ 1+1
00 N; 00
< Z Z p + 2A OA(AO*Aifl)t — Z(Nz _ Ni—l)(p + 2Ai)60/\(A07A¢,1)t‘
1=0 j=N;_1+1 i=0

In addition, we know (see Lemma that

2
p+24; = <K+;+i> ,
N;—Ni_; = {(LT_FD\/E—;JH—VL;D Ail—iJ—(z’—l)

< %(\/E—\/E)H,

A — A1 A —Ai
VA — VA1 = < )
' VA + VAo VAo

1
Ai— A = §(K+1+i)<0(z’+1).

foralli > 1. For i =0, Ny — N_; = L= 1\/ . Therefore, for all ¢ € Ny, we have

N; — Ni—1 < CL(i +1). (2.28)
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Moreover, for all + € N,

2(Ag — Ai_1) = (K+;>2— (K—i—;—l—i—l)z——Q(i—l) (K+;) — (i —1)?
< —(i—-1)>2 (2.29)

Combining Equations (2.27)), (2.28) and (3.12)), we obtain that for sufficiently large L and ¢ > 1,

o0 1 2 ]
S3 < CL (1 +) (i+1) <K +5+ 2) e—é<l—1>2t) < CL. (2.30)

=1

Therefore, this estimate combined with Equations (2.24]) and (2.26]) gives that for L large enough
and t > 1, we have

)\OO
|Sy| < Ce?PlePrri—Atg, < CLezBL_%tut(x,y). (2.31)
Finally, Lemma ensues from Equations (2.25)) and ([2.31]). O

Remark 2.4. Under Assumption , the sum S in Equation (2.23|) is empty and one can
conclude using (2.31]).

2.3 The Green function

In this section, we assume that (H,sp)) holds and we consider a dyadic branching Brownian motion
with branching rate r(zx), drift —u with

p=~/1+42A3°,

in which particles killed at 0 and L. We recall from Many-to-one lemma and Equation ([1.18))
that the density of this BMM is given by

H2t

pe(z,y) = eu(x_y)€%_7 @z, y) = eu(z—y)e—A;’tht(x’y)’ (2.32)

where ¢ is defined in Equation (2.18). This section is aimed at controlling the integral of the
density

/0 ps(@, y)dy. (2.33)

Indeed, the leading order term in the formula given by the Many-to-two Lemma will be the
double integral. More precisely, we will have to estimate the quantity

[ [ nemeonwas = [ @nw)?] [ )

To this end, we will introduce the Green function associated to the operator L = %A +uV+r(x)
on the domain Dy, = {v € C!([0, L]) : v(0) = v(L) = 0}. Let us first introduce the Green function
H associated to the operator T from (12.1)). Following the definition given in [Pin95|, if B; is a
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one-dimensional Brownian motion without drift starting from x and 7 = inf{t : By ¢ (0,L)},
then for all bounded measurable functions g,

e [T ([ 180 3 an) o] = [ Gt

By the Many-to-one Lemma this definition is equivalent to

H(z,y) = /OOO qi(z,y) dt.

Similarly, one can define the Green function associated to the operator T — A,

H)\(m,y) = / e_Atqt(:E7y) dt.
0

Therefore, we know thanks to Equation ([1.18)), that the Green function associated to the operator
L — £ is given by

Ge(m,y) = /0 e py(z,y) dt

0
= 6“(z_y)HA<f°+§($,y)-

A first idea to estimate (2.33) would be to bound it by Go(z,y) as in [BBS13]. However, to get
a finer estimate of (2.33)), that depends on ¢, we rather consider the function G¢ and point out
that

t o0 oo,
| peas= [ peptiepads < [T plnads < cGywy). (230
0 0 0

Therefore, we will first explicitly compute the function G¢ following the method introduced in
[BS12, Chapter II,11.]. Then, in Lemmas and we bound G¢ for different values of &.
Equation (2.34) suggests that £ is a small positive number, which tends to 0 as ¢t — oc.

We now introduce some notations that will be used in the following lemmas. For £ > 0, we
set

F&) = V2&sin(v/p—1-28) +/p—1—2Ecos(y/p— 1 —2¢),
9(§) = V2&sin(y/p—1-28) —\/p—1—2Lcos(y/p— 1 —20), (2.35)
we = [(€eVEETY 4 g(g)emVEED,

We recall that A7 is the unique solution of Equation ([2.14) such that

y=\p-1-2A7 € (gﬂ

Therefore, f(A$°) = 0 and g(A®) > 0. Furthermore,

(14 /235) sin(4/p — 1 — 2A9°) B cos(y/p — 1 —2X7°)
! V20 Vp—1—22%

14+ /2X°)(p—1
—( il G )cos(\/p—l—Z)\Cfo)>O.
AT /p— 1 — 2N
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Let ¢¢ and ¢ be solutions of

Tu=—u"+ <’I"(ZL‘) - ;) u = &u,

such that ¢¢(0) =0 and 9¢(L) =0. If 0 < ¢ < %, there exists some constants A, B, C, D such

that
(2) = sin(vp—1—-28x) x€]0,1]
P T eV + Be V& g cl,L],
and

be(2) Ccos(v/p—1—28x)+ Dsin(y/p—1—2x) =€ [0,1]
xTr) =
¢ sinh(v2E(L — z)) z el L)
Since 1¢ and ¢¢ are continuous and differentiable at 1, the constants A and B satisfy
sin(y/p— 1 — 26) = AeV2 4 Be V%
Vp—T—2€cos(v/p — 1 — 28) = v/2§(AeV® — Be V),
and similarly, the constants C' and D are solutions of
Ccos(vp—1—28) + Dsin(v/p — 1 — 2§) = sinh(y/26(L — 1))
Vp—1-=28(—Csin(v/p—1 -2+ Dcos(v/p — 1 —2¢) = —/2€ cosh(v/2¢(L — 1)).

Hence, we have

A= 7% (sin(p— T-26) + Yl E cos(vp—T- %)) = 512 f(€)e ™V
B= eéﬁ (sin(\/p— 1-28) — ¥ —= 1 2 cos(vp—1— 25)) 2fg(§)e‘ﬁ

C = cos(v/p—1-2¢) sinh(\/ﬁ(L 1))+ == = 1 = sin(y/p — 1 — 2€) cosh(1/2€)
D =sin(v/p — 1 — 2€) sinh(v2E(L — 1)) — W\fi% cos(v/p — 1 — 2€) cosh(y/28).
Therefore, the functions ¢¢ and )¢ are given (up to a multiplicative factor) by
sin(v/p—1—28x) € [0,1]
pe(x {2\}% (f(g)e\/%(xq) +9(6) \/2(%1)) 1, 1, (2.36)
and
sinh(v/26(L — 1)) cos(v/p — 1 — 2&(x — 1))
e(x) = —Vfi{% cosh(v2E(L — 1))sin(v/p =1 = 2&(x — 1)) z € [0,1], (2.37)
sinh(v/2&(L — x)) x € [1,L].
The Green function is then given by (see [BS12|, Chapter II)
o)Lt (E=Y) )y oo -
e =T e VL e

with we = v ()} (x) — U (@)pe () = F(E)eVEED 4 g(g)emVELD),

The two following lemmas will be used in the following sections to control the fluctuations
of the system. Their proofs can be found in Appendix [C]
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Chapter III. Particle systems and semi-pushed fronts

Lemma 2.6. Assume holds and let £ : (1,00) — (0,00) be a function such that (L) — 0
and E(L)L — 0 as L — oo. There exist some constants C,C’ > 0 such that for L large enough,

we have
wageye = C'E(L)e,

and for x € [0, L],
(p,\zfo+5(a:) < C(lAx) <fe’8x + e_ﬁx> ,
w,\go+§($) < C(l AN (L — x))eﬁ(L_””).

Lemma 2.7. Assume holds and let h > 0. Then, there exist some constants C,C" > 0
such that for L large enough and & = %,

!
h
Ch L.

WAFHE Z 5T

and for x € [0, L],

3 BBM in an interval: moment estimates

In this section, we assume that (H,p|) holds and we consider a dyadic branching Brownian motion
with branching rate r(x), drift —u with

= /1+ 2,

and particles killed at 0 and L. We recall from Section that the density of particles at y at
time t is given by

pt(IE? y) = eu(m—y)+(%—u2/2)tqt(x7 y) = eu(x_y)_ATtht(l'v y)a

where ¢ is defined in Equation (2.18]). We denote by ./\/'tL the set of particles alive in this system
at time ¢ and we define N/ = |[N/|. For a particle v € N, we denote by X, (t) its position at
time t. We then define the processes Z;, Y; and Y; as follows:

Zi = 3 O (X (1), (3.1)
veENE

i = ) (X)) A1)ere0-1) (3.2)
veNE

Y, = Z eHXo(®)=L) (3.3)
”UENtL

with
wi () = sinh(y/2A1 (L — 1))vy (2), (3.4)
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Section 8. Branching Brownian motion in an interval: moment estimates

and v is the eigenvector associated with the principal eigenvalue A1 such that v;(1) = 1, defined

by Equation ({2.9).

In Section we estimate the first moments of the processes (Z{);~o and (¥;)¢o under
(Hpsp). In Section we bound the second moment of (Z/)¢~¢ under (Hyyp). The main tools

used in the proofs of the following lemmas are the estimates on the heat kernel, established in
Lemma [2.5] and on the Green function, established in Lemma [2:6]

3.1 First moment

Lemma 3.1. Assume holds. There exists C' > 0 such that, for L large enough, we have
wi(z) < C(z A1)sinh(v/2A (L — z)) < C(x A1) sinh(B(L — z)),
for all x € [0, L]. As a consequence, there exists C' > 0 such that, for L large enough, we have
vi(z) < Oz A1)e P2,

for all x € [0, L].

Proof. Remark that for = € [0, 1], we have sin(v/p — 1 —2\z) < v/p — 1 — 21z, so that

w(a:)< \/p—1—2)\1 \/p—1—2)\1
s sin(v/p—1—2\1) sin(v/p—1—2\1)

Remark combined with the fact that A\; is an increasing function of L then yields the first
part of the lemma. The second part follows from Remark [2.1] ]

zsinh(v/2M\ (L — 1)) < zsinh(v/2A (L — z)).

Lemma 3.2 (First moment of Z;). Assume holds. Let t > 0. For sufficiently large L,

E[Z] = e 2,
Proof. By definition of Z], we have
L
E.[Z)] = / pi(z,y)e! VP (y)dy
0

L
= e”(m_L)€_>\TOt/O qt(, y)wi (y)dy.

Yet, w; is an eigenvector associated with the simple eigenvalue A; of the operator T, and ¢ (z, y)
is the fundamental solution of
Ou="Tu
(B) {

u(0) =u(L) =0.

A

Therefore, fOL qi(z,y)wi (y) = e~ *tw; (z), which concludes the proof of the lemma. O
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Chapter III. Particle systems and semi-pushed fronts

Lemma 3.3 (First moment of Y;). Assume holds. There exist Cy,Co > 0 such that, for

L large enough, t > CoL, we have )
E[Y}] < Cie PLZ).

Corollary 3.1 (First moment of ;). Assume holds. There exist C1,Co > 0 such that,
for L large enough, t > CyL, we have

E[Y;] < Cre PEZ).
Proof of Lemma[3.3 According to Lemmas [2.5] and [2.3] there exist Cq,C2 > 0 such that for L
large enough and ¢t > CsL, we have
pe(a,y) < CretEW M=y, ()0, (y).

Thus, we get that, for sufficiently large L and ¢t > C5L,
L . L
E.[Yi] = / W Bpy(a, y)dy < Cet" Py, (z)eM1 A7) / vi(y)dy.
0 0

Recalling from Remark that v1(y) < Ce ™ for all y € [0,L], we get that fOL v1(y)dy is
bounded by a constant (the integral converge to a positive limit by the dominated convergence
theorem). Therefore, using that A\; < A°, we get that for L large enough and ¢ > CoL,

E.[Yi] < Cet®= Dy (2).

Remark [2.1] then yields the lemma. O

3.2 Second moment

Lemma 3.4 (Second moment of Z}). Assume holds and let u : (0,00) — (0,00) be a
function such that u(L) — oo and w(L)/L — oo as L — oo. There exists C > 0 such that for L
large enough, we have

E[(Z)?] < C (uefng + Yo) .

Proof. By the Many-to-two Lemma and Lemma [3.2] for all ¢ > 0, we have

T = E[(Z,)%
i i L u
= E. | Y O (X (u)? ] +2 / / r()ps(z, y)EyZ]_ ) dsdy
_UENL | 0 0
i i L u
< B | Y ey (X, (u)? | +2p / / ps(a, )Wy (y)?dsdy . (3.5)
_’UENL ] 0 0

—. T1 = T2
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Section 8. Branching Brownian motion in an interval: moment estimates

We first bound 7. According to Lemmas [2.3] and 2.5] there exist C,Cy > 0 such that for all
L > 1 large enough and t > C5L,

pel(z,y) < CretE0 M=y, (), (y).

Therefore, for L large enough and a time u = u(L) > CyL, we have

L
T = / pal, )Py (y)2dy
0

L
< Qe Ay, (2 sinh(y/2A (L — 1)) " / MU Bwy (y)dy,
0

L
< Cet Ly () sinh(v/2M (L — 1))_2/ eBB=mL=y) gy
0

where the last inequality comes from Lemma Since p > 303 the last integral is bounded by
a constant. Finally, Remark [2.1] gives that

Ty < Ce* B sinh(v/2X (L — 1)) 2wy (z) < Ce 2PLer@=Ly (2). (3.6)

Let us now bound the quantity Tb. First, recall from Equation (2.38)) the definition of the
Green function:

61t < [ T O @) 2y
1{z,y e _
. WA;+leu<m y)l/,wﬁ(y)%%%(x) y >,

where Proot 1 and 1#)\?0 41 are given by Equations 1} and 1) in Section and from

Equation (2.34]) that
u
/ ps(z,y)ds < eG1(z,y).
0 u

Therefore, we have

L u
T = / / P, 9)e Py (y)?dsdy
0 0

=: A(z)
L
+ e“(mL)¢Aw+1($)w;T1°+1/ e (y) a1 (y)dy (3.7)
=: B(x)
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Chapter III. Particle systems and semi-pushed fronts

According to Lemma (applied to £ = 1) and Lemma there exist some constants (inde-
pendent of x and L) such that,

Prepi(@) < CAAZ) (ieﬁueﬁw), (3.8)
Uyep1(@) < C(1A (L —z))eP =), (3.9)
w;;+% < Cue PE, (3.10)
wi(z) < C(1Az)PE), (3.11)

Therefore, we get thanks to Equations (3.8)), (3.10) and (3.11]) that

Alz) < CeB—mL </m e(u—ﬂ)ydy+u/x e(“_3'8)ydy>
0 0
< C ((1 A z)eBmE=2) |y A m)e(i’)B—u)(L—w)e—%L)

< C(LAz) (e(ﬁ—*‘)@—@ + ue—m) , (3.12)
since u > 3. Equations (3.9), (3.10) and (3.11]) give that
K g

L
< Cue®WEAN (L - 2))e" 3O = Cu(1 A (L — x))e P (3.13)
Therefore, combining Equations (3.9) and (3.12), we have

Ureoy 1 (1) A(z) < C(LAT A (L — ) (1 n ue_Z'BLeB(L_I)) , (3.14)

and Equations and implies that
1 (1)B(@) < CULATA (L —2)) (1 n ue*meﬁ@*w)) (3.15)
We now need to prove that
(LAzA(L—2)PE) < Cw (). (3.16)

To this end, we distinguish 3 cases:

e Suppose z € [0,1]. Recall that for L large enough, v/p — 1 —2X; € (5, ), therefore, by
concavity, we have sin(v/p — 1 — 2 \1z) > sin(v/p — 1 — 2A1)z. Thus, using Remark we

get that

wi(x) = sin(v/p — 1 — 2\ix)
! sin(v/p — 1 — 2A;)

> C.’xeﬁ(L—w),

so that (3.16) holds in [0,1].

sinh(y/2A1 (L — 1) > zsinh(y/2A\1 (L — 1) > Czel
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Section 4. The particles hitting the right-boundary

e Suppose x € [1,L — 1]. Then, w;(z) = % (em(L*x) _ e*\/le(L*x)> and

wy ()e Bl = 1(4%—5)@-@_6_(m+ﬂ)(L_x)>
2
> %(Wﬁ—m_e—(mw))_

Recall from Lemma that (v2A — B)L — 0 as L — oo. Besides e~ (V2\H+8) < 1,
Therefore, for L large enough, e(V2A=A)L _ e~ (WAMHAL 5 ¢ for some C' > 0 and 1}
holds in [1, L — 1].

e Suppose z € [L — 1, L]. By convexity, we have

wi(z) = sinh(v/2A\ (L —z)) > sinh(v/2A)(L — 2) = C(L — z) > C(L — z)e’
> CO(L—x)ef )

which concludes the proof of (3.16)).

Finally, combining Equations (3.7)), (3.14)), (3.15) and (3.16|), we have

Ty < Cell=1) ((1 Az) + ue*QﬁLwl(x)) . (3.17)

Equations (3.6) and (3.17)) yield the lemma.

4 The particles hitting the right-boundary

In this section, we are interested in the number of particles killed at the right boundary in a
BBM with branching rate r(x), drift —u and killed upon reaching 0 and L.

Let us denote by R(S) the number of particles killed at the right border L in the time
interval S, for a measurable subset S C [0, 00). In this section, we estimate the first moment and
establish an upper bound on the second moment of the process (R([0,t]))s>0, under the same
assumptions as in Section |3 that is, under for the first moment and for the second
moment.

In order to bound the expectation of R(S) for a measurable subset S C (0,00), we first
consider the case of S C (0,00) such that inf(S) > CL (Lemma and use the estimates
established in Lemma [2.5] We then bound the expected number of particles killed at the right
boundary in a time interval of the form [0, CL] (Lemma [4.2)), thanks to the Green function and
Lemma [2.7 We finally combine these two estimates in Lemma [£.4] The second moment of the
process (R([0,t]))t>0 is then upper bounded in Lemma with a similar argument as for the
process (Z}).

In order to apply these results, we define
1

oy O
_ = —ACs
I(IENS')_ 2/56 1 8st(xay)|y:Ld57
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Chapter III. Particle systems and semi-pushed fronts

and denote by ¢(5) the following integral:

0S) :/eﬁle"ﬁds. (4.1)
S
First, remark that
(S) < A(S), (4.2)

where A(S) refers to the Lebesgue measure of the set S.

4.1 First moment

First, we claim that

EL[R(S)] = —— / (,f pa(@, ) yerds = D I(, S). (4.3)

Indeed, this means that the density of particles hitting L at time s is equal to the heat flow of
ps out of the boundary L at time s. This result is classical but it is difficult to find a complete
proof of this fact in the literature: see [IMJ74, p.154] for an early appearance of this fact or
[Gar85, Section 5.2.1] for a non-rigorous proof of this result. Hence, it is sufficient to estimate
the integral I(x, S) to estimate the first moment of R.

Lemma 4.1. Assume holds. Therefore, there exist C1,Co > 0 such that for L large
enough and inf(S) > CyL,

[I(2,S) = g(L)e(S)wi ()] < e~ PEg(L)wi (@),

with

o(0) = Y2 (L - 1)

2Morf2”
Remark 4.1. According to Lemma 2.5 and Remark[2.1], for L large enough, we have

g(L) < Ce 2L,

Proof. The proof of this result is very similar to the one of Lemma
Since the sum is uniformly convergent for s > inf(S) > 0, we have
U = I(z,8)— g(L)wi(x) / eM=AT)s g

S
K

vk (@) e(Me—A)s
= ds+
2 o “Toell® Js Z

) / c=AP)s g
i ot ” k”

= U1 ZVUQ

9 \

with gj, := —3v,(L). Note that for all k > 2

N (A—A2°) inf(S)
/e()\k_)‘l )sds < ;’ (4.4)
s AT = Ak
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Section 4. The particles hitting the right-boundary

and recall from Lemma [2.1] and that
Sr20 if K>2
A=Az 8T ’ (4.5)
A if K=1.

According to Lemma , we know that for L large enough and k € {2,...K}, we have

o) (4.6)

()] o 1()
o

lvell®

Then, remark that for k € {2,..., K}, we have

V2 <0, (4.7)

1 2
Ik = S sinh(V2a(L — 1))
according to Lemma Therefore, combining Equation (4.6), Equation (4.7) and Remark

that for L large enough, we have

9k 8L V1 (z) 28L
vp(x)| < Ce < Ce LYwi(x 4.8
s (o)) < e o(Lyw (2) (4.9
Combining Equations (4.5, (4.4) and (4.8), we get that for L large enough and z € [0, L], we
have
U] < CeXPL=37" mS) g (LY (). (4.9)

We now bound the sum Us. According to Lemma [2.4] we know that for L large enough and

[01(2)]
loa ]l

k > K, we have

LN s gy y Wi
ok |

Besides, note that for k > K, we have

1V T
i (VT(L =) < (Vo Iw(L - 1)

so that, according to Lemma |2.4] we have

Ik < op—1—2n
vk

Thus, using Remark again, we get that
UL o= 1 = 2002 g(Lyun (x).

vk ()] 8L
k < C(P —-1- 2)‘]6)6 X
w12 [[oa][?

Hence, we get thanks to Equation (4.4)) that for L large enough,
e e(Ar—AT?) inf(S)

Uz < Ce*E | ) (P—l—QAk)W
i=K+1 L7k

g(L)ws (),
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Chapter III. Particle systems and semi-pushed fronts

We recall that the sum

Z (p _ 1 _ 2)\7:)6()\]67)\](+1)inf(5)
i=K+1

is bounded by a constant if inf(S) > 1 (see Equation (2.30) in the proof of Lemma[2.5). Therefore,
we obtain thanks to Equation (4.5)) that for L large enough and inf(S) > 1, we have

Uy| < CLePPL=AT inf(s)g(L)wl(x). (4.10)
Finally, we obtain the result by combining (4.9) and - O

Lemma 4.2. Assume holds and let a > 0. Therefore, there exists C > 0 such that, for L
large enough and = € [0, L], we have

I(z,[0,aLl]) < C(1Az).

Proof. Note that for all x € [0, L], —%qs(a:,yﬂy:L > 0. Therefore, according to (2.34])) we have,

ol o 0 e 0
I ’07 L) = )\13<_s ’ _ )d < / —A°s—s/aL <_s ’ _ >d
@) = [T (= Ll )as<e [ e Sl ) ds

By definition of the Green function (see Section [2.3)), we have

. - 0
e e T
so that,
o 0
I(‘Ta [O,CLL]) g Ce'u(L ) <_8yGalL ($7y)’y:L> .

We deduce from the explicit formula for the Green function given by Equation (2.38]) that for
0<z< L,

0
L—x _ -1
et )%Gﬁ (z, y)|y=L = (W)\<1>°+ﬁ) WA?"‘*‘& (L)prlxurﬁ (),

with Paeq 1 1/1/\?o+% and Wyeoy 1 defined in Equations , and in Section .

Then, remark that
/
_w)\ixq_ﬁ(L) 2)‘00 + 7 \/ )\Toa

for L large enough. Lemma applied to h = E provides that for L large enough, we have

Wil < CLe PP,
“ago+ L
1
B -8
gp/\?oJrﬁ(a:) < C(lAx) <Le +e $>

Finally, we get that for L large enough,

I([0,aLl]) < C(1 A x) <ef8(x_L) + Le_fBL> < C(1Ax).
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Lemma 4.3. Assume holds. Therefore, there exists C > 0 such that for any measurable
subset S C [0,00), L large enough and x € [0, L], we have

[L(z,5) — g(L)(S)wi(x)| < C((1 A x) + g(L)wi(x)).

Proof. Let a > 0. By definition of I,
I(z,S) =I(z,SN[0,aL]) + I(z,S N (aL,0)).

Then, by triangle inequality, we have

[1(x,5) — g(L)E(S)wi(x)]
< |z, S0 [0,al))| + [I(z, SN (al, 00)) = g(L)E(S)wi ()]
< |(z,SN[0,aLl))| + |I(z,SN (aL,00)) — g(L)¢(S N (aL,o0))wi(x)]

+9(L)wr(z)[£(S N (aL,00)) = £(S)].

The second term can be bounded thanks to Lemma there exist C1,Cy > 0 such that for L
large enough and a > Oy,

1I(2,5 N (aL,0)) — g(L)(S N (aL,c0))w ()| < e~ Eg(L)wy (z).
For a = C5 + 1, we know thanks to Lemma [£.2] that there exists a C5 > 0 such that
[I(x,SN[0,aL])] < C3(1 Az).

Finally, remark thanks to Equation that

g(Lywn (@)[£(S N (aL, <)) — (S)] < £([0,aL))g(Lywi(x) < aLuwi (x)g(L),
and that according, to Lemmas and Remark [£.1] there exists Cy > 0 such that

Lwi(z)g(L) < Cy(1 Ax).

This concludes the proof of the lemma. O

Lemma 4.4. Assume holds. Therefore, there exists C' > 0 such that for L large enough
and s <t € R, we have

[E[R([s, t])] — ([s,t])g(L) Zo| < C(Yo +9(L)Z),

with
1v2)\ _
g(1) = 5= sinh(v/2X (L - 1)
[[o]]
Proof. The lemma follows directly from Equation (4.3)) and Lemma O
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4.2 Second moment
Lemma 4.5. Assume holds and let u : (0,00) — (0,00) be a function such that u(L) — oo
and w(L)/L — oo as L — oo. There exists a constant C > 0 such that for L large enough,

E [R[zo,u}] —E [Rppu) < C (1+9(L)*u?) (Yo + ue " Zp). (4.11)

Proof. Standard moment calculations [[INW69, Theorem 4.15] give

L u
€, (RO = ERODI+2 [ [ (o), [Rs ) dsdy

L u
< Eo[R(0,u)] +p / - / Pl [A(fs. ] dsdy.

Besides, according to Lemma and Equation (4.2)), there exists C' > 0 such that for L large
enough and s < u, we have

Ey [R([s,u])] < Ce*V™ (1 Ay) + g(L)(1 + (u = 5))wi(y))

Then, using that (a +b)% < 2a? +2b%, (1Ay)2 < 1and 1+ (u—s5)? < 1+u? < Cu?, we get that
for L large enough, we have

E, [R(0,u)?] < E.[R(0,u])] (4.12)

L u L u
v c /0 2y=L) / sl )dsdy (L) /0 21L) g ()2 / (o y)dsdy

= Ul = U2
Then, as in the proof of Lemma [3.4] we bound the integrals U; and U, using the estimates made
on the Green function in Section [2.3] First, we recall that for all u > 0, we have

/ ps(z,y)ds < CG1(z,y).
0 u

Therefore, as in Equation (3.7]), we have

L u
Uy = / e2#=1) / ps(x, y)dsdy
0 s=0
T L
< Ce#(m—L)w;%+% <¢A?°+i(5“)/0 eu(y—L)(pATo+i(y)dy+@ATOJri(x)/z e#(y—Lw)\?oJri(y)dy)’
— Bl+BQ, (413)
and,
L u
Vs = [0 D) [ peg)dsdy
0 s=0

< Ce“(x_L)W;%Jr; <¢A§°+i($)/0 eu(y_L)wl(y)zwxmi(y)dy

L
o @ | e“@”w%(y)wmi(y)dy).
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Section 5. Descendants of a single particle

Note that Us has already been estimated in the proof of Lemma (see Equations (3.7)) and
(3.17)). In particular, we know that for L large enough, we have

Uy < Cete=D) ((1 A ) +u*26Lw1(x)) . (4.14)

Then, following the proof Lemma we use Equations (3.8)), (3.9) and (3.10]) to bound U;. We
get that for L large enough, we have

B, < C(A(L-x))eteLyeba / " 1) (i By +65y> ay
< Cl@A1A(L- (z—L) (eu a=L) | yeln— zmzewL)
< ClzALA(L—2) )(1+ue—2BL>
< ClanIA(L-u) IL)<1+ue 2BL .8 Lx))

where the two last inequalities come from the fact that (u —28)z < (u —28)L and 1 < AL—%),
Similarly, we get that for L large enough,

L
By, < (C(1 /\x)e“(x_L)e_ﬂL (e&’” —|—ue_5z) / e(u—ﬁ)(y—L)dy

T

< CAAzA(L—x))e BBl (eﬁx + ue‘ﬁr)
< C(LAzA(L—x))e@D (1 + ue*%Leﬁ(L*@)
We then recall from Equation that (1 Az A (L — z))e?E=%) < Cw; (), so that
By + By < "D ((1 A z) + ue™ 2Pl (2)). (4.15)
Therefore, combining Equation (4.12)), (4.13]), (4.14) and , we have
E, [R(0,u))?] < Ex [R(0,u])] + Cer@=D(1 + g(L)%2)((1 A ) + ue Ly (z)),

which concludes the proof of the lemma. O

5 Descendants of a single particle

In this Section, we assume that ) holds and we Con51der a dyadic branching Brownian
motion with branching rate 2, drlft — (see Equation (|1 ) starting with a single particle at
0 and killed at —y. Since p > 1, we know that this process goes extinct almost surely [Kes78|.
Therefore, we can define Z,, the total number of particles killed at —y in the BBM. It was
shown [Nev88| that the process (Zy)y>0 is a supercritical continuous time branching process.
In this section, we investigate the asymptotic behaviour of the branching process (Z,) as y
goes to infinity. As explained in Section this quantity is strongly related to the number of
descendants left by the early founders from [BHK20] and dictates the genealogical structure of
the population.

Lemma follows from the uniqueness of the travelling wave solutions of Kolmogorov’s
equation and Karamata’s Tauberian Theorem (see Theorem 8.1.6 of [BGT89]).
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Chapter III. Particle systems and semi-pushed fronts

Lemma 5.1. Assume holds. There exists a random variable W such that, as y — oo,
e_(“_ﬁ)yZy - W a.s. (5.16)

Besides, we have E [exp (—e *"W)] = ¢(u), where ¢ : R — (0,1) solves Kolmogorov’s equation

1 1 r_ 1 -
§¢ — pg = §¢(1 d’) (5'17)

with limy_, o ¢(x) = 1 and limy_, 1o ¢(x) = 0. Besides, there exists b > 0 such that as A — 0,

we have
E [e*AW} = exp (—A + bAY + 0(A%)) | (5.18)

with « from Equation .

Proof. First, note that Z, has the same law as the number of “first crossings” of the line of
equation ¢t +— y 4+ ut in a branching Brownian motion with branching rate %, no killing and no
drift. For this BBM, we denote by N; the set of individuals alive at time ¢ and for v € N, by
X,(t) its position at time ¢.

Equations (5.16|) and (5.17) are a consequence of the uniqueness (up to translation) of the
travelling wave solution of Equation (5.17). Indeed, let A = p — 8 and define

LAV
vENt

This process is a positive martingale so that it converges almost surely. We denote by W () its
limit. It was shown [Nev8§| that this convergence also holds in L.

We can then deduce from [Cha91] and [Nev88| that W;(A) and e=2YZ, have the same limit
W in L' (up to a multiplicative constant) and that

E [exp (—e "W)] = ¢(u).
Besides, note that we can also deduce from [Cha91] that the two limits are equal almost surely.

The second part of the lemma can be deduced from Theorem 2.2 of [Liu00]. We consider
the branching Brownian motion at discrete times. This leads to a branching random walk and
for all # € R, one can define the additive martingale W,,(6) as follows:

W, (0) = Z e~ 0Xv(n)—nep(8)

’UENn
with
62 1
©(0) =logE Z e 0% = 5 T3
veEN
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Section 6. Small time steps

Theorem 2.2 of [Liu00] states that if for some p > 1,

P
o(ph) = pp(0), E Z (efHXvﬂp(G)) log*t <670va<,0(0)> < o0,
_UGNl
i P
and  E|| Y MmO <o, (5.19)
veN

then W (#) “= lim,,_,o Wy () is such that as x — oo,

P(W(0) > z) ~ % (5.20)

for some [ > 0. Note that the first condition of ([5.19) implies that

1

P2 +1=pH+1)=p= 5

Besides, one can easily prove that the two following conditions hold. For § = A, one obtains that
2

p = 1/&2. Moreover, note that A is the smallest root of % — ud + % The second root of this

polynomial function is A = p + 3 and we have A = 1. Therefore, for § = \, we have

_1 A
P=13=3

_Ht+B _
pw—_3

Finally, one can deduce from Equation ([5.20) and Theorem 8.1.6 of [BGT89] that as A — 0,

a> 1.

E [e**W@} =1— E[W)] A+ DAY + 0(\),

m

with b = =T —%) > 0. Hence, the same expansion holds for W and since E[W] = 1 (the
convergence ([5.16)) also holds in L!) and a € (1,2), we have

E [e_/\w} =exp (— A+ XY + o(N\Y)).

6 Small time steps

In this section, we assume that holds and consider the BBM absorbed at 0, with branching
rate r(z) and drift —p (see Equation (1.20)). We recall that N is the set of particles alive at
time ¢ > 0 in the BBM with absorption at 0 and that N refers to the set of particles whose
ancestors stay below L until time ¢t. We also denote by L the set of particles that hit L. We then
define the function z such that

2(z) = T Dy (z), Vo e|0,L],

131



Chapter III. Particle systems and semi-pushed fronts

where w; is defined in Equation (3.4)) and recall the definitions of the processes defined in the
previous sections:

Zy = Z 2(Xo(t))1x, weo,r) = Z X0 O=Lhy (X (8) Lx, (1)fo.1)
vEN: vENY

Zyp=Y a(X,(t) = Y et Dy (X, (1)),

veENFE veNE

Vo= D0 (Xu(t) A1)ere 070,
UEML

V= 3 en0-0),

UEML

Morevover, we consider a quantity A that goes slowly to co as L tends to infinity. In other
words, we first let L — oo, then A — oo and we denote by

e ¢, a quantity that is bounded in absolute value by a function h(A, L) such that

VA>1: lim h(A,L)=0,
L—o0

e £, a quantity that is bounded in absolute value by a function h(A, L) such that

lim limsuph(A, L) = 0.

A—=00 [so0

We set A > 0 and consider a function § = (0,00) — (0, 00) such that §(A)e*#4 — 0 as A — oo.

We also fix a time 7 > 0 and consider 6 € (0,0(A)) such that 7 (0625A)_1 € N. We then set
K € N such that 7 = Kfe?’4 and define a sequence of discrete times (tx)K_ | such that

t, = ke2BL+A)

In what follows, the symbol O(-) denotes a quantity bounded in absolute value by a constant
times the quantity inside the parentheses. The constant in this definition and the functions h
defined above may only depend on A and 6.

The goal of this section is to prove the following proposition.

Proposition 6.1. Assume holds and let A > 0. Uniformly in A < A and in 0 < 6(A), on
the event {Vv € Ny, , X,,(tx,) < L}, we have

e—(u—B) —(u— (e
Ele ™" P21 |ftk} = exp ((—)\+0(C)\O‘+€A,L))e (n ﬁ)AZtk+O(e (n ﬁ)AYtk)).

As outlined is Section [I.5] the proof of this result is divided into two steps: we first estimate
the contribution of the particles that hit L (Lemma and we then combine it with the estimates
on the BBM killed at 0 and L (Section [6.2)).
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Section 6. Small time steps

We end this paragraph by recalling two results from Sections [2 and [4] that will be needed
in the following proofs. First, recall from Corollary that

o _ —28(L—1 —98L . B I3
)\1 — )\1 = —ae ﬂ( ) + 0(6 ), Wlth a = W, (61)
L—oo
and that g(L) from Lemma [4.4]is such that
1
g(L) = =(a+e) sinh(v/2A (L — 1)) 72 = 2a(1 4 e )e 2L, (6.2)

2
according to Remark [2.1]

6.1 The particles hitting L

Lemma 6.1. Assume holds and let A > 0 and y : (0,00) — (0,00) be a function such
that y(L) = o(L). Uniformly in A < A, in 0 < 0(A) and u € [tg, tr11], we have

E(L-y,m [B_AZ”@“} = exp <;(1 +0(0e*74) + eL)e—W—B)y) .

Proof. On the event {R([u,tr41]) = 0}, Z, = Z, for all t € [u,t,1]. Thus,

N

P—yw) (R([u,trs1]) = 1)

< E(L—y,u) [R([u, thrl])] ) (63)

‘Eu—y,u) [642”““} — By [6”“““]

by Markov’s inequality. Thus, according to Lemma |4.4

€ty LR, tia)] < C (LI, b — ) (L — 9) + ) < COPH2(L — y) + ),
(6.4)
since £([u, tpp1]) < tpa1 — u < 02PE+A) and g(L) < Ce 2Pl according to Remark . Besides,
Lemma [3.2] and Lemma [3.4] give that

E(z—yu) [Z;kﬂ] = eo‘l_)‘(l)o)(tkﬂ_“)z(L ), (6.5)
E by |(Z)?] € Clltinn —we 2 E2(L = y) + (LA (L= y))e ™)
< C02P22(L —y) + (LA (L —y))e ™). (6.6)

According to Equation (6.1)), (A; — A\;®) (tg41 —u) = O(Ae?P4), therefore, Equation (6.5) becomes

Eiey) [Z;W} = (1+0(0e¥4))2(L — y). (6.7)

2The notation E(.,:) means that we start with one particle at position z at time ¢.
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Chapter III. Particle systems and semi-pushed fronts

Besides, for L large enough, we have thanks to Equation (6.1)) that
2(L—y) = e Mw(L—y)=e Msinh(y/2\y) =e (sinh(ﬂy) + O(LeiBL)>
_ oy (Lo 8y — L o~(u-B)y —2By
= e eV 4+ 0O(ye ™Y) ) = -e 1+ O(ye *"Y)
2 2
1
= S+ ep)e WP, (6.8)

since e Y < yeP¥ and Le PL < ye P for L large enough. Using that e ¥ = ¢~ (h=Blve—Fy —

e~ (=Be; we get from Equations , and 1@} that

—\Z, / / 2
E(L—y,u) |:e tk+1:| = 1- )‘E(Lfy,u) |:Ztk+1] + O (E(Ly,u) |:(Ztk+1> ])
A
2
= 1- % (1 + 0(he®4) + 5L) e~ =Py,

= 1- 2140024 4 2L 4 cp)e=h=P

Combining this with Equations (6.3]) and (6.4)), we get that
Ety) [e_)\Ztk+1] —1- % (1 + 0084 + EL) e~ (=B,
Finally, we use that e~o+t0(@*) = 1 — 2 and obtain that

Er—yu [e_AZ%H} = exp (—;\(1 + 00?4y + EL)e(uB)y) 7

which concludes the proof of the lemma. ]

Lemma 6.2. Assume holds and let A > 0. There exist C > 0 and b > 0 such that,
uniformly in A < A, in 0 < 0(A) and u € [ty, tyr1 — CL|, we have

e (1—8) A _
E(ru) [6 e AZ’S’““} = exp <1/11,b <26 (o 5)A> +e (M+B)A5A,L> ;

with 1 4(X) = = 4 DA,

Proof. Let C'> 0 and y : (0,00) — (0,00) be a function such that y(L) = o(L). We start with a
single particle located at L at time u € [tg,tx+1 — C'L] and stop the particles as soon as they hit
L —y. We denote by s the number of particles that hit L —y and (w;)5_; the times they hit it.
Then, for sufficiently large L, w; € [u,tg4+1] C [tk, tx+1] for all @ € [1, k], with probability 1 —ey..
Thus,

_de—(w=B)Ay
E(L,U) |:e tk+1:| = E(L,U) [

e Ce—(u—B)A
HE(L*y,wi) [e AemHH Ztk+1:|]

=1

e~ w=BAy

=

I
—

+ €.

= E(L’u) ! E(L_y:wz) |:6 tk+1:| 1wi€[tk,tk+1],w:1...n

)
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Section 6. Small time steps

Besides, according to Lemma [6.1] we have

Er [ﬁ Ett oo |:e—>\e—(u—l3)AZtk+l:| 1wi€[tk,tk+1],Vi:1.-~H]
i=1
" [exp <_;‘e—(u—ﬁ)A(1 09 _'_gL)Ke—(M—ﬂ)y) 1%6[%7%“]7%:1'”&]
= (1—-er)Erw [exp (—;\e_(“_’g)A(l + O(0e2%4) + EL)/@e_(”_ﬂ)yﬂ
= Erw [exp (—;e(uB)A(l +0(0e¥4) + 8L),ﬂz(ALfB’)zlﬂ teg.

Yet, we know thanks to Lemma that ke~ (#=P)Y converges in law to a random variable W as
L — co. Therefore, using that [e™® — e Y| < |z — y| A 1, for all z,y > 0, we get that

E(Lu) [exp (—;e(“B)A(l + 09 + €L>/€6(u’8)y>:|
=E [exp <—26_(“_6)A(1 + 004 + 5L)W>] +erL
In addition, Lemma [5.1] gives the existence of a constant b > 0 such that as A — 0,
E [e™] = exp (11,6(0) + 0(A")) = exp (=2 + BX” + 0(A)) .
Yet, a(pu — B) = p+ B, hence , we have
U1 (;e(“B)A(l +0(0e*74) + gL)>
= —%e_(“_B)A(l +0(0e®M) +e1) + b;—:e_(‘“rﬁm(l + 002 4 ) + e WA, 1
A

=11y (26(“5)‘4) + O(fe=W=304) L o=(tBA , |

since e~ (H=30)A — gedBAe—(ntPF)A gnd getfA — () as A — co. Therefore, we have
A~ (u-p)A 284 A~ (u-p)A —(u+8)A
E |exp —5¢ (14+0(0e"?) + )W = exp | Y1y 5€ ) ) +e ear ),
and finally, we get that
_e—(n—B)BA A _
Ezw) [6 e Zt’““} = exp <"¢1,b <2€ (n 5)’4) +e (u+’6)A~€A,L> +er,

— e (wl,b <;‘€—(M—B)A N e—(u+5)A€A’L)> 7

which concludes the proof of the lemma. O
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Chapter III. Particle systems and semi-pushed fronts

6.2 Proof of Proposition [6.1

Starting with one particle at x < L, we stop the particles when they hit L. For each particle
v hitting L at time u, we denote by Z(*) the contribution of its descendants to Z. We further
define L the set of particles that hit L. Thus, we write the process Z as

Z,=7,+Y 7.
veEL

Therefore, conditioning on £, we obtain that

e~ (=BAz

_Ae—(n—B)Az(v)
tht1 H E(L,u) |:€ e Ztk+1:|] .

veLl

e~ =BAy

E(w,tk) [6 tkﬂ} = E(x,tk) !e

Since Lemma holds for all u € [tg, tx+1 — C'L], we need to prove that only a few particles hit
L between tg1 — CL and tjy1. Set s = tx41 — C'L. Using Lemma Corollary Markov’s
inequality and conditioning on Fs, we get that

Er 1) [R([5, tesa )] < By [ (010, CL]) + C)g(L)Z, + CY|
erz(z). (6.9)

Ple) (1€ 0[5, tk ]| > 1)

NN

Besides, Lemma [6.2] implies that

de—-B)AZ e~ w=B)AZ®)
Bty € w1 Baw e fho
veELN[ty,s]

“de—=BAZ LRt , A= (k=B)A) Lo~ (n+B)A
- E($7tk) |:€ ¢ tk+1 ([ k S])(¢1’b(26 ) € EA’L) .

Thus, a Taylor expansion combined with Equation give that
_)\e—(u—ﬁ)AZtk_H :|

E({E,tk) |:€ = 1- )\ei(uiﬁ)AE(x,tk) |:Z;k+1i| (610)

+ (wl’b <;\6(“/8)A> —+ e(qu/B)AEA,L) E(xvtk) [R([tky 3])]
—2(u—B)A ! 2 9
10 {e E(xatk) (Ztk.H) + R([tk,SD +5LZ($).

Yet, thanks to Lemmas [3.2] [3-4] [£-4] and [£.5] we know that

E(%tk) [Z;k_H_ = e(/\1_>‘(1x>)(tk+l_tk)z<m)7 (611)
E(w,t0) [(ngH)Q_ < C ((962’8A2($) + (1A x)e“(x_L)) , (6.12)
Er ) [R(ts)] = (0,5 = t]) + CO)g(L)2(x) + O (1L Aw)eteD) - (6.13)
Erae) |(R(tws))?] < COL+0%¥4) (02H2(2) 4 (1 A 2)ere=H)) (6.14)
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Section 6. Small time steps

since g(L)(tpy1 — tx) = O(0e?P4). Besides,

1 o
E([O s — tk]) )\oo N (1 _ e(>\1—)\1 )(s—tk))

and
A = A1) =1 +ep)a e g(L) = 2a(1 +ep)e PP,

according to Equations (6.1)) and (6.2). Therefore,
B g [R([tks s])] = 201+ 1) (1= eM 0] 2(2) + 0 (1 Az)er D))
and thus, using that ¢ ,(A\) = =X 4+ bA* and that a(p — 3) = p + [, we obtain

(zm (< o) ) ; e-<u+ﬂ>AsA,L) E oy [R[t4, )] (6.15)

= <<1 — e(/\1—>\‘1’°)(8—tk)) <_e—(u—6)A>\ + 25_16—(%6)14)\&) + e_(‘”“B)AeA,L) 2(z)
+0 (e_(“_B)A(I A :n)e“(x_L)) .

Then, note that

e 2(n=P)A2BA _ —(n=PB)A—(n=3B)A _ 5A,Le*(ufﬁ)x4.

Yet, (Hyyp) holds, hence, 1 > 35 and according to Equations (6.13]) and (6.14)), we have

, 2
TG [(Ztm) +R<m,s1>2] O (8e70mPe ) 1 2(2) + e 20 DAL A g)ete=D))

Combining Equations (6.10), (6.11), (6.15]) and (6.16), we get that (619
—1— [)\ ) ( (AM1=AP) (s—ty) _ e(Al—A‘l’°)(tk+1—tk))
+ (1 — ew—m(s—tk)) (2:’ A ey L) —264 4 aeA,L] e~ =R (z)
+0 (e_(“_B)A(l A x)e“(:‘_L)> .
Moreover, we know that
‘ A=AF)(s=tn) _ M=A)Eri=t) | < (A% — Ay (tppr — 8) = €1
and,
M AT s=t) — exp (—H(aezﬁ)ezﬁA + GezﬁAeA,L) =1— (ae?’)he?4 + GeQ’BAsA,L,

so that,

E(a,tr) [e_ke(umz%ﬂ}

=1- [)\ - %f_ﬁl)b@)\a + HEA’L:| e =A%)+ 0 (e_(“_ﬁ)A(l A :L‘)e”(x_L)) (6.17)
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Chapter III. Particle systems and semi-pushed fronts

Finally, we use that e~ *+0(*) =1 — z as 2 — 0: according to Lemma
e*Q(ufﬁ)Az@)? = e 2u=B)A2u(z—L),, (@2 < CG*Z(H*@AGZ#(Z*L)(:[ A x)ew(L*w)
C (e—(u—ﬁ)A(l A $)eu(x—L)> (e—m—ﬁ)Ae(w—u)(L—w))

Ce W=BA A g)et@— L)

N

N

since > 38. This remark combined with Equation (6.17)) conclude the proof of Proposition .

7 Convergence to the CSBP

In this section, we prove the convergence of the rescaled process Z to the a-stable CSBP. In
practice, we gather the estimates from Proposition [6.1] to control the Laplace transform of this
process.

In what follows, we denote by M (t) the position of the rightmost particle in the process
at time ¢, we write = to refer to the convergence in distribution and —, for the convergence in
probability. We also use all the notations defined at the beginning of Section [6]

7.1 The process 7,

Theorem 7.1. Assume holds and suppose the configuration of particles at time zero
satisfies Zy = Z and M(0) — L —, —oo0 as L — oo. There exists b > 0 such that the finite-
dimensional distributions of the processes

(Ze2[3Lt, t> 0)

converges as L — oo to the finite-dimensional distributions of a continuous-state branching
process (2(t),t > 0) with branching mechanism 1y p(X) = DA, whose distribution at time zero is
the distribution of Z.

The proof of Theorem|[7.1]is inspired by the one of Theorem 2.1 in [MS20]. Likewise, we claim
that it is sufficient to prove the one-dimensional convergence of the process. Indeed, Theorem
can be deduced from the one-dimensional convergence result and the Markov property of the
process if we prove that, under the assumptions of Theorem , for any t > 0, Z(te*l) = 7'
for some random variable Z’ > 0 and that L — M (te*#l) —, oo as L tends to oo (the result then
follows by induction). Yet, the first point is a consequence of the one-dimensional convergence
and the second follows from Lemmas 3.1 and [£.4]

More precisely, this second point can be proved by considering a branching Brownian motion
killed at 0 and L 4 y for some large y > 0. In fact, it could be proved using estimates on the
density of the branching Brownian motion killed at 0, but since we only established estimates
on the BBM in an interval, we use the results from Sections [3] and [4] with an additional barrier
larger than L.
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Section 7. Convergence to the CSBP

Define Z; y, Z; ,,, Y1y, f/t,y, 2y, w1y and Ry, in the the same way as Z;, Zj, Y3, Yy, z, w1 and R
from Section [6] but for L —y instead of L. First, note that since Zy = Z and L — M(0) —, +o0,
then

Zo,y=e W PVZ [ . (7.1)

Indeed, there exists a sequence a satisfying a; — oo as L — oo and such that the event
Ar :={L —M(0) > ar} occurs with high probability:

P(AL) =P(L — M(0) >az) =1—¢5. (7.2)

Therefore, for any bounded and continuous test function f on [0, c0),

E |£(Zo-y) = Fle " 2)| <2 fllooP(A5) + E [ (£(Zoy) = Fle™72)) 14, |

On the event Ay, we know that for any particle v € Ny, we have L — X,,(0) > ay. Therefore, on
Ar, for all v € Ny, we get that

2y (Xo(0) = (1 +en)e” = PW2(X,(0)).
Indeed, one can show that for all 0 < x < L — ar, we have
zy(x) = T E Wy (2) = (14 ep)e T LV Puy) (2).

Hence, on the event Ay,
Zo—y = (1+ep)e WPz,

which concludes the proof of ([7.1]).

Let us now prove that
L— M(te*PFy -, +o0 (7.3)

as L — oo, under the assumptions of Theorem [7.]] We know thanks to Corollary and [1.4]
and Equations (6.1)) and (6.2) that for sufficiently large L, conditionally on Fy, we have
E [ﬁew,fle_y([o,tewL]):o|f0} luo<z < CZyluos=r
E [R—y([07te2ﬁL])|fo} Iuoy<r < CO(Yo—y + Zo ) Lar(o)<L

Therefore, conditioning on the number of particles that hit L 4y between times 0 and te2#”

get that for L large enough

, we

+P (e“(L_M(tewL)) < 6”“L|]:0) 1y0)>L

< Luor+ [P (Tuoe oy 2 7, By (0,6671) = 017

+P (R (10,127 £ 01% )| Larys
< Lyysz + C(Yo,—y + Zo ) Lnio)<i
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Chapter III. Particle systems and semi-pushed fronts

by Markov’ inequality. Note that Z(’]’fy < Zo,—y and that we can deduce from (7.1)) that Zy —, —
0 as y — oo. We now have to show that Yy _, —, 0 to conclude this proof. First, we prove that
under the assumptions of Theorem [7.1]

Yo =, 0, as L — oo. (7.4)

Indeed, for L sufficiently large and x € [0, L],

pw(z—L)
(LAz)e < 1

which implies that on the event Ay,

1 1
Yo < ——————=2Zp < —Z%p. 7.5
OS TM@O)OS 0% (7.5)

Since P(AS) = e, ap — oo and Zy = Z as L — oo, this concludes the proof of (7.4)). Then,
remark that Yy _, = e7#Y{ so that Yy _, —, 0 as L — oo. Finally, if we choose y = —L, we see
that Zj _, + Yo —y —p 0 as L — oo, and since P(M(0) > L) = ez, we get that

P (L ~ M(te¥PD) < aL> = s

Note that it is also sufficient to assume that Zy —, 20 as L — oo for some constant zg > 0.
One can then deduce Theorem thanks to a conditioning argument. We now prove the one
dimensional convergence under this assumption: we fix £ > 0 and prove that for any A > 0,

lim E [e_AZteQBL} = ¢m20uN), (7.6)

L—oo

where uy(\) is the function from Equation corresponding to the branching mechanism
U(X) = thop(A) = bA*. To prove Equation (7.6), we discretise time: we consider the same
parameter A as in Section |§| and choose 6 < A(A) such that ¢t = K0e2%4, for some integer K,
and consider the corresponding time discretisation t;, = kfe?3(L+4) for k € [0, K]. We recall the
definition of a;, from Equation and define b;, = ay, — A and the events

Gr={Vj €[0,k] : M(t;) <L —A, Yy, a<Z;a/bL}, (7.7)
for all k € [0, K]. Note that by, — oo as L — oo by definition of A.
Lemma 7.1. We have P(Gkx) =1 —¢€r.

Proof. According to Equations (7.2) and (7.5), P(Go) = 1 —er. Let k € [1,K]. Again, one
can prove that P (L — A — M(tx) > b)) = 1 — 1. We then deduce from (7.5 that P(Y;, 4 <
Zy,.A/br) =1 — e, and conclude the proof of the lemma using a union bound. ]

We now fix A > 0 and for § € R, we define the sequence (/\gf))f:o as follows:

A=
d J d
)‘é )= )\](ﬁl-i)-l - e(wo,b(kéil) —0).
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Lemma 7.2. 1. There exists A > 1 such that for |6| small enough and for 8 small enough,
we have )\,(f) € [0,A] for all k € [0,K] .

2. For every ¢ > 0, there exists § > 0 such that for 0 sufficiently small,
A NSO € [up(A) + £, ur(N) — €.
3. For every § > 0, we have for sufficiently large A and L, for every k =0, ..., K,
E [ M1, ] P (G G <E [ M g ] (1

and
E [e—AI(;tﬂef(ufﬁ)AZtk,A1Gk} >E {e—xe*mfﬁ)AZtK,AlGK} ) (7_9)

Proof. The proof of parts 1 and 2 relies on standard results on the Euler scheme and is similar
to the proof of Theorem 2.1 in [MS20]. The only difference is that we do not need to modify the
function ¥ at zero, since it is a Lipschitz function on any interval [0, A], A > 0.

We prove part 3 of the lemma. According to Equation 1} Z0,A —p =Pz as L — .
Besides, we know that L — A — M (0) —, 0o as L — 0.

Let A > 0 such that the first part of the lemma holds. By proposition [6.1} we know that
for L and A sufficiently large, for all A € [0, A], and for all k € [0, K],

ef)‘ura(wovb(A/)*J)e_(“_ﬂ)AZtkﬁA1Gk <E [ef)‘le_(“_ﬁmszﬂfk 1g, < 67)‘/+9(w07b()‘I)M)e—(#_mAztk’A1Gk

Besides, for § > 0 small enough, )\éﬂ) € [0,A] for all k£ € [0, K]. Therefore, we have for every
9 > 0 small enough, A and L large enough, that for all k£ € [0, K],

2D —(u-p)A 2O —(u-p)a

E [e Akt1€ Zik+1,A|fk] lg, = e A em Ztk’Ale7 (7.10)
2O —(u-pA (=) —(u—p)A

e [ AR i) 16, < oI g, (r.1)

The third part of the lemma follows by induction as in [MS20]: for k = K, Equation (7.8 holds.
Let k € [0, K — 1] and assume that (7.8]) holds for k + 1. By definition of the sequence (Gy), we
have Gy C Ggy1, so that the induction hypothesis implies that

2B —(u—p)A _e—(n—B)A

E [e e ZtkH,Ale] ~“P(Gx\Gy) < E [e Ak ZtK,Ang]
A0 —(u—p)A Cye—(u—B)A

E |:€ A, e Ztk+1,Ale:| > E [6 e~ (B ZtK,A]_GK]

These equations combined with Equations (7.10) and (7.11) concludes the proof of the third
point. ]
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Chapter III. Particle systems and semi-pushed fronts

We now prove Equation ([7.6)) using Lemmas and According to Lemma we have
E [e—ke—(u—ﬁ)AZtK,A} —E [e—)\e—m—B)AZtK,AlGK} +e€5. (7.12)

Let € > 0 and choose § > 0 such that the second part of Lemma holds. Therefore, the third
part of the lemma implies that for L and A large enough,

E e—(ut(A)JrE)e*(“*B)AZo,A} —erL <E [e_’\67<“73)AZtK’A} <E {6_(“’5()‘)_5)67(“7B)AZ07A +er.

Letting € — 0 and using that Zy 4 — e=P)Az) as L — oo, we get that

—zout(A)

A= (B=PAZ a4 A} —

lim E [e

L—oo
Hence, if we denote by = the CSBP with branching mechanism 3, such that Zg = zg, then,
we get that e_(”_'B)AZteszA = Z; as L — oo. Since we know that L — A — M (te?’l) —,, +o0,

we have (see Equation ([7.1))
e_(M_B)AZtewLA = Zye28L ) = Zye28L,

as L — oco. This concludes the proof of Theorem

7.2 The number of particles N,

In this section, we conclude the proof of Theorem by deducing the result on the number
of particles N; from the convergence of the processe Z; obtained in Theorem [7.I] For a sake
of clarity, we first recall several definitions from previous sections. In Theorem we state a
version of Theorem [I.2] under more general assumptions on the initial configuration.

Recall from Section [I.3] that the exponent « is defined as
ViZ—1
a=HPEVIEZ [T 12)
p—/p? =1

and from Section [6] that the process Z; is given by

Zy =Y MO Buy (X)) 1x, e,
vENY

with

(@) = sinh (v2A{(L — 1)) sin(v/p — T = 2X\1z)/sin(v/p — T = 2X;) if z€[0,1],
BT sinh (VEAL(L — 1)) it zell,L).

In addition, we define the constant Cy as

1 - L
Co== ( lim ||vl||> ( lim / e_“yvl(y)dy> . (7.13)
2 \L—oo L—o0o Jg
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Section 7. Convergence to the CSBP

where
v = sinh(v/2A (L — 1)) 1wy,

Recall from Theorem that the L?-norm of the eigenvector v converges to a positive limit as
L goes to co. Besides, one can prove that L fOL e M (y)dy also converges to a positive limit
as L — oo, using the dominated convergence theorem combined with Lemma [3.1] and Remark
2.2 so that the constant Cp is well defined.

Theorem 7.2. Assume (H,y,|) holds. In addition, suppose the configuration of particles at time
zero satisfies Zo —p 20, for some zg > 0, and M(0) — L —, —oo as L — oo. Then, there exists
b > 0 such that the finite-dimensional distributions of the processes

1
(C’Oe(uﬁ)L%Neth, t> 0>

converge as L — oo to the finite-dimensional distributions of a continuous-state branching process
(E(t),t > 0) with branching mechanism 1o p(A) = bAY starting from 1.

Note that Theorem[I.2]can be deduced from Theorem [7.2| by computing Z, when the system
starts with N particles located a 1. In this case, according to Remark 2.1 we have

1
Zo = Net1= By (1) = 5]\7(1 +ep)eWmALen=h,

Hence, we set

L= log(N),
=y g(IV)
so that
N =e=AL and No—l = 2L (7.14)
Then, Theorem [7.2] yields the result and gives that
2
o(p) = Coel—B’ (7.15)

where Cj is defined by Equation ([7.13]).

As in the proof of Theorem we define the process (N/), which corresponds to the number
of particles alive in the system at time ¢, whose ancestors stay in (0, L) until time ¢, and estimate
its first and second moments.

As outlined in Section there exists a constant C' > 0 such that the number of particles
N; can be approximated by
N; ~ Cel=Pl gz,

for t and L large enough. Actually, this constant is equal to Cpy and a rigorous statement of this
observation is given by the following lemma.

Lemma 7.3. Assume holds and suppose the configuration of particles at time zero satisfies
Zy —p 20, for some zy > 0, and M(0) — L —, —oo as L — oo. Lett > 0. Then, we have

‘67(“7’8)LN625L,5 — CoZ 2514 —p 0 (7.16)

as L goes to +00.
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Chapter III. Particle systems and semi-pushed fronts

As in [BBS13|, we claim that one can deduce Theorem [7.2|from Theorem |7.1{combined with
Lemma [7.3]

In what follows, we consider a time ¢t and denote by u the corresponding time on the time

scale of the CSBP:

U :teQBL.

We also consider a small parameter 0 < ¢ < 1 and note that, according to Lemma for all
(z,y) € (0,L)?, we have

psu = (1+e0)(1+0(0) o1 ]| e Vv (x)v1 (y), (7.17)
where O(0) is a quantity bounded C0 for some constant C' > 0 that does not depend on L, z,
and y. The proof of Lemma [7.3]is divided in three parts:
1. We first prove that N/ is well approximated by Cpeln—B)L Zél_ 5)u for large values of L, by
controlling the first and second moments of N’ (Lemma and Lemma .

2. Then, we show that Z" does not vary two much between times (1 — §)u and u for 6 small
enough with a similar argument.

3. Finally, we recall why Z! (resp. N)) is a good approximation of Z,, (resp. N,) for L large
enough.

Let us first bound the first and second moment of N’. As in Section [3| we estimate its first
moment in the pushed regime (that is under (H,s))) and the second moment in the weakly

pushed regime (i.e. under (Hyy)).
Lemma 7.4 (First moment of N'). Assume holds. Therefore, we have

E[N,|Fa—s)s) = Co(1+e1)(1 + 0(0))e* DEZ{, 5.,
where Cy is the constant given by Equation (7.13)).

Proof. The Many-to-one Lemma implies that for any z € (0, L), we have

L
E(,1—6)w [N] = Eea—syy | D 1 :/ psu(, y)dy.
veENL 0

Besides, we get thanks to Equation ([7.17)) that

L
Ee -y [No] = C(1+ €)1+ O(8) [or | e v () /0 e i (y)dy.
Moreover, Remark [2.1] implies that
1
ety (x) = 5(1 +ep)etALer@=Lly, (). (7.18)
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Section 7. Convergence to the CSBP

Finally, we obtain thanks to Lemma that for « € [0, L], we have
Ea,(1-5)w)[No] = Co(1+e1)(1 4 O(8)) e ettt D, (z),
which concludes the proof of the lemma. O

Lemma 7.5 (Second moment of N'). Assume holds. Therefore, for L large enough, we
have
E [(N{L)2“F(l—§)u] < 062(#_B)L (}/(1_5)“ + 5Z€1—5)u) .

Proof. By the Many-to-two Lemma [1.2| we have for all z € (0, L),

ou L
Ew.(1-6y0) [(NV0)?] = E(w,(1-6)u) V1] +/0 /0 ps(@,9)2r(y)Ey [Njy_,)? dyds .

U

The quantity U can be written as follows:
2

v- [ Car(y) / " @) < / Lmu_s@,z)dz) dsdy.

To estimate this integral, we split the second integral into three parts.

e According to Lemma and Lemma there exists C; > 0 such that for du — s > C1 L
and L large enough,

Pou—s(y, 2) < CeMATIOu=8) =)y, (1) (y) < Ce ™ Wy ()01 (y). (7.19)

Therefore, combining Equations (7.18) and ((7.19)), we obtain that

2

L du—C1L L
U, = / 2r(y) / ps(z,y) < / pau_s(y,Z)dZ> dsdy
0 0 0

L du—Ch L
< Cez(u,b’)L/o e2u(yL)w%(y)/o ps(z,y)dsdy

L ou

< CeQ(M—B)L/ e2u(y—L)w%(y)/ ps(x,y)dsdy
0 0

< Ce2(=B)L (e“(x_L) ((1 Ax)+ (5ue_26Lw1 (@))

where we use Equations (3.7)) and (3.17)) from the proof of Lemma applied to u(L) =
5e?PL to get the last line. Hence, we get that for L large enough

Uy < C2W=ALer@=L) (1 A ) + dwi (). (7.20)
e For small values of du — s, we bound the integral fOL Psu—s(y, z)dz by the expected number

of particles in a branching Brownian motion with no killing and constant branching rate
p/2. This way, we get that

L
/ péu—s(ya Z) < eg(Ju—s)’
0
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Chapter III. Particle systems and semi-pushed fronts

We use this upper bound on the last integral for du — s € [0, CoL] for some constant Cy to
determine. Therefore, we define

Uy = /0 Cor(y) /5 ju_CQLps«c,y) ( /0 st z)dz)

Note that Equation ([7.17)) holds for all s € [du,du — CoL] instead of du as long as L is
large enough. Therefore, we get that for L large enough

Uy < C/ / (x,y) ep(‘su %) dsdy
ou— CQL
L

du
< C’e(“ﬁ)Le“(xL)wl(x)/ e M (y) </ ep(5”s)d5> dy
s

0 u—CoL

2

N

L
Ce(uﬁ)Leu(xL)wl(x)epch/ e M (y)dy
0
< Ce(“_ﬂ)Le“(x_L)wl(x)epCQL.
Hence, we choose a constant Co > 0 satisfying pCo < p — 8. This way, we get that

Uy < Ce2n=B)L (e(PCQ*(M*/B))L) =Dy (). (7.21)

e We now consider the remaining part of the time integral that is s € [ou — C1 L, du — CoL].
To this end, we go back to the definition of the density p:

o), Vi ()i (y)
pu(z,y) _eu(w ) eAi=AT)u )
Z [[vill?

Recall from Remark that in the semi pushed regime we have K = 1. Besides, by
definition of the eigenfunction v; (see Lemma and using the lower bound on the Lo-
norm of v; given in Lemma for ¢ > K, there exists a constant C' > 0 such that

n@uly) _
fodl =7

for all (z,y) € (0,L)? and i > K. Hence, recalling that ||v;|| converges to a positive limit
as L goes to infinity, we get that

pulz,y) < Ce=v) <v1<m>v1<y Ny el )
=2

Note that, since A\; < 0 for ¢ > K = 1, the last sum is bounded by
oo o0
DN (p- )T Sy = (p - 1) YN (p 12Ny,
=2 1=2

where S5 corresponds to the sum defined in Equation ([2.27)). Yet, we proved (see Equation
(2.30)) that S3 < C'L for t > 1. Therefore, we get that for CoL < u < C1L, we have

pule.y) < CH D (v (@)or(y) + Le ),
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Section 7. Convergence to the CSBP

so that
2

L
( / puly, Z)dz> < Ce? (Ul (y)* + LQ@’”?O“) : (7.22)
0

since fOL e HM#v1(z)dz converges to a positive limit as L — oo. Besides, note that Equation
(7.17)) holds for all s € [du — C1L,du — CyL] instead of du as long as L is large enough.
Therefore, one can write

2

ou— CQL L
U = / 2r(y / )< / p5u_s(y,2)d2> dsdy
du—C1L 0

< Usjp+Usg,

ou—CoL
Usq < Ce oy (z // e“yv (y)dsdy
ou—C1L

with

and

ou—CoL
Us 2 < C’L2e“‘rv1 / / M ( )672)\1 (Jufs)dyds.
ou—C1L

Since p > 303 in the semi pushed regime, we have
L
Usq < C’Le’”vl(a:)/ Ml (y)dy
CLe(ufﬁ)Leu(g*L)wl( Je (u—3B)L
C (Le 25L) An=B)Lgna=L)yy, (z). (7.23)

NN

On the other hand,

L Su—CoL -
e < et ([ emay) ([ o)
0 ou—C1L

< O A Len@=L)y (1) (L2€72)‘?002L> , (7.24)

Finally, we obtain the lemma by combining equations (7.20]), (7.21)), (7.23) and (7.24)). O

Proof of Lemma[7.3 Let v > 0. Let us prove that for L large enough, we have

P(IN, — CoZy| >~) =P <\Nu  Cpe ALz, > 7e(u—ﬁM) <

As explained at the beginning of the section, we use that for u > 0,

IN, — Coe* D7z, < |N,— N!|+|N! — coew—ﬁ)ngl_ 5yul
+Coe "D Z, s\ — Zi| + Coe WP\ 2, — Z,],

and that each quantity in the right hand side term is small as long as L is large enough and ¢ is
small enough.
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Chapter III. Particle systems and semi-pushed fronts

First, we choose d > 0 of the form
§ = 0e*P 4,
where A and 6 are defined in the beginning of Section [6] Recall that for fixed 6 and A, we have
P(Gk)=1-¢p,
where (Gy) is defined in Equation (7.7) and K is such that ¢t = Kfe??4. Note that with these

notations, we have u = tx and (1 — §)u = tx_1.

Since the variances of N/, and Z!, are both bounded by a quantity that depends on Zfl_ Sy

we first control ZEl—J)u on G . To this end, we consider the martingale U; = e —A1)j0e27(EHA) Z{j

for j = 1,..., K (see Lemma . Using that tg = K0e?8(+4) = ¢e28L and that A=A\ =
a(l+ep)e 2P > &(1 4 g1)e=25(LD for L large enough (see Equation (6.1)), we get thanks
to Doob’s martingale inequality that for B > 0,

P < max Zi, > 37_1> = P < max Uj > By™! (/\‘fO—Al)jee2B<L+A>>

0<y<K 0<j<K

o 28(L+A
< P ( max U' > Byt A=A Ko7t )>
0<j<K

< P ( max U/ > B’ylege_ﬁt>

0<i<K 7/
= Be%e_ﬁt B ,YBe%e_ﬂt B ’YBe%e_Bt7 '

on Gg. Let Ef =GgnN {maxogng Z{j < B’y‘l} . Remark that we can choose B large enough

in such a way that P(Ef ) > 1 — /4. From now, we consider the event Eff corresponding
to this choice of B. Besides, note that on EK , we can assume without loss of generality that

Yi—syu < 0Z(1—5)u (see Equation (7.5))).

We now bound the quantities | N/ — Coe*=LZ (1 5y | and Cpel#~ B)L\Z(l 5)u — 7| with
high probability. First, recall from Lemma [3.2] that

E [Z:J,’]:(l—ci)u] = (1 + 0(5))Z£1—5)u
and that according to Lemma [3.4] we have

E {(Zé)z !}'(1—5)@& <C <526176)u + Y(l—é)u>

Therefore, on the event Ef , Chebyshev’s inequality gives that for § small enough and L large
enough, we have

v

2 b
and we know that, on the event Ef, 5Zél_5 u S §By~! < 3 for § small enough and L large
enough. Hence, we get that for sufficiently large L and sufficiently small §, we have

N

P (|17, —E[ZuFu | > 2 \f(l,é)u) < C3By 2

P (|2~ Ziis| >7) < P(|20— Zisy| > 7 BE) + PUES))
< S HPUEN) <. (7.26)
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Section 8. The case o > 2: the fully pushed regime

Similarly, we get thanks to Lemma [7.4 and Lemma that for ¢ small enough and L large
enough,

P ( ‘N; — Coel ALz é)u( S 7e(u—ﬁ)L) < o)

Besides, recall that if the process starts with all its particles to the right of L at time (1—4)u,
then ZEl_ Sy = Z(1-6y, and, Z!, = Z, with high probability. This is a consequence of Lemma

combined with Markov’s inequality. Indeed, on the event Ei( , we have
P (|20 — Zi| > 0| F1sp) <P (R(0,8u) > 1|F_g) < C (8Z(1_s, + Yi-syu) < 2.

for L large enough and 6 small enough. With a similar argument as in Equation ([7.26]), we get
that
P(|Zu— 2| >0) <. (7.28)

Similarly, we get that for sufficiently small § and large L, we have
P (|N,, — Nu| > 0) <. (7.29)
Combining (|7.26)), (7.27)), (7.28) and (7.29), we get that for L large enough, we have

P (]Nu — CoZy| > 27) < 4y,

which concludes the proof of the lemma. O

8 The case a > 2: the fully pushed regime

In this section, we briefly outline the adjustments required to prove the second conjecture stated
at the end of Section In this case, we have p > ps so that u < 358 (see Equation (1.14))).

In the fully pushed regime, we expect (see Equation ([7.14])) the genealogy to evolve over

the timescale
N = ¢=58)L

Therefore, we consider a small parameter # > 0 and a large A as in Section [6] but such that
9eh—PFA 5 0 as L — oo. Similarly, we will consider a subdivision of the form

ty = kOe—PAI+A) e N,
For t = fe(t=A(L+4) Equation (1.23) becomes
E[Zi] = (1 + €)%,

since A\ — A1 ~ ae~28L and p < 3. Essentially, this means that for L large enough, no particle
exits the interval (0, L) during the time interval [0,¢]. Indeed, one can show that on the same
time interval

E[R((0, )] = =12,
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Chapter III. Particle systems and semi-pushed fronts

On the other hand, an analysis similar to the one conducted in Section [§] would give that
the number Z, of descendants stopped at L — y is such that

e_(“_B)LZy =W a.s.
for some random variable W satisfying

E [e_AW} =exp (—A+ 0()\2)) .

Therefore, we would require a finer estimate of the second moment of Z’ (not only an upper
bound) to establish a result similar to Proposition with o = 2. Again, the second moments
can be estimated thanks to the Green function, using analogous techniques.

The computations from Sections [6] and [7] would then be quite similar to prove the conver-
gence of the process (Z syt = 0) to a 2-stable CSBP.

e

From a biological standpoint, we see that for IV large enough, the particles in the system
do not reach the additional barrier L so that the invasion is no longer driven by the particles
far to the right of the front (i.e. that hit L) but by the ones living in the bulk (i.e. that stay far
from L).

A Appendix: proof of Proposition [1.1

The properties of g are easily checked. We only have to prove the expression of A.(p).

We first show that A.(p) > 0 for all p € R. Let A < 0. Assume u € Dr,, Tyu = Au. Then
v’ =2 u on [1,00), and so u = asin(y/2|\|z) 4+ bcos(y/2|A|z) on [1,00) for some a,b € R. But
then u changes sign on [1,00) and so we cannot have u > 0 on (0, 00). Hence, A\:(p) > 0 for all
p €R.

We now claim that A.(p) = 0 for p < p.. Since A.(p) is increasing, it is enough to show
that A.(p.) = 0. Define

Then u € C*((0,00)) NC?((0,1)U (1, 00)), u(0) = 0 and u > 0 on (0, 00). Moreover, T, u(z) =0
for x € (0,1) U (1,00), hence, u € Dr, and T,,u = 0. It follows that A.(p.) = 0.

Now let p > p. and A € (0,p/2). Let u € Dr, such that u > 0 on (0,00) and Tpu = Au.
Then u” = (2X\ — p)u on (0,1) and so, since lim,_,gu(z) = 0, we have u(z) = Csin(y/p — 2\x)
for z € (0,1) for some C € R. Since u > 0, we have p—2) < 72 and C > 0. Suppose w.l.o.g. that
C =1, so that u(z) = sin(v/p — 2Az) for z € (0,1).

For x € (1, 00), we have v”(z) = 2 u(z), so that u(z) = acosh(v2A(x—1))+bsinh(v2\(z—
1)) for some a,b € R. Since u and u’ are continuous at 1, we must have a = u(1) = sin(y/p — 2X)
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and b = u/(1) = v/p —2Xcos(v/p — 2)). Furthermore, we have u > 0 on (1,00) iff a + b > 0,

which holds iff
cos(v/p — 2\) S _sin(v/p — 2))
V2 - Vp—2A
Moreover, all of these conditions are also sufficient: if A € J, := (0V 3(p — 7?%), p/2) satisfies
(A.1)), then the function u defined by

() = sin(v/p — 2\x), x € [0,1]
sin(v/p — 2X) cosh(vV2X(z — 1)) 4+ v/p — 2Acos(v/p — 2X) sinh(v2X(z — 1)), = >1

satisfies u € C1((0,00)) N C?((0,1) N (1,00)), u > 0 on (0,1) U (1,00), lim,_you(z) = 0 and
Tyu(x) = Au(z) for z € (0,1) U (1,00). Hence, by continuity of u, T,u(1) = lim,_; Tyu(x) exists
and equals Au(1). Hence, u € Dr,, u > 0 on (0,00) (again by continuity) and T,u = Au.

(A1)

Let A, be the set of those A € J, such that (A.I]) holds. It remains to show that inf A =
Ae(p), where Ac(p) is as in the statement of the theorem. Note that /p —2X € (0,7) for A € J,,,
so that we can rewrite (A.1)) as

VX > —\/p — 2Xcot(y/p — 2)). (A.2)

Now the right-hand side is a decreasing function of A on the interval .Jj, := (0V3(p—2), 2 (p—pc)),
and the left-hand side an increasing function of A\. Admit for the moment that A, = A.(p) as
defined in the statement of the theorem yields equality in (A.2]) and that A\, € J ;. It then follows

that A, N J; = [, %(p — pc)], and in particular, A = inf A, which was to be proven.

It remains to show that A\. € J, and that ). yields equality in (A2). Note that g~'(p) €
(pe, 2) for all p > p,, whence A; € (3(p—72), 3(p—pc)). Furthermore, g=1(p) < p for all p > pe,
since g(p) > p for all p > p. by the properties of g stated in the theorem. Hence, A, > 0. It
follows that A, € J,.

On the interval J, the right-hand side of (A.2) is positive, whence equality holds in (A.2)
if and only if

23 = (p—2\) cot(v/p — 20)* = (p — 2X)(sin(v/p — 20) 2 = 1) = g(p — 2A) — (p — 2,

whence, if and only if
g(p —2A) = p,
which is exactly satisfied for A = A.. This finishes the proof.

B Appendix: estimates on the eigenvectors

In this section, we compare the eigenvectors and their L?-norms under the assumption (Hpsn))-
In this case we know that K > 1 in Lemma [2.1
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L?>—norms of the eigenvectors

Lemma B.1. If K > 1, there exists C > 0, such that for L large enough,

o172 < C.

Proof. This result directly ensues from Lemma [2.3 O

Lemma B.2. There exists C > 0 such that for L large enough and k € [1, K],

lok]l* > C. (B.1)

Proof. For 1 < k< K,
_ sin(2vp—1-2X) sinh(2v2A,(L—1)) (L . 1)
2v/p—1—2X; 2v20
2sin(v/p — 1 —2X0)? 2sinh(v/2M\g (L — 1))?

Remark that the second term of the sum is non negative by convexity of the function sinh.

Besides, according to Lemma vp—1—=2\ € ((k: — %) 7T,k7T) for L large enough, which
implies that

o * =

_sin(2vp — 1 —2)) 1 1 1

>l1-— > - >1

1 > > S1-1
2vp—1—2) 2vp—1—2)\ 2(k—-1/2)7 T

so that
1 1

\|vH2>1 R S
M2 g 7 ) sin(vp—1—2M)2 ~ 2 w)’

Lemma B.3. There exists a constants C' > 0 such that for L large enough and k > K,

C
sin(vV—2Me (L — 1))2 Asin(vp — 1 - 27p)2

lo* >

Proof. For k > K

_ sin(2vp—1-2X) (L . 1) _sin(2v/ =22 (L-1))
2v/p—1—-2X\; 2/ =2\,

2sin(v/p — 1 — 2))? * 2sin(v/—2Ag (L — 1))

Both terms are non negative. Besides, since A\, < 0, we have v/p —1—2X\, > /p—1 > 5>0
and there exists C' > 0 such that

low* =

_sin(2vp —1—2))
20p— 12\,

1 > C,
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for all k > K. Besides, recall from Lemma [2.1 that A, < —a; for all £ > K. Therefore, we have

sin(2v/ =2\, (L — 1)) o 1
2v/—2N\; S 2yar’

and,
in(2+/— —1 1 1 1
[ SV =) g >L—1—(L—1):<1—>(L—1).

2\/ *2)\19 2\/611 s ™

Thus, we have for L large enough and k£ > K,
L—-1 1
2>C Vv > ,
(v (251n(\/—2/\k(L —1))2  2sin(yv/p—1—2X)?2

Upperbound on v for £ < K
Lemma B.4. There exists C > 0 such that for L large enough, x € [0,1] and k < K,

lvg(z)] < Cvy(x).

Proof. Let z € [0,1]. Note that for k < K, v/p — I — 2\ € ((k — 3)m, k) and
vVp—1=2\
< .
[or @) sin(v/p— 1 —2\g) v

Then, one can prove with a similar argument as in Remark that —FF—=k V(p;_li\/%;’;\k) is bounded by

a positive constant. Finally, remark that

vi(x) > ,
since v/p — 1 —2A; € (§,7) for L large enough. This concludes the proof of the lemma. O
Lemma B.5. There exists C > 0 such that for L large enough, x € [1,L] and k < K,

vp(z) < CePloy(z).

Proof. Let x € [1, L]. Since sinh is convex on (0,00), we have
inh (v2Ag (L — —
vk(x:s%n ( Ae( x))gL :ch_l'
sinh (\/ZAk(L — 1)) L—-1
Besides, we also have, for L large enough,

vV 2)\1(L — l’)
~ sinh(v/2XA (L — 1))
according to Remark Finally, we get that for L large enough,

vp(z) < CePluy (z).

> Ce VATL(L — 1), (B.2)

V1\T
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Corollary B.1. There exists C > 0 such that for L large enough, x € [0, L] and k < K,

o ()| < CePlu(z).

Upperbound on v, for £ > K.

Lemma B.6. For L large enough, x € [0,1] and k € N, we have

(@) < |-V =122 |
sin(v/p—1—2X)

().

Proof. As in the proof of Lemma [B.4] we use that for = € [0,1], we have v1(z) > z and that

vp—1=2X\

<
NS T
O
Lemma B.7. For L large enough, v € [1,L] and k > K,
Vp—1-=2)\ .
P Ak in(ra/L). (B.3)

oe(z)] < L=
|sin(v/—2Xx(L — 1))]
Proof. Let x € [1, L]. Again, we use a convexity argument to claim that

V=2
|sin(v/—2Ax (L — 1)|

ok (2)] < (L — ),

and that
—x

sin(rz/L) = sin(n(L — x)/L) = sin(r/L)(L — z) > L 7

for L large enough. Therefore, we get that

-2k
S L - D)

and we conclude the proof of the lemma by remarking that v/—2X\; < /p — 1 — 2\, since A\ <
0. O

sin(mz/L),

Lemma B.8. There exists C > 0 such that for all L large enough and x € [1, L],

sin(mz/L) < CL™ ePlu (z). (B.4)

Proof. Let x € [1, L]. Note that

L—x

sin(mx/L) = sin(w(L —x)/L) <7 7
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and recall from Equation that for L large enough, we have
vi(z) = Ce VATH(L — ).
Combining these two estimates, we get that
sin(mz/L) < CL™le VAT L,
which concludes the proof of the lemma. O

Corollary B.2. There exists C' > 0 such that for L large enough, x € [1, L] and k>K,

VP — 1 — 2)\k BL
v ()] < C— e’ u1(x).
P v Ay R

Corollary B.3. There ezists C > 0 such that for L large enough, € [0, L] and k > K,

g ()] < Cvp—1-2k eFluy (z).
|sin(v/p — 1 — 2Xg)| A | sin(v/=2X g (L — 1)))|

C Appendix: the Green function

Lemma C.1. There exist C > 0 and 6 > 0 such that for L sufficiently large, = € [0, L] and
§€(0,9),

Uneose(r) < csmh< 2(Xf°+§)(L—x)>, (C.1)

prerel@) < CAZ) (FOF +6eVTOTHIED 4 g(xp 4+ e VIOTHIED) (C2)

Proof. According to Equation (2.37)), it is sufficient to prove that (C.1)) holds in [0,1]. Yet, for
x € [0, 1], we have

- N 2\ +9) VEOEHB(L-1)
Uage+e(2) < [agete(@)] < (1 + Jr—1-20% +£)> € : (C.3)

Since y/p — 1 —2X}° € (7/2, ), there exists 6 > 0 such that

m/2 < \Jp—1-20° +6) <, (C.4)

and

VOA(p—1—72) <4209 +8) < V/p—1—72/4,

for all |¢| < §. Therefore, for all £ € (=4, ), we have

05T _ 1=
Ve—1-200F +¢§) ™
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Moreover, we know that for z € [0, 1] and £ € (0,9),

WV

sinh ( 2(03° + &)(L — x)) sinh < 200 + (L — 1))
_ }(1 2T L)) A0 O (D)
2
> %(1 e 2VDF ) 20T (L)
> lvaTErae-y
4 )

for L large enough (that does not depend on §). This estimate, combined with Equations ((C.3)
and (C]), concludes the proof of (C.I).

In order to prove (C.2)), we use that f(A$°) = 0, f/(A$°) > 0 and g(A\}°) > 0. Therefore,
without loss of generality, we have f(A® +¢&) > 0 and g(A® + &) > $g(A°) for all £ € (0,9).
Thus, for z € [0,1] and £ € (0,0), we have

f()\tfo + 5)6\/2()51)0"!‘5)(%'—1) _i_g()\(fo 4 5)6—\/2()\?"!‘&)(%'—1) > g();l)o) (CG)

Besides, combining Equations (2.36)) and (C.4]), we obtain that for = € [0,1] and £ € (0, ),
xsese () = sin( \/p—1—2(A°°+£ ¢p—1—2 (A + O

This equation, combined with 1} implies that holds on [0, 1] for any C' > ( =5y Finally,
note that for £ € (0, 9),

1
V2O +€) \/2A°°
so that (C.2) holds on [0, L] for any C' > max (\/21?0, 9(2>\7i£°)) . O
1

Proof of Lemma[2.6. Since

[e’e) _/ S 25 ~
V201 +8) AT = V2P + 2005 + €) \/2T°°5’

as L — oo, we know that for L large enough (that does not depend on z), we have

2 L—x
6’/2(ATO+§)(L7I) <e 2)\?0([/71)6‘/2)\?05( ).

Yet, £(L — z) < £L uniformly tends to 0 as L — oco. Therefore, for L large enough (which does
not depend on x), we have

VAT (L—2) ¢ \2OTHO(L-2) ¢ 9oy/2AF (L—2), (C.7)

We then use that g(A®) > 0, f(A®) = 0 and f'(A{°) > 0 to claim that

0< 290%) < gOF+EL) < 2() (C3)
SFOPEED) < FOF +E(L) < 2f (A)E(D), (C9)
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for L large enough. Thus, combining the definition of the Wronskian ([2.35) and Equations (C.7)),
(C.8) and (C.9)), we get that for L large enough,

wrete > PO +€)eVEOTHOED . 0/ (\©)¢(L)eVITL,

Then, Equation (C.7) applied to z = 1, divided by Equation (C.7) implies that for L large
enough,

%ex/zmx—l) < VIOFFE 1) ¢ 9/ (1)

This inequality combined with Equations (C.2) from Lemma (C.9) and (C.8) yields the

expected control on e i¢.

The estimate on e ¢ can be easily deduced from Equations 1} from Lemma and
from Equation (C.7) on [0, L — 1]. For = € [L — 1, L], we use that

sinh ( 200 + (L - :1:)) < sinh ( 2(A\° + g)) (L—2)<C(L-x),

for L large enough. Therefore, we have according to Equation (C.1)) that for L large enough and
x€[L—-1,L],
Uagere(@) < O(L — ) < O(L — w)eV AT,

which concludes the proof of the lemma. O

Proof of Lemma[2.7. The proof is similar to the one of Lemma [2.6] except that

1k
2\ L’

V208 +6) — 20 +6) ~

as L — oo, so that for L large enough (that does not depend on x), we have

2
h
VIOTFO(L=2) /AT (L) /T
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Résumé : Les ondes progressives générées par les
équations de réaction-diffusion peuvent modéliser divers
phénomenes observés en physique et en biologie. Du
point de vue de la biologie, une onde progressive peut
étre interprétée comme linvasion d’'un habitat par une
espece. Les systémes biologiques étant finis et donc sou-
mis a des fluctuations démographiques, ces fronts d’onde
déterministes ne représentent qu’une approximation de la
véritable dynamique de la population, dans laquelle on pos-
tule que la densité locale d’individus est infinie de sorte
que les fluctuations se compensent. En ce sens, certaines
équations de réaction-diffusion peuvent étre considérées
comme les limites hydrodynamiques de modéles indivi-
dus centrés. Dans cette these, nous étudions le comporte-
ment en temps long de deux systéemes microscopiques finis
modélisant de telles invasions et les comparons a celui de
leurs limites en grande population.

La premiére partie de cette thése est consacrée a I'im-
pact d’'un milieu variant lentement sur la vitesse de propa-
gation d’'une population. Cette question a déja été étudiée
dans le domaine des EDP. Cependant, dans certaines si-
tuations, les résultats obtenus par la théorie des solutions
de viscosité s’averent inexploitables du point de vue de
la biologie. Nous proposons donc de revenir a un modeéle
individu-centré et d’étudier son comportement limite lorsque

I'échelle d’hétérogénéité de I'environnement tend vers l'in-
fini. Dans ce cadre, nous montrons que la vitesse de propa-
gation de la population peut étre beaucoup plus lente que
la vitesse du front de 'EDP décrivant le comportement du
systeme en grande population. Cette différence de compor-
tements est liée au "probléme des queues” observé en EDP,
dd a 'absence d’extinction locale dans les équations de type
FKPP.

Dans une seconde partie, nous étudions I'impact du type
des fronts d’onde limites sur les modéles stochastiques as-
sociés pour expliquer ce net ralentissement des systemes
de particules. En effet, les fronts d’onde issus des équations
de réaction-diffusion monostable sont divisés en deux
types : les fronts tirés et les fronts poussés. Il est bien
connu que les fluctuations ont un impact considérable sur
les fronts tirés. En revanche, les ondes poussées sont sup-
posées étre moins sensibles aux perturbations. Néanmoins,
de récentes simulations numériques sur des équations
bruitées suggerent I'existence d’une troisiéme classe de
fronts. Il s’agit d’une sous-classe de fronts poussés par-
ticulierement sensibles aux fluctuations. Dans cette these,
nous étudions les mécanismes internes de ces fronts pour
expliquer la transition entre ces trois régimes.

Title : Spatial dynamic of interfaces in ecology : deterministic and stochastic models

Keywords : reaction-diffusion equation, individual-based model, heterogeneous environment, branching ran-

dom walk, branching Brownian motion

Abstract : Traveling waves arising from reaction diffusion
equations explain various phenomena observed in physics
and biology. From a biological standpoint, a traveling wave-
front can be seen as the invasion of an uninhabited environ-
ment by a species. Since biological systems are finite and
thus undergo demographic fluctuations, these deterministic
wavefronts only represent an approximation of the popula-
tion dynamics, in which we consider that the local density of
individuals is infinite so that the fluctuations self-average. In
this sense, reaction diffusion equations can be seen as hy-
drodynamic limits of some individual based models. In this
thesis, we investigate the long time behaviour of some finite
microscopic systems modeling such front propagations and
compare them to the one of their large population asympto-
tics.

The first part of this thesis is dedicated to the impact of a
slowly varying media on the propagation speed of a popu-
lation. This question has been widely studied from the PDE
point of view. However, the results given by the viscosity so-
lutions theory turns out to be biologically unsatisfactory in
some situations. We thus suggest to study an individual ba-
sed model for front propagation in the limit when the scale

of heterogeneity of the environment tends to infinity. In this
framework, we show that the spreading speed of the popu-
lation may be much slower than the speed of the front in
the PDE describing the large population asymptotics of the
system. This qualitative disagreement between the two be-
haviours is related to the so-called tails problem observed in
PDE theory, due to the absence of local extinction in FKPP-
types equations.

In a second part, we study the impact of the type of the
deterministic waves on the related stochastic models to ex-
plain this drastic slow-down in the particle system. Indeed,
wavefronts arising from monostable reaction diffusion PDE
are classified in two types : pulled and pushed waves. It is
well-known that small perturbations have a huge impact on
pulled waves. In sharp contrast, pushed waves are expec-
ted to be less sensitive. Nevertheless, some recent nume-
rical experiments have suggested the existence of a third
class of waves in stochastic fronts. It is a subclass of pu-
shed fronts very sensitive to fluctuations. In this thesis, we
investigate the internal mechanisms of such fronts to explain
the transition between these three regimes.
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