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Résumeé

Cette these se concentre sur1’étude de modeéles stochastiques de populations composées d’indi-
vidus interagissant entre eux ou avec leur environnement, et leurs approximations quand
le nombre d’individus tend vers I'infini. Nous nous focaliserons sur des modéles spatiaux
prenant en compte des interactions locales et non locales et sur la description de la structure
généalogique des populations intégrant une inhomogéneité temporelle.

Dans un premiere partie, nous considérons des systémes a diffusion croisée pour deux
especes. Nous développons une approche par dualité qui permet d’obtenir des estimées quan-
titatives de stabilité. Plus précisément, nous contrdlons I’évolution en temps de I’écart entre
deux solutions bornées, sous une distance adaptée, par leur conditions initiales. Comme con-
séquence nous obtenons un résultat d’unicité pour des solutions bornées qui est valide en
dimension générale sous une hypothése de petitesse de la solution. Nous introduisons égale-
ment un modéle stochastique individu centré sur un espace discret. Les individus suivent des
marches aléatoires et sont sensibles au nombre d’individus de I'autre espéece sur le méme site,
avec une dépendance linéaire dans leur taux de déplacement. Dans un premier temps, par
une approche classique nous obtenons une estimée générale pour la convergence du modele
stochastique vers un systéeme semi-discret, en montrant que pour avoir la convergence vers
le systéme continu demanderait un nombre superexponentielle d’individus sur chaque site.
Dans un deuxiéme temps, nous développons des estimés de dualité discretes qui nous per-
mettent d’établir la convergence en loi du modele stochastique vers les systémes a diffusion
croisée lorsque le nombre d’individus par site est plus grand que le carré du nombre de sites,
en supposant des données initiales petites.

Dans une deuxiéme partie, nous obtenons un taux de convergence explicite pour certains
systemes de diffusions en interaction de type champ moyen avec branchement binaire lo-
gistique vers les solutions de systemes d’autodiffusion non locale avec croissance de masse
logistique, qui décrivent leurs approximations grande population. Cette quantification de la
convergence nous permet aussi d’obtenir au niveau du modele stochastique une propreté
d’indépendance asymptotique des individus conditionnel a la taille du systéme. La preuve
repose sur un argument de couplage pour des diffusions branchantes binaires basé sur le trans-
port optimal, qui nous permet d’approcher la trajectoire de la population branchante sous in-
teraction par un systéeme de particules indépendantes avec des naissances spatio-temporelles
aléatoires convenablement distribuées. Grace a cet argument, nous obtenons des taux opti-
maux dans une distance adaptée pour des mesures finies, qui sont obtenus a partir des taux de
convergence pour la distance de Wasserstein entre une mesures empirique construite a par-
tir d'un échantillonnage de variables aléatoires indépendantes et identiquement distribuées
selon une loi donnée et cette méme loi. Cette approche et résultat étendent des techniques et
idées de propagation du chaos dans des modeéles cinétiques vers des systémes des particules
avec interaction et branchement.

Finalement, dans une troisieme partie, nous considérons ’arbre réduit associé aux proces-
sus de naissance et mort dans des environnements variables qui donne la structure généalo-
gique de la population. Nous décrivons géométriquement cet objet en utilisant la construc-
tion lookdown introduite par Kurtz et Rodrigues adapté pour des processus inhomogénes en
temps. Pour comparer les structures généalogiques en question, nous introduisons une dis-
tance du type variation totale sur les étiquettes des individus et leur durées de vie, avec un
poids temporel. En introduisant un couplage entre les représentations lookdown du proces-
sus de naissance et mort et de sa limite quand le nombre d’individus tends ver I'infini, connu
comme la diffusion de Feller dans environnement variable, nous approchons la généalogie en
grande population, a I'aide de cette distance.



Abstract

This thesis focuses on the study of stochastic population models composed of individuals
interacting between them or with the environment, and their approximations when the num-
ber of individuals goes to infinity. We will focus on spatial models taking into account local
and non local interactions and on the description of the genealogical structure of populations
having a temporal inhomogeneity.

In a first part, we consider cross-diffusion systems for two species. We develop a duality
approach which allows to obtain quantitative stability estimates. More precisely, we control
the evolution in time of the gap between two bounded solutions, under an adapted distance,
by their initial conditions. As a consequence we obtain a uniqueness result for bounded so-
lutions which is valid in general dimension under an hypothesis of smallness of the solution.
We also introduce a stochastic individual-based model on a discrete space. The individuals
follow random walks and they are sensitives to the number of individuals of the other species
on the same site, with a linear dependence in their rates of motion. In a first step, by a classical
approach we obtain a general estimate for the convergence of the stochastic model towards a
semi-discrete system, showing that in order to have the convergence towards the continuum
system it would be necessary to have a superexponential number of individuals in each site.
In a second step, we develop discrete duality estimates that allow us to stablish the conver-
gence in law of the stochastic model towards the cross-diffusion systems when the number
of individuals per site is greater than the square of the number of sites, assuming small initial
conditions.

In a second part, we obtain an explicit rate of convergence for some systems of mean-field
interacting diffusions with logistic binary branching towards the solutions of non-local self-
diffusion systems with logistic mass growth, that describe their large population approxima-
tions. This quantification of the convergence also allows us to obtain a property of asymptotic
independence of individuals at the level of the stochastic model, conditional on the size of the
system. The proof relies on a coupling argument for binary branching diffusions based on
optimal transport, which allows us to approximate the trajectory of the interacting branching
population by a system of independent particles with suitably distributed random space-time
births. Thanks to this argument, we obtain optimal rates in an adapted distance for finite
measures, which are obtained from the rates of convergence for the Wasserstein distance be-
tween an empirical measure constructed from i.i.d. samples of a given law and this same law.
This approach and results extend techniques and ideas on propagation of chaos from kinetic
models to particle systems with interaction and branching.

Finally, in a third part, we consider the reduced tree associated with birth and death pro-
cesses in varying environments that gives the genealogical structure of the population. We
describe geometrically this object by using the lookdown construction introduced by Kurtz
and Rodrigues adapted for inhomogeneous in time processes. In order to compare the ge-
nealogical structures in question, we introduce a total variation type distance over the labels
and lifetimes of individuals, with a temporal weight. By introducing a suitable coupling be-
tween the lookdown representations of the birth and death process and its limit when the
number of individuals goes to infinity, known as the Feller diffusion in varying environment,
we approximate the genealogy in the large population regime with the help of this distance.
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CHAPTER 1

Introduction

Mathematical models can be understood as an abstracted, idealized and approximated repre-
sentation of reality by means of mathematical concepts and language. They lie at the core
of almost every basic discipline, such as physics, biology, chemistry and computer science,
as they serve to represent ideas and formalize observations of systems. Because of this, they
turn out to be indispensable scientific tools, as they help in the generation of insight, expla-
nation and prediction, and thus giving a basis for theoretical and empirical understanding.
Therefore, the importance of having precise mathematical models, while having in mind at
the same time the trade-off between realism and tractability.

This thesis focuses in the study of mathematical models arising from biological motiva-
tions. Mathematical biology has been an area of wide interest in recent decades, in particular
the last years have seen a very rich interplay between these two areas of science. In this
context, mathematical models are used to investigate the principles that govern the struc-
ture, development and behavior of systems of living organisms. The modeling of complex
biological processes became a fundamental tool for creating analytical and computational ap-
proaches to many different bio-inspired problems, coming from different branches such as
population dynamics, cell biology, genetics and epidemiology, to name but a few. The main
objective being to get biological insight as a result of mathematical analysis and thus helping
to understand fundamental questions about nature.

In particular, the models considered fall under the scope of what is known as dynamics
and evolution within the field of population models. These two branches correspond to the
study of how certain quantities of interest in a population evolve in time and the evolution-
ary process behind the diversity of populations. Broadly speaking, the study of populations
in ecology includes understanding, explaining, and predicting species behaviour. Why do
species inhabit particular areas, and how are they prevented from establishing beyond their
range limits? How do they grow? What are the genealogical relationships along their evo-
lutionary history and how does different factors affect this information? In particular such
range questions have become popular in the last decade or so in response to concerns about
climate change, and in particular their mathematical modeling, as ecologist effectively rely on
models.

Constructing precise population models is a problem that has attracted attention since
long time ago. We have seen through decades numerous efforts aiming in this direction,
starting with Robert Malthus proposing the unbounded exponential growth of the size of a
population in the presence of abundant resources. Then, with the logistic equation in where
the self-limiting effect that a population has over its growth and the availability of resources
is considered. Along with these lines, Lotka [89] and Volterra [116] developed a model for
a predator-prey or competing species dynamics as simultaneous nonlinear differential equa-



tions, representing one of the major advances in modern mathematical ecology. Since then, a
whole variety of models taking into account interaction between species have emerged. For
example we have predator-prey models with complex density dependent interactions, useful
for the study of functional responses for example, or models based on partial differential equa-
tions for structured populations dynamics. All of these models are deterministic descriptions
of population dynamics. Nevertheless, when considering ecological models it is also natural
to think in some source of randomness, since many biological processes are stochastic. This
led to models incorporating randomness. In the last years this has been one of the principal
approaches of mathematical ecology.

The central aspect which is explored in this thesis is the microscopic origin of macroscopic
behaviour and its explicit approximation. This comes motivated from the idea that the huge
number of interactions in real ecosystems difficult any attempt to create a precise model. It
becomes natural then to approximate by a macroscopic behaviour, in order to obtain more
tractable models. In this sense, the precise quantification of these approximations is of im-
portance since then we can measure the error in which we incur by doing this simplification.
Also, this approach yields simplifications even when we consider microscopic systems evolv-
ing stochastically, since it is often claimed heuristically that stochasticity at individual level
can be ignored in the study of large groups.

Another notion that lies at the core of this work, is the role that interactions play in the
dynamics of a population. In a very broad sense interaction can be understood as a depen-
dence between two objects, where this dependence can be sideways or in only one sense.
Given a population we have for example interaction between the genetic material of the indi-
viduals, interaction of an species with its environment through their reproductive dynamics
or interaction between species at the level of their displacements. In this thesis some of these
mechanisms are explored.

In the first part, we study spatial interaction within a population model composed of two
differents species. The kind of interaction considered is known as local interaction, which
means that individuals affect each other when they are present in the same spatial point. Start-
ing from a stochastic microscopic model having local interaction, we show that in the regime
of large-population approximation there is a deterministic macroscopic evolution belonging
to the class of cross-diffusion systems. Moreover, we quantify this convergence obtaining an
optimal scale.

In the second part, we study another type of spatial interaction known as non-local in-
teraction. This means that individuals are allowed to interact with a whole region around
them by averaging the effect of the individuals within. We consider a previously introduced
stochastic microscopic model that approximates a deterministic behaviour showing this type
of interaction in its large-population approximation, and we focus on the case in where there
is only one species that interacts in this way with itself. For this model we prove quantitative
estimates for the approximation of the microscopic system by the macroscopic dynamics.

Lastly, in the third part, we are interested in a different type of model. At this point we
focus our attention on models regarding the evolution of the size of a population, while con-
sidering effects of the environment through the demographic rates. In particular, we study
the genealogical information associated to such models through a previously introduced par-
ticle representation, which allows to approximate the genealogy when we have a very large
number of individuals by the genealogy behind a macroscopic dynamics.

In what follows we introduce further the main ideas and problems handled in this thesis
and we informally explain the results addressing each chapter in order.



1.1 Cross-diffusion models

In this section we will focus on understanding how a model showing segregation effects arises
from dynamics in which we consider local interaction between individuals, and the questions
that naturally come along, such as the approximation of these models.

1.1.1 Local interaction

Suppose that we have a population composed of only one species. In order to understand
how a model for the evolution of its spatial distribution arises, we can start by considering
the following equation

Ou — A(au) =0, (1.1.1)

where u is the unknown and a is a function given beforehand. From a probabilistic point of
view, such equation can be obtained as the macroscopic behaviour of a stochastic microscopic
particle system. Indeed, consider for example a collection of particles or individuals placed in
a finite number of sites with a periodic boundary. Suppose that each individual performs a
centered random walk and such that at each site z, it waits an amount of time exponentially
distributed with parameter a(x) before giving the next step. Given this dynamics, it can be
shown that when the number of sites and individuals go to infinity (with this last parame-
ter growing faster than the former), the properly rescaled empirical measure associated with
this system approximates the solution of (1.1.1). This allows to understand u as a density or
concentration per site of individuals (see for example [76] for the formalism of this approach).

Another interpretation for (1.1.1) comes from an heuristic argument. Suppose that u rep-
resents the concentration of particles in some medium. By expanding the laplacian, we have
two different contributions to the temporal variation of u

— A(au) = =V - (aVu) — V - (uVa). (1.1.2)

First, we have a diffusion term —V - (aVu), which Fick’s laws of diffusion describe as the
contribution to the change with respect to time of the concentration due to the movement
of particles from regions of high concentration to lower concentration ones. This, with a
diffusivity a determined by the medium, which in turn is related to the speed at which this
occurs. Secondly, we have a transport term with direction —Va, describing the transport of
particles towards regions in where a is smaller.

Given these ways of reasoning, from a population dynamics point of view, (1.1.1) can be
thought of as a model for a species u evolving along with a species a of fixed concentration
over a common environment. Individuals of the species v will tend to leave sites faster as
more individuals of a are present at the same site. Also, they will avoid regions in where the
concentration of species a is high. Since the changes in concentration for the species u at
a given site depend on the presence of a at that same site, we say that the species interact
locally, with this interaction being only in one direction for the moment, since a is fixed.

Consider now that we have a population composed by two different species u and v. As-
suming that the species prefer the same environment to live and that they are under the
influence of intra and inter-specific pressures, using a similar heuristic as the one described
in the previous paragraphs, Shigesada, Kawasaki and Teramoto introduced in [108] the fol-
lowing system of equations for modeling the temporal evolution of the spatial distribution of



the population

Oyu — A[(dl + aju + CL12U>U} = (11 — spu(t) — s120(t))u(t),

(SKT)
0w — A[(dg + agu + CLQQU)/U:| = (ry — soru(t) — sov(t))v(t),

where d; and ds are the intrinsic diffusion coefficients, a;; and a9y the self-diffusion coeffi-
cients and a5 and a9 the cross-diffusion coeflicients, all of which are non-negative constants.
On the right hand side we have a Lotka-Volterra-type of evolution governing the demograph-
ics of the model, where 7, and r; represent the intrinsic growth rate of each species and s;;
the competition for resources for ¢, j = 1, 2.

This system of strongly coupled parabolic equations is one of the best known models in
the class of cross-diffusion systems, namely those presenting nonlinearities of the form —V -
(A(u)Vu) for vector-valued u and a diffusion matrix A. From an ecological point of view, the
system (SKT) has an interesting property: under certain conditions on the parameters, there
exists non constant steady states which represents the phenomena of pattern formation or
segregation. Furthermore, in this model intuition correspond to theory, in the sense that large
intrinsic diffusion coeflicients prevent pattern formation, while having large cross-diffusion
coefficients helps in the formation of patterns. In fact, the main motivation in [108], was
to propose a model showing non constant steady states, since for example if we consider a
diffusive Lotka-Volterra system (that is, a;; = 0 for 7, j = 1, 2), then one can show that all of
its steady states are constant, which is not so convincing from a modeling point of view.

Several efforts have been made to understand and answer the natural questions arising
from the system (SKT), ranging from the basic questions regarding the existence and unique-
ness of solutions, to the analysis of steady states and the different regimes arising from differ-
ent sets of parameters. It is so rich in structure that it remains almost on its own as an active
area of research.

Analytical development of cross-diffusion systems

To summarize the development of the theory behind the system of two species, we start by
mentioning the first global existence result in the one dimensional setting, neglecting self-
diffusion and assuming that all the remaining diffusion coefficients are equal, obtained in [74].
Significant progress was made then by Amann in [4, 5], obtaining general results concerning
parabolic quasi-linear systems, which in particular allow to conclude that local regular solu-
tions exists for (SKT). Next, there are results with restrictive structural assumptions, such as
the triangular case (that is, a1; = a2 = as9 = 0 and a5 # 0 in (SKT)) or assuming smallness
of the coefficients (see for example [91] and [43]). The first global existence results without
structural restrictions were obtained first in the one dimensional case in [63], and then gen-
eralized to arbitrary dimension in [29] and [30]. Regarding the analysis of steady states of
(SKT), one of the firsts studies was carried out in [96], showing spatial segregation for a set of
parameters different than the one originally analyzed in [108]. An important work was made
in [90], by describing the interplay between diffusion and cross-diffusion in pattern formation.
For more on this last subject we refer to [21] and references therein.

Concerning the generalization to the case with more than two species, we have fewer
results since, as expected, the system is more complicated to analyze. The first time that the
system (SKT) was derived and formulated for n different species was done in [117]. Then,
the global existence result for this n species system was obtained in [31]. In general, the
formulation for n different species in the case in where there are no reaction terms can be
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written as

8tui — A(dlul + Z aijuiuj> = O, (1.1.3)
j=1
for u = (uy,...,uy).

Much of the theory used for showing the existence of weak solutions to (1.1.3), is based
in the boundedness-by-entropy method [71]. The key idea of this approach is to find a priori
estimates through a Lyapunov functional of the form

H(u) = / h(u) dz,

for a very suitable choice of h. Indeed, and as we would expect from this Lyapunov functional
approach, under some conditions on the function 5/, it can be shown that this functional de-
creases along the trajectories of (1.1.3), that is, %H (u) < 0. Moreover, this method provides
more information than just the monotonicity of this entropy functional. In fact, the existence
of an entropy structure is intimately tied to the existence of a transformation that yields the
system (1.1.3) symmetric (specifically its diffusion matrix). This allows the use of more stan-

dard techniques from the analysis of parabolic equations. As shown in [31], by setting

H(u) = /im (uz(x) log(u;(x)) — w;i(z) + 1) dz, (1.1.4)

for coefficients m; > 0 satisfying the detailed balance condition
mia;; = ma;, fori,j=1,...,n, (1.1.5)

gives the monotonicity of the functional and also an a priori control over the gradient of both
/i and u;, being this the key for obtaining the global existence result through an approxi-
mation procedure. Nevertheless, it is conjectured in [31] that the entropy for this system is
bounded for all times, all non-negative coefficients and all non-negative initial conditions, as
well as for all coefficients a;; > 0.

Derivations from other systems

A central question that has gathered attention through the last decade, is the derivation of
models in the family of cross-diffusion systems by means of properly scaled models. This, in
order to justify in some sense that these systems of equations arise as natural limiting objects
for reasonable microscopic dynamics, since their conception in [108] was based purely in
heuristics.

The first time that the system (SKT) was derived following this objective was done in
[69]. There, the authors formally showed that the solution of the triangular system can be
approximated by means of properly scaled reaction-diffusion systems. This approach was
later formalized in [42].

A different formal derivation of the system can be obtained by following for example [99]
and [117]. There, a procedure for recovering a model in the class of (SKT) from a random walk
inspired lattice model was proposed, which we describe next. Let (z;) ez be the lattice under
consideration, where h = x; — z;_; > 0, and u;(x;) be the proportion of the i-th species on
xj. Suppose that the species jump from site j towards j £ 1 with rate rf %, that the particles
from j — 1 jump to j at rate /71" and that the particles from j + 1 jump to j at rate rd

% %



This dynamics yields, at a formal level, the following master equation for the evolution in
time of the proportion u; at the site x;

Opui(xy) = ri " ui(zyn) + it w(mg) — (00 i (),

fori =1,...,nand j € Z. The transition rates are defined by

J,+
L

= opi(u(2;))qi(Uni1 (Tj1)),

where u(z;) = (u1(z;), ..., un(x;)), and also supposing that w,1(z;) = 1 — Y7 ug(x;).
This assumption on the structure of the rates aims to model the following effect: if a site
is crowded or the neighbors are less occupied, then the species will tend to leave the site.
Specifically, p; measures the tendency of the species ¢ to leave the j-th site and ¢; measures
the movement from the neighboring sites into the site j. In particular, we understand this
kind of model as if w;(x;) represents a volume fraction of occupancy and u,; the volume
fraction not occupied by the species, yielding the effect known as volume-filling. By con-
sidering that ¢;(u,+1) = 1 foralli = 1,...,n (no volume-filling effect) and taking n = 3
and p;(u) = d; + a;u; + a;us, it was shown (formally) that one recovers the system (SKT)
without reaction terms when A — 0. This procedure already shines a light for developing a
microscopic approximation.

Another well-known approach to approximate a nonlinear partial differential equation is
by means of a system of stochastic differential equations describing a many particle system.
A derivation of (SKT) in this spirit was obtained partially in [28] and then extended in [27]
recovering the full model. There, the authors approximated the limiting system by performing
a two-step limit procedure. Starting from an interacting particle system, in where interactions
occur in a non-local way, they approached first an intermediary non-local cross-diffusion
system, when the number of particles goes to infinity, and then they studied the limit towards
local interaction, all of this seen through a single particle and the equation satisfied by its law.
We will revisit this terminology and approach in the next section.

Making ends meet

Following the approach of obtaining the system (SKT) as the limit of suitable scaled micro-
scopic models and motivated by understanding the origin of the entropy (1.1.4) and the de-
tailed balance condition (1.1.5), the authors of [37] introduced therein a stochastic microscopic
model and showed a link between its entropy structure (in the classical sense of entropy for
Markov chains) and (1.1.4) by means of a two-step limit procedure. This allowed them to
exhibit the detailed balance condition (1.1.5) as the detailed balance condition for finite-state
Markov chains. More precisely, given M € N*, the model introduced is a stochastic particle
system in where each particle evolves on the state space

QM:{{Eka’:O,...,M—l},

where x;, = k/M and with periodic boundary. Taking into account the relative fractions

T, .., Ty, With m; > 0, of n species, the system is defined in a way such that there are |7; NV |
individuals of the i-th species, for i = 1, ..., n. Thus, a state of this process is given by
o= (eho o™l ) @ i)



Also, the system is endowed with a dynamics such that the configuration of particles evolves
as a continuous-time Markov chain that we describe next. Assuming that the particles are
indistinguishable, consider the following four transitions

a:r—>m—i—ef—|—eb. dij T — T+ e

a
J 7
at rate d; 00 a_b—>. and at rate d;
x>z — e —e } (L)) =} N x—x—e } "

fori,j = 1,...,n, and where €} € Q%LWINHMHF"M) denotes the vector whose entries are

zero everywhere except for the a-th particle of species i, witha = 1, ..., |m; V], in where its
value is 1/M, and similarly for e?. Only one of these transitions occurs at a jump time. The

process defined in this way turns out to be a reversible Markov process and having the uniform
distribution as invariant measure, meaning that each state has probability M ~(lmNJ+-+lmN]),
Furthermore, by denoting PV the time marginal of the process for given ¢ > 0, which is a

|_7T1NJ+"'+I_7T7LNJ

measure over the discrete set Q?}( ) and defining the entropy functional

H(EY) = 3 PY (z) o Py (x) (1.1.6)
t) = t S\ MmN+ Tm]) ) -

2eQ@(ITIN I+t N )

it can be shown that this quantity decreases with respect to time, i.e. %]A-I/ (PN) < 0. This
last fact can be seen also as a consequence of a much general statement proved in [93], which
ensures that the law of such continuous-time Markov chain evolves as the gradient flow of
the entropy.

Under the assumption that as NV goes to infinity particles become independent, stated as

IP’N(:I:i, o ,:L’FINJ, . ,yc,ll, o ,:UTLL’T”NJ) ~ ul(x%) .. -ul(acrlNJ) . un(x}l) . -un(xTLL”"NJ),

it was shown formally in [37] that the marginals u; evolve as

jtul(x) = d;(ui(x + h) + wi(x — h) — 2u;(z))
n (1.1.7)
+ Z dijmi(u(z + h)uj(x + h) + wi(r — h)uj(x — h) — 2u;(2)u;(x)),

j=1

fori =1,...,n,and that ; H (P)Y) converges towards 7, m; > 000" w;(x;) log (¢, u;(x;) /M)
(which also decreases), making the connection of the entropy structure of both objects, the
process and the semi-discrete system (1.1.7), which eventually leads to (1.1.4) when the dis-
cretization step M ~! goes to zero. The independence assumption is based in that as the inter-
action between two particles is scaled by N1, this implies that the correlation between them
should also be scaled by the same factor, thus becoming independent in the limit N — oo.
This assumption is known as propagation of chaos, notion that will be revisited later on.

1.1.2 Main question and answer

We have seen that the derivations of models in the family of cross-diffusion systems, from
models showing local interaction, have been done at a purely formal level. This takes us to
consider the natural question concerning the possibility of defining a random individual-based
model showing local interaction and having a dynamics reflecting plausible interactions, such
that in the macroscopic limit it behaves as a cross-diffusion system.



Motivated by the previous question, we introduced a random microscopic model com-
posed of particles that perform repulsive random walks, and such that it has a cross-diffusion
system without self-diffusion nor reaction terms as its scaling limit. We moreover quantify
this approximation through the application of analytic techniques that are not so common
in the probabilistic setting, obtaining polynomial rates. These same techniques also allow to
obtain a stability result for bounded solutions of the cross-diffusion system considered. The
approach employed does not involve the use of an entropy structure and the approximation
of the microscopic model by the macroscopic behaviour is done in a one-step limit.

1.1.3 Our contribution

We focused on the study of the following system on the one dimensional torus T

Oy — A(dlu + CL12UU) =0,

(1.1.8)

O — A(dgv + agluv) =0,
where d; > 0 and a;; > Ofori, j = 1, 2. This system does not show self-diffusion nor reaction
terms, with the idea of dealing only with the main difficulty arising from the cross-diffusion
terms.

Given this system, we introduced a discrete microscopic model representing a population
composed by two species spatially distributed among M € N* sites. Specifically, the approx-
imation is done through the convergence of the number of individuals of each species at each
site renormalized by a factor N, represented by the process (UM (¢), VM (1)),5, taking
values in (N/N)M x (N/N)M. This approximation takes place in the regime in where the
number of individuals and the number of sites is very large.

The transitions of this process are as follows. For any vector of configurations (U, V') €
(N/N)M x (N/NYM where U = (U;)X, and V = (V;)X,, we have that

U—U+ (ei+9 — ei)Nil at rate QMQNUl(dl + alg‘/;),
ViV + (e o—e€)N' atrate 2M?NVi(dy + anU;),

where (€)i<j<) is the canonical vector of RM, ey = ey, ey = € and 0 € {—1,1}.
This transitions reflect two behaviours. First, that the particles perform independent random
walks. Secondly, that they are also under a localized effect as they tend to leave faster a given
site if the presence of particles of the other species is higher in that same site.

Through an analysis of the infinitesimal generator of the process previously defined, we
formally deduced that when the number of particles is big enough, leaving the number of sites
fixed, the system behaves like the solution (u™ (t), v (¢));>0 of the semi-discrete system of
ordinary differential equations

d
*’U,M — AM(dl’U,M + alg’U,M © ’UM) O,
dt (1.1.9)

d
&’UM — AM (dQ’UM + CL21UM ® ’U]V[) O,



where A, is the periodic laplacian matrix defined by

-2 1 0 1

1 -2 1 0
AM = M2 s

0 1 -2 1

1 0o 1 =2

and © denotes the component wise product of vectors. Notice that this semi-discrete system
coincides with (1.1.7).

Given T > 0, we proved in a first instance that the process (U™ (t), V" (1))icp.1
converges towards (u (¢), v (t)).cjo.7), solution of the previous system. Furthermore, we
quantify this convergence showing that it is necessary to consider

N > M*exp(CM*T),

in order to pass to the limit in one step. Thus, it is concluded that the convergence towards
(1.1.8) following this approach demands a superexponential number of particles, which also
depends on 7', with respect to the spatial discretization.

We next derived an alternative approach by considering another spatial discretization of
(1.1.8), denoted by (u™(t), 9™ (t));>0, yielding in this way a new semi-discrete system to
compare with the process (U (), VM (t)),5. Moreover, the structure of the difference
between these two objects takes a form that is analogous to the discrete version of the con-
tinuous equation

Oz — A(pz) = Af +r, (1.1.10)

where z plays the role of the difference between the two objects. This analogy led to the
development of what are known as duality lemmas. In the continuous setting these tools
allow to control in a suitable norm the solution of Kolmogorov-type equations by means of
the initial data and the diffusivity. In a first step, a tool of this kind was developed for the
continuous equation (1.1.10), assuming that the diffusivity y is uniformly bounded, » = 0 and
also imposing an integrability condition over f. An application of this tool in the setting of
bounded solutions for the system (1.1.8) yields one of the main statements, which is a stability
result. Considering the norm

1/2
Il = (- o cay + - W2gamy)

where T is the periodic d-dimensional torus and Q7 = [0, T] x T¢ the periodic cylinder, the
result reads as follows.

Theorem. Let T' > 0. Consider a couple (u,v) and (T, V) of non-negative uniformly bounded
weak solutions of (1.1.8) in dimension d, respectively initialized by (ug,vy) and (U, y), both
bounded. If the smallness condition ||| ()7 > (@r) < a‘f;z;, is satisfied, then the follow-
ing stability estimate holds

= a7 + [l = olll7 S lluo — TollF-1(ray + lvo — Dol 31 (pa)
+ T([Uo - ﬂ0]12rd||M1(Uo)||L1(1rd) + [vo — Uo]%d||ﬂ2(uo)||m(1rd)>7

where the constant behind < depends on the parameters of the model. In particular, if a bounded
non-negative solution satisfies the smallness condition, then there is no other bounded non-nega-
tive solution starting from the same initial data.



Finally, we translated the continuous duality lemma to a discrete setting in order to obtain
quantitative estimates for the comparison between the process (UM (), VMY ()5 and
the alternative semi-discrete system (u™(t),9*(t))s>o. This allowed us to obtain a better
time and space scaling relation for the convergence to hold. By considering the piecewise
linear interpolation 7y, (u) of a vector u € R and the system (1.1.8) on the one dimensional
torus, this second main result reads as follows.

Theorem. Assume the existence of a non-negative solution (u,v) of C' regularity in time and
C* regularity in space of the system (1.1.8), initialized by (U, Vo) € C*(T) and satisfying the
same smallness assumption as before. Assuming the existence of a constant Cy such that,

TN (0)]|1.ar + VN (0)||1ar < Co,  almost surely,

forall M, N € N*, we have that for any T > 0,

112 2
E[!HWM(UM’N) =l + llma (V) = 3l

2

_ M
S E[”WM(UMN(O)) — || -1 (p) + |72 (VMN(0)) — Toll 2y | + M4+ =

where the symbol < depends on the parameters of the model.

We recall that the existence of local regular solutions for (1.1.8) is ensured by [4, 5].

1.2 Non-local self-diffusion models

Since understanding the spatial behaviour of a population interacting locally turns out to be a
challenging question, in this section we will consider another type of interaction which aims
to be weaker. To this end we will focus on models in where the particles are allowed to interact
spatially within a region or neighborhood centered in the particles’ location.

1.2.1 Non-local interaction

We saw in the previous section that a pertinent macroscopic model for local interaction is
the one given by the system (SKT). Now, coming back to Kolmogorov’s equation (1.1.1), we
can modify this equation to derive heuristically, in the same way as before, another model
in where we relax the local interaction. Indeed, in order to take into account the effect that
the particles do not interact locally, we consider an interaction kernel p that will serve to
regularize the diffusivity at a given point. This yields the modified Kolmogorov equation

du — A((p* pu) =0,

where y1 is a given diffusivity coefficient. Recalling the decomposition (1.1.2), we can see again
this equation as the composition of two different behaviours, with the difference being that
now all the effects produced locally by u are averaged according to p, yielding a non-local
type of interaction.

Models in this class, yet not thoroughly studied as local systems, have also been subject
of some attention in the recent years. For example, we have [62, 22, 23] and [46], to name but
a few. In general, works involving non-local interactions tend to treat the case in where we
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have only the effect of transport of individuals or particles according to a non-local field of
velocities, that is, only taking into account a term of the form —V - (uV(p * 1)) in the spatial
evolution.

In a general setting, by considering a non-local effect one could argue in the same spirit of
[108], in order to obtain what can be seen as the translation of (SKT) to its non-local version,
namely the system

o — A[(dl + G xu+ Gig % U)u} = (r; — Cpy xu(t) — Cra x v(t))u(t),

(1.2.1)
o — A{(dQ + Go1 *xu + Gog * v)v} = (rg — Co xu(t) — Cag x v(t))v(t),

where G; are interaction kernels and C;; competition kernels, for ¢, j = 1, 2. In what follows,
we will be interested in models belonging to this class and its generalizations.

Derivation from a stochastic individual-based approach

As already stated, there is an interest in the derivation of models through the approximation
by microscopic models suitably scaled. A classical approach for doing this has been the prob-
abilistic method. This consists in introducing a random microscopic model such that in the
limit when the number of particles goes to infinity, known as large population approximation,
the empirical particle density of the system approximates, in a suitable sense, a deterministic
dynamics specified by a macroscopic equation. This approach turns out to be useful for spec-
ified existence of weak solutions for the macroscopic dynamics. The usual assumption in this
framework is that the population is large enough such that the law of large numbers makes
the random fluctuations negligible in the limit.

This approach, generally known as stochastic individual-based modeling in the ecological
context, spurred from the seminal paper of Fournier and Méléard [61], and since then it has
showed to be a very useful technique for deriving asymptotic results for microscopic models
when the number of individuals is very large. It started a fruitful branch of research and gave
rise to models and macroscopic dynamics that give useful insights of biological or ecological
systems (see for example [24, 26, 25] and [7]). Within this approach, the interest is focused in
giving a coherent dynamics to each specific individual and then on the equation that arises
when we consider the aggregated behaviour of the individuals, which is seen through an
empirical measure, rather than the particular laws that the particles follow in the infinite
limit. One of the central motivations for pursuing this approach comes from the idea that the
macroscopic dynamics is far more simple to analyze than the many particle dynamics when
the number of particles is very large, which usually yields an untractable system.

Nonetheless, and in a very general sense, the idea of approximating non-linear partial
differential equations through the convergence of an empirical measure associated with an
interacting particle system with mean-field interactions can be traced back to Sznitman [110]
(and references therein). An underlying notion that is present in this context is the propa-
gation of chaos property, which can be formally stated as follows. Consider £ a measurable
metric space and (P ) ycy a sequence of symmetric (exchangeable) probability measures over
EN. We say that this sequence is p-chaotic if, for any k € N*, the k-marginal P} of P" con-
verges weakly to u®* as N — oo, or equivalently, if the empirical measure associated to P,
that is, the empirical measure constructed using the entries of the vector sampled according to
PN converges in law to the deterministic measure y as N goes to infinity. We can understand
this notion of chaos as asymptotic independence of particles. In its seminal article, Kac [72]
introduced the notion of propagation of chaos while studying a process of colliding particles.
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In this work, Kac showed that the convergence of the many particle system followed from the
propagation of chaos property.

In this direction, system (1.2.1) arises in a somewhat natural way, as it turns out to be im-
possible to directly define an interacting particle system, composed of independent particles
evolving in a diffusive way, in where the particles undergo local interaction, since two inde-
pendent particles will never encounter. Thus, by the introduction of an interaction kernel,
this standard approach for approximating second order parabolic equations can be used for
generating weak solutions.

Following this and the individual-based approach, Fontbona and Méléard introduced in
[58] a stochastic particle model such that its large population limit satisfies a general version
of (1.2.1) and that we loosely describe in what follows. Consider a population composed of n
species, in where each one possesses its own spatial dynamics depending on the distribution
of the whole system, and demographically they are under competitive pressure. The spatial

configuration of the species 7 = 1, ..., n, is described by the empirical measure
1 NI
Z7 JR— .
wet = — 321 5X;m, (1.2.2)

where K € N* is the charge capacity, N/ := K (4", 1) the number of particles alive at
time ¢ and X' € R? their positions in space. Each particle has two independent exponential
clocks, a reproduction clock of parameter r; and a mortality clock of parameter >°7_, C %
1 both being functions of the particle’s position. During their lifetimes, the particles follow
a diffusion process with diffusion matrix a’( -, G x it Gk ,u?K) and drift vector
V(- Ho s ™, o HY™ 5 ™). The choice of coefficients reflect the effect that the spatial
density of the different species has through the interaction kernels.

One of the main result of [58] is the convergence in law, when K — o0, of the former
empirical measure towards the weak solution of the system

Opu’ = Z xk:cl( LGP s G x u")u’)
e (1.2.3)
—Zaa:k(bgk)(-,}[ivl*Ul,--->H *u" ) ( ZC”*UJ>
k=1
fori = 1,...,n, where u’ represents the density of the i-th species. This system is a general-

ization of (1.2.1) to multiple species.

From non-local interaction towards local interaction

Systems presenting non-local cross-diffusion effects tend to simplify the analysis of solutions,
since the non-linearities of (1.2.1) are more tractable than those of (SKT), as the convolution
kernels, being smooth functions, tend to regularize the behaviour of the unknown.

Following this observation and a question that was left open in [58], regarding the conver-
gence of the non-local interaction kernels towards local interaction (i.e. G — 9), it was shown
first in [97] that the triangular non-local model associated with (1.2.3) converges towards the
model with local interaction, in the case without self-diffusion. This result was then extended
in [47] recovering the full model. This last results was obtained under a symmetry condition
on the interaction kernels that yields the existence of an entropy structure, which allows to
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handle the problem in the sense discussed in the previous section. Finally, in this direction,
it is worth mentioning again the works [28] and [27], that make use of the non-local limiting
system (1.2.3) as an intermediate system to show convergence towards local interaction.

1.2.2 Main question and answer

Given the weak convergence result obtained in [58], relating the stochastic microscopic model
(1.2.2) in its large population approximation with the non-local system (1.2.3), a natural ques-
tion arises in this approximation context: is it possible to quantify, in some suitable distance,
how close are the empirical measure of the interacting particle system and the weak solution
of the limiting equation?

To answer this question, we focused in the case in where there is one species, showing
only a self-diffusive spatial behaviour and having a demographic evolution of logistic type.
We developed a probabilistic approach to obtain quantitative estimates for a distance compat-
ible with the objects considered. Particularly, this was done using techniques inspired from
optimal transport, namely by the construction of an optimal coupling. Furthermore, the es-
timates derived allowed us to obtain a propagation of chaos property. Finally, this approach
also provides a procedure for constructing optimal couplings in non-conservative systems,
which is expected to generalize to more complex models.

1.2.3 Our contribution

We centered on the analysis of a single species in where its density evolves as a non-local
self-diffusion equation showing logistic growth, namely an evolution of the form

1 & y d )
Oupie = 5 32 020, (@, Gorp)pae) =30 00, (00 (- H s i) )+ (r = e{pae, 1)), (1:2.9)

ij=1 i=1

understood in the weak sense, where b and ¢ are given drift and diffusion coefficients respec-
tively, with a := oc' and a given initial condition .

Together with this equation, we considered the stochastic process introduced in [58] that
approximates its solution, which is represented by the empirical measure

1 N
K
IU“ —_- = 5 n,K .
t K nz::l X,
In this particle system, each particle follows a diffusion process of the form
AX] = b(X], H x pf (X)) dt + o (X7, G i (X)) dBY,

and at the same time it produces an offspring at its current position at a constant rate » > 0.
On the other hand, particles in this system independently die at rate cNX /K, for ¢ > 0, as a
result of competition.

By considering BL(R?) the space of Lipschitz-continuous bounded functions on R? en-
dowed with the norm

p(x) — oly
lelln = sup =200 4 s (o),

Ay
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one has the corresponding dual norm || - ||gr+ on the space M (IR?) of finite signed measures,
which is given by
I = vifpre = sup (= v, p)-

llellBr.<1

Also, for every 1 € M*(R?) we will denote by ji the normalization by its mass.

Motivated by the comparison of the weak solution of (1.2.4) with the approximating empir-
ical measure under the previous distance, we first showed that the following general relation
holds for any u, v € M*(R9)

= vllsLe < (u, WA (1, 2) + (1, 1) = (v, 1)1, (1.2.5)

where the p-Wasserstein distance W), (ji, ) between two probability measures ji, 7 € P(R?)
is defined by

W) = o= o wldndy))

mell(p,v) JRIXRE

with I1(ji, 7) being the set of probability measures over R? x R that have ji and 7 respectively
as first and second marginals.

In parallel, by writing in a more succinct way (1.2.4), one has

0
% =Ly, e+ (7” — (g, 1))/%, (1.2.6)

where L, is a generator defined for ¢ € C?(R?) by

Luo(x) = ;Tr (a(z, G * p(x))Hess(¢)(x)) + bz, H * p(x)) - Vo(x),

and Ly, its formal adjoint. This took us to consider the equation satisfied by the renormalized
solution of (1.2.6), namely the evolution

8ﬂt R
or Ll
where j1; = ﬁ This holds only when 7 and ¢ do not depend on space, which is the case

treated here. We identified the previous equation as the evolution of the law of a diffusion
process of the form

AY; = b(Y;, H # u(Y,)) dt + 0(Y;, G % j1y(Y;)) AW, (1.2.7)

Based on the relation (1.2.5) and the previous observation, we considered the process
(Y:):>0, solution of the stochastic differential equation (1.2.7), as an analogous of the non-
linear process in the McKean-Vlasov framework. Then, by following the ideas developed in
[35] for the construction of an optimal coupling between an empirical measure and a flow
of probability measures in a conservative system, and the results obtained in [60], concern-
ing the quantification of the convergence of the empirical measure of an ii.d. sample with
common law towards such law, we developed an optimal coupling construction in this non-
conservative setting. This construction allows to obtain explicit estimates yielding thus the
following main result.
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Theorem. Under some assumptions on b, o, G and H, and given the convergence in law of the
initial conditions, if sup; E({ulf,1)?) < oo for some p > 4 and the initial condition p of (1.2.6)
has finite g-moments for some q > 2, then for all K € N* andT" > 0 we have that

sup E( [l — pullprr) < Cr¥a,(K),

te[0,T]
where the explicit rate function V4 ,(K) — 0 as K — oo, with a speed that depends on the
dimension and on the moments that [y has, and Cr is a constant depending on T, p, q and the

data of the model.

As a consequence of this result, we also obtain a propagation of chaos property for the
system.

Definition. Let (N®)gcn« be random variables in N going in law to oo as K — oo. We
say a family (Y25, YNKY)) ey of random vectors, (RY)N"-valued and exchangeable
conditionally on N¥ for each K, is conditionally P-chaotic given (N¥)cn- if for some P €
P(R?) and every j € N* the (random) conditional laws (L(Y V5. YIMNSEINEY)
given NX and the event { N¥ > j} converge in distribution in P((R?)7) to P®/ as K — oo.

Corollary. For eacht > 0 the family (X", ... 7Xt]VtKvK

given (NI gens with P = g/ {pus, 1).

))ken+ is conditionally P-chaotic

1.3 Genealogical constructions of branching processes

We have seen in the previous sections how interaction affects the evolution of a population.
We now focus in what can be seen, in an abstract way, as another type of interaction by con-
sidering a population evolving in an environment that changes. Here we have a one way inter-
action in the sense that the environment affects the evolution and not the other way around.
More precisely, we will be centered on models for the growth of the size of a population in an
heterogeneous environment and on the genealogical relations between its individuals.

1.3.1 Branching processes and their genealogies

When modeling the evolution of the size of a population, under some broad assumptions on
the reproductive dynamics, branching processes turn out to be the classical choice. One of
the most classical models in this spirit are Galton-Watson processes ([6] being the classical
reference on these objects). These discrete time and space models rely on the assumptions
that all individuals are of a single type, they do not affect the reproduction of each other and
such that the offspring distribution does not change in time (or generations). Their continuous
time and space counterpart are continuous-state branching processes, which first appeared in
[56]. A few years later, they were formally introduced by Jifina in [70] and have been studied
thoroughly since then. More precisely, we say that a [0, oc]-valued strong Markov process
(X¢)t>0, together with a family of laws (P,).>o, is a continuous-state branching process if it
is cadlag and satisfies the branching property: for all # > 0 and =,y > 0

Eoty (e_ext) =K, (e_ext)Ey (e‘eX’f), Vvt > 0.

This can be understood as that the sum of the size of two independent populations starting
from sizes x and y is equal in distribution to the size of a population starting from size z+y. In
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fact, this identity characterize the law of the process. Furthermore, there is a limiting relation
[85, 64] between continuous-state branching processes and Galton-Watson processes, which
allows us to understand that the former processes may model the evolution of renormalized
large populations on a large time scale.

Further generalization of these models have emerged since their introduction, such as
multi-type branching processes, models with immigration or considering competition effects.
One generalization of particular interest is the case in where the underlying offspring distri-
bution is allowed to vary according to another process, which is seen as the environment in
where the population lives. From a modeling point of view, this class yields an even more re-
alistic approach. They were first studied by Smith and Wilkinson [109] in the Galton-Watson
case. Their scaling limits were analyzed in [77] and more recently in [11] in a very general
setting. Their continuous time and space analogue, known as continuous-state branching
processes in random environments, have also been subject of interest in the lasts years (see
for example [19] for the continuous paths case and [66, 100] for a more general framework).
Given the rapidly changing environment in which we live, due to climate change and related
effects, one special case needs to be pointed out from the chain of generalizations and it is the
case in where catastrophes occur. This scenario, which was first explored in [12] and then
studied more profoundly in [10], deals with the existence of dramatical punctual events that
kill a fraction of the population.

One of the questions that naturally arises when modeling the demographic evolution of
a population, is how to describe the genealogical structure behind the successive births and
deaths. In this direction, we have the famous continuum real tree introduced by Aldous ([1, 2]
and [3]) and its connections with the underlying genealogy branching processes, through the
coding of the tree via excursion theory (we refer to the survey [86] on this subject). For
general continuous-state branching processes a construction in this manner was done later
in [87], and it proved to be useful for studying the genealogy of branching processes with
immigration [81]. Another kind of genealogical construction was introduced by Bertoin and
Le Gall via stochastic flows of bridges ([13, 14, 15] and [16]), which allowed them to provide
a notion of the genealogy for a measure-valued branching process. Other approaches include
splitting trees [82] and tree-valued processes [41].

In general, from an individual-based point of view, the structure of the genealogical tree is
usually implicit in the description of the corresponding population model, but once we pass to
the diffusive limit or large population approximation, along with losing the notion of a single
individual in the population, we also often lose their genealogical information. Because of
this, it is of great help to have an approach that allows us to pass to the limit while preserving
the genealogical relations between individuals. This can be done by representing the limiting
population model by means of a more tractable system.

Lookdown construction: a first approach

Motivated by the study of the Fleming-Viot process, a measure-valued process that corre-
sponds to the large population limit of Moran-type models (one of the most well-known dis-
crete genetic models), the authors of [48] constructed therein a particular infinite particle
system such that its empirical measure corresponds in distribution to a Fleming-Viot process.
The advantage of this construction is that this countable representation gives more informa-
tion about the underlying genealogy of this last process. We describe this construction in
what follows.

Consider a population in where each individual is characterised by a trait x belonging to
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some space F. Starting with N individuals, each one is endowed with a level, which in this
case will refer to an index ranging from 1 to /V, and this assignment will be uniform between
all possible assignations. The dynamics of this process is then defined as follows: to each
pair of levels (i, j) we append a Poisson process of parameter A such that when its associated
exponential clock rings, the individual with the highest level (i or j) is removed and replaced
with a copy of the individual with the lower level. Given this evolution, the generator of the
process is then defined for f € B(E™) by

AVf@) = 3 A(f(@y(2) - f(@)),

1<i<j<N
where ®;;(x) is obtained from z by replacing z; by x;. Furthermore, we can think formally
in its extension to an infinite number particles given by the generator

Af(x) = 32 Mf(®y(2)) = f(),

1<i<j
defined in this case for f € Uyn>oB(E"Y), noticing that when f € B(EY) we have that
Af = AN f. This particle process first appeared in [40] with the goal of studying the support
of a Fleming-Viot process. The name lookdown for this construction comes from the fact that
a level j waits a period of time exponentially distributed with parameter A(j — 1) and then
looks down at a level uniformly distributed between the first j — 1 levels, adopts its value and
then continues its evolution.

In [48] it was shown that in fact one can couple this construction with a Moran-type
model for a population of size N, such that the empirical measure associated with the first
N levels (X',..., X) coincides with the empirical measure associated to this N-Moran
model. Furthermore, it was shown that the infinite particle system (X!, X2 ...) turns out to
be exchangeable, and thus, by de Finetti’s theorem for infinite exchangeable sequences [67],
its empirical measure exists. Since the identification of the first N particles with a Moran-
type model holds, the de Finetti measure should correspond to a Fleming-Viot process. Also,
this gives the conclusion that the genealogy of these first particles is governed by Kingman’s
coalescent [75]. This is one of the main results obtained in [48], proving that the limiting
empirical measure exists as a process and that it corresponds indeed with a Fleming-Viot
process.

Behind this infinite particle model we have also a projective property, in the sense that
when N > M the M-particle model is embedded in the /N-particle model, which simplifies
passing to the limit. Moreover, from the construction and this last observation, it can be seen
that the genealogy of the first n < IV particles does not change when N grows, thus showing
the preservation of genealogy property of this construction.

This construction was later improved in [49], and then in [50] in order to cover a broader
class of models. Since their development, lookdown-type constructions have served to study
different processes from a genealogical point of view. For example, in [17] the lookdown
construction is used for relating the genealogical structure of a particular class of branching
processes with coalescent processes. Also, we have constructions of this type for the non
spatial A-Fleming-Viot in [18] and for its spatial version in [113].

The Markov mapping theorem and a refined approach

The seemingly equivalence in the martingale problems for the Moran model and the look-
down construction introduced in [48] led to the development of what is known as the Markov
mapping theorem in [78] (see also [79]).
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Recall that a process (X;);>o is a solution of the martingale problem for the generator A
if there is a filtration (F;);>0 such that (X;);>¢ is F;-adapted and satisfies that

FOX0) = F(X0) = [ AF(X.)ds,

is a F;-martingale for each f € D(A), the domain of A. Let us suppose that we have another
filtration (G;);>0 such that G, C F; for t > 0, and let 7; be the conditional distribution of X;
given Gy, i.e, m(dx) = P(X; € dx|G;). Then, a classical observation regarding this is that
for every f € D(A)

ot
of — mof — /0 T Af ds,

is a G;-martingale, where m, f = E(f(X;) | G¢). Under some technical assumptions on A and
its domain D(A), the Markov mapping theorem yields a converse for this last observation.
This type of tool allows the study of what is called a filtered martingale problem [79].

More precisely, given a Markov process (X;):>o with generator A and letting Y; := v(X})
for some measurable transformation -, the filtered martingale problem in this case refers to
the martingale problem satisfied by the conditional law of X; with respect to the process Y up
to time ¢, in the sense of the previous paragraph. As it was shown in [78], and following the
conclusions of [79], as a corollary of a more general filtering result we have that by considering
« to be a transition function satisfying [ h(y(z))a(y,dz) = h(y) for all bounded measurable
h, and the transformation

C= {(/f(z)a(-,dz),/ Af(z)a(-,dz)> € D(A)},

with vy = [ a(y, -)uo(dy) for some probability measure i, then the following holds: if there
exists a solution Y for the (C, jiy) martingale problem, then there exists a solution X for the
(A, 1) martingale problem such that Y and Y = (X)) have the same distribution. More-
over, we have that P(X; € I'| (Ys)s<t) = a(Y;, I'). Finally, if uniqueness holds for the (A, 1)
martingale problem, then uniqueness holds for the (C, i) martingale problem. The main
advantage of the Markov mapping theorem is that it simplifies proofs of equivalence of seem-

ingly different martingale problems.

Following this direction, we can obtain some of the conclusions of [48] by means of this
1

tool. Indeed, for given N > 0, by considering v(z1,...,2x) = >N . 6., and the corre-
sponding transition kernel «, the conclusion that follows from an application of the previous
theorem is that when we forget the particular labelling of the first N particles in the lookdown
construction from [48], we obtain the Moran model for a population of size N that is related
to the construction, and since existence holds for the martingale problem associated to this
model, we can conclude the existence of a solution for the martingale problem related to the

lookdown construction.

This powerful tool motivated the development of a general lookdown construction in [80],
covering a wider range of models, notably ones that present a branching structure that de-
pends on spatial positions of individuals in the model. More recently, this type of construc-
tion was extended further in [52], giving in this way a very rich toolbox for constructing in
a genealogical way different mechanisms that can be considered when building a population
model such as: multiple births and deaths, immigration, mutations and spatial motion among
others. By composing these mechanisms it is possible to construct more complex population
models with this approach.
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1.3.2 Main question and answer

Given the full genealogical tree of a population, a subtree which is of interest is the so-called
reduced tree, also known as reconstructed tree or coalescent tree. This tree corresponds to the
genealogy of the living individuals in the population at a given time, neglecting the branches
associated with individuals that are no longer present at this particular time. A natural ques-
tion concerning this object is whether we can describe the reduced genealogy of a birth and
death process in varying environment and approximate it when we have a very large number
of individuals.

Using the approach given by the genealogical constructions introduced in [80], we de-
scribed the reduced tree for a birth and death process in varying environment. Moreover,
thanks to the nested property of the construction used, we approximated this tree in the
regime of large population by the tree associated with the Feller diffusion in varying environ-
ment. The approach used provides an explicit coupling construction that is expected to yield
quantitative estimates for the approximation.

1.3.3 Our contribution

We focused on the description of the genealogy of a birth and death process in varying envi-
ronment, particularly on the case in where punctual catastrophic events occur. Such process
is approximated in the large population regime by the solution of

X, = X0+/ de+/ V2o(5)XodBo+ Y (Bm) " —1)X,-, (13)

>, 6>t

where b, 7, 3, (t;) jen and (my, ) jen are parameters of the model. Here, t; represents a catastro-
phe time and m;; its intensity, which in turn is modulated by the function 3 > 1. In particular,
we studied the reduced tree associated with the genealogy of these processes. To this end, we
used the lookdown construction introduced in [80], which we recall next.

Given K € N*, consider the state space E* = |J7°[0, K]". For u = (uy,...,u,), let
f(u) = ITi~, g(u;), where g is a continuously differentiable function satisfying 0 < g < 1
and g(u;) = 1 for each u; > K. Define the following generator for f as before

n

AKf( Zza / (v) — 1)dv + f(u)Z(a(t)uf—b(t)ui)g/(ui). (1.3.2)

i=1 g(uz)

Under the conditions o(t) > 0 and Ko(t) — b(t) > 0, the stochastic process described by this
generator is a particle system in where each particle is characterized by a real value, which is
called level. The level of each particle evolves according to

u(t) = o(t)u(t)? — b(t)u(t).

A particle with level u at time ¢ will produce a new particle at rate 20 (¢) (K — u), and the level
of its offspring will be uniformly distributed in [u, K]. When the level of a particle reaches
the value K, it is removed. Also, we consider another mechanism in the evolution of the
process, which will be understood as catastrophes. This is specified by (;),en, the sequence
of catastrophe times and (1) jen their respective intensities. Starting from a given initial
condition, we let the process evolve according to the generator (1.3.2) until a catastrophe time
arrives. At the catastrophic event occurring at time ¢;, we multiply the level of each particle
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by ((m, ), and then we let the process evolve according to the generator (1.3.2) starting with
an updated initial condition. We denote the resulting process by (U[);>0.

Following the results obtained in [80], by considering the number of particles with level
less than K, we obtain a quantity that evolves in law as a birth and death process with rates
Ko(t) and Ko(t) — b(t) respectively, and such that at each catastrophe time ¢, each particle

is removed independently with probability 3(m,,)".

On the other hand, when K — 0o we can heuristically obtain another generator from
(1.3.2). The process encoded by this new generator follows a similar dynamics than the previ-
ously described. The difference is that now a particle with level u at time ¢ will produce a new
particle with uniformly distributed level in the interval [u+ {1, u+ £5], for 0 < ¢1 < /5, at rate
20(t)(ly — £1). Also, when the level of a particle hits infinity, it is removed. Concerning the
catastrophes, the dynamics stays the same, i.e., the level of each particle is amplified at each
catastrophic event. We denote this process by (U;)>o.

Similarly as before, by following [80], we have that limy_,.c = Y; 1jo,5)(Uf) is equal in
distribution to a process that evolves according to (1.3.1).

Both of these representations yield an explicit way of constructing a branching process
together with its genealogy, and in particular their reduced genealogy. Indeed, given 7" > 0
and the processes (UF);>¢ and (U;);>0, the genealogy of the individuals alive at time 7" in
each process is given by the collection of particles whose levels remain below K and infinity
respectively, until that time. Moreover, to determine which particles remain below a given
value, it suffices to look at the deterministic evolution of the levels, which in turn is the same
for all particles.

Specifically, in order to endow the processes with a genealogical structure, we start by
enumerating the particles at time 0 according to the increasing order of their levels, and we
label them according to this numbering. Then for each particle we consider the product set
of its label times its lifetime, which is [0, T'], and then we take the union of all of these sets.
When a new particle is created at time t/, we label it by following the Ulam-Harris-Neveu
formalism [98] using the set i/ = U,>o(N*)", and again we consider the product set of its
label times its lifetime, which in this case is [t/, T'], for then taking the union of this set with
what we already have. Iterating this procedure yields a chronological tree, which turns out
to be a subset of U/ x [0, 7.

Given this procedure, we define RY as the chronological tree constructed from (UX)cjo. 1]
considering only the particles with levels below K, and R the chronological tree constructed
from (Uy)sejo,r1 considering only the particles with levels that do not reach infinity.

In order to compare these two objects, we introduced the following distance

T
dT(T,T) =} /O Luger — Luger|g(s) ds,

ueU

where the function g: [0,7] — R, represents a temporal weight that allows taking into
account the fact that the number of branches in the trees go to infinity as we get closer to
T, since the reproductive rates explode at this time. Given this, g satisfies an integrability
condition to ensure the finiteness of the distance.

Our main result is an approximation under this distance of R% by Ri.

Theorem. Suppose that b and o are continuous, bounded and such that b(t) < 0, o(t) > 0 and
o is bounded away from zero. Then, we have that

E(d} (Ry,RY)) =0, asK — oo.
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Stability of a cross-diffusion system and
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This chapter is based on [8], written in collaboration with Vincent Bansaye and Ayman Moussa.

2.1 Introduction and notation

Approximations of interacting large populations is motivated by physics, chemistry, biology
and ecology. A famous macroscopic model was introduced by Shigesada, Kawasaki and Ter-
amoto in [108] to describe competing species which diffuse with local repulsion. In the case
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of two species, it writes

o — A(dlu +apu? + amw) = u(ry — $11U — S12v),

Oy — A(dgv + as uv + a22U2) = v(ry — So1U — S290),

where u and v are the densities of the two species and d;, r;, a;; and s;; are non-negative real
numbers. Completed by initial and boundary conditions, this system (that we simply refer
to as the SKT system) offers a model for the spreading of two interacting species which mu-
tually influence their propensity to diffuse, through the cross-diffusion terms a;;. The other
coefficients represent either natural diffusion (d; coefficients), reproduction (r; coefficients)
or competition (s;; coefficients). The main motivation of [108] was to propose a population
dynamics model able to detect segregation, that is the existence of non-constant steady states
u and U having disjoint superlevel sets of low threshold value. As a consequence of this moti-
vation, the first mathematical results dealing with this system focused on sufficient conditions
for the coefficients to ensure existence of non-constant steady states, with a careful study of
the stability of the latter. This study of possible segregation states is still active and we refer
to the introduction of [21] for a nice state of the art. It is a striking fact that during its first
years of existence within the mathematical community, the SKT system has not been studied
through the prism of its Cauchy problem. As a matter of fact, existence of solutions has been
tackled only a few years later: the first paper dealing with this issue is [74] and explores the
system under very restrictive conditions. Several attempt followed, but only with partial re-
sults. A substantial progress was achieved by Amann [4, 5], who proposed a rather abstract
approach to study generic quasilinear parabolic systems. The scope of this technology goes
far beyond the sole case of cross-diffusion systems. In the specific case of the SKT system, it
offers existence of local (regular) solutions, together with a criteria of explosion to decide if
the existence is global or not. This fundamental result of Amann has been then used by several
authors to establish existence of global solutions for particular forms of the SKT system. This
is done, in general, under a strong constraint on the coeflicients. For instance, [92] treats the
case of equal diffusion rates in low dimension and [68], settles the one of triangular systems
(that is, for two species, when aj2a2; = 0). However, the general question of existence of
global solution for the complete system remains open, even in low dimension.

Another way to produce a global solution is to sacrifice the regularity of the solutions,
and deal with only weak ones. This strategy relies on the so-called entropic structure of the
system: SKT systems as the one previously introduced, admit Lyapunov functionals which
decay along time and whose dissipation allows to control the gradient of the solution. This
method has been used successfully in [30] to prove, for the first time, existence of global
weak solutions for the SKT system, without restrictive assumptions on its coefficients. After
it first discovery in [63], this entropic structure has been explored and generalized to several
systems, allowing for the construction of global weak solutions for variants of the original
SKT system (see [71] and the references therein). With this low level of regularity for the
solutions, uniqueness becomes an issue in itself. It has been studied either under simplifying
assumptions on the system like in [104, 32] or in the weak-strong setting thanks to the use of
a relative entropy (see [33]).

2.1.1 Objectives and state of the art

This work is initally motivated by yet another mathematical challenge offered by the SKT
system: its rigorous derivation. The diffusion operator used in the SKT system is specific. We
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focus in this paper on the main difficulty raised by this operator, which is the non-linearity of
diffusion term. The initial goal of the work is to approximate the conservative SKT system,
without self-diffusion, that is the following one

{@u — A(diu + arpuv) = 0, (2.1.1)

0w — A(dov + aguv) = 0,

where v and v are densities and all the coefficients d; and a;; are assumed to be positive.
Whereas (possibly heterogeneous) diffusion of lifeless matter (e.g. ink or any type of chemical
substance) uses the Fick diffusion operator —div(uV-) to express the spread, SKT systems rely
on the (more singular) operator —A(p -). As it was already explained in [108], this choice of
diffusion operator is at the core of the repulsive mechanism allowing the segregation to appear.
However, the justification proposed in [108] was rather formal, leaving open the question of
the rigorous justification of SKT systems. As far as our knowledge goes, there exist mainly
three approaches for the derivation of SKT systems

(i) The first path was proposed in [69], where an SKT model is obtained as an asymptotic
limit of a family of reaction-diffusion systems. In this approach the idea is that one of
the two species exists in two states (stressed or not), and switch from one to the other
with a reaction rate which diverges. This was used in [69] to obtain formally a triangular
cross diffusion system. This strategy has been followed with a rigorous analysis, mainly
to produce triangular systems (see [111] and references therein) and more recently for
a family of "full" systems in [38] which, however, do not include the SKT one.

(ii) Another strategy was proposed by Fontbona and Méléard in [58]. The idea is to start
from a stochastic population model in continuous space where the individuals’ displace-
ments depend on the presence of concurrents. Then, the large population limit (under
adequate scaling) leads to a non-local cross-diffusion model. In comparison with the
system (2.1.1), the limit model rigorously derived in [58] is a lot less singular, because of
several convolution kernels. It was explicitly asked in [58], whether letting the convo-
lution kernels vanish to the Dirac mass was handable limit or not. A first partial answer
was given in [97], but applied for only specific triangular systems. More recently, it was
discovered [47] that even for the non-local systems, it is possible to ensure the persis-
tence of the entropy structure, allowing to answer fully to the question of Fontbona and
Méléard, at least for the standard SKT system. Let us mention also [28, 27] which also
use a non-local model as an intermediate to derive variants of the SKT system.

(iii) The third path was proposed in [37] and justifies the SKT model through a semi-discrete
one. The latter is itself derived from a stochastic population model in discrete space
where individuals are assumed to move by pair, in order to ensure reversibility of the
process and the existence of an entropy for the limit model. In [37] the link to the
stochastic was done formally whereas the asymptotic analysis linking the semi-discrete
model to the SKT system was proved rigorously, relying on a compactness argument
which is allowed thanks to the existence of the Lyapunov functional for the semi-
discrete system.

In this paper, we are interested in connections between microscopic random individual-
based models (or particle system) and such macroscopic deterministic dynamics, in the spirit
of strategies (ii) and (iii) described above. We do not use any non-local approximated system,
being inspired instead by the semi-discrete approach proposed in [37]. We consider also a
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discrete space and that each species moves randomly and is only sensitive to the local size of
the other species. Let us comment the main differences and novelties of this work compared
to [37]. First, we prove rigorously that the suitably scaled stochastic process converges in law
in Skorokhod space to SKT system (2.1.1) and we perform this space and time scaling limit at
once. Besides, individuals of each species move independently with a rate proportional to the
number of individuals of the other species, on the same site. We do not need to make them
move by pair, which may be hard to justify regarding phenomenon at stake. Indeed, we do
not need a reversibility property and do not use the entropic structure. The main difficulty
to prove convergence of the stochastic process at once lies in the control of the cumulative
quadratic rates due to local interactions when the number of sites becomes large. As far as we
have seen, entropy structure does not provide the suitable control of these non-linear terms
and a way to get tightness and identification in general. We use a different approach based
on generalized duality. This provides quantitative estimates in terms of space discretization
and size of population. Moreover, at the level of the PDE system, it implies a local uniqueness
result for bounded solutions of the SKT system. The duality approach allows to compare
locally the stochastic process with its semi discrete deterministic approximation. It is optimal
in the sense that it provides the good time space scaling for such an approximation.

Let us describe now the stochastic individual-based model. The population is spatially
distributed among M sites. The process under consideration is a continuous time Markov
chain (U(t), V (t))s>0 taking values in N¥ x N, The two coordinates count the number of
individuals of each species at each site, for each time ¢ > 0. Each individual of each species
follows a random walk and its jumps rate increases linearly with respect to the number of
individuals of the other species. The dynamic is defined by the jump rates as follows. For any
vector of configurations (u,v) € NM x NM | the transitions are

U— U+ (€49 — € at rate QUZ(dl + alg’UZ‘),

v v+ (€49 —e€;) atrate 2v(dy + anu;),

where (e;)1<j<r is the canonical basis of RM, ey = ey, ey = €;and 6§ € {—1, 1} withboth
values equally likely. Let us mention that hydrodynamic limits of other stochastic models with
repulsive species have been considered, in particular in the context of exclusion processes, see
e.g. [106]. In that case, local densities are bounded so difficulties and limits are different. In
an other direction, stochastic versions of the limiting SKT systems have been considered, see
e.g. [44, 45].

This work contains two main results which at first sight can appear unrelated in their
formulation. The first result is a quantitative stability estimate on the SKT system which
bounds the distance between two solutions in terms of their initial distance. This result is
based on a new duality lemma and applies for bounded solutions, only if one of them is small
enough. As a by-product of this stability estimate, we prove uniqueness of (small) bounded
solutions of the conservative SKT system. This result is valid in arbitrary dimension and is,
as far as our knowledge goes, new. Uniqueness theorems for (only) bounded solutions of the
full SKT system are missing in the current literature [32, 33, 104].

The second main result is the convergence of the properly scaled sequence of processes
(UMN VMN) ) ven to the SKT system. We obtain quantitative estimates of the gap be-
tween the trajectories of this process extended to the continuous space and the solution of
SKT system, in a large population and diffusive regime. This analysis is performed in a one
dimensional setting for the space variable. The strategy is to insert the semi-discrete model
proposed in [37] and estimate separately the gap between our stochastic process and this
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semi-discrete system and then, estimate (with enough uniformity) the distance between the
semi-discrete system and the continuous SKT limit. Following this plan, we first propose a
general estimate, which rely on naive bounds of the quadratic diffusion term. Roughly, we
simply bound locally the size of the population by the (constant) total number of individuals.
These bounds allow for convergence with a fixed number of sites but lead to an unreasonable
assumption of a superexponential number of individuals per site when the number of sites
increases. When we faced this difficulty, we tried to obtain an estimate as sharp as possible
to capture the good scales and compare the semi-discrete system and the continuous one. It’s
during this step that we discovered the stability estimate described above, which is interesting
for its own sake. A nice feature of this stability estimate is that we can transfer it onto the
semi-discrete and stochastic setting. We obtain then the convergence of the stochastic model
towards the SKT system, with sharp estimates and relevant size scales. This asymptotic study
shares a similar limitation as the previous paragraph: it holds only under the assumption of
small regular solution of the SKT system, which is ensured by Amann’s theorem [4, 5].

The paper is organized as follows. In the end of this section, we collect several notations
which will be used throughout the paper. In Section 2.2 we define the (sequence of) stochastic
processes we consider, we recover the semi-discrete system introduced in [37] and state our
two main results. In Section 2.3 we show the convergence in law in path space of the stochastic
process towards the semi-discrete system when the number of individuals goes to infinity
but the number of sites remains fixed. We provide a quantification of this convergence. It
implies the general (no restriction on the limiting SKT system) but naive (in terms of scales)
convergence discussed above. Then, Section 2.4 is dedicated to the duality estimates with
source terms and their consequences. These duality estimates account for the interacting
system when one of the population is seen as an exogenous environment, which amounts to
decouple the two species. In a first short paragraph (Subsection 2.4.1) we state and prove the
generalized duality lemma and its application to the stability estimate of the SKT system in the
continuous setting. This paragraph is the only one of the study in which we work in arbitrary
dimension for the space variable. Then, the rest of Section 2.4 focuses on the translation of
these estimates in the semi-discrete setting. This includes the definition of reconstruction
operators, the study of the discrete laplacian matrix and the translation of classical function
spaces into the discrete setting. Eventually in Section 2.5, we apply the previous machinery
to the difference between the stochastic process and the approximated system that solutions
of (2.1.1) solve when looked at a semi-discrete level. We then deduce our main asymptotic
theorem by controlling some martingales and approximation errors. In a short appendix, we
also give a dictionary which gives the correspondence of different objects in the discrete and
continuous settings.

2.1.2 Notation

Finite-dimensional vectors

Throughout the article, vectors will always be written in bold letters and if not stated oth-
erwise, the components of the vector u € R are (ui)1<i<nm- The canonical basis of RM
will be denoted (e;)1< <. Due to the periodic boundary condition that we will use, we will
frequently use the convention ey = e); and e);; = e;.

1
Given M € Nand p € [1, oo] we denote by || - ||, = ( il \:1:,-|7"> ? the usual ° norm on
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RM and || - ||, the rescaled norm defined for z € RY by

1 M 1/p
felhr = (20 forp < ccvand el = s, ol

Similarly, the corresponding (rescaled) euclidean inner-product of RM is denoted (-|-)

1]\/[

£L‘|y 721‘1%7

so that || - |13 3 = (")

The symbol ® is the internal Hadamard product on RY, that is (x ©y); = x;y;. We will
also often use (when it makes sense) the operator * @ y defined by (x © y); = z;/y; and the
“vectorial” square-root x'/2 whose components are (\/17-)195 M-

The arithmetic average of all the components of a vector x will be denoted
1 M
M=

The vector of R for which every component equals 1 is denoted 1,;. The orthogonal
projection onto Spang (1) is denoted with a tilde, that is: £ = & — [x] 1.
For z,y € RM we write > y whenever z — y € RY.

Functions

We will manipulate random and deterministic functions which may depend on the time vari-
able t € R, and the space variable z € T? where T := R/Z is the flat periodic torus. We will
rely on the following convention for functions: uppercase letters will be reserved for random
elements whereas lowercase letters will represent deterministic functions. Accordingly to the
previous paragraph, vector valued functions will be denoted in bold whereas scalar valued
functions will be denoted with the normal font.

Quite often results will be stated on a fixed time interval [0, T']. For this reason, we intro-
duce the periodic cylinder Q7 := [0, 7] x T¢. For any function space E defined on T¢ or Qr,
the corresponding norm will be denoted || - ||z, e.g. || - || ,2(r4). In case of a Hilbert structure,
the inner-product will be denoted by (-|-) , e.g. (+|*) 2(ra). We Will use frequently two Sobolev
spaces on T, the definition of which we briefly recall for the reader’s convenience.

Any distribution ¢ € 2'(T%) decomposes
o= > crlp)er
kezd
where e, (2) = %™ and ¢, () = (@, er). For s € R we define H*(T?) as the subspace of
2'(T4) whose elements ¢ satisfy

> ler(@) P14 [k[*)* < +oo,
kezd

equipped with the norm

Il

1/2
Hs(Td) = { > le(@)P(1+ ’k\2)s} :

kezd
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By analogy with notation for the average of the previous paragraph, for any integrable func-
tion ¢ defined on T¢, we denote

[@]Td = Td ®,

in general and [¢|ra = co(y) if ¢ is merely a distribution. The expression

1/2
1o/l s ray = { > lelp)l Ik‘lzs} :

kezd

is only a semi-norm on H*(T¢) and is a norm on the homogeneous Sobolev space H*(T¢)
constituted of those elements ¢ belonging to H*(T%) and having a vanishing mean, i.e. for
which [p]r = ¢y(¢) = 0. We use mainly these spaces for s = 1 and s = —1.

Finally, for any metric space X, D([0, 7], X) denotes the space of cadlag functions from
[0, 7] to X endowed with the Skorokhod topology.

2.2 Main objects and results

Before stating our main results, we need to define precisely the objects that we aim at consid-
ering.

2.2.1 Repulsive random walks and scaling

Let us define the stochastic process by means of a trajectorial representation using Poisson
point measures. We consider a probability space (€2, F, P) satisfying the usual conditions. We
introduce a family of independent Poisson point measure (N7) ey on Ry xRy x {—1, 1} with
common intensity ds ® dp ® [5(df), where (3 is the law of a Bernoulli(%) random variable.

Almost surely the initial data (U(0), V(0)) belongs to N¥ x N* and the corresponding
process (U(t), V (t))s>0 is then defined as the unique strong solution in D([0, 00), N?*) of
the following system of stochastic differential equations (SDEs) driven by the aforementioned
measures

e J
//R+><{ L 3 Z p<2U; (s~ ) (ds+a12Vj (s ))(eg+9 eJ)N (ds,dp,dd),

J
V +/ /R+><{ 11} Z p<2V;(s7)(d2+a21U;(s™)) (e]+9 )N (d5>dp> de)a

where the jump rates dy, ds, a15 and ay; are the one of (2.1.1). Uniqueness and existence for the
previous system of SDEs are obtained easily from a classical inductive construction. Indeed,
the total population size of each species is constant along time: ||U(t)|1a = [[U(0)|1, 0,
IV (t)|l1,a = [|[V(0)||1,0. Therefore, conditionally on the initial value (U (0), V'(0)), the
process (U (%), V(t))i>0 is a pure jump Markov process on a finite state space with bounded
rates.

We are interested in the approximation (hydrodynamic limit) when the population size
and the number of sites tend to infinity. Informally, we consider (U (M?t) /N, V (M?t)/N)>o
and interaction now occurs through the local density of individuals. The scaling parameter
N € N* yields the normalization of the population per site and provides a limiting density
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when N goes to infinity. The initial population per site is of order of magnitude N and each
species’ motion rate is an affine function of the density of the other species on the same
site. The motion of each individual is centered and we consider the diffusive regime. As
a consequence, we accelerate the time by the factor of M?, which amounts to multiply the
transition rates by M?2.

We denote the renormalized process by (U (t), VMY (t));~o. Moreover, for u,v € R
and i, ] = 1,2 we set

nAY (1) = 2PNUPY (1) (0 + oV (1),
U%’N(t) = ZMQNV}MW (t) (dz + a9 U]M’N(t)).

For a given initial condition (U*" (0), VM (0)), the process (UMY (t), VM:N(t)),5 is the
unique solution in D([0, o), R2M) of the following system of SDEs

M

M,N (4 — TTM.N J+0 Ve
UMN () = UMN(0) + /0 /R i e T A (s dp. ),

" (2.2.1)

"t e, — e .
M,N (;\ _ Y/ M,N ' JH0 T ®5 Af
VAN (1) = VN () 4 /O /R i 2 L R A (s, dp, ).

2.2.2 The intermediate (semi-discrete) system

To estimate the gap between the discrete stochastic process (2.2.1) and the SKT system (2.1.1),
we are going to use a third system on which our asymptotic analysis will pivot

—uM(t) — Ay (diu (1) + appu™(t) ’UM(t)> =0,
d
7?

(2.2.2)
M(t) = Ap(dov™ (1) + azmu (1) © 0V (1)) = 0,

where the unknowns are the vector valued curves ™, v : R, — RM  and the matrix A,y
is the periodic laplacian matrix, that is

-2 1 0 1
1 -2 1 - 0
Ay i=M*| ¢ - - - | eMy). (2.2.3)
0 1 -2 1
1 0 1 =2

This semi-discrete system corresponds to a large population approximation but fixed number
of sites M. Existence and uniqueness for (2.2.2) can be proven using the standard Picard-
Lindelof theorem, as this is done in [37] where this semi-discrete system has been introduced.

2.2.3 Formal insight

Before stating our main results, let us give an informal argument to see how the stochastic
process (2.2.1) can be linked with the SKT system (2.1.1), through the semi-discrete system
(2.2.2).
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We first introduce the infinitesimal generator LY of the process (2.2.1). For this pur-
pose, we define the translation operator 7, for any vector a € RY. It acts on any function
G: RM — R by the formula 7.G(-) = G(-+a). Then, for 1 < j < M, we define the operator

N
L5 = TN-1(ejr1-e;) T TN-1(e;_1-¢;) — 21,

for G: RM — R. We recall here the periodic convention: ey = e, and e;; 41 = e;. Then, for
any measurable and bounded function F': R — R, we define for (u, v) € R3Y

LN (u,0) = 30 5 4™ g, o)) LY TF (o) (w) + 05" (g 0) LY F (w, ) (0) ]

For N going to infinity and F' differentiable, Taylor’s approximation ensures that L [’
converges to

LMF(u,0) = (Ay(diu+ a10u © v) | Vo F(u,v)) + (A (dav + a0 © w) | Vo F(u, v)),

where (-|-) is the inner product on R and A, is the discrete laplacian matrix defined in
(2.2.3). Roughly, this ensures that for a fixed number of sites, the stochastic model can be
approximated in large population by the semi-discrete system (2.2.2). Then, as M goes to
infinity, the discrete laplacian represented by A, is expected to be formally replaced by the
laplacian, thus the components of u* and v are expected to approach the values of u and
v on a uniform grid of step ﬁ, yielding the cross-diffusion system (2.1.1).

2.2.4 Statements

Our first main result is a stability estimate for the conservative SKT system (2.1.1). As far as
our knowledge goes, this result is new in the context of weak solutions for the SKT system.
To measure the distance between two solutions on a time interval [0, 7], we introduce the
following norm

1/2
Il = (|| : H%oo([o,T];Hfl(Td)) +1- HZLZ(QT)) : (2.2.4)

We define also the affine functions y;: R — R for i = 1,2, by p;(x) = d; + a;;z with
{i,.7} ={1,2}.

Theorem 2.1. Let T > 0 and consider a couple (u,v) € L*(Qr)? and (u,v) € L>(Qr)?
of non-negative bounded weak solutions of the SKT system (2.1.1), respectively initialized by
(ug,vo) € L>®(T%)? and (g, Uy) € L>®(T%)2. If the following smallness condition

didy

Tllscorom 1Bl sty < , 2.2.5
1@]] Lo (@) 1] Lo (@) P (2.2.5)

is satisfied, then we have the stability estimate
2 12 _ _
e = alllz + llv = vl < llwo — Goll -1 (pay + llvo = Toll7-1 (e
+ T<[U0 - ﬂo]?rd||ul(vo)||m(1rd) + [vo — Uo]?rd||u2(uo)||L1(1rd)>,

where the constant behind S depends only on a;;, d;, ||U]| Lo (@), |0 Lo (@r), and ||| - ||| is de-
fined by (2.2.4). In particular, if a bounded non-negative solution satisfies (2.2.5) then, there is no
other bounded non-negative solution sharing the same initial data.
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Remark 2.2.1. In case of equality in the smallness condition (2.2.5), uniqueness remains but the
stability estimate controls only the H~' part of the ||| - |||» norm.

The proof of Theorem 2.1 relies on a generalized duality lemma presented in Subsec-
tion 2.4.1 and on the concept of dual solutions developed in [97], for the Kolmogorov equa-
tion. The uniqueness result contained in Theorem 2.1 is conditional: if there exists a bounded
(non-negative) solution (7, v) satisfying (2.2.5), then it is unique in the class of bounded weak
solutions. The existence of global bounded solutions for the SKT system is a long standing
challenge in the context of cross-diffusion systems. Partial results are known, in the wake
of the quest of even more regular solutions (which are in particular bounded), like [68] or
[92] that we already cited. In the weak solutions setting, the paper [117] gives sufficient —yet
restrictive— conditions on the coefficients of the SKT system to ensure boundedness. Since
the previous results are rather constraining on the coefficients, we prefer to rely on Amann’s
theory [4, 5] and understand Theorem 2.1 as a local result which holds for sufficiently small
initial data. Indeed, Amann’s theory proves existence of regular solutions, which exist at least
in a neighborhood of the origin. Starting from an initial data satisfying (2.2.5), we recover in
this way a small interval on which the estimates remains valid. As the proof of Theorem 2.1
(which is done in Subsection 2.4.1) is totally insensitive to the dimension d, it is here stated in
tull generality. However, the remaining part of the paper (which deals with the approximation
of the SKT system by stochastic processes) will focus on the case d = 1.

Before stating our second main result, let us comment briefly the Section 2.3 in which we
propose a first approach to estimate the gap between the stochastic process defined by (2.2.1)
and the semi-discrete system (2.2.2) on a fixed interval [0, T']. The methodology at stake in
this paragraph, which is quite rough, allows for asymptotic quadratic closeness between these
two objects, provided that, as N, M — +o0o, we have the following

N > M*exp(cM*T), (2.2.6)

where c is some constant which will become more explicit in the next section. Combining
this fact with the compactness result [37, Theorem 8], we obtain convergence (up to a sub-
sequence) of our stochastic process towards a weak solution of the SKT system. The result
is general in terms of parameters and form of the solution. However, the drawbacks of this
approach are twofold. First, this necessitates a self-diffusion term in the system (which tends
indeed to regularize the solution) in order to use the compactness result of [37]. Second, and
most importantly, the scaling condition (2.2.6) involves a superexponential and time depen-
dent number of individuals per site in order to make the law of large numbers to hold on each
site and to be able to sum local estimates. As we will see, and as we can guess from the form
of quadratic variations, it is too restrictive.

We propose instead a different approach, based on the discrete translation of Theorem 2.1.
This alternative method does not rely on [37], so that self-diffusion is not needed in the sys-
tem. The convergence result is obtained by means of a quantitative estimate which bounds
the expectation of the ||| - ||| ;-norm of the gap between the stochastic processes and the so-
lution of the SKT system. In particular, there are no compactness tools used and the entropy
of the system is not needed. Convergence is then guaranteed only with a quadratic number
of individuals per site. This corresponds to the expected scaling for having local control of
the stochastic process by its semi-discrete approximation, since beyond this scaling quadratic
variations do not vanish. The main disadvantage of this new method is that, like for The-
orem 2.1, it works only in a perturbative setting: it needs the existence of a small regular
solution.
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In order to state the following result, we need to introduce, for any integer M > 1, the
discretization of the flat (one dimensional) torus T

k
Ty = {x1, 29, ,xp}, withax, = i forl1 <k <M. (2.2.7)

Given a vector u € R, classically there exists exactly one continuous piecewise linear func-
tion defined on T for which its value on each point xj, of T}, is given by u;; we denote this
function 7y, (u). We adapt the same notation if instead of u one considers a vector valued map
U (which could depend on the event w or the time ¢ for instance), so that m,(U ) becomes a
real-valued map.

Theorem 2.2. In the one dimensional case d = 1, assume the existence of a non-negative solu-
tion (u,v) of C* regularity in time and C* regularity in space of the system (2.1.1), initialized
by (o, Do) € C*(T) and satisfying the smallness assumption (2.2.5). Consider the stochastic
processes (UMY VMY defined by (2.2.1) and assume the existence of a constant Cyy such that
forall M, N € N,

IT*(0)

v+ VN i < Co,  almost surely. (2.2.8)

Then, for any (M, N) € N? such that N/M? is large enough, for any T > 0,

Elmas (UM) =l + lmas (V) = ol

L M?
< E{HWM(UM’N(O)) — ol }-10m) + e (VN (0)) = v0||§{1m] + M+ (229)

where ||| - ||| is defined (2.2.4) and the symbol S depends on C, T, d;, a;j, ||U|| Lo (Qr), [T Lo (0r)-

This immediately implies the following convergence for the ||| - ||| -norm.

Corollary 2.2.1. Let ' > 0. Under the assumptions of Theorem 2.2, consider an extraction
function ¢: N — N such that M? = o(¢(M)). If the initial positions of the individuals are
well-prepared in the sense that

E [Hm (UM2D(0)) = Tp|[3-1 ) + [lmas (V4D (0)) — uoui,_l(m} L0

then we have

. a7 2 v 2
N}gnooEDHwM(UM@(M’) =l + llmar (VD) — || = 0.

Similarly to Theorem 2.1, we still have a smallness condition (2.2.5) on the target solution.
In some sense, this restriction is not so surprising. Even though it is a bit more hidden in this
asymptotic context, the estimate (2.2.9) already contains a kind of uniqueness property for
the target solution (@, ), just as the quantitative estimate of Theorem 2.1. At the very least,
(2.2.9) states that among all possible weak solutions, (u,7) is the one which “attracts” such
stochastic processes. And then, a natural way to select such a solution is to ensure uniqueness
by means of sufficient regularity. These two differences come from the fact that, contrary to
the previous result, Theorem 2.2 estimates the distance between a vector-valued stochastic
process and a deterministic function which is defined on the whole torus T. This obliges to
consider corrector terms. The first one consists in the martingale term which measures locally
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the gap between the stochastic process and the semi-discrete deterministic approximation.
Here, we observe that the estimates are sharp and the scales obtained for convergence are
optimal: when N = ¢ (M) is of order M?, the local behavior of the size of the population in
the individual based model will remain stochastic at the limit. This limiting stochastic regime
should be interesting for future works. The second correction term consists in replacing @ by
a continuous piecewise linear function in order to be able to compare it to the semi-discrete
system and thus with 73, (UMY). As a matter of fact, the proof of Theorem 2.2 relies on
a careful translation of the (idealized) functional setting of Theorem 2.1 to the discrete level,
together with the treatment of those corrective terms. This analysis necessitates, among other
things, discrete duality lemmas including potential singular error terms. These are stated and
proved in Subsection 2.4.4. Let us end up with a remark and perspectives. Another appraoch
for future works would be to prove ¢*° estimates for the semi-discrete system such that it is
independent of M. With this one could show that the semi-discrete system is not far from
verifying the limiting equation, and from here evoke the continuous version of the duality
estimates in order to quantify the convergence. Also, the results obtained can be extended to
the case in where the system (2.1.1) presents self-diffusion and a source term (which would
correspond to adding births and deaths in the stochastic process).

2.3 A general and rough estimate

The trajectorial representation (2.2.1) yields for each coordinate of U
UMN () = gMN( // “(ds, dp, 6
i) =U; TN Sy Tl )N (ds, dp, )

i—1
N/ /R+><{ 1,1} p<7’iwlN( 1‘9:1'/\/ (ds,dp,dd)
41
N / /IR+X{ Ly Loty o=t N7 (ds, dp, dO). (2.3.1)
By compensating the Poisson point measure, we obtain the semimartingale decomposition
UM N (1) = AMN (1) + MOV (1), (23.2)

where AMN = (AZM’N)lgz‘g M is a continuous process defined by
t ¢
AMN () = UMY (0) + [ AU (s)ds + [ arnha (UMY () © VIN(s)) ds,
0 0

with Ay as defined in (2.2.3), and M. is a square integrable martingale whose predictable
quadratic variation is given by
M,N M? M,N M,N
(M) (1) = =7 d1 20 (s) + UMY (5) + UMY () ) ds (233)

+ W/o G12<2UiM’N(3)V;M’N( ) + Uz+1 (s )V;H (s )"‘Uz’M’lN(S)‘/iM{N(S))dS'

The analogous decomposition holds for the coordinates of (VY (t)),~, the second species.

Let us give first estimates of the gap between the stochastic process and its approximation
in large population for a fixed number of sites. Let

UMN () = UMY (1) —uM(t), VMEN(#) = VN (1) —oM(1).
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Proposition 2.3.1. Assume that there exists Cy > 0 such that almost surely, forany M, N > 1,
max([T(0)[|ar, IV 0) 1,01, [ (0) |10, [0 (0)[[1,00) < Co.

Then, for anyT" > 0, there exist ¢y, co > 0 such that for any M, N > 1,

o s [0, + s vl )

tel0,T tel0,T

< (B @[, P O,) o (U 20 el )

where ¢, only depends on the diffusion parameters and the initial bounds and c, only depends on
the diffusion parameters.

In particular, this estimate guarantees that the normalized stochastic process converges to
the semi discrete SKT system when the population size becomes large and the number of sites
is fixed. As evoked in the introduction, this is a first step for convergence to the continuous
SKT system, when the semi discrete system itself indeed converges to the expected continuous
limit.

Proof. First, using the fact that the total number of individuals is constant along time, we
observe that under our assumptions

max (UMY ()]0, [V () [l10) = max (UMY (0) oz, [V (0)ar) < Co, (23.4)
almost surely for any M, N > 1, and
max ([[u ()| ar, 0™ () [11,a0) = max({[w™ (0)]11,01, [0 (0)[1.01) < Co, (2.3.5)

for any M > 1. Combining (2.3.2) and (2.2.2), we notice that the process U™ () has finite
variations and satisfies

UM () =uMN0) + /0 t dy Ay UMY (5) ds
+ [ DB (UM (5) © VI (5) — M (5) @ 0 (s)) ds + M (1),
Consider now the square of its coordinates
UMY ()2 = uMN(0)? + /0 t 2UMN (s duM N (s) + RN (1),
fori =1,..., M, where

RNy = 3 {uiM’N<s>2 — UM (5T = 2UMN (s (U () - uZ-M’N<s>)}

0<s<t

1 2
= (N) Z lUM,N(S);éUM,N(S_),

0<s<t ! !
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since the jumps of Z/IZ»M’N and UiM’N are of size 1/N. Putting the two expressions together
yields

)

UM (02 =1 (0 + 2, [ UMY () (B0 UMV (5)). ds
20 [ UMY (5) (D (UMY (5) © VIV (5) — u (5) © 0 (5))). ds
+2 [ U () AMI () + RV (1),
Given u € RM let us introduce the discrete gradient vector Vi,u = (M (uiy1 — u;))1<i<nr

(recalling the periodic convention). Summing over all the sites i € {1,..., M} and using
discrete integration by parts in the second and third terms of the right hand side yields

el = e Ol -2 [ eie o o

—2a12/ Z V UMN (s ) (V+ (UMN( )@VM’N(S)—'u,M(s)@’vM(s)».ds

)

1

+22/ UM (7Y AMMN( )_‘_HRM,N(t)H _

Dropping the second term which is negative, taking absolute value in the third term and using
2]ab| < |a|* + |b|* ensures that

e o)} < (e )+ s [T )L ds
s [V (U0 0 VIV(s) - utl(s) 0 0V (5) L as

+2Z/ UM () dMIN (s) + [ RMN (1)

1
Let us observe that HRM N (t)H1 is given by the number of jumps before time ¢
E(|R"N (1)) = 2N PE(#{t > 0: UMN(s) £ UMN(s7)}),

Moreover, the total jump rate in the scaled process U™, when the number of individuals of
each species in site i is equal to (u;, v;), is

M : v
2M22u1<d1 + (112;)V> S 2M2||u||1<d1 —+ a12”]\|[|1) S 06M3N(1 + M),
i=1

where C} = 2(dy + a12)Cy, by (2.3.4). Then we get

M3
M,N '
E (|R"N(1)||,) < 20yt - (1+ M).
Lets us now deal with the third and fourth terms. We notice that

(V2 ()7 =0 (5 (5) ~ U0 (5)) < 20 (U (97 4 U2 ()
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Similarly, using also |ab — cd| < |a — ¢|b+ ¢|b — d| to deal with the difference of products of
positive terms, we get

(VE@YN(5) 0 VI () — uM () © 0" (s)))
< a0 (|l O VI (57 + ! (0) 3V (9)?
VIO RUL (52 + [V O (5)?)
< 402M4(V,+1 ()% + VM"Y (s)2 + UMY (s)? +uiM’N(s)2),

using (2.3.4) and (2.3.5). Gathering these bounds, taking supremum and then expectation gives
us

B sup |60l

s€[0,t]

t
<E(JuY 0)]3) + danh® [ E(JuY (5)]3) ds

+&%mﬂﬂ(/ﬁmDWW&w%d&y[EmuMW@w@dQ

3
<sup / UM () aMN (r )>+206T]\]{/_(1+M).

s€[0,t]

For the martingale part, we use Cauchy-Schwarz and Burkholder-Davis-Gundy inequalities
which together with (2.3.3) and (2.3.4) yield

(sup / UMY () dMMN (r ))2

< )
JE< /0 UiM’N(T_)2d<M?4’N>(r)>

%2 M,N M,N t M,N/ \2
<9 ]E(HU )], <d1+a12 |v (0)\\1)/0 UMY () ds)

/UMN - MMN()

IN

<o M (1 + M)/ ]E(Z/{iM’N(sf) ds.

Using that v/1 + 2 < 1 + z for all z > 0, we obtain

(o ) < 52 o [ )

Putting everything together and using again (2.3.4) yields

M*
(&mHUMW)M><EWUMN(H)+2 %*‘**chﬁv
s€[0,t]
+ (8CoarM* + 2 20">/ <su UMy 2>ds
(sCumanr 228220 ) [ s o)

t
#8Cuadt® B sup V012 as,

rel0,s]
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for some C} > 0. In a similar way we can obtain analogous bounds for V" Adding the
two inequalities and then applying Gronwall’s lemma leads us to the desired conclusion. []

The proof above is general in the sense that we have no conditions on the limiting SKT
system. But as explained in the previous sections, convergence with a large number of sites
requires a superexponential number of individuals per site. The bounds in the previous proof
are indeed not sharp at several steps. In particular, we have controlled the quadratic terms
by bounding the local size of one species by the total number of individuals, which is fixed
and thus controlled quantity. Similarly, the gradient term has been dominated by brute force
since we have summed the components. To go beyond these estimates and deal with the
quadratic term, we develop a duality approach. This will bring stability property and allow
us to compare the terms involved in the stochastic process to those of the targeted SKT limit.
The stochastic process will then appear as a stable perturbation of this SKT system.

2.4 Duality estimates

2.4.1 The continuous setting

The duality lemma is a tool first introduced by Martin, Pierre and Schmitt [94, 105], in the
context of reaction-diffusion systems. It consists in an a priori estimate for solutions of the
Kolmogorov equation. The strength of the estimate is that it requires very low regularity on
the diffusivity (merely integrability), which allows its use when dealing with rather weak so-
lutions. We propose below a small generalization of the duality lemma, which was suggested
in [97, Remark 7]. As a matter of fact, we will not directly use the duality lemma presented
in this paragraph, but rather translate it in a discrete setting (see Subsection 2.4.4 below). The
purpose of this paragraph is then twofold. First, prove Theorem 2.1. Second, explain, avoid-
ing several technicalities inherent to the discrete setting, the core ideas that will be used in
Subsection 2.4.4. Below, we call a weak solution a solution in the distributional sense. During
(and only in) this whole paragraph, we work in arbitrary dimension d.

Lemma 2.4.1. Consider i € L>®(Qr) such that o := infg, p > 0, 20 € H'(T?) and f €
L*(Qr). Then, there exists a unique z € L*(Qr) that solves weakly the Kolmogorov equation

{atz — Aluz) = A,

0, = 2. (2.4.1)

Furthermore, this solution z belongs to C'([0, T); H~'(T?)) and satisfies the duality estimate

1
HZ(T)H%{*l(Td) + /QT ,UZz < ”ZQH?{71(Td) + [Zo]%d /QT uw+ a /QT f2. (2.4.2)

Remark 2.4.1. This duality estimate is stronger than the one stated in [97]: it contains a (sin-
gular) source term and allows a uniform-in-time control of the H(T%) norm.

Proof. The proof of existence and uniqueness is exactly the same as [97, Theorem 3]: fol-
lowing the naming of this article, z is the unique dual solution of (2.4.1). For this z, the
regularity C'([0,7T]; H~*(T¢)) is obtained classically from the belongings z € L*(Qr) and
Orz € L*([0,T); H=2(T%)), which come from the equation itself. We can thus focus here on
the duality estimate which needs to be proven only in the case when every function involved
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in (2.4.2) is smooth, in the sense that they are C'*°. Indeed, the assumptions on the data give us
a smooth sequence (11", 2%, f,)nen converging to (i, 2o, f) in LY(Q7) x HH(T?) x L*(Qr),
with a uniform bound for the first component. Let’s call (2"),cn the corresponding sequence
of solutions. Note that, by parabolic regularity, the z"’s are also smooth. Then, if the duality
estimate (2.4.2) is proved in the smooth setting, we get (up to some subsequence) weak(-*)
convergence of (2"),en, in L°°([0, T); H~1(T%)) N L?(Qr). But, by uniqueness of the target
equation, the only possible limit point is precisely z, the solution of (2.4.1). The whole se-
quence (z"),, converges therefore weakly(-x) towards z, and (2.4.2) is recovered by the usual
semi-continuity argument for weak convergence.

So, without loss of generality, we assume now that 1, 2y, f and 2z are smooth. This allows
to justify rigorously the following computations. For any function w defined on T? and having
zero average there exists a unique function ¢ of zero average satisfying A¢ = w (which is
easily seen via the Fourier coefficients). In particular, for any ¢ € [0, T] there exists a unique
¢(t) of vanishing mean such that —A¢(t) = z(t) — [2(t)]a. By integrating the Kolmogorov
equation we get

so that [2(t)]re = [20]pe and —0;A¢p = 0, z. In particular, we have by integration by parts

fuotast) = 355 [0

Therefore, multiplying equation (2.4.1) by ¢ and using integration by parts

2dt/ Vot |2+/ (2 = [zolpe) = _/Td(Z— [20)a) -

Integrating in time and using Young’s inequality for the right hand side, we get

1 1
3 [ VO + [ < [ pelodee + 5 [ 90(0)

1 1 f2
—1—7/ Z— |z d2+* —,
3 J, Gkt 5 [

and thus, using ;1 > o > 0,

1
Lve@ps [ < [ 9oO)P + ol [ ut [ 7

Noticing that [[2(¢)[| -1 (re) = [12(t) = [20lpa || z-1pe) = [[VO(?)
side of the inequality to get the full H~*(T?) norms, the proof is over. ]

2, once we add [zo|ra to each

In Subsection 2.4.4, we will give (in the discrete setting) variants of the previous duality
lemma which include in the r.h.s. some error term, which is possibly singular in the time vari-
able. Being able to take into account those error terms will be crucial in the final asymptotic
limit studied in Section 2.5. However, already in its current form, the previous duality lemma is
a valuable piece of information. We highlight this with an application of this lemma: the proof
of Theorem 2.1, which applies to the conservative SKT system (2.1.1) that we consider here
with (ug, vo) as initial data. We recall the definition of the affine functions y;(z) = d; + a;;x
for¢,7 = 1,2, so that (2.1.1) rewrites

{&u — A(pa(v)u)
0w — A(pg(u)v)

0,
0
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In particular, we recover the framework of Lemma 2.4.1, as soon as v and u are bounded and
non-negative.

Proof of Theorem 2.1. Let’s introduce z := 7 — u and w := U — v, so that, by substraction

Oz — A (v)z) = Af,
Ow — A(pz(u)w) = Ag,

where f = a12u(7 — v) and g = a2,7(U — u). Since u and v are bounded and non-negative,
we recover the structure of Lemma 2.4.1 and we get

a? .
VAT s aay + i |2 < aollosony + [olfe [ @)+ R falidey [ w?
Qr Qr 1 Qr
2

a5 |
(D) sy + o [ 02 < wolyosenay + [0 [ () + L olEmery [ 2
Qr Qr 2 Q

T

since infg, p; > d;, |f] < arowl|[T]|L=(@,) and |g| < a2|2|||T||L=(@,). By combining the

two inequalities we infer

HZ(T)H%{*(W) + dl/ 22 < HZOH%fl(Td) + [ZO]']QTd/ ul(v)
Qr Qr
8 gy (o Dl [ )
dyds (Qr) (T4) or

i (8l g ol ),
1 dyds Loo(Qr) WL (Qr) or

In particular, if we want to absorb the last term of the r.h.s. in the Lh.s. the inequality that
we need is exactly the smallness condition (2.2.5). If the later is satisfied, and if we allow the
symbol < to depend on d;, a;j, [T () and ||T]| L= (@), We have actually established

=) scra + [, 2 S laolfiscon + e Bioscn
T
Lot [ (o) + [wolba [ poa(w)
Qr Qr

Since the previous computation is still valid replacing T by any ¢ € [0, T], we have in fact
2
el < 2ol + lwolliacony + Lol [ pa(o) + ol [ i)
T T

Exchanging the roles (z,%, 7, u,v) < (w,7,u,v,u), the previous right hand side remains
unchanged: we have exactly the same estimate for ||w||2- on the left hand side. The proof is
over once we notice that [ p1(v) = T [pa pa(vo) and [, p2(v) = T [ra pa(uo), since the
space integrals of u and v are conserved through time. O

2.4.2 Reconstruction operators

As explained in the previous paragraph, we plan now to transfer the previous duality and
stability estimates into a discrete setting. The purpose is to be able to use these results on the
semi-discrete system (2.2.2). We will have to manipulate several norms on R, reminiscent
of classical function spaces of the continuous variable. As the number of points M of the
discretization will be sent to infinity, it will be crucial to have estimates which do not depend
on this parameter. In particular, the following notion of uniform equivalence will be relevant.
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Definition 2.4.1. Given norms P; j; and P 3s on RM, we say that Py and Ps py are uni-
formly equivalent if there exists a, 3 > 0 such that

VM c N, Yu € RM, OzPLM(’U,) S P27M(’U/) S 6P17M<’U/)
If this is satisfied, we write Py yr ~ P .

Given a discretization like (2.2.7), there are several ways to build a function defined on the
whole torus T. The generic approach is to fix a profile ¢ (generally compactly supported) and
consider

T i/[: 0 (M(x — x)) ug. (2.4.3)
k=1

Definition 2.4.2. For u € R and 6 := 1(_), the function defined by (2.4.3) is a step
function that we denote op/(u). For u € RM and 0(z) := (1 — |2])T, the function defined by
(2.4.3) is a piecewise linear function that we denote m);(u). The corresponding vector space
of functions (step and continuous piecewise linear functions respectively) are denoted

Sy = {JM(u):uE]RM} and py = {WM(U)Z’U,E]RM}.

Ift — wu(t) is a map from [0, T'| to RM, we simply denote by o, (1) and 7, (u) the respective
maps from [0, 7] to s, and pj, respectively.

Proposition 2.4.1. For u € R we have ||ullo = ||on (W) 1oy = ||mar(w)| zo(r) and for
p < oo we have ||[u, v = |lom (W) zeery > 7m0 (W) Lo(ry. For u € RY we have furthermore
loar(w)||Leery ~ ||7a(w) || Lo (ry (with a small abuse of notation, because the uniform equivalence
holds only on a positive cone).

Proof. We first notice 1;_1 g * 1o.1j(z) = [% 1jo1y(z — y) dy = (1 — |z|)*. In particular, we
infer for p(x) = (1 — |x|)*

Pran(a) = o (M(z = ax)) = [ 110 (M = 21) = 9) Loy (v) dy

where 0; ar(x) = 11, (M (2 — x3)) and par(x) = M1y q(Ma). We have thus established
mar(w) = op(w) x ppr where, (par) s is an approximation of the identity. Therefore, we have
I (W)l oy < lloar(w)l] o).

Conversely, assume « > 0. By definition we have

M
Tu(u) = Z Uk PE, M,
k=1

with ¢ p(7) = (M (x — ) and p(x) = (1 — |x|)*. Recall that for any vector w € R,
one has M/?||w||, s < M||w||; 3. In particular, using u; > 0, we infer at any point z € T

M M 1/p
MMM@ZZWWMZ(Z%%M@>,

k=1 k=1
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from where we conclude

2

I (W) || zogry = M|y arllol7oer = lloar (@) 5wy —
p+1

using that ||ox,ar |7, ) = ﬁHSOHZJ(T) = ﬁﬁ 0

We end this paragraph with an estimate that belongs to the folklore of the finite element
method and omit the proof. It is usually proved using the Bramble-Hilbert lemma, but since
here we focus here on the one dimensional case, it is also possible to give a direct, elementary
proof.

Lemma 2.4.2. For p € H?(T) and M € N* there exists a unique 1);() € pyr matching the
values of p on the grid (xy)1<k<n. It satisfies

le = et (@) l-rery S M2 g2y
o = (@)l 2my S M2l g2y,
e — ear( D)l pnery S Mﬁl”@”m(ma

where the symbol < means that the inequality holds up to a constant independent of p and M.

2.4.3 Prerequisites on the discrete Laplacian matrix

We give in this paragraph several useful properties linked to the discrete periodic Lapla-
cian matrix introduced in (2.2.3). This matrix A,; is not invertible, we have the relations
Ker(Ajs) = Spang(1;/) and Ran(Aj) = Ker(Ay )+ = {u € RM : [u]y; = 0}. We refer to
Subsection 2.1.2 for the definition of 1,; and [-] ;.

Definition 2.4.3. For each u € Ran(A),) there exists a unique ® € Ran(A,,) such that
u = A;®. By a small abuse of notation we write then ® = A} u.

Proposition 2.4.2. The matrix —A; is symmetric non-negative and admits therefore a unique
symmetric non-negative square root that we denote \/— A ;.

Proof. The proof is standard and we simply note that the spectrum of —A, is given by

{M2<2—2cos<2j\7;k>> 0< kgM—l}:{élMQsinQ(?\j) 0<k < M—l} C Ry,

which establishes the non-negativeness. []
Proposition 2.4.3. For any ® € RM we have the estimate |® — [®]u]|l2.0r < [[AnP||2.0s-

Remark 2.4.2. This is the discrete counterpart of the following consequence of the Poincaré-
Wirtinger inequality || — [t 2 S [|A@|| L2er). for ¢ € H*(T).

Proof. Using the identity sin (7k/M) = sin (7(M — k)/M), the spectrum of —A, that we
identified in the proof of Proposition 2.4.2 rewrites

k M -1
AM?sin? ([Z5) co<k < .
{ sin <M> 0<k< 5 }

41




In particular, using the inequality sin(xz) > %x valid on [0, /2] we see that apart from 0 all
the eigenvalues of —A ), are lower-bounded by 16. —A,; being symmetric, its diagonalization
can be written in an orthonormal basis of R that we denote (wy},)o<x<ar—1, with wg being
the (only) element of this set belonging to Ker(A ;). We have therefore

1 M-1 1 1 M-1 2
19 = Bl = 57 2 [(®0f < gz 3 BBl = 1l Sl O

Before introducing an analog of the negative Sobolev norm, we recall a standard compu-
tation linked with the Lagrange finite elements method for which we need to introduce the
following matrix

2 1 1

I

5 3 o 0
By=|: . - - ]| (2.4.4)

1 2 1

AR S

6 0§ 3

Proposition 2.4.4. For w € RM we have

—@mAMwh4:Avawa@Pd@ (2.4.5)

where we recall that (-|-) s denotes the rescaled inner product on RM (see Subsection 2.1.2). Fur-
thermore, for any u € RM we have

Byu = —-Ajyw < Yy € pM,/T@b(x)ﬁM(u)(x) dor = /TV@D(:E) Vg (w)(z) de.
(2.4.6)

Proof. py is the vector space spanned by the functions ¢y p(z) = (M (z — z)) where
o(x) == (1 — |z|)*, so the r.h.s. of the equivalence (2.4.6) boils down to

‘A%M@mmm@mw:Av%M@yvmmm@mL

for k € {1,..., M}, and one checks that

6
[ V(@) Vioya(e) de = M(21icy = ymjpm0)

1 /2 1
/EQDZ7M($)90]7M(CL’) de’ = M <311] + 1|ij:1) )

where the equality | — j| = 1 has to be understood modulo M. Expanding 7, (w) and 7y, (w)
on the basis (¢x, ar)1<k<m, We get the equivalence (2.4.6). Formula (2.4.5) is obtained in the
same fashion, expanding 7, (w) on the basis. O

We observe that u +— —(u|A,;u)ys is non-negative, due to the symmetry and non-
negativity of —A s (see Proposition 2.4.2). For u € R, recalling that & = u — [u]y 1y,
we have then —(@|A}/ @)y > 0. This enables us to introduce the following norm || - || a/,
which is a discrete counterpart of the H~*(T) norm.

Definition 2.4.4. For u € RM, we define

]| 1ar = /= (@A @) + (]2,

This is a norm on R,
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Proposition 2.4.5. We have the equivalence
M|y (=) + 7l z2ery ~ M- laar + lwar ()l - (2.4.7)
Moreover for any u € RM,
[l < ez (2.4.8)

Remark 2.4.3. The above definition is reminiscent of the equality

I = ellr-m = = [ (0 = ek,

T

where 1) is the unique solution of — A1) = ¢ — [@]r.
Proof. We first observe the uniform equivalences

I (W)l 22y ~ lmar ()| 2oy + |l ],
1 (W)l =2 (ry ~ Imar (@)l -1y + [[w]aa,
[l —var ~ el -1 + [l
Without loss of generality we can therefore establish the uniform equivalence (2.4.7) under
the assumption [u]y, = 0.

We have [lull%, ;; = —(u|Aj/u)y = —(Ay®, ®)) where @ := —Aj u. Thanks to
Proposition 2.4.4 we have therefore

[l 0r = VT (P22 ). (24.9)
The matrix B), defined by (2.4.4) satisfies 6By, = M ~2A,; + 61,, so it commutes with A ;.
In particular, the equation u = —A ;P is strictly equivalent to
BM’U, = —AMU},

where w = B);®. We obtain from Proposition 2.4.4 that this last equation is exactly equiv-
alent to

Y € po, /T@/J(x) my(uw)(z) de = /TV1/)(x) -V (w)(z) de.

Since we assumed [u]y; = 0, we also have that [my/(u)]r = 0 and we can therefore solve
—Ayyr = my(u), for a unique ) € H?(T). We have then, by integration by parts,

voep, [ 0@ mu(w)@) dr = [ Vi) Veu(r) da.
In particular, we have established
e pur, [ Vi) (Tm(w)(@) = Viou (x)) do = 0,
and this equality holds in particular for 1) = 7y, (w). We deduce that for each ¢ € py,
[ 19T () () = Veou (@) da
= [(Vmu(w)(@) = Viour(2) + Vi(a) = Vi (w) @) - (Ve (w) (&) = Vipa()) da

= [(Ve(@) = Ve (@) - (Vmys(w) (@) = Vipas(x)) da,
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and we get by the Cauchy-Schwarz inequality
IVay(w) = Vou|zemy < inf [V — Vol r2er).
pepm

Taking 1) = ty(¢) and using successively ||V f|[z2cr) = [|f]|g1(p)> by the third estimate of
Lemma 2.4.2, we get

Vs (w) = Voullzm < Ve (9) = Voul )

= |lear(p) — <PMHH1(T)
1
S M||90M||H2(1r)7

where we refer to Subsection 2.1.2 for the definition of the homogeneous norms || - |z (7)-
Recalling that —Awpy = 7ar(u), we have the equalities |7 (w)|| -1y = [[Vour|lr2(r) and
lon |l 2y = 1Al 2(ry = |70 (w) || L2(r). Allin all, using the reversed triangular inequal-

ity we have established

1
IV ()l 2y = llmas (W)l gy | S g7 Ime(@)llza.

To conclude, due to (2.4.9), it is sufficient to prove that ||V (w)| 2(ry ~ ||[V7a(®)|| 22()s
where we recall w = B),®. This last equality implies in particular
2 1 1
Ty (w) = gwM(CD) + 67%@\/[(@) + BT_ﬁWM(@),
where we recall for a € R the translation operator 7, defined by 7, f(x) = f(x + a). We have
therefore

—_

2 1
Both V7 (w) and Vi (P) belong to s,,(T) i.e. are respectively equal to some functions
o (A) and o/ (y), for some A, v € RM,
Note that B, is uniformly well-conditioned: the spectral radii of B; and B;;" are bounded
independently of M. This can be seen writing By, = %I M+ %J > Where J) is the matrix

o 1 0 --- 1
1 0 1

Tuo= | o
o --- 1 0 1

The eigenvalues of .J), are {2 cos (%) cke{0,...,M — 1}} , so the spectrum of B, lies
within [1/3, 1].

The identity (2.4.10) shows that A = Bj,;7, and we have just controlled the euclidean
subordinate norms of By, and Bj;: we have ||v|[2ar ~ || Ba|l2.m, and therefore we ob-

tain ||V (w) || p2ry ~ || V7ar ()| 22, thanks to Proposition 2.4.1, concluding the proof of
(2.4.7).

Let us turn to the proof of (2.4.8). Using Proposition 2.4.3, [|Ay o < |||z, and
Cauchy-Schwarz inequality entails that —(@|Ay @)y < ||| ,,. By Pythagore’s identity,
we obtain (2.4.8), since u = @ + [u]a1a and || [w]pLas||5 5, = ()3, O
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Proposition 2.4.6. Forw € C'([0, T]; Ran(Ay;)), we have

—(Aywt)w' )y = 5 w®)2 a
where as usual (+|-)5; denotes the rescaled inner-product on RM .

Proof. If v(t) :== —A;w(t), we have Ayv(t) = —w(t) and therefore Ay’ (t) = —w'(t),
with still [v/(t)]5; = 0. We then have v'(t) = —A}/w’(t). We infer, by symmetry of /— Ay,

—(Agfw(b)[w'(t)a = —(v()|[An' (1))

= (V=awvl-auv' )
j(mv £)/—Anro(t) )

d
= =53 OB ) = 5 w2

N\H/\

O

2.4.4 The discrete duality lemma

We are now all set to state and prove the discrete duality lemmas. These estimates will apply
to linear differential equations with source terms. We first consider the case when the source
term is continuous and then the case when it is not regular, respectively Lemma 2.4.3 and
2.4.4. We need to combine them to deal with the approximation of the stochastic process and
this is achieved in Proposition 2.4.7.

Lemma 2.4.3. Consider p € C([0, T]; RM)) so that each component is uniformly (w.r.t. to time
and index) lower bounded by a positive constant o > 0. Assume that z € C1([0, T]; RM) solves

Z’(t) = AM

2(t) © pu(t) + fF(O)| + (1),

where f and r are two functions in C'([0, T]; RM). Then we have the following estimate, for any
parameter a > (0

sup 20200+ [ onlz @ pt)(s 2 dsde
t€[0,7) Qr

< 1+ a)[I20)1 o + 2O, /0 pslds [ o) (s dsde
+(1+a™h) <T+T/ ards + 1)/ or(r)(s,2)? dsdz, (2.4.11)

T
where the Hadamard product © and the square-root u'/? are defined in Subsection 2.1.2.
This is a counterpart of Lemma 2.4.1. In the case, » = 0, one can get rid of a.

Proof. We follow the proof of the continuous case, Lemma 2.4.1. Since Ran(Ay;) C 13, we
claim

(2(ar = 27 (1), 1ar) = [r(0)]r,
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and therefore .
()] = [2(0)]nr + /0 [7(5)] s ds. (2.4.12)
Recalling the definition 2(¢) := z(t) — [2(t)]x we also have
2Z'(t)=2'(t) + [r(t)]m-

Now, taking the inner-product with the vector A;/Z(t) in the differential equation solved
by z, we get, using the symmetry of Ay, and the fact A} Z(¢) € Spang(15/)* (see Subsec-
tion 2.4.3),

-(aiz0z0) + (200 on0) =-(20lf0+2070)

We use Proposition 2.4.6 to identify the first term of the Lh.s. and get

S IEOI 1M+( (0=(t) @u(t)) - —(z(t)]f(t) +AleF(t)>M. (2.4.13)

M

Using that the entries of pu(t) are all lower-bounded by & > 0 we have the following inequality
(see Subsection 2.1.2 for the notation ©), for any vector g € RM

(20]e) |=|(z0)0 n®)?g o ne)?)
< IE®) © pt) " [arllg @ () 2|20
< 120 © w2 st lgllon

= Va
12) © 1)) s + 5 g
(200 @ un) +-lglar

where we used Young’s inequality. We use this estimate in (2.4.13) with g == f(t) + A}/ 7(t)

1
2
1
2
M

S IEOI 0+ 2(z<t>\z<t> © u(t)>

< ;[Z(Tt)]2 [1e(8)] s + *Hf( )+ A F@5

Using Proposition 2.4.3 to infer ||Ay/7(t )H o < [P llear < ||7(t)]|2.0s and the convex
inequality (z + y)? < (1 + a)z? + (1 + a')y? we eventually get, after integration in time

t
1Z@)N1% 0 + /0 12(s) © ()23 5 ds

< [Z O 00+ [ T2 ) ds

_ /O ()2 ds. (2414)



On the other hand, using once more the above convex inequality, we claim from (2.4.12) and
Cauchy-Schwarz inequality that

20 < (14 a)[=O + ()T [ (o) ds

Summing the two last inequalities we obtain (2.4.11) since for any vector u € RM we have
[wllzar = lloar(w) L2 O

Lemma 2.4.4. Consider p € C([0, T); RY)) so that each component is uniformly (w.r.t. to time
and index) lower bounded by a positive constant o > 0. Assume that z4: [0, T] — R solves

2ilt) = [ Ny [zd(s) o u(s)} ds + (L), (2.4.15)

where x4 is any cadlag R valued function over [0, T'|. Then we have the following estimate

sup ||zd(t)||31,M+/ on(za © pt'?) (s, z)?dsdz
te[0,T] Qr

S SUP lza(t)]2 1M+/ a(s)])3,ds, (2.4.16)

where the constant behind < is universal and p'/? denotes the vector map whose entries are the
square-roots of the ones of p.

Remark 2.4.4. In this lemma we consider the (discrete) Kolmogorov equation with a singular
source term 4. The mere integrability of this term forbids to differentiate in time this equation,
so we cannot proceed as we have done in the proof Lemma 2.4.3.

Proof. Using (2.4.15), we first remark that [z4]; = [®4]ar and therefore
Z4(t) = /Ot Ay [zd(s) © u(s)} ds + z4(1).
We take as usual the inner product with —A}/Z,(t) and use symmetry to write
_ (AMlzd(t)jgd(t))M 4 /O t (2d(s)\zd(s) © ,u(s))M ds = — (AMlid(t), @(t))

Using the definition of the || - || _; 5; norm (see Proposition 2.4.5) and that Z; = z4 — [z4]1 We
infer

M

2O 1+ [ a(s) © pa(s) 21 o s
= [ (Lulzas) © p() | ds— (A5124(0), 2a(0))

The first term of the r.h.s. can be handled using Young’s inequality to absorb a part of it in
the Lh.s. and get

M

t
Hid(t)HQ_l,MJr/o za(s) © pu(s) /2|13 s ds

S [ @R () 1 s ds — (A5 20, 70) . @:417)

M
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Now, defining ®,;, = A,/Z; and ¥); = A;/&; we have that using Cauchy-Schwarz’s
inequality, the definition of the || - ||_; 3 norm and the symmetry of the discrete laplacian
matrix

_(A]—V,lzdu) | %d(t))M = —(‘PM@ | AM‘I’M“))M

:( —AM<I>M(t)‘ —AM‘I’M(t))M

< W =An P () |20l = Anrar(t) | 2,00
= | Za(t)]|—1,ael|Za(t) || =10z

Pluging this estimate in (2.4.17), we have

t t
1Za ()12 1 0r + /0 lza(s) © pe(s) 250 ds < /0 [za(s) 3 llie(s) 215 0r ds + [ Za(t)l|21 -
Recalling that [24]2, = [x4]3; and adding this term to the inequality, we get (2.4.16). O

Proposition 2.4.7. Consider p € C([0,T]; RY) so that each component is uniformly (w.r.t.
to time and index) lower bounded by a positive constant o > 0. Assume that z: [0,T] — RM
solves

(1) = 2(0) + /Ot Au {z(s) O u(s) + f(s)] ds + (),

where f is a function in C([0, T];RM) and © = =, + x4, with the regular component x, €
C1([0,T],RM) and the singular component xz, is any cadlag RM valued function over [0, T).
Then we have the following estimate, for any a > 0,

sup [|2(0)2 00+ [ onlz @ pt)(s 2 dsde
t€[0,7) Qr

< (02 O+ O [ s 3 [ ()05

a JQr

/ ou(zl)(s,7)* dsdx

T

+(1+a)(1+at) (T + T/OT[[J,(S)]MdS + ;)

SO +a)| s el + [ ) ulea(s ]l as], @19

S
telo
where C' > 0 is a constant.

Proof. Let’s define z, € C''([0, T]; RM) as the unique solution of

2.() = 2(0) + /Ot A {zr(s) o uls) + f(s)} ds + @, (¢),

which, since x, is continuously differentiable, is equivalent to the Cauchy problem

2(t) = Ay [zr(t) o plt) + f(t)} ds + 2'(t), (2.4.19)
z:(0) = z(0). (2.4.20)
Now, defining z, := z — z,, one readily checks that it solves

2ilt) = [ Ny [zd(s) o u(s)} ds + y(t).
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The Cauchy problem (2.4.19) — (2.4.20) is exactly the one of Lemma 2.4.3, with r(¢) = x/ (),
we therefore infer from this very lemma, for any a > 0

sup (2020 + [ our(ze © W) (s, ) ds e
t€[0,7) Qr

< (40 [ o+ OB, [ s+ 3 [ ow(£)0 5]

@ JQr

+(1+ah (T + T/OT[M(S)]M ds + ;) /T ou(x)) (s, 2)*ds dx.

Now, since z = z; + z,, combining the triangular inequality and the convex inequality
(x4 y)? < (1+a)2®+ (14 a )y implies

sup 2200+ [ oulz @ w?)(s,2) dsde
t€[0,T] Qr

< 0) | s O [ (e © ), ds ]
te[0,7) Qr

F(1+a) [ sup a0l s + [ onlza® w2)(s,x)?ds dx] |
te[0,T] ’ Qr

so that the proof follows from Lemma 2.4.4, which focuses on the non-regular component. [

2.5 Quantitative estimates and proof of Theorem 2.2

Let u,v be a C'([0,T]; C*(T)) solution of the system (2.1.1). We have, by Taylor expansion,
for any h > 0 and C*(T) function f

h? h?
Thf:f_'_hf/"f—gf”"i_?f///+oh—>0(h4)7
B2
Tfhf — f_hf/_'_gf”_ yfm‘f’ohﬁ()(hfl);

where Oy,_,( refers to the L>°((Q)7) norm. We have therefore

Tnf +71onf —2f
h2

= f" + Opoo(h?).

In particular, denoting by u™ (¢) and ¥ (¢) the respectives values of u and v at the points
(t,xy) for k =1,... M, we have the following discrete system:

0™ (t) = Ap[dr®Y () + a2 (1) © @ (1)] + 8™ (1),

with
M () lloo + 18M () |loo S M2, (2.5.1)

uniformly for ¢ on compact intervals.
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On the other hand, we recall that our stochastic process satisfies
¢
UM’N(t) = UM’N(O) + / AM <d1UM’N<S) + algUM’N(S) ® VM’N(S)) ds + MM’N(t),
0
¢
VIN() = VI (0) 4 [ (VN s) UMY (5) © VIV(s) ) ds + NV (),
0

where MMV is square integrable martingale whose quadratic variation is given by (2.3.3)
and N satisfies similar properties. By symmetry, we can focus on the first species UMV,
Denoting

ZVN(0) = @(0) - UMV, X0 = [ () ds - MU ),

we have yet another system satisfied by these quantities
t
ZMN(t) = ZMN(0) + / Ay <ZM’N(S) ® AMN(s) + FMvN(s)> ds + XM (1), (25.2)
0
where
AMN (@) = di1y + ap VN (),
WA () = oM (1) — VI (1),
FMY (1) = apa o WY ().
We can now apply the discrete duality lemma developed in the previous section to control the

gap ZMN . This is the core of the next result, which yields Theorem 2.2. For z: [0, 7] — R,
let

1/2
Izl ar = ( sup [12(O)2, o + r|aM<z>ui2(QT)) |
te[0,7]

Proposition 2.5.1. Let u,v be a solution of C regularity in time and C* regularity in space of

the system (2.1.1). If
a12021
id, ullze@nllvlliL=@r <1,

then for any (M, N) € N? such that N/M? is large enough

2 2
E (12" (7,00 + W74 )
2 2
S NZYN ()l 0r (1 + VN O)]ar) + WX ()[4 (L + TN (0)]ar)  (25.3)
+ (14 T2+ TUMN(0) + VN(0)] ) M~ 4+ TMPN

Proof. We first observe that ¢ — [AM:N(¢)], is constant and we set

T 1
AN oy T/O (A (s)|ards + —
1
1
=T + TQ(dl -+ alz[VM’N(O)]M) + df
1

By applying Proposition 2.4.7 with 24 :== — M"Y and
t
X, t»—>/ r" (o) do,
0
5

0



we obtain for any a > 0 that

sup [ 2V ()2 00+ [ oai (24 © (AMN)V2) (s, 2)? dsd
t€[0,T Qr

< (@ (12O + 12O [ (AN ()]s ds

1
+ d/Q oy (FMN) (s, 2)? dsd:c) +(1+a)(1+ al))\zﬂfI’N/Q on(rM) (s, 2)* dsdz
1 T

T

O+ ) sup [MUNOIE L+ [Tl MY () ds). @59

S
telo,

for some constant C' > 0. Moreover, since we have that A)"" > d; and |3 (F™N)(s, x)| <
ara|ul o (@py lom (W) (s, )], as @™ takes the values of w in the grid, we obtain

1
= sup |2V W2, 0+ [ on(Z)(s,0)? dsda
1 t€[0,T] Qr

(1+a)?
dy

2
+ <a12HquL°O(QT)) / O'M(WM’N)(S, 13)2 del‘)
1 T

+ d11<1 +a)(1+a AN /QT s (P (s, 2)? dsdz
b ) (s MUV A MU ) ds)

telo,T

<

(HZM’N(O) 21,0 + TLZM (0)[3, [AY (0)]ar

As the roles of Z™¥ and WY are symmetric in the previous inequality, we have a similar
estimate for WMV Thus, by setting

I‘M’N(t) = dg + CLQlUM’N(t),

and
M,N T M 1
TN =TT [P (8)]ads +
0 dsy
1
=T+ T2(d2 + (Izl[UM’N(O)]M) + E’
2
we get

1
= sup (WY N2, 4 [ oa (W) (s,2)? dsda
2 t€[0,T) Qr

< (1+a)?
S g

2
n (a21||v||dL°C(QT)) /Q UM(ZM’N)($737)2 d8d$>
2 T

1
+ d(1+a)(1+a_1)'y§w’N/Q o (8M) (s, z)? dsdx
2 T

Q -1 M,N 2 T M,N M,N 2
b a ) (sup WSV [T WY ()3 ds ).
ds te[0,T] 0

<|IWM’N(0)||2_1,M + WY (0) 3, [T (0)]ar
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Plugging now this inequality in the estimate for Z*:" gives us

1
= sup | ZMV W2+ [ ou(Z)(s,x)? dsda
1 t€[0,T] Qr

< W(HZM’W())H%,M +T[ZV N ()3, (AN (0)]ar)
L Zza)‘* <a12|IUIC!lfw<QT>

2
+ (1 (eeltleenllizen)® o v (o 2y s
142 T

1 2 o 2
+( +a) (amHUHL (QT)> (1+a_1)<(1+a)7%4’N/ O'M(SM)(S,I)ZdeJ}
do dq Qr

+C(sup Y@+ [T LAY ) ds ) )

te[0,T

) (W Q)12+ TIW 2 (0) 1 (0)])

1

+ d—(l +a)(1+a HAFY / o (r) (s, r)* dsda
1 Qr

C

g e (s MO+ [T MY ) ds ).

By using our assumption on the bound of ||| L (0,) ||V L (0,) and then fixing a to be small
enough, we can absorb the third term on the rh.s. of the previous inequality in the Lh.s. in
order to recover the definition of ||| - ||| ;- Thus, letting < to depend on these parameters,
this yields
2
IZY W70 S N2 (0)12 s + TIZMY (0) 3, (A (0)] s
HWHN0) 12,0 + TIW A (0)]5, [T (0)]ar

+ ()\%N + 7%4’]\7) /QT (O'M(’I"M)(S, z)? + opr (M) (s, x)2) dsdzx

s MU A ) M ()

t€[0,T

b sup VSN0 [ I (A () ds.
te[0,7 0

The previous rh.s. is again invariant with respect to the roles of Z*Y and W, Then
using the uniform bounds on oj;(r*) and o, (s*) from (2.5.1) and taking expectation, we
get
2 2
E(I1Z" 7,0 + W [700)
SNZN ()12 0 + TIZM(0)]5, (A (0)] 1
+ [WHN )2, 5 + TN ), TN (O)]ar + (AP + 47" ) M~

B sup MO ) + AN O [ BV R, ds

te[0,7)

FE(sup IV @)+ O [ WY ER) ds. @55)

te[0,T] 0
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We are left then with controlling the local martingale terms that appear at the end. Since

MY ) = (S M)

and recalling that [AMN(0)] = [d1 + a12 VN (0)]as, we have

AN O [ E(IMPN(),) ds

0

T M
< (s + aa [V 0)ar) 7 DB sup MOV (0)?),

i=1 (0,7

Besides, we also have using (2.4.8)

B sup [ MUY O ) <E( sup MO
(:% (3 or))

<sup MM () )
— t€[0,T]

M:

Now, Doob’s inequality ensures that E(Supte[o 7] MMMt )2) < E((MNY(T)), where the

expression of the quadratic variation (M."") is found in (2.3.3). Moreover, since

M
Z@WW@W”@+WW@MT@+WT@WW@)

= HUMN( M3 + IV @3,

we get

1§E< sup /\/lZM’N(t)2>

M= \ecpm

1 _/M?* [T M2 T
< M,N M,N 2 M,N 2
S B [T @lds + = [T @R + VI E)13) ds)

Moreover |[UMY(s)||; = [[UMN(0)]|; a.s. and we recall that UMY () = aM(t) — ZMN(t)
and VM (t) = oM (t) — WMN(t) for any s > 0. Adding that boundedness assumption on
the solution of the SKT system and (2.3.4) ensure that

M? )

T]%QHUMN ||1M+ / O'M +O’M(@M)2:TO<W
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we finally have

L %E( sup MM’N(t)2>
M= Z

te€[0,7
M (T M?
Sy b EUIZMN )+ W (s)]15) ds + T
M E (O’M (ZM’N> (s,2)* + o (WM’N)(S x)Q) dsdz + T%2
~Y N QT Y Y N
M? 2 M? 2 M?
< SHINZY NI+ S I+ T

By symmetry we have bounds of the same order for the terms involving (N (t)),o. We
plug these bounds in (2.5.5) and gather the terms |HZM7N|H2T7M and ]HWMNH\;M in the left
hand side. For N/M? large enough, we can contol the left hand side and get

2 2
E(Z zar + W7 00)
SNZMN ()12 1,00 + TIZYY (0)]3,[AMY(0)] 1
HWHR(0)[12 o + T[WHY(0)3, (0 (0)]m
M2
+ (AP ) Mt T(l + [AMN(0) + FMvN(O)]M>N.

Using that T'[u]3; < |[oy(u) ||%2(QT) for any u € R, by rearranging the terms we conclude
the proof. [

Now we can prove the remaining main result.
Proof of Theorem 2.2. We have
<M’N = WM(UM’N) — U
= mu (UMY —a™M) + 7y (a™) — u = 7 (ZMN) + 11 (u) —

where the interpolation operator ¢, is the one used in Lemma 2.4.2. Using the triangular
inequality, we infer

E| sup MN ($)]12 4 (leMAN 2
s I O s + 16 oy

<E[ sup (20 sy + e 2 s

+ sup ”LM(U) - u”?-']—l('ﬂ‘) + ||LM(U> - UH%Z(QT)‘ (2.5.6)
t€[0,T]

Now, using Proposition 2.4.1 we have that ||y (Z""N)|| 120, < llom(ZMN)|12(0,), and
using the equivalence (2.4.7) of Proposition 2.4.5 we get for all ¢ € [0, T

172 (ZM ) O lrr-1m) S NZYN Ol =100 + MTHmas(ZYY ()] 22r).

This means that the expectation term in the r.h.s. of (2.5.6) satisfies the following bound for
M>1

2
[ sup [mas(Z* )0 + e 2 g | o B2 17
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All in all, using Proposition 2.5.1, we get

E . lmar(ZM ) Oy + 700 (2200 | St

where €,/ v is the rh.s. of (2.5.3). Getting back to (2.5.6), we still have to control the second
expectation term of its r.h.s., for which invoke Lemma 2.4.2 which allow us to write

S lear(u) = ullr-s gy + llear(w) = ullZzopy S Ml oerrao e
€0,

Gathering all the terms leads to the conclusion. [

A Appendix: discrete-continuous dictionary

Discrete | Continuous
AN Y A

I llpar | - lzeer)
(:[)r ('|')L2(']1‘)

- =vnr | I [l

Ml | - Ml
[T []r

55






CHAPTER 3

Quantitative large-population asymptotics
for mean-field interacting branching
diffusions via optimal transport
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This chapter is based on [59], written in collaboration with Joaquin Fontbona.

3.1 Introduction

Mathematical models of interacting and randomly evolving populations have been intensively
studied the last decades through probabilistic and analytic approaches. Both points of view
are able to integrate several biologically or ecologically meaningful features, including in-
dividuals’ displacements, reproduction and deaths, competition for resources, selection, and
dispersive or attractive interactions. While PDE and analysis methods can provide aggregate
deterministic descriptions of the collective or macroscopic behavior of such populations (see
[108, 23, 22, 46, 62] and [31], to name but a few works), probabilistic methods have successfully
been employed to describe the random behaviors and interactions of individuals at the micro-
scopic (or finite population) level, and to justify, in a rigorous way, that solutions of certain
nonlinear evolution PDEs are the limits in law of the empirical measures of some individual-
based models, when the population size goes to infinity (see for example [61, 7, 58, 28] and
[27]). Nevertheless, although it is clear that certain law of large numbers for exchangeable
systems lies beneath the passage from the microscopic to the macroscopic scale here as in
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other settings, the speed of this convergence is not explicitly known for branching popula-
tion models, even in the simple case of pure binary branching diffusions.

In this work, we develop a probabilistic approach to obtain quantitative convergence es-
timates for the large population limit of a class of spatially branching diffusions with logistic
growth and mean-field interactive spatial dynamics. Specifically, we assume that during its
life-span, each individual’s position evolves in R¢ following the SDE

AX7 = b(XP, H o S (X)) dt + o (X7, Gx pf (X)) dBy,  n=1,...,Nf, (3.11)

where (B"),>; are independent Brownian motions in R?, and ¢ and b are regular coefficients
depending on the position X;" and of the empirical measure ;i = & Zivfl dxx of all N in-
dividuals alive at time ¢. The functions H and G are regular kernels controlling the strength
and the range of the interaction of an individual with the population, through the empirical
density of the latter (precise assumptions will be given later on). The parameter /' measures
the population size, and can be interpreted as the carrying capacity of the underlying envi-
ronment (see [7]).

Furthermore, each individual gives birth to one offspring at its current position at constant
rate r > 0 independently and, as a result of global competition, dies at rate cN/X /K, with
¢ > 0 a fixed parameter. Additionally, a random number N{* of individuals can also be given
birth at time 0 at random positions X7, n = 1, ..., NI, such that the corresponding empirical
measure ¥ converges in law to some deterministic finite measure y1 on R% as K — oc.

This model corresponds to a subclass of some non local Lotka-Volterra cross-diffusion
systems, introduced in [58] as a microscopic, individual-based counterpart of the celebrated
Shigesada-Kawasaki-Teramoto cross-diffusion system [108]. More precisely, in the model of
[58], the competition for resources on one hand, and the spatial dispersion resulting from
individuals repulsions or environmental conditions on the other, can take place at different
macroscopic spatial ranges, and heterogeneously in space. In order to address the question of
quantifying the large-population limit, we consider a simplified setting of one single species
with self-interactions in the displacements, and we moreover assume that the demographic
parameters determining the individual births and deaths are spatially homogeneous. In par-
ticular, the competition kernel of [58] is a constant here. This amounts to say that the com-
petitive pressure is exerted on each individual simultaneously by the whole population alive,
proportionally to its total size.

Following [58], when K goes to infinity, the empirical measure process (/i{*);e[o,7] con-
verges in law for each 7' > 0 (in the Skorokhod space of finite measure valued paths on [0, 7'])
towards a deterministic continuous measure-valued function (yi)scpo,r), that is the unique
weak solution of the non-local self-diffusion equation

1 d .
Outte = 5 “Zl 0;.., (a( (- 7G*Nt)ﬂt) - Zl Oa, (b( (- aH*Mt)Mt) + (r— (e, 1)) e, (3.1.2)
1,j= i=
with @ = 00", and the initial condition /. In this case, the total mass n; = (i, 1) of the

finite measure (i, evolves in time logistically: 0;n, = (r — cny)ny.

It is well known that convergence of the empirical probability distribution of N exchange-
able particles to some deterministic probability measure, when N is a non-random integer
that goes to infinity, is equivalent to the property of propagation of chaos, or asymptotic
independence of the particles ([110, 95]). In order to establish an explicit convergence rate
for the measure process (1f)cp0,r] as K goes to infinity, we will extend to the branching
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populations setting probabilistic techniques developed to quantify propagation of chaos in
particle systems arising in kinetic theory ([35, 36]). A natural strategy to establish bounds in
that framework is by coupling the interacting particle system to a certain auxiliary system of
particles with less (typically without) interactions between them, suitably constructed in the
same probability space. It is then possible to derive non asymptotic bounds from quantitative
estimates available for independent objects.

Generalizing this idea to interacting branching populations, we will construct a coupling
of the system of interacting particles with logistic branching, with certain system of inde-
pendent diffusions, with random births and deaths suitably distributed in time and space. The
fundamental feature of this coupling, allowing us to put in place the above mentioned strategy,
is that the random birth positions in the auxiliary system “mimic” the branching positions in
the original system in the best possible way, in the sense of mean quadratic error. We are able
to do this adapting to this setting optimal transport based techniques, developed in [35] to
prove quantitative chaos estimates for particle systems with binary jumps. Our construction
will thus allow us to transfer the rate of convergence in Wasserstein-2 distance of empirical
measures of N i.i.d. samples, established in [60], to an analogous (in terms of K') convergence
rate for the dual bounded-Lipschitz distance of the empirical processes (11 )ic[o,r]- The ideas
and techniques developed can in principle be refined and extended to more general systems
of interacting branching populations, including the general setting of [58]. Nevertheless, this
requires to deal with significant additional technicalities, and we have chosen to focus here
on the basic ideas, leaving possible extensions for future work.

We next provide a detailed description of the population model we will consider, referring
to [58] for additional background. We then state our assumptions and main result, and outline
the paper’s organization.

3.2 Model, notations and main result

The population and its evolution are described by a right-continuous measure-valued Markov
process (ulf)>o, taking values, for each fixed K € N*, in the space of weighted finite point
measures over R%:

1

ME(RY) = {K

N
Y o eRLN € N} C MT(R.

n=1

The notation M (R?) stands for the space of finite nonnegative measures on R%, endowed
with the weak topology. Its subspace of probability measures is denoted by P(R?). The
measure ;2 describing the population at time ¢ > 0 is denoted by

1 M
K
R o (3.2.1)
TR &0

where NE = K(uX,1) € N is the number of living individuals at time ¢ > 0 and the
variables X}, . .. ,XtN K are their positions in R? In the sequel, we will simply write
(th, e ,XtNtK) = (th’K, e ,XtNtK’K) when working with fixed X > 1 and no ambiguity
is possible.

The labeling 1, ..., N5 of the atoms of X will be assigned according to some dynamic
rule, to be made explicit later (cf. Section 3.5), and will be such that the random vector
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(XL ..., X" tK) is exchangeable conditionally on NX. The generator and thus the law of the
measure valued Markov process (11 );>0 does nevertheless not depend on the chosen labeling
rule.

The dynamics of (uf*);>¢ is summarized as follows:
« The initial population is represented by a random measure uff € M (R?).

« Each living individual carries at each instant ¢ > 0 two clocks, independent between
them and of the rest of the system: one reproduction clock, exponential of parame-
ter 7 > 0, and one mortality clock, conditionally exponential of parameter cN//K
given the population size NX. If the reproduction clock of a particle rings at time ¢
when at position z, it gives birth to a new particle at that same position. If the mor-
tality clock rings the particle disappears. Equivalently, the process jumps from pX to
plt = p + K=16, in the first case and to pu = puf — K~14, in the second.

« Between birth or death events, each individual X', n = 1, ..., IV; evolves according to
the diffusion processes (3.1.1), where (B"),,>; are Brownian motions in R?, independent
between them and independent of u and of the birth and deaths events.

The following conditions will be enforced in what follows.

Hypothesis (H):

1. ({(u&, 1))k converges in law as K — oo to some deterministic value in (0, c0). More-
over, for each K > 1, conditionally on (uf, 1) the NI = K{(u{f,1) atoms of puff are
ii.d. random variables with common law jig € P(R?) not depending on K.

2. The functions o: R x R, — R4 and b: R? x R, — R? are Lipschitz. Moreover,
there exists C; > 0 such that for each z € R andv € R,

o (2, v)] < Co (1 + [v]).
3. The functions G, H: R? — R are nonnegative, bounded and Lipschitz continuous.

Write a := oo’ and, given u € M™T(R?), define a generator acting on C*(R?) functions ¢
by

Lug(x) = ;Tr (a(z, G+ p(x))Hess(¢)(x)) + bz, H * p(x)) - V().

Under assumption (H), the process (u*);>¢ has finitely many jumps in each finite time in-
terval. Moreover, (11*);>0 is Markov with infinitesimal generator LX given by

LK = L8+ Lk (3.2.2)
where L5 is the diffusion operator defined by
LHFW) = (v, Lp) f' ({v,6)) + (v, a(-, G = v)[¢]) f" (v, ),

on functions F': M®(R?) — R with the form F(v) = f((v,¢)), for f € CZ(R) and ¢ €
C?*(R?), and L is the jump operator

LEFW) =rK / v(de) (F(v + K7'6,) — F(v))

+ e, VK / v(de) (F(v — K'6,) — F(v)).
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The above class of functions F' is a core for the generator , and the law of (u*);>¢ is uniquely
determined by the operator £LX. We refer to [58] for further details on the model and to [39]
for background on measure-valued Markov processes.

Assumption (H) 1) implies that () x converges in probability to the deterministic finite
measure

po = lim (ug', 1) € M*(RY),

(see Section 3.3), and holds for instance if Ky is for each K a Poisson point measure of
intensity Ky, with pg € M™(R?) given. As a particular case of Theorem 3.1 in [58], we
have the following result.

Theorem 3.1. Assume (H) and that for some p > 3, sup; E((uk,1)P) < +o00. The sequence of
processes () i converges in law in D([0, T], M (R%)) as K — oo to the unique (determinis-
tic) continuous finite measure valued function (1 )icpo,r) solution of

<,uta f(ta )> = <:u07 f(07 )> + /Ot <’U'S’asf<57 ) + L#sf(sa ) + (T - C<MS> 1>)f(57 ')>d57
Vt € [0,T) and every f € Cy*([0,T] x RY) such that sup . eo.r)xre (1 + [2]) [V f (¢, 2)] < oo

Let now BL(R?) denote the space of Lipschitz-continuous bounded functions in R? en-
dowed with the norm

|o(2) = (y)|
il = sup + o (o).
oty =yl z
The corresponding dual norm || - ||gr+ on the space M(R?) of finite signed measures on R?

induces the distance
HM_V”BL*: sup ’<M_V7()0>’7

llellBr.<1

on M (R?), which generates the weak convergence topology. Given a measure ;1 € M™T(R%),
we denote its ¢-th moment for ¢ € [1,00) by

My(p) = [ lal? p(da)

For each K > 1 and p > 1, we define also
p) H

Theorem 3.2. Assume (H), that sup, E((uf, 1)?) < oo for some p > 4 and that M () < oo
for some q > 2. Then, forall K > 1 and T > 0 one has

1(5) = E( (. 1) = (0, 1)

The following is our main result.

(LK) + K5+ K5, ifd < 4andq # 4,
sup B(|[uf — pu,.) < Cr{ (I(K) + K~ (log(1 + )3 + K~ %), ifd = 4 andq # 4,

tE[U,T] 1 (a—2)
(I(K)+ K~a+ K™= ), ifd >4 and q # d/(d — 2),

where Cr is a constant depending onT’, p, q and the data of the model.
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We will denote by U, ,(K) the function of K appearing on the right hand side of the
bound in Theorem 3.2.

The convergence rate U ,(K') in dual bounded-Lipschitz distance thus depend non-increa-
singly on the dimension d, and on how many finite moments the measure i has, provided
that the initial total masses (i, 1) converge at least as fast as K~'/* in L* to (y, 1). This
requirement is not too stringent (it holds e.g. in the aforementioned Poissonian setting, see
Lemma 3.3.3 below), and can be relaxed if the particles’ spatial dynamics do not interact (see
Section 3.6). For modeling purposes, the most relevant setting is d = 3, in which case ¥4 ,(K)

is equivalent under the previous condition to K /4 if ¢ € [4, +00), or to the slower rate
(a=2)

K™ 2 ifg e (2,4).

The conditional independence in Assumption (H) 1) can be relaxed to a conditional ex-
changeability and chaoticity condition, to be made precise in Section 3.3, at the price of an
additional term in Theorem 3.2 associated with the initial empirical distribution. See also Sec-
tion 3.7 in that direction. Also, the same result, with the natural modification of the limiting
PDE, can be obtained in the case that each individual of the population additionally carries
an independent, autonomous exponential killing clock of a fixed parameter.

Definition 3.2.1. Let (NX) xcn- be random variables in N going in law to co as K — co. We
say a family (Y25, ... YN"K)) gy of random vectors, (RY)N“-valued and exchangeable
conditionally on N*¥ for each K, is conditionally P-chaotic given (N¥)gcn- if for some P &
P(R?) and every j € N* the (random) conditional laws (L(Y5 ... YIANSE|NEY)) .
given N¥ and the event { NX > j} converge in distribution in P((R%)7) to P®J as K — occ.

In the case that N¥ = K is deterministic for all K € N*, one recovers the well known
notion of P-chaoticity [110, 95]. Under the same assumptions of Theorem 3.2 we deduce the
following result, proved at the end of Section 3.7.

Corollary 3.2.1. For each t > 0 the family (X", ... ,ng"K’K))KeN* is conditionally P-

chaotic given (NJ) gen with P = iy /{14, 1).

Structure of the paper

In Section 3.3 we recall some basic facts regarding distances on finite measures and prob-
ability measures, we state quantitative estimates in the Wasserstein—2 distance established
for i.i.d. samples in [60], and we show how they translate into estimates for random mea-
sures i satisfying assumption (H) 1). We also make some complementary remarks on this
assumption.

In Section 3.4 we explain the core of the proof of Theorem 3.2, namely the construction
of a coupling of (11/*)>¢ with an auxiliary particle system (1/*)>0, which has the structure
described in assumption (H) 1) at all times. We introduce condition (C) gathering three
properties that the auxiliary system and the coupling with it must satisfy, in order that the
asserted bounds for system (1)~ can be deduced, and we explain in details how and why
optimal transport must be used to do so.

In Section 3.5 we explicitly construct the coupled particle systems (115 )>q and (15 )so in
terms of Brownian motions and a Poisson point measure, with help of a measurable construc-
tion in [35]. The latter allows us to dynamically sample from the atoms of the point measure
the realizations of optimal transport plans between a continuous flow of probability laws and
a predictable flow of random empirical distributions. We also check that the two simplest
properties in condition (C) are verified by this construction.
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In Section 3.6 we prove that the coupling satisfies the third and last property of condition
(C), in the simpler case of pure binary branching processes (i.e. with no mean-field interaction
between the particles nor competition). We then deduce Theorem 3.2 in that setting, with
slightly better bounds.

Finally, in Section 3.7 we prove that the last required condition on the coupling also holds
in the general case, and we deduce the proofs of the main results. We then end the paper com-
menting on potential extensions of the developed ideas and results to more general branching
population models.

3.3 Preliminaries

Recall that, for p € [1,00), the p-Wasserstein distance W, (i, ) between two probability
measures /i, v € P(R?) is defined by

W) = (ot [ el w(anan)
where I1(, /) is the set of probability measures over R? x R? that have . and v respectively
as first and second marginals. A coupling 7 € II(u, v) realizing the infimum always exists and
is called an optimal coupling between y and v for the transport cost ¢(x,y) = |z — y|P. The
quantity W, (., v) defines a complete distance if restricted to the space of probability measure
with finite p-th moment, and is therein equivalent to the weak topology, strengthened with
the convergence of p-th moments. See [114] for background.

For every 1 € M*(R?), we will throughout denote by i the probability measure on R?
obtained from it by normalization:

We next state some simple but useful basic relations between finite measures and their
normalizations:

Lemma 3.3.1. Let i, v € M*(R?). We have that

?

I = vlisee < (o Dl — Pl + (1) = (v,1)
and
7=l < inf [ o =yl A 27(dz,dy) < Wi, 7).
well(a,v)
Proof. Since ||V||pr+ = (v, 1) = 1, we have
I = vl = N4 1) (5= 2) + 7 (1) = (1, 1)) | .
<, V1 = 7lloes + [ 1) = (v, 1)),

Now, for any u,v € P(R?), ||p — v||gLs = SUD ||| <1 ‘fRded(go(x) — ¢(y)) m(dz, dy)‘ for
each coupling 7 € P(R?*®) of i and v. Using the fact that |o(z) — ¢(y)| < |z — y| A 2 when
|l#llBL < 1 and taking infimum over all = € II(u, v), we conclude that

I = vl < _inf [l =yl A2, dy) < Wilu,v). O

mell(p,v
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Let us now recall in the case p = 2 the quantitative bounds in p-Wasserstein distance for
empirical measures of i.i.d. samples proved in [60], on which our main result relies.

Theorem 3.3. Let ji € P(R?) and (X™),en be an i.i.d. collection of random variables with law
fi. Assume that M,(jt) < oo for some q > 2. There exists a constant Cq, > 0 depending only
on d and q such that, for all N > 1,

1 2
E<W22 <N Z 5X"7 M)) S Cd,quq (ﬂ) Rd,q<N)7
n=1

where Ry ,: N* — R is defined by

(¢—2)

N-24 N~ 4 , ifd < 4 andq # 4,
Riq(N) = N_%log(1+N)+N_(q;2>, ifd =4 and q # 4,
N34 N ifd>4andq # L.

We deduce analogous estimates for random empirical measures in M (R?) satisfying
condition (H) 1).

Lemma 3.3.2. Let i € M™(RY) be such that M,(11) < oo for some ¢ > 2 and let (N, %)
be a random variable in N x MX(R?) such that E(N) < oo and, conditionally on N, v¥ is
supported on N atoms that are i.i.d. random variables of law ji. Then, there exists a constant
Caq > 0 that depends only on d, q such that

B W (7, 1) ) < Cug My (1) B(LV (/) Ra (). (331)

Proof. Write @ = % whend < 4 ora = % when d > 4. Thanks to Theorem 3.3, for some
Cd7q > 0,

(o ) =((3(w 6% )

2 N q—=2
< Cyy M (1) E(K (N“" + N—q>)

S R (O))
<ca(sn(3) ()

using Jensen’s inequality in the last line. This implies the result for d # 4. When d = 4 we
get the bounds

B (W3 (7)) < Cughi () (5 E((

N\ z a2 _(N\3:
K) 10g(1—|—N)>+ : E<K> )

scd,quz(ﬂ)(K‘éE(g) E<10g2<@+N))§+ _quE<N>

©))

The function = € [e, 00) ~ log?(x) being concave, we can extend it linearly on (—oo, ¢) to
get a C'! concave function on RR. Jensen’s inequality then yields

E(log2(6+ N))é <log(e+ KE(N/K)) < 1+log(1+ K) + log(1VE(N/K)),

and the case d = 4 follows. O
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We end this section gathering some remarks on (H) 1) and related properties.

Lemma 3.3.3.  a) Under (H) 1), (uX)x converges in law to the deterministic finite measure

po = lim (&, 1) fio.

K—o0

b) The same conclusion as in a) holds if ({uX,1))x converges in law as K — oo to a con-
stant in (0,00) and there exists a [io—chaotic family of exchangeable random vectors
(YN ) YNNY o N € N) such that for all K, conditionally on K (juff,1) = N the set
of atoms of uk has the same law as (Y5 ... [ YVN),

c¢) (H) 1) holds if Kuk is for each K a Poisson point measure on R? of intensity Ky with
vy € MT(RY) fixed. In this case, jiy defined in a) is equal to 1. Moreover, in that case we
have I,(K) < CK~'/2,

The proof is simple and is given in the Appendix for completeness.

Remark 3.3.1. If instead of (H) 1) one assumes that the initial condition jlS satisfies only the
condition in Lemma 3.3.3 b), Theorem 3.2 still holds but with an additional term on the r.h.s.

of generic form: C’ﬂE(% Zgﬁ | X5 — YO”||2) where, conditionally on the event { Nl = N},
((X&, LX), (Y ,YON)) is for each N, K € N a coupling of the N atoms of ;¥ and an
i.i.d. sample of size N of the law [iy. See Remark 3.7.1 for details and for the optimal value of this
term.

3.4 Strategy of the proof

The basis to obtain quantitative estimates for W3 (uX, u;) will be Lemma 3.3.2. However, the
conditional independence property required to apply that result holds only when ¢ = 0, by
assumption (H) 1), and is lost as soon as t > 0, even in the case of binary branching diffusions
without any interactions.

The core of the proof will thus be the construction of an auxiliary system of particles in

ME (R?) denoted
1
Vt K n§:1 Yt ) - Y

and defined in the same probability space as (u*);>, such that the following condition holds.

Condition (C):

1) vl = pl and K{(vf, 1) = K{u 1) = NX for all t > 0 almost surely.
2) For each t > 0, conditionally on (v/, 1), the atoms of v//* are i.i.d. random variables of

law ,[_Lt .

3) For each 7" > 0 there is a constant C7 > 0 depending on 7" and on the data of Theorem
3.2 such that
N o (kK 2
B(S5WE (5 K) ) < Cr (Ray(K) + 1K),
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Under the assumptions of Theorem 3.2 and Condition (C) we have the following result.

Lemma 3.4.1. There is a finite constant Cr > 0 as above such that for allt € [0, T:
1
E (I — lln) < Cr (R, () + (50 ). (3.41)

The following bounds are needed in the proof of Lemma 3.4.1 and are proved in Section
3.7.

Lemma 3.4.2. For eachl’ > 0 andp > 1 there is a constant Cr,, > 0 such that

SupE< sup <uf,1>p> < CTpSUPE(</~LOa 1)?).

K te[0,T]

Moreover, if supy E({(ul, 1)?) < oo, for all T > 0 we have

2
E( (1) = (u 1)) < Cr(I0) + K7,
Lemma 3.4.3. For eachT > 0 and q > 2 there is a constant C/. > 0 such that

sup M, (fir) < Ch(1+ M, ().

te[0,7)

Proof of Lemma 3.4.1. Since {(uf 1) = applymg Lemma 3.3.1 and the triangle inequality
for W, we get

K _ NitK K K NitK K -
E(”Nt /~Lt||BL*) < E( K Wi (Vt y Mg )) ‘HE< K Wi (Vt a,ut))

B[l 1) = G, 1)
(e ws o)) 2w () ) e ()
+ E((ij 1) = (e, 1>)2>l/2

1

SCT( <J\[f( W2 (Vt v/%))2 +E<J\;§(W§ (Vfa#f))

+ L(K) + K—W).

IA

We have also used the Cauchy-Schwarz inequality and the inequality W7 < W2 in the second
line, and the bounds in Lemma 3.4.2 in the last one. Thanks to the first bound in Lemma 3.4.2,
Lemma 3.4.3 and conditions (C) 1) and 2), we can apply Lemma 3.3.2 to v = X, N = N

and fi = jif¥, to bound the first term in the square parentheses by Rj ,(K). The second term
is bounded by Cr(RZ ,(K) + 14(K)), due to (C) 3). Since I;(K) < I;(K) and K~'/* < R} ,
the proof is complete. O

Before providing a detailed pathwise construction of the coupling, let us briefly explain
how condition (C) will be accomplished through it. Condition (C) 1) will be automatically
granted since the system (//);>( will be constructed in such a way that its birth and death
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events are simultaneous with those of (1*);>0. Moreover, we will see that (C) 2) can be en-
sured by letting each atom Y;" of v/ evolve, during its lifespan, independently of the others
and of the births and deaths events, following a specific diffusion process, defined in Propo-
sition 3.5.1, which has the law ji; at each time instant ¢ from its random birth-time on.

The most important condition and the most difficult one to ensure is (C) 3). Assuming
K
that I,(K) vanishes not too slowly, this roughly requires E(%W; (DtK T )) to be, over all

K
t

t € [0, 77, of similar order in K as E(N?WQQ (DtK, ﬂt)). Notice that

NtK 2 (K =K 1 NtK 2
B( G WE (7)) <B(5 X Ixr -7 e),

. K - NE ..

since W3 (I/tK, p{() < N—ltK St | X7 —Y"||?, and so we are led to define the pairings (X", Y;")
of atoms of the two systems in such a way that the squared distance || X" — Y;*||? is small in
average, at all times. We can partially achieve this by pairing particles with equal birth and
death times in the two systems, using the same Brownian motion for the two of them, and
relying on the Lipschitz character of the coefficients to control their distance during their
common life-span, in terms of their distance at their birth-time. Coupling efficiently the birth
positions of two paired particles in the two systems w.r.t. the squared Euclidean distance will
therefore be crucial. This is where optimal transport comes into play.

Indeed, recall that, on one hand, each new particle in the system (VtK )t>0, given birth at
time s, is sampled in R? according to the law i,. On the other hand, as a result of the branching
dynamics, each new particle in the system (), is given birth at time s, at the position of
one of the NX atoms of ji¥ , each of which is equally likely to branch at a given time. A
simple but key remark is that such branching event is equivalent to sampling a new particle
in R? according to the empirical law i . Thus, the best way to couple a new pair of atoms of
(v[)i>0 and ()50, in the sense of mean quadratic distance, is by sampling at each branching
time s of the latter a pair in (R?)? with (random) distribution given by the optimal coupling
between the laws Ji, and i for the quadratic transport cost. This sampling must be done in
a measurable way in terms of the state of the process right before branching, which requires a
non-trivial construction carried out in [35] and adapted to our setting in Lemma 3.5.1 below.

We will then see that the coupling thus constructed ensures that E(]\g(Wf (DtK T )) has

the required order in K.

3.5 Pathwise constructions and coupling through optimal
transport

- K _ 1 NS K _ 1 NS
We will construct systems (p;0 = % 3,5 0xr)iz0 and (v* = &% 3,41 6y )0 from the
following set of independent stochastic inputs defined in a common, complete probability

space (92, F,P):
« A sequence (W7);5; of independent Brownian motions in R?.

« A Poisson point measure N (ds,dp,df) on [0,00) x [0,00) X [0,00), with intensity
ds ® dp & dé.

« A sequence (Z});>1 of i.id. random vectors of law fi.
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« A random variable NJ* in N.

We will also make use of a diffusion process considered in [58], which can be seen as a
non-linear process in the sense of McKean [95]. In the particular case considered here, we
study it in more detail in next result.

Proposition 3.5.1. Let (j1;);>0 be the unique weak solution in M™(R?) of the nonlinear equa-
tion 5

a’? L+ (7 = e, 1) ). (3.5.1)
given by Theorem 3.1, with initial condition yy. Let W be a d—dimensional Brownian motion
and Yy an independent random variable in R? with law [ig. There is pathwise existence and
uniqueness for the SDE

t t
Vo= Yo+ [ b(Yo Hop (V) ds+ [ 0, Gox u(Y0) dW.. (352)

Moreover, the flow of time-marginal laws of (Y;) >0 is the unique weak solution (fi;)¢>o in P(R?)
of the (linear, non-homogeneous in time) Fokker-Planck equation

a:ut * =

o = Liudie (3.5.3)

with respect to test functions as in Theorem 3.1, and we have ji; = w“ il

every bounded measurable function f: R — R we have (u;, ) = E(f(Y})nt), where n; is the
unique solution with ny = (o, 1) of the logistic equation

dn; = (r — cnt)nt dt. (3.5.4)

Proposition 3.5.1 is proved in Section 3.7.

Remark 3.5.1.  a) The pathwise properties of the SDE (3.5.2) stated in Proposition 3.5.1 imply
that if Y! is a random variable of law i, for fixed T > 0, independent of W, then the
solution (Y/)i>- of the SDE

t
Yt’:YT’+/Tb( H % (Y, ds+/ G g (Y!)) AW

has the same law as (Y;)i>-. In particular, Y/ has the law [i; for allt > T.

b) When o and b depend only on the position and not on y, the process (3.5.2) is the standard
diffusion associated with the generator

1
Lf(x)= 5Tr<a(x)Hessf(:L’)) +b(x) - Vf(z), (3.5.5)
which in that case also drives each of the particles of the branching system (ul*);>o.

Last, the following construction adapted from [35] will be used to efficiently couple the
births events of the two systems.
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Lemma 3.5.1. Leti: R — N denote the function defined by

pri(p) = [p] +1,

and N be a positive integer. Let also (fi;)¢>o be a flow of probability measures with finite second
order moments that is weakly continuous. There exists a measurable mapping

AR x R)Y < [0,N) = R (x,p) = A (x,p),

with the following property: for everyt > 0 and x = (x',... 2") € (RY)Y, if p is uni-
formly chosen from [0, N), then the pair (AN (x, p), #1")) is an optimal coupling between [i; and
+ SV, 0,0 with respect to the costfunct;'on (u,v) = |u — v|%. Moreover, if Y is any exchange-
able random vector in (R?)™, then E( S o(AN(Y, T))dT) = (i, ¢) foranyj € {1,...,N},
and any bounded measurable function ¢. Finally, the function A: N xR, x (UNGN\{O} (Rd)N> X
R, — R? given by

AN tx,p) = AN ((2")2y, p AN,

n=1»

ifx = (z")N_ € (RY)Y, and 0 € R? otherwise, is measurable.

Proof. Everything is proved in Lemma 3 of [35] except for the last assertion, which follows
noting that A~'(A) = Uyzo{ N} x (AY)"*(A) is a measurable set for any Borel set A € R*
such that 0 € A, and

A7) = (U ANY X Re x U (RY) x Ry ) U (U (N} x (A%)71({0))).

N#£0 N#0

Coupling algorithm
Before giving the algorithm, we also introduce a sequence of labelling processes

(Je(n) : t > 0)p>1,

taking values in the positive integers, that will be dynamically defined to select from (W7);>4
the Brownian motions driving each coupled pairs of particles (X}*, Y;"), in between reproduc-
tion or death events.

K 1N K 1NV
The systems (u;* = 2,51 0xr)i>0 and (v* = 32,51 Oy )i>0 are then constructed
simultaneously, through the following algorithm.

Algorithm (A):

K
0. Weset Yj' = X' = Zy forn € {1,...,NF} and puf = vff = %Zgilézg. We also
set two counters: N? = NX and m = 0, and we define Ty, = 0. Last, we initialize
Jo(n) =nforalln > 1.

1. For t > T),, we set j;(n) = jp, (n) and dB! = dW{""™, n > 1, and we define the
dynamics of the two populations by:

t t
Xp = X, [ (X2 Hagdd (X0)) dst | o (X2, G (X2))aBE, n =1, NE,
Tm Tm
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and

Y = YTm+/T; b(Y?, Hoxpo(Y)) ds+ Ttm o (Y], Grps(Y))ABY, n=1,...,Nf |

until the first time ¢ > T,, with (¢, p, 0) an atom of \V, such that
p<Nf andf <r+cNj /K.
We then set T,,,.1 = t.
2. For (t,p,0) = (Tn11, p, 0) as before,
- If 0 < r, we update NX :== NX + 1 and Nf( = Nfi + 1, then we define:

NE i Nf NE((xen \NE
Xt — Xt(_p) and Y;g = At ((Xt—)n:h p) .

- Ifr <0 < ¢NJ /K, weupdate N/ := N — 1, then we redefine:

. . i i K
(Vi ity = (v ey

(Xj‘p), i+ ’XtNtK) = (Xti@)“,xj(p)“, . ,va_f}i),

and we set j;(n) = j;_(n+ 1) for all n > i(p).
3. We increase m by one and go to Step 1.

Let us explain in words how the algorithm works. The systems (15 );>0 and (vX )¢ start
at time ¢ = 0 from the same empirical measure, and pairs of particles are given birth or die in
the two systems simultaneously from then on. The variable N/* counts the current number of
living particles in each system at time ¢. The variable WtK in turn counts how many particles
have been alive in each of the two systems or, equivalently, how many Brownian motions
from (W7),>; have been used, during the whole time interval [0, ¢]. The usefulness of this
counter will come clear shortly.

Now, given an atom (¢, p, #), its coordinate ¢ is used to sample a proposal of a birth or death
time, and 6 an “action” among those two, according to whether § < rorr < < r+cNE /K
respectively.

In a birth event, p < N/ samples two positions in space, one distributed according to 1/
for the system p® and one according to ji; for the system v, which are optimally coupled
as explained before. The pair of newborn particles picks upon birth at time ¢ a new, common

K
driving Brownian motion (W2t )., that is independent of the past of the systems.

In a death event, p < NX samples a uniformly distributed atom from i/ for the system
p’ and from X for the system v, with equal index i(p). The two corresponding particles
are then removed, and their common driving Brownian motion, which corresponds to some
Wi with j < Nf( , is discarded forever. The indexes of the particles in the two systems
are then updated, as well as the Brownian motions from (Wj )jzl labelled Bi(”), Bi(p)“, s
in order that the particles still alive remain indexed by a full discrete interval of the form
{1,...,NEK}, and that the underlying Brownian motion W/ driving each pair is preserved.

Notice that, due to this updating rule, for all times ¢ > 0 we have j,(NX) = Nf{ .
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We will denote by (F;);>o the complete filtration generated by all the random objects
effectively employed in the algorithm until each time:

Fi=0 (N[{(a (Zg)l>ne{1 NEYs (N((O,S], '7') 18 < t)v (Bg 15 < t)ne{l NK )a

and by (G;);>o its subfiltration

G =0 (NE:s<t).

Notice that NV is an (F;);>o-Poisson process, and that the processes (N>, (NtK)tzo and
(j+(n) : t > 0),n > 1 are adapted to (G;)s>o-

Remark 3.5.2. Thanks to Lemma 3.5.1, the mapping

Ntii n t— n
(t,w,,o) = (At ((X )n 17/0> Xt(—p)> (A(NtKat (X )n lap/\NK) Xt(—))a

is measurable with respect to Pred(F;) @ B(R), with Pred(F;) C B(R) ® F the predictable
sigma-field associated with (F)>o.

The system (1 );>¢ satisfies (C) 1) by construction. The following lemma will be useful
to check, in the next paragraph, that it also satisfies (C) 2).

Lemma 3.5.2. Let (T;);>1 denote the sequence of consecutive birth times in (0, c0) of one new
particle in the system (v/<);>o, constructed with algorithm (A), and (T}, p;) be the first two
coordinates of the atom (t, p,0) corresponding tot = T;. Then, conditionally on Fx T,— and

K T, NE((xen YV _
{pj < NTj_}, YTJ- =A" ((X s 1,pj> has law jiz, .

Proof. Let f: R? — R be a bounded measurable function and (U;):>¢ a bounded (F;)¢>o-
predictable process. We have

NE
T.
f (YTj ) Lojang Uz,

i NE
- / / / <At ( t— )n:17p>> 1{p<N£,N£:N({(+]'*1,9<T}Ut N(dt> dpa d@)

By Remark 3.5.2, we can use the compensation formula with respect to the filtration (F;):>o0,
and deduce with Lemma 3.5.1 that

NE
]E(f (YTj )1{p <z Uz >
_/ / <Mt’ HINS 1{N N5<+j1,a<r}Ut> dodt
—E < /[0,00)3 (it YL, e 55 iy, 02y U N (AL dp, d@))
—E <<ﬂT, f>1{pj<N;<j}UTj> |

Since any bounded random variable measurable w.r.t. ]:Tr can be written as UTj for some
predictable process (U;):>, the statement is proved. O
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Verification of condition (C) 2)

Lemma 3.5.3. For eacht > 0, conditionally on (VX 1), the atoms of vX are i.id. random

variables of law [i;.

K
Proof. The proof will be done constructing an alternative system (7 = % zf;l 62,1)@0 with

the same law as (v/);>¢, for which the required property is easily checked. This system is
defined on the same probability space as (v//*);>¢, by means of a variant of the construction
of (v/);>¢ in algorithm (A). The algorithm is as follows:

0. Define for all j > 1:
. . t . . t . . .
Zi— 71 +/ b(Z4, H # 1,(20)) ds+/ o(21,Gxu(Z)) Wi, 120,
0 0

~ K
SetY' = Zy forn € {1,..., N} and 7§ = + o, 5. As before, we set the same
0

counters Ny = NX and m = 0, we define T, = 0 and we initialize jo(n) = n for all
n > 1.

1. Fort > T,,, we set ji(n) = jr,,(n) and dB} = thjt("), n > 1, and we take
Yr=z" n=1.. NEK,

until the first time ¢ > T),, with (¢, p,0) an atom of A such that p < Nf and
0 <r+cNj /K. Wethenset T, 1 =t.

2. For (t,p,0) = (T,41, p, 0) as before,

- If 0 < r, we update NX .= NX + 1 and Wf( = Nfi + 1, then we define:
PN Ztﬁf .
- Ifr <0 <cNJ /K, weupdate N/ .= N~ — 1, and we redefine:
(0, 900 PNE ) = (VO g, y;ij)7
and j;(n) == j;_(n + 1) for all n > i(p).
3. We increase m by one and go to Step 1.

Plainly, instead of sampling at each birth time 7', the position of a new 1ndependent particle
K

NEK
Y 7s from the atom (T}, p, ) of N as in (A), we now add a new particle ¥ M, to the sys-

K
tem by “turning on” at that time the nonlinear diffusion process Z Nty = e +J, which has
evolved independently since time ¢ = 0, driven by the same Brownian motion WNo'+J that

NK
drives the process (Y; it > Tj> in the construction (A). Call now

F=o <}“t v (Z;V:K”“ NE k< Nf))
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the filtration containing the information effectively employed to construct the process (7[%),

and let (V};);>0 be a bounded left continuous process adapted to (F;);o. Conditionally on N/,
K .

Vi, depends only on N and (W", Z§) for k < Ng* + j, while (ZtN 0 +])t>0 is independent of

them. Therefore, we have N

B (7" —E(f (220"
Y2, " ) Yopeng 3Va, | =B\ Z7) 7 ) Lopang VT,
— Bz, g ens 3V, )

by Remark 3.5.1 a). This implies that, conditionally on ]?Tj— and {pj < N% _ }, the random
J

K

variable ?T "7 has the law fig,. Comparing this to the setting in Lemma 3.5.2, one can check
J

by induction on j that the processes (/)i>o and (7/*) have the same law on each of their
(common) time intervals [0, T;], hence over all [0, c0).

To conclude, notice that the i.i.d processes (Zg)tz(],j > 1 have law fi; at each t > 0, and
they are independent of the filtration (G;);>( with respect to which the process (N/);> is

measurable. Moreover, for each ¢t > 0, {}Aftl, e ,lAftNtK} = {th(l), e th(NtK)} is a random

subset of {Z}, ..., 7z }, selected in a way that is measurable w.rt. G;. This readily implies
that, conditionally on N = N, {V}},...,Y,"} are N iid. random variables of law [i;, as
required. []

3.6 Proof of Theorem 3.2: the pure binary branching case

We consider in this section the case where interactions take place only through the reproduc-
tion events, that is, due only to the fact that the position of a newborn individual coincides at
its birth with that of its parent (after which all individuals evolve completely independently).
Since convergence bounds are neither available in this basic setting, we provide the complete
proof for this case, as it might be of independent interest, and since it is useful to illustrate
directly the main arguments.

We thus assume in what follows that coefficients o: RY — R%®? and b: R? — R? do
not depend on ;X and, moreover, that they are Lipschitz continuous, with o bounded (for
simplicity). We will also assume that the individual instantaneous birth and death rates are
time inhomogeneous, and specified respectively by two measurable functions r, ¢: [0,7] —
R, bounded respectively by some positive constants * and c.

The analog of Theorem 3.1 is standard in this scenario (or can be proved by the same
techniques used in [58]), and the limit in law of the process (¥ );> is given by the unique
weak solution in MT(IR?) to the linear evolution equation

(s 0:9) = G0, F0.9) + [ (10 0uF (52 + LE(5,2) + (r(5) = clo)) (5. )y s, (3:61)

foreacht € [0, 7] and every f € C%([0, T]xR?), where L is the time-homogeneous operator
defined in (3.5.5).

The construction of the coupling with the auxiliary system is essentially the same as in
Section 3.5, using algorithm (A) with two minor modifications:
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- Step 1 is carried out until the first time ¢ > T,,,, where (¢, p, #) is an atom of N such that
p < Nf and 6 < r(t) + c(t), at which one sets T},,4; = t.

- The updates in Step 2 are carried out according to whether § < r(t) or otherwise r(t) <
0 < r(t)+ c(t).

In between birth or deaths events, individuals in the system (1/);>¢ evolve according to
the SDEs

dX] =b(X)dt + o(X)dBy,  n=1,...,NJ, (3.6.2)

as also do the individuals in the system (//€);>0.
We next state the analog of Lemma 3.4.2 valid in the current setting.

Lemma 3.6.1. For eachl’ > 0 and p > 1 there is a constant Cr,, > 0 such that

sup e sup (417 < Crysup B 1)),

K t€[0,T7
Moreover, if supy E({(ul, 1)) < oo, for all T > 0 we have
E(|(u,1) = (. 1)]) < Cr (1K) + K7%).

Proof. The first claim is shown as in [58], Lemma 3.3. For the second assertion, we write the
dynamics of the number of particles in the system in terms of the Poisson point measure N
used in algorithm (A ). We obtain

¢
NtK = NOK +/ / ]-pSNK_ (10§r(s—) - 1r(s—)<9§7‘(5—)+c(5—)) N(dS, dp7 de)
Ry JRy
_NK+/ $))NK ds + MK,
where (MX)>¢ is a martingale since, for all ¢ > 0,

t t
E(/ / / 1p<NSK (10<r(s) - 1r(s)<0<r(s )+c(s) ) ‘ depd(9> (7’ + C)E</ NSK dS) <00
0 JRy JRy TS = 0

by the first part and the assumption on first moments. Comparing this evolution to the ODE
(3.6.4) satisfied by the total mass of the limiting measure, we get the estimate

(3~ <8(( o) 0 [ o] (1)

The last term is controlled using the Burkholder-Davis-Gundy (BDG) inequality as follows:

() < k([ e s )

E((Jo(r(s) + ()N, dS)%
K

M=

1
2

OT K _ . =
< — |supE S D) +ce)et|
< Ot (swB(u i+ o)
for all ¢ € [0, 7. We conclude by Gronwall’s lemma that

(3 - ) < (o -]+ ).
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Notice that in the case dealt within this section, Lemma 3.4.3 is a standard propagation of
moments result for diffusion processes under Lipschitz conditions. The analogue of Proposi-
tion 3.5.1 in this setting is rather elementary too, yet illustrative for the general case, so we
state it in detail next.

Proposition 3.6.1. Let (11;);>0 be the unique weak solution in M™(RY) of the linear equation

Opue
S = Lo+ (1) = e(®) e (3.63)

with initial condition (i (given as a particular case of Theorem 3.1), and (Y;):>o be the unique
pathwise solution to the SDE

Y, = Y0+/ ds+/

where W is a d-dimensional Brownian motion and Y, and independent random variable in R?
with law [iy. Then, the flow (ji;):>o of time-marginal laws of (Y;):>o is the unique weak solution
of the Fokker-Planck equation

Opy _

e

at ”t?

and satisfies [i; = w‘:—tw forallt > 0. In particular, for all bounded real function f we have
(e, f) = E(f(Yi)n:), wheren, is the unique solution withng = (10, 1) of the linear differential
equation

dny = (r(t) — c(t))n, dt. (3.6.4)

Proof. The first claim is standard and easily seen using Itd’s formula (uniqueness is also stan-
dard using for example the Feynman-Kac formula). The relation between the law of Y; and 1,
for all t > 0 is easily shown considering the function h(t, x) = (i, 1) f(¢, ) and computing

<ﬂt7h(t")>
— (o, h(0, +/t {fiss Osh(s, ) + Lh(s,)) ds
= (a0, Do F(O.) + [ (s £(50h{pt0 1) + (s 10, (5,9) + (g LS s,) s
= (a0, Vit F(0,) [ (Gpos Vit 0 (5.7) + LF(5,) + (r(s) — () (5. )) s

This means that ({u, 1)ji;)>0 satisfies equation (3.6.1). Uniqueness for that equation yields
(e, 1)y = py for all £ > 0 as claimed. This means that

<N’ta f> = E((Mta ]->f(Y;f))a
for all bounded f, and the fact that ({y, 1));>0 satisfies (3.6.4) is immediate. O

In order to prove that Condition (C) 3) holds, one last additional control is needed.

Lemma 3.6.2. Let X = (X;)i>0 andY = (Y})i>0 be two diffusion processes with generator L
driven by the same Brownian motion B. For each T' > 0 there exists Cp > 0 such that for all
O<u<t<T

t
E(|IX, — %2 - X, - Yal®) < Cr | E(IX, - Ys|?)ds
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Proof. Let (7, )nen be the sequence defined by 7, := inf{s > 0 : || X,||> + || Ys||* > n}, which
localizes the local martingale parts of X and Y. We first establish a control on the running
suprema of the processes. Using the fact that b is Lipschitz we obtain

t
sup | Xll? < 21 Xo]+ Cr+ Cr [ sup X, 2 ds

u€[0,tATy] u€[0,5ATy]

+22d:<€sup /ucr”)(X)dB )

i,j=1 \U€[0,tAT,][/0

With the BDG inequality and the fact that o is also Lipschitz we then get

¢
E( sup ||XUH2> SQE(HXOHQ)—FCT—FC’T/OE( sup ||XUH2) ds
ue

[0,tATR] u€[0,5ATn ]

Applying Gronwall’s lemma and then Fatou’s lemma upon letting n — oo we deduce

E( sup HXtH2> < Cr(E(IXo]?) + 1), (3.65)

s€[0,T]

and a similar estimate for the process Y. Now, Itd’s formula shows that

5= il = X = Yall? + [ 20X = Y ((X,) - b(v) ds

b
+ [ 20X, = V) (X) — (Y, Y [ 0(x,) — o (v ds.

The sequence (7,), localizes the local martingale on the right hand side. Taking expectation
for the stopped process and using the Lipschitz character of b and o leads to

t
E(|Xirr, = Yoar|I*) < E(1 X0 = Yal*) + C/ E(| Xonr, = Yirr,|I*) ds.

By dominated convergence using the bound (3.6.5), we can take n — oo and conclude. [

Now we can state the bound leading to condition (C) 3) and to the proof of the main
result, in the case of pure binary branching.

Lemma 3.6.3. There exists a constant Cp > 0 depending on d and q, such that for all K € N
andt € [0,T:

1 N 9 NK
E(K;w—wu ) <c [ ( i ,ﬂs>) ds.

Proof. Consider the product empirical measure n/* := e Z;V Kl d(xr,ym) and the sequence of
jump times (Tm)meN of the process (N/X);>, defined through algorlthm (A). We decompose
the evolution of n% in terms of (7}, ) ey as follows:

nt =0t + f: (1t2Tm (Uqlfm - U:Ir{m,l) - 1Tm+1>t>Tm"7§“<m> +

m=1
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Defining Af =Y,
as

= NEX—NE we can rewrite the previous equality

oo

i =i +nf + 3 Lo, (nfs, = mi- + e =i ).

m=

The aim of this decomposition is to control separately what happens in between jumps and
at the jump instants. Integrating the function dy(z,y) = ||z — y||* and taking expectation
yields

B ) = B0 ) 4 B 3 oo (05 ) = G ) )

m=1

+ E( (ni,da) = (nff o da) + i Lo, ((mi,do) = (nf, . do)) > (3.6.6)
t m=1

By Lemma 3.6.2, and since the evolution of 7/ is independent of the sigma field (G;);>0 on
each interval [T, 1, T,,), we get

E(ltZTm<<nj{i;7 d2> - <777[§,L,17 )
NE
T7

G.)
1 n n (|2 n n
= ? Z HXW—L_YT;H _HXT Yr 1” Gi |11,
NE

IN

i i C/TTm By =Y | G.) dslee,

m—1

¢ & E((nf,do) | G.) sl (3.6.7)

Tm—l

and similarly, for the remaining time interval,

B(E((nf" o) — (nf, o) | G)) <€ [ E(0nt ) | 1) s

Recalling Step 2 of the variant of algorithm (A) used in this section, the term involving the
jumps of the processes can be written as

]E(illtzm ((nﬁ,dﬁ - <777]“<;’ d2>)>

1 K K 2
e E(/ (]_ ]_ r(s— HXNS _ YNS
K Jouxr, xz, \e<VE Losriso) | s s

2) N (ds, dp, d9)>

1 NK 2
IE</[0 t]xR xR K1P<NK Lo<r(s- HX A ((X" )"Si’p>
+ xRy

= < K VV2 [ ,us) ds) (3.6.8)

_ 1p§NSK, 1T(S—)<9§7’(5—)+0(s—)HXI(_p) . szlﬁp)

VAN

N (ds, dp, d9)>

where we used Lemma 3.5.1 and Remark 3.5.2 in the last equality. Since E({ni, d3)) = 0, by
combining the two previous estimates and writing C' for some constant that may change from
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line to line, we deduce
K t K tNE 2(-K -
E((n, ) < C [ E((nf, do))ds +E( [ Z=r(s)W3 (5l i) ds

<c/ (X, do) ds+C/ ( SWQ( i s))ds
+C’/ ( SWQ us, S))ds
<C/ (0, dy) ds+c/ ( SWQ(S,MS))ds,

where in the last inequality, we used the fact that

NK K 1 NtK n ni|2
E( W3 (. 7)) <E gglllXt—Ytll : (3.6.9)
since W3 (ﬂtK ol ) < N71tK Zfzvfl | X7 — Y;"||2. We conclude by Gronwall’s lemma. O

Corollary 3.6.1. Condition (C) 3) holds for this model with the improved bound: Cr R ,(K).
Proof. Combine inequality (3.6.9) with Lemma 3.6.3 and apply then Lemma 3.3.2. []

Finally, under the assumptions of Theorem 3.2 and condition (C), the main result in this
case reads as follows.

Theorem 3.4. There exists a finite constant Cp > 0 such that for allt € [0,T]

(LK) + K5 4 K50, ifd < 4andq # 4,
t:ﬁg}E(“ut —ut" )SC’T ([ﬂK)—i—Kf%(log(l—i—K))z +K ) ifd=4andq#4,
(LK) + K%+ K5, ifd >4 andq + d/(d —2).

Proof. As in the proof of Lemma 3.4.1 we show that

E(HMtK_NtHBL*) < CT< (Z\I; w3 (yt ,ut>>; _|_]E(]\;(KW2 <_f(7ﬁf{)>
+ (|t 1) — (e 1>D)

<Oy (Rd,q(K)i LK)+ K—%),

D=

M\»—‘
Ll

using Lemma 3.3.2 and Lemma 3.6.1, and we conclude noting that K2 < Ry ,(K)z.

3.7 Proof of Theorem 3.2: the general case

We now address general processes (u);>o. We start by proving Proposition 3.5.1, which
relates the solution (11):>¢ of equation (3.5.1) with a non-linear process of McKean-Vlasov

type.
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Proof of Proposition 3.5.1. Pathwise existence and uniqueness for the SDE (3.5.2) comes from
the fact that the coefficients are Lipschitz functions. In order to characterize the flow of time-
marginal laws of (Y;)s>o, consider a function f € C12([0, 7] x R?) satisfying the conditions
in Theorem 3.1. By It&’s formula we obtain

76 = 70,0 + [ gy /tw (5, V) 'b(Ya H # 1 (Y2)) ds
+/OtVf(s,Yg)ta(Ys,G*us(Ys))dW 41 /Tr (Yo, G % ja(V2))Hess (s, Y.)) ds.

Taking expectation in this equation shows that the law of the time-marginal is a weak
solution of (3.5.3) with respect to that set of test functions. Now, consider the function
h(t,z) = (u, 1) f(t, z). By equation (3.5.3) we get

<ﬂt7 h‘<t7 )>
t
— (fio, h(0, +/ (s> Dol (5, -) + Ly, (s, -)) ds
= (o, 1) o, f +/ fisy [ (8, )05 (e 1) + (pas; 105 f (5, ) + (prss 1) L, [ (s,-)) ds
= <</’L07 1>la07 f(()? )) + /0 <<:u87 1>IEL57 asf(su ) + L,Lbsf(su ) + (T - C<:LL87 1>)f(87 )> dS,
which implies that (fi¢)i>0 == ((p, 1)fiz)1>0 satisfies the following “linearized” version of

equation (3.1.2)

</:Lt7 f(ta )> - <M07 f(oa )> + /Ot </~/’s> asf(57 ) + L#sf(sa ) + (T‘ - C<Msa 1>)f(57 >> ds.

With similar (indeed simpler) arguments as in the uniqueness part of Theorem 3.1 (see Section
4 in [58]) one can show that uniqueness of weak solutions (with respect to the same class of
test functions) of this equation holds. Since (fi;);>0 = (14¢)¢>0 also is a solution, we deduce
that (u, 1) iy = py forall ¢ > 0.

The previous identity yields (u, f) = E({u, 1) f(Y;)) for every bounded measurable f,
and the fact that ((u, 1))>0 is the unique solution of equation (3.5.4) is readily obtained by
taking f = 1 in Theorem 3.1, recalling that the local Lipschitz character of the ODE’s coeffi-
cient ensures uniqueness for it. [

We next prove Lemmas 3.4.2 and 3.4.3, which are needed to obtain the estimate in Lemma
3.4.1.

Proof of Lemma 3.4.2. For the first part concerning the bounds on the moments of the total
mass we refer to Lemma 3.3 in [58]. For the second part, we resort to algorithm (A) to repre-
sent the dynamics of the number of particles by

t
NtK e NOI( +/ /1P§N£ (19<T — ]_ Ng]ﬁ_) N(ds,dp, de)
> K

(M[);>0 is a martingale since, for all ¢t > 0,

([ [ /.

t
]‘PSNSK <19<T(5) -1 NK )‘ ds dpd@) S (T+C)E (/0 (NSK)2 dS) < 00,

r<0<r+c—=
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by the previous part and the assumption on second moments. Taking into account that

(1) = (o, 1)+ [ = e 1) 1) s,

we obtain with It6 ’s formula that

(56 ) = (5o [ - o)
+/ l?r(

2 L
us,1>) —( (1, 1 ) N (s, 1 )1018

|
+/ 1onr 1 NA< )Ndsdp,de)

r<f<r+c

1
+/0 /1p§N§i10Sr (K N (ds,dp,dd).

Neglecting the negative term in the second line gives us the bound
NE ?
( K </‘1/t7 1>>
NK 2 t NK
(% - frar( e - o) s+ [ %
_<K <uo,1>> + 2T<K u,1> ds + (
NK MK _ ~
A / 1 d< : ) MK 4 NI

NE oo NK T
< (G- )+ [T - ) s 5 s

)

s€[0,7T
cT ME _ -
+ — sup (uf, 1) +/ ( (15— ,1>>d< s )+M§+MJ<, (3.7.1)
K s€[0,T K

where (M), and (M ),>¢ are compensated Poisson integrals. Let now (7,,),, be the se-
quence of stopping times defined by 7,,, = inf{t > 0 : Nf( > m} form > 1and 75 = 0. Since
Nﬁ( is increasing by one and Nf_ >m+1= Nﬁ; > Nf_ for all » > 7,,, > s, we have

[ 25 = ) (B ) =2 [ (S - ) a (P
_2/ /¢sp, N (ds,dp, d6),

with AV the compensated measure associated with A" and ¢ the predictable process

1 NE
o(s,p,0) = 1Nf<m1P§NsK_K<19§T -1 N1<> ( I’ (ts—, 1))

r<O0<r+c—
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The inequality NX < NK implies that

(// / (5, p,0 |dsdpd0>
([t o ) )
o[22 vt

S C(T,K,m <1 + sup <,usa 1))7

s€[0,T]

and so the integral w.r.t. d(MSK ) in (3.7.1) is a martingale. By similar reasonings, the stopped

processes (M/_ )0 and (M[ ;5o are also seen to be martingales. Taking expectation in
(3.7.1) we get

(" - G, 1>)2)
(- ) )
(2 ) fors{ (2 o

Using Gronwall’s lemma we obtain

E((Nt;é”” — {Htnr 1>>2> < (IE((AE — {0, 1>>2> + %)eQ’"T. (3.7.2)

from which the conclusion follows, applying Fatou’s lemma. [

Proof of Lemma 3.4.3. We will use the diffusion process (Y;);>( considered in Proposition 3.5.1,
proven therein to satisfy E(||Y;||9) = M, (). Applying It6’s formula to ||Y;||? for ¢ > 2 yields

t t
1Yl = 130l + [ al Yl 2Yine, o« (v ds + [ qllYl™2Yio(¥s, G o pu(Y.) dB,

235 [ (atg - IO+ g vage?)
Zj 1k=1
o) (Ys, G x p1s(Ys))o ]k)( Vs, G ps(Ys))) ds. (3.7.3)

Since b is Lipschitz, we have ||b(Ys, H * us(Ys))|| < C(l + |Ys|l + |H * MS(YS)\) with
|H * ps(Ys)| = [ [ H(x — Ys)ps(dz)| < [[Hlleo Supsejory [{s, 1)|, and similarly for o and
G. We thus get that

Ib(Ys, H 5 (V)| < C(1+ [|X,]]) and |o(Xs, G # (X)) < C(1+ [ X))
Using this in (3.7.3) gives us the bound

t t t
%17 < 1%l +C [ Ile2ds+ ¢ [ vletds+C [ )eds

t
+ [ alYl 2 io(V,, G us(V2) dB.
0
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Let now (7,,)nen be alocalizing sequence for the local martingale in the right hand side. Taking
expectation of the stopped process yields

-t ot
E([Yine 1) < E(YI7) + C [ E(¥arr [172) ds 4 € [ E( Yo7 s

t
+C [ E( Y| ds

Notice that, by Holder’s inequality, one gets

¢ t a—1 t
LB 17 ds < [ BV |7 ds < Cr 4O [ E(Yon, |9 ds

and a similar bound holds for the term of order ¢ — 2. Combined with the previous, this entails

t
E([Yinm 1) < E(IYol)* + Cr + C/O E([[Yerr, 1) ds
from where Gronwall’s lemma yields

E(l[Yinr, 1) < Cr(E([[Yo[)? + 1).

We conclude with Fatou’s lemma taking n — oc. [

Everything left to do is to show that condition (C) 3) holds. We will need two additional
bounds stated in the next two results.

Lemma 3.7.1. Let N and K € N* be fixed, and consider the diffusion processes (X™)"_, in
(RHN evolving according to

AX = b(X], H o« plS (X)) dt + 0 (X0, G plS (X)) dBy, >0,

where (B”)n | are independent Brownian motions in R? and X stands for the empirical measure
pf = % SN dxn. Consider also N ii.d. copies (Y™)\_, of the process (3.5.2),

AY;" = (Y H ox (V) dt + 0 (Y, G p(Y))) dBY, 120,

driven by the same Brownian motions. For each T’ > 0, there is Cp > 0 not depending on K nor
on N such that forall0 < u <t <T andeachn =1,... N,
2
> ds.

Proof. We first check that the running supremum of each process (X") is square integrable.
Using similar bounds as in the proof of Lemma 3.4.3, we get for each ¢t € [0, T,

t
E(1X7 - Y71 = 10 - Y2IP) < Cr [ RO - o) ds+ [ B( [ -
)

X2 < X+ [ 20X X H o € (X) s
b [ 20X (X0 G o (X)) 4B, + [ (X0 Gl (X)) s
<IN+ Cr+C [ X2 ds +C [ X0 ds + C [ XN » ()] ds
+C [11G (P ds + [ 20X 0(X0, G 1 i (X)) dB,

S

n||2 2 N ? 2 N ? ! ni|2
< IR+ Cr+ CTIHIL (2) +CTIGIR () +C [ IxzIPas

t
+ [ 2AXD) (X, G i (K1) dB,
0

S
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since, in the present lemma’s setting, (1%, 1) = & for all s > 0. Let (7,,)nen be a localizing
sequence for the local martingale in the previous inequality. As in the proof of Lemma 3.6.2
we localize and then we take supremum until time ¢ A 7,, on both sides, obtaining in this way
that

sup || X7]* < [IXGI* + Cr + CTIH|, sup (ug,1)*

u€[0,tATy] s€[0,T

+0T|G)% s (WE 12+ C / sup || X7 ds

u€[0,5ATs]
d
+ Z ( sup
1

u€[0,tAT,] |/ 0

[ 200 (X7, Gl (X)) dBY)

S

)

The expectation of the last term is controlled using the BDG inequality by

)

< 3 ({0000 6 o) i) )

2,j=1

d u . .. .
B[ s | [ 200000 (X0 G i (X2)) a8

ij=1 u€[0,tAT,]|/0

tATh %
<ce((f |\X:H2ua<xs,G*u§<<xs>>u2ds) )

< ce((1+ 1612 (§ )) ([ 1 as) )

< Cr+Cr [ B(IX, 7) ds

where we used the finiteness of the second order moment of the total mass. This allows us to
obtain that

t
B s IXCIR) < B + ot [ B s xi?) as
ue }

[0,tATR] u€[0,s\Ty,

which implies by Gronwall’s lemma and then monotone convergence that

E( sup HthH2> < 00. (3.7.4)

te[0,7

A similar argument can be applied to the process (Y;"):>o in order to obtain the same conclu-
sion.

We now apply Ité’s formula for fixed n as in (3.7.3) to get
t
X7 =Y )* = ||X3—Yu”\|2+/ (X7 =Y (b(XT, ol (X)) =b(YS, Hopry (V7)) ) ds
¢
[ 2AXE =Y (X2, Gl (X)) = (Y2, G o s (V) B

£ 3 [ (PG ) = D07 G (1) s

4,7=1
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Using the Lipschitz character of the coefficients we get the bound

S

IXP=Y"|* < | X7 -Y|P+C /u (UK=Y 2P+ X0 = Y el (X2~ Hoep (V7)) s
FC [ (I = Y2 416+ il (X2) = G (V) ds
[ 2N = VI (XD G (X)) = 0 (V2 G (V) B
Recalling that the function H (- — x) is bounded and Lipschitz for each 2 € R?, we see that

o pl (XD) = H % o (V)| < [H sl (XT) = H o5 g (XD)
< Ollps = psllsLs + Cllps s

+ [ H o po(X{) — H o s (Y]
X =Yl

and similarly for the terms involving G. The uniform bound on the mass of (y:):>( on finite
time intervals allows us to get for all 0 < v < ¢ < T that

t
oy = Y72 < X = YR+ [ (1K = Y 4 X = Yl = ) ds
O [ = YR+ il = ple) ds

t
[ 2AXT =YD (XD, Gl (XD) = o (V) G (V) B

t
< I = YU +C [ (I = Y22+ il = ) ds
t
[ 2K =Y O(XE Gl (X2)) = oV, G (VD)) B

where we used Young'’s inequality for the second inequality, and where C' is a constant not
depending on K nor on N that might change from line to line. By considering a localizing
sequence (7,), for the local martingale on the right hand side, we can take expectation of the
stopped process to obtain

t
E(|1 X, — Yot I?) < E(IX: = Y217 + € [ E(1xX;

SATn }/57}\7'” ||2) dS

+/:E(\

forall 0 < u < ¢t < T'. Thanks to the second moments controls on the running suprema of
X"™and Y", and since the total mass of ,uf( is constant in the context of the present lemma, we
can use dominated convergence to take n — oo and conclude the proof. [

2

K
MS/\Tn — Msnm, BL*) d87

The following additional convergence estimate for moments of the total mass will also be
needed to establish condition (C) 3), due to the nonlinearities coming from the interactions
in the dynamics.

Lemma 3.7.2. Suppose that sup ey E((ulf,1)*) < 0o. Then, we have

(3 ) s 3)

where Cr > 0 is a constant that depends onr and T'.
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Proof. Proceeding as in the proof of Lemma 3.4.2, we see that
NK [ NE Yoot (NK S (MK
_ ]_ = _— 1 / 4 5 - ST 1 d .

(55 =) = (= won) + [a(F - em) a2

4 4
NE NE
# [ - 0nn) =5 - ) ()|
NE 1\
+/ /1p<NK 19<T K </’Ls 71> + %
NX Y (NE !
— | == = (s, 1) | —4|—= )| = ds,dp, dd
( K </’L5 I >> ( K <lu5 ) >> K‘|N( 87 p7 )
K 1 4
1 1 —~ 1) —
+ / p<N Sli r<9<r+c [( NS ’ > K)
4

_ (j\g—<us_,1>> n (K (11 ,1>>3H/\/<ds,dp,de).

Neglecting the negative term in the second line and compensating the integrals with respect
to the Poisson point measure gives us

=

NE Yoot (NE !
< (220 _ s
< ( {10, 1>> + ; 47“( (1, 1>> ds

t NX 1 NK 11
K s _
+/0 rN; (6( i (us,1>> 2 —|—4< e <,us,1>> + )ds

K3 K*

¢ NK [ (NK 2 NK 1 1
NE s s (1)) — —4 D)= +—)d
+OcsK@(K W,QKZ (K (u Q ; >s

K3 ' K4
3
MK _
+/ ( {11 ,1>> d( [;>+R{<+Rfi

where (RX);>0 and (RK);>( are compensated Poisson integrals. Using Young’s inequality we
deduce that

(J\;{ (b 1>>4

Ng© Yo (NE ‘¢ p(NE ?
Cr K K 1\2 Cr 4
+ — su s,1)+— su s 1)+ — su s 1
K3 se[olgr]<'u ) K 86[0%]<“ ) K se[o%]w )
¢ sti ’ ME K | pK
+ 4( 7 —(us—71>> d( I >+Rt + RE. (3.7.5)

Proceeding as in the proof of Lemma 3.4.2, we can verify again that the last three processes

are martingales if stopped at 7, = inf{¢t > 0 : Nf( > n}. Thus, stopping the inequality (3.7.5)

85



and taking expectation yields

(M ) ) <00+ G 0 [ (M - ) Y
* f((j? /tE<<N}I§T" — (fsnro 1>>2) ds
< 1K) +C/ (( o <usw,1>>4> ds

CrT 1)
I _
w( )+ 1)

where we also used (3.7.2) to obtain the second inequality. Gronwall’s inequality and then
Fatou’s lemma yield at last

E((J\Ift: = {ps, 1>>4> < LK)+ CT(;( N 1%}((5)))

and we conclude noting that [2(K) < /I#(K) < 1+ I}(K). O

We can finally state a bound allowing us to ensure condition (C) 3).

Lemma 3.7.3. Fort € [0, 7]

13 1 ;
B e - V2IP) < O )+ K [T B(T o ) as]
n=1
where Cr > 0 is a constant that depends on the parameters of the model.

Proof. As in the proof of Lemma 3.6.3 we consider the product empirical measure n’ :=

NE .
% >ni1 0(xpr vy and decompose again

K
1 Nt n n
E<KZ X! =Y, !2> =E((n;", da)),
n=1

in terms of the sequence of jump times (7},)men, as in (3.6.6). We can proceed in a similar
way as in (3.6.7) to control the evolution between jumps, now with help of Lemma 3.7.1, and
control the contributions in the jump instants in the same way as in (3.6.8), to obtain

E((, o)) < C [ B((l d)yds +C [ (SW2<S,MS>)ds

+c/ (

where C' is a positive constant. Thus, with respect to the case dealt with in the previous
section, incorporating interactions at the level of the dynamics only results in the addition of

K= - ) ds.
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the last term. In order to bound this new term, we use Lemma 3.3.1 to get

N
E(=:

2

NE e [NE
— el ) < B (G DS = il + |5 = {1

))

2 NK K 2
<2 sup {pty, 1) E([é 12 —MsHBL*)
w€(0,T]

NK NK 2
IR o | — (pg, 1
+ ( o m >)
NE _ NE
< CE(= 1 — oIy ) + CE(S s — o2
NE NK

+28( =2 2) , (3.7.6)

— (s, 1)

where the control on the mass of the solution to equation (3.5.1) on finite time intervals is
used. To control the first term of the right hand side we relate it to the Wasserstein distance
using again Lemma 3.3.1, obtaining

B(S 1 — o) < B (Wi ) < B((n, o)),

and we do the same with the second term to get

NEK _ NK
B i - 781 ) < B WE G o) ).

We thus obtain the inequality

t
B, a) < C [ Bt ) as + € [ B(SEwi e, ) as
t NK NK
2 [ ]E(S
i 0 K| K
where only the last term needs to be controlled. Using Holder’s inequality yields
NE 2 NK NK 4N 2
E(—2 <E E s 1 :
( )= ((5%)) =5 - 0]

where the first factor on the rh.s. is controlled by Lemma 3.4.2. Thanks to Lemma 3.7.2 we
obtain that

2) ds, (3.7.7)

- <:u571>

NK

»

- <M87 1>

B0, ) < € [ Bl as € [ B( e wae, m) as o (R0 + ),

Finally, Gronwall’s lemma yields

1}(K)+¢%+/0 E(AEWQ( 7 ,us)) ds]eCT

E((n*,ds)) < Cr

We deduce the following result.
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Corollary 3.7.1. Condition (C) 3) holds.

Proof. Applying Lemma 3.7.3, Lemma 3.3.2 and noting that \/17 < CR44(K), we obtain the
bound

E(( ) < Cr(12(K) + Rag(K)). (579)
Combining this with the inequality E(5-W3 (1, 7)) < E(L S0, [ X7 — v7|1?) vields
the conclusion. [l

Proof of Theorem 3.2. Conditions (C) 1), 2) and 3) being established, it suffices to apply Lemma
3.4.1. [

We next provide the proof of the conditional propagation of chaos property stated in
Corollary 3.2.1.

Proof of Corollary 3.2.1. Let U, ,(K) denote the function of K appearing on the right hand
side of the bound in Theorem 3.2. By exchangeability of ((th, Yh,..., (X,;V‘ DA )) con-
ditionally on NtK ,forall t > 0 we get

NK 1 N
E<t||X§ - Ytl||2> =E( = S IX; - Y7|?) < Gl (K), (3.7.9)
K K n=1
thanks to (3.7.8). By Proposition 3.5.3, we have E(Ytl, LY | NtK) = i on the event

{7 < NE}. Now, letting ¢; := (us, 1) € (0,00) denote the limit in law of NX /K, and using
the second inequality of Lemma 3.3.1 in the third bound below we get, for all ¢ > 0, that

IP’(HL‘(X},...,XgANtK ’ Nf‘) — e NE zj)
NK 4 : NN e 2
<P t‘ﬁ(xl...xﬂ NK>—®] ) > 22 NE>
=~ (K to ) t t :ut BL* K 2 Ct’ t —j
NK . .
<P(SE|e(x X | NE) | > S NE
K BL* 2

NK Ct
Pt <=

[ <3)

2 (NE ([ NE ¢
< ~E(=LE Xp =Y | NE1 Pt <<
— ecy < K <n§1 || t t || ‘ t > {NtK>]}> + <K 2

2j (NE NE ¢
<EtX1—Y1) Pl -t <=
_sct<K”t o)+ K =2
27 NE Ct
<=0 (K)+ Pl =5 < =
_sctct aq( ) + (K <2 ’
using also the Cauchy-Schwarz inequality, the estimate (3.7.9) and the fact that E(NX / K)/2 <
oo in the last inequality. Since N /K — ¢, in law, the terms in the last line go to 0 when
K — oo. The convergence P(NX > j) — 1 then yields

IP’(HE(th,...,XfAN*K ’ NtK) — i >e

BL*

NE > j) —0
as K — oo and the statement follows. O
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We finish with some remarks regarding possible extensions of our approach, and the tech-
nical issues that must be solved in order to establish similar results in some related, more
general settings.

Remark 3.7.1. Ifinstead of (H) 1) it is assumed that the initial data ul satisfies the condition
in Lemma 3.3.3 b), the arguments and construction leading to the proof of Theorem 3.2 must be
modified, along the following lines:

« In condition (C) 1), v = ul* is not enforced, but K (v 1) = K(u,1) = NX is kept.

« In the construction of the coupling using algorithm (A), the random variables (Y*);> are
chosen as before while, for any K and N, the random vectors (X;, ..., X{¥) are chosen on
the event { NI = N}, suitably coupled with (Y, ..., Y"). This results in an extra term
of the form E((nk,ds)) on the r.h.s. of the bounds in the statement and proof of Lemma
3.7.3 which in turn translates into an additional term CrE({nl< d,))'/? on the r.h.s. of the
bound in Theorem 3.2.

« In order to minimize the value of this additional term, the coupling of (X{, ..., XY) and
(Y, ..., YY) must be chosen on each event {NlX = N} so as to realize the squared
Wasserstein—2 distance between the laws of (X{, ..., X{') and i§" in (R?)N. Denoting

1

WL, X0, ) = 1

W3(L(Xg,-. X0), ig™),
the normalized squared Wasserstein-2 distance, the additional term E((n{<, d2))'/? then
writes

NE NEK oni) )
E<[2W22 (L(X(%77XOO)|NOK)7M? 0)) :

The following possible generalizations are left for future work:

« The extension of the ideas here developed, to populations with spatially or density de-
pending birth or death events, as in the more general setting studied in [58], seems to
be possible but presents one major additional difficulty, namely that the jump times
are correlated with the spatial dynamics. The main consequence of this is that, in any
coupling with some auxiliary system of conditionally independent (or less dependent)
particles, the jump times cannot be expected to happen simultaneously. However, under
the condition of spatial Lipschitz continuity of the reproduction rate and the competi-
tion kernel, it should be possible to keep at least some subsystems effectively coupled on
finite time intervals, while controlling explicitly the discrepancy between jump times in
the two systems, in terms of the distance of the empirical measures of the systems them-
selves, and in such a way that the discrepancies asymptotically vanish as the population
size goes to infinity.

+ A further desirable generalization regards the case of branching events more general
than binary ones. The natural extension of the argument used here would consist in
coupling all the offspring of a branching particle in the original system, with a set of
equally many independent new particles given birth at the same time in the auxiliary
system. However it is not clear how to make compatible the use of optimal transport
plans to couple the branching particle and the positions of the new particles in the aux-
iliary system, with the independence requirement in the auxiliary system. A possible
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way of coping with this problem could be to make a two-steps coupling construction:
first, between the branching particle in the original system and the positions of new
particles in the auxiliary system (which would define an exchangeable random vector
of particles in any case) and, in a second step, coupling those positions with independent
particles with the required law.

B Appendix
Proof of Lemma 3.3.3. Since condition (H) 1) assumed in a) is a particular case of the assump-

tions in b), it is enough to prove b) to get both parts. Taking y = 1o and v = pff in Lemma
3.3.1, we get

lim sup P({l10 — py s > €) < lim sup P(]| 3 — fio s > €/(2(no, 1)), (B.1)
with ilf = NK Z 5X1 On the other hand, for each § > 0 and M > 0,

P fi0 — il [lpLe > 6) < EIE[Wm—gthﬂNKzNﬂwad+MM5<M)
N>M

zﬁ+«MM<Mm>

Since (u{", 1) converges weakly to a non null constant, the last term goes to 0 when K — oo.
On the other hand, it is well known that the assumed fip—chaoticity is equivalent to the
convergence in distribution of the random probability % SN Oyin to fig as N — oo. If
follows that lim sup;_, . P(||fi0 — || > &) = 0 which entails the claim in view of (B.1).

c¢) The r.v. NI = K(uf, 1) is Poisson of parameter K (14, 1) and equals in law the partial
sum 2% | N of i.i.d. Poisson r.v. (N?);cy of parameter (v, 1). By the law of large numbers,
(u¥ 1) = NE /K converges in law to the constant (1, 1). It is immediate from basic proper-
ties of Poisson point measures that the NI atoms of ;1 are i.i.d. of law iy given (uff, 1), and
we necessarily have 11 = (vy, 1)1 = 1g. Lastly, the r.v. NJ* is Poisson of parameter K (i, 1)
and so we have I}(K) = K3 ({uo, 1) + 3K {9, 1)?) < CK 2. O
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4.1 Introduction

Models for the growth of the size of a population are of great importance in population dy-
namics, since they serve for example to study the development of population under abundance
of resources, the probability of fixation in biological invasion or the different scenarios that
arise in epidemiological settings. These models rely on independence of individuals and the
so-called branching property. They range from discrete state versions, classically known as
Galton-Watson processes, to their continuous state counterpart arising in their large popu-
lation approximations on large time scales (see for example [7]). These lasts processes have
been intensively studied in the last decades (we refer to [88] or [102] for their treatment).
Also, their generalizations to varying or random environments have received attention, start-
ing in [77] and more recently in [11], to name but a few. An important class of these models
are the ones that have been constructed as solutions of stochastic differential equations (see
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[100, 66] and [55]). In general, these models allow to take into account the variability of the
environment into the dynamics. This gives a general framework for studying questions of
great importance in ecology and population dynamics, such as long term behaviour [101] or
the effects of catastrophic events and extinction (see for example [10] and [9]).

Another question which is of great interest in population dynamics, and in particular in
models having reproductive dynamics, is to understand the genealogical structure behind the
branching process modeling its growth. In the case of finite population models or discrete
state process this information is implicit since we can trace the genealogical history of each
individual, but this becomes a more complex procedure when we pass to large population
approximations, as we loose the notion of a single individual. Throughout the years differ-
ent approaches have been developed in order to understand the genealogy behind branching
processes. Starting with the famous continuum random tree introduced in [1], which can be
obtained as the scaling limit of Galton-Watson trees, and later with its generalizations such
as Lévy trees, which are random trees models that correspond to general branching processes
[51], or the flow of bridges representation introduced in [14] and developed further in [15, 16].
Another approaches are spinal constructions [65], when there is a spatial component, or the
splitting trees approach [82].

One particular and useful approach for population models, in what respects to the de-
scription of their genealogical structure, is the one given by lookdown constructions. The
original lookdown construction was first introduced in [48] (later improved in [50]) as a way
of constructing an infinite (yet countable) particle system having the same distribution as a
Fleming-Viot process. This construction provides new insight about the genealogical struc-
ture of the process given this countable representation, simplifying its analysis. Later, in [80]
a construction in this spirit was given for producing countable representations of measure-
valued branching processes, allowing the branching rates to depend on the particles’ spatial
positions. A useful property of lookdown constructions is that when passing from finite pop-
ulation models to their high density limits, the genealogies are preserved by a projective prop-
erty of the associated martingale problem. More recently, in [52] a more complete toolbox was
given in order to construct representations of models presenting a variety of mechanisms of
evolution, in particular for models showing interaction between its individuals. In general,
the lookdown approach has been proved to be a powerful way for constructing processes aug-
mented with a genealogical structure (see for example [103, 18, 113] and references therein).

The aim of this work is to describe the tree spanned by the population alive at a certain
time, which is known as the reduced tree, in a large population regime for branching processes
in varying environments. This object is also known as the reconstructed tree in phylogenetics
or as the coalescent tree, seen as the tree generated backwards by the population alive at the
present time (related works concerning this object are [84] and [83]). An associated object to
this tree that is worth mentioning is its width process, called the reduced process, which has
also been object of study (see [57, 20, 115, 112] and [73]).

The description of the tree is achieved by means of a lookdown construction, which al-
lows to exploit a coupling in a Poissonian framework and quantify approximations. Using
the lookdown construction introduced in [80], we give an approximation of the reduced tree
for a birth and death process in varying environment by its large population approximation,
namely a Feller diffusion in varying environment. Specifically, we develop an approach to ap-
proximate the reduced tree of a birth and death process in the large population regime, by the
reduced tree associated with the branching process characterized by the following stochastic
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differential equation

X, = X0+/ de+/\/ X B~ Y F, X, (4.1.1)

§>1,t>t;

where (;);>1 are given catastrophes times and [, the fraction of the population that dies at
time ¢;, and this for b(¢) < 0 and o(t) bounded away from zero. This last process arises as the
large population approximation of a birth and death process in where individuals have a small
mass and also reproduce and die very fast. Moreover, since the rates are big, the variance of
the increments persists in the limit, thus making appear the diffusive term. We have also the
effect of the environment through the reproduction rates of individuals, affecting the mean
behaviour and the diffusivity, and by punctual catastrophic events. With this structure and
parameters, the process belongs to the family of critical or subcritical branching processes in
varying environments.

By considering the lookdown representation of the birth and death process that approx-
imates the previous object, we proceed by filtrating each birth event in the particle process
by the probability of survival of the offspring until a given time 7" > 0. Using this procedure,
we construct a random chronological tree which takes values in a particular space endowed
with a distance that is tailored for the analysis of these objects. Then, by similar arguments
we construct a limit candidate and we show the convergence under the distance previously
introduced. This is done by a coupling argument that evokes the nature of the lookdown
representation.

We next provide a detailed description of the models under consideration, define the main
objects and state our main result.

4.2 Models and main result

In what follows we recall the framework introduced in [80].

4.2.1 Lookdown constructions

Consider the state space £ = [J2° [0, K]", the domain

n

D(AF) = {f<u> Lo g€ CH0,K1),0 < g < 1,g(K) — 1,4/(K) — o}, (421)

i=1
where u = (uq, ..., u,), and the generator

n

AF F(u Zza / (v) = Do + f(u) 3 (o (t)u? - b(t)ui)g(>,
i—1 g u;
for o(t) > 0 and b(t) two bounded functions. This operator represents the following stochas-
tic dynamics. We start with a collection of particles where each one has a real value assigned,
called level. The level associated to each particle evolves in time according to

ui(t) = o(t)us(t)? — b(t)u(t). (4.2.3)

A particle with level u at time ¢, produces a new particle with uniformly distributed level in
the interval [u, K| at rate 20(t)(K — u). When a particle’s level reaches the value K, it is
removed from the system.

~
—~
<
S
~—

(4.2.2)

94



This process is the lookdown construction for a birth and death process, introduced in [80].
The justification of this representation comes from the Markov mapping theorem (see Theo-
rem 4.2 in Appendix C). Indeed, let axc (n, du) be the joint distribution of 72 i.i.d. uniform [0, K|
random variables and f = [ f(u) ax(n,du). By defining CX f(n) = [ A, f(u) ax(n,du), it

can be shown that

Cf f(n) = Ka(®)n(f(n+1) = f(n) + (Ko (t) = b(t)n(f(n — 1) = f(n)).  (4.2.9)

Under the condition Ko (t) — b(t) > 0 for each ¢ > 0, we obtain the generator of a birth and
death process. Thanks to the Markov mapping theorem, since there is existence of solutions
for the martingale problem associated with this generator, we have existence for the martin-
gale problem associated with (4.2.2). Another consequence of this theorem is that if we have
uniqueness for the martingale problem associated with (4.2.2), we obtain uniqueness for the
martingale problem associated to (4.2.4). Finally, the theorem also allows us to conclude that
the number of particles whose levels are below K is equal in distribution to the solution of
the martingale problem associated with (4.2.4).

We notice that the solution of the martingale problem associated with (4.2.4), once renor-
malized, can be approximated by the Feller diffusion. This remark leads us to analyze the
generator (4.2.2) when K — oo, which gives us another generator that we introduce next.

Let now E = [0,00)™ U U2 ,[0, 00)™ and consider the domain

D(A) = {f(u) = Hg(uz) 19 €CY(]0,00)),0< g < 1, v, such that g(v) = 1,Vv > vg},

1>0

and the operator defined by

(4.2.5)

Arf (u) = f(u) 3 20(t) /:g (9(0) = 1) dv+ f(w) Z(0<t)u’2 ~ b)) i}(ui) '

This operator represents a slightly different dynamics than the one previously introduced. A
particle with level u at time ¢, will produce a new particle with uniformly distributed level in
the interval [u + {1, u + lo] for 0 < ¢y < /o, at rate 20(t)(¢y — ¢1). This time, a particle is
removed from the system when its level reach the value infinite.

In this case, by letting «(z, -) be the distribution of a Poisson process on [0, c0) with in-

A

tensity 2z and by defining C, f(2) = [ A.f(y) a(z, dy), we obtain that

Cof (z) = o(t)zf"(x) + b(t)zf (z). (4.2.6)

Then, by checking the existence of solutions for the martingale problem associated with this
last generator, which can be done by explicitly constructing a process with such generator,
we obtain as a consequence of the Markov mapping theorem that

. 1 i\ (@)
Jm > tom (V) = X
where (X}):>¢ is a process that evolves according to the generator (4.2.6) and (V}):>¢ the so-
lution of the martingale problem associated to (4.2.5). Moreover, thanks to the same theorem,

we also obtain that at time ¢ the distribution of the levels is conditionally Poisson with mean
X;.
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The connection between the two particle processes is explicit. By considering the solution
of the martingale problem for (4.2.5) and taking only into account the particles with levels
below K, we recover a solution of the martingale problem for (4.2.2), simply by restricting
the domain of the operator. As a consequence, the genealogies are embedded in a projective
way, which is one of the key features of the lookdown construction.

In this work we will also consider the effect of catastrophes in the evolution of the two
particle processes. For this, we let (;);>1 and (my,);>1 be given catastrophes times and inten-
sities, and (m) > 1 a modulating function for the catastrophes. Given the initial conditions,
we let the processes evolve according to (4.2.5) and (4.2.2) respectively. When we arrive at a
catastrophe time ¢; we amplify the level of each particle in both processes by a factor 3(my,).
Then, we restart the dynamics specified by the generators (4.2.5) and (4.2.2) with the current
states as initial conditions. Following this construction, we denote the two resulting processes
by (Uy)s>0 and (UK );>¢ respectively.

With this construction we obtain that until the first jump time (catastrophic event), the
number of particles in (UX )~ and (U );>0, renormalized in this last case, follow the evolution
given by the generators (4.2.4) and (4.2.6) respectively. At a catastrophic event, the update rule
used translates into removing each particle independently with probability 5(m,,)" < 1 in
the birth and death process being represented by (U[S);>, as it was shown in [80]. At the
same time, in the branching process represented by (U,):>, a catastrophic event corresponds
to multiply by 3(m,,)~" < 1 the size of the population, yielding the effect of a dramatic event
that kills a fraction of the population. Then, since in the lookdown construction we can start
from any initial condition, by restarting the dynamics the same construction ensures that we
obtain a representation for the inhomogeneous branching processes after the jump. We thus
obtain a process (U;):>0, in where its renormalized size is equal in distribution to (4.1.1), with
Fy, == —(B(my,)~" — 1). This can be seen as the quenched version of the model proposed in

J
[80] for random catastrophes.

4.2.2 The reduced tree

Recalling that b, o: R — R are continuous and bounded functions, and that 3: R — R such
that 5 > 1, we further assume that b(t) < 0 < o(t) for each ¢ > 0.

Consider T' > 0. Given the processes (U );>0 and (U;);>o defined in the previous section,
we construct their reduced trees at time 7" as follows. First, let ujlf and u3 be the solutions of

u(t) = u(s) + [ ' oY) dr — / D) dr - (Blmy) - Du(ty),  (427)

s J>1,t>t5>s

for each 0 < s < t < T, with terminal conditions X (T) = K and lim; ,7 u(t) = oo,
respectively. The existence of these solutions is ensured by the condition b(t) < 0 < o(t). We
then define R% as the tree generated by the particles starting with levels below u% (0) and
evolving according to (4.2.7). In this tree, a particle with level u at time ¢ will produce a new
particle at rate 20 (¢)(uf (t) — u) with uniformly distributed level on [u, u£ (¢)]. Similarly, Ry
will be defined as the tree generated by the particles whose levels are below u5°(0) at ¢ = 0.
Here, a particle with level u at time ¢ will produce a new particle at rate 20 (¢)(u3°(t) — u)
with uniformly distributed level on [u, u3(t)]. These definitions come from filtrating each

birth event in the processes (UX );>0 and (U;);>0 by their probability of survival until time 7',

To endow this objects with a genealogical structure we start by considering the set i/ =
Uns>o(N¥)". At time 0 we enumerate the particles according to the increasing order of their
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levels and we label them according to this numbering. We then consider for each particle
the product set of its label times its lifetime, which is [0, 7], and we take the union of all of
these sets. When a new particle appears at time t’, we label it following the Ulam-Harris-
Neveu formalism [98] and we consider the product set of its label times its lifetime, which
is [t/, T, and finally we take the union of this set with the set that we already had. Iterating
this procedure will yield a random chronological tree that is a subset of ¢/ x [0,7]. These
objects are also known as (inhomogeneous) splitting trees (see [34] for more on these objects).
Furthermore, since we are interested in the closeness of the two objects, the structure of the
trees involved motivates the introduction of the following distance in order to compare them

T
d; (T, T,) = Z A ‘]—(u,s)eT - 1(u,8)€T’ g(‘S) d87
uel

where g: [0,7] — R, is a function satisfying the integrability condition

T s o
/ elo 27IEE 09y ds < oo, (4.2.8)
0

This distance can be seen as a weighted total variation distance between splitting trees.

Our main result is then an approximation of R% by Ry for large K, representing the
approximation of the reduced tree for a birth and death process in varying environment by
an object that plays the role of the reduced tree for the Feller diffusion in varying environment.
Assuming that the process (4.1.1) starts from = € R, the result is stated as follows.

Theorem 4.1. Let'T" > (. Suppose that the functions b and o are continuous, bounded and such
that b(t) <0, 0(t) > 0 and o is bounded away from zero. Then, we have that

]E(dj(RT,Rng —0, asK — .

Given the assumptions, this result holds for critical and subcritical branching processes
since we need to assume b(t) < 0 in order to ensure the required properties of (4.2.7). Also,
we are forced to chose g satisfying (4.2.8) since as we approach the final time 7" the number
of individuals in the trees explode, which leads to having to control an infinity of small time
intervals when computing the distance.

The proof of Theorem 4.1 relies on a coupling between the two objects, which allows
to exploit the projective property of the lookdown construction that we make use of. This
approach sets the ground for in a next step take advantage of the Poissonian framework in
order to obtain quantitative estimates. Also, Theorem 4.1 is expected to generalize to the case
of random catastrophes, in time and intensity, following a Poissonian law.

The rest of the chapter is organized as follows. In Section 4.3, we give preliminary def-
initions and set the formalism of chronological trees, specifically the space in which we are
going to consider the trees to be elements of and the distance that we use. In Section 4.4, we
give the proper construction of the trees and we construct a coupling between them in order
to prove the main result. Finally, in the Appendix C we recall the Markov mapping theorem
and how it applies in the inhomogeneous setting.

4.3 Preliminaries on trees

In this section, we introduce the necessary tools for giving mathematical sense to the ge-
nealogical information arising in our context.
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We start by defining the notion of a discrete tree. Such object can be coded by the Ulam-
Harris-Neveu [98] formalism. Let

n>0

be the set of finite sequences of positive integers, where (N*)° = {&}. The root of the tree
is denoted by @ and each vertex of the tree is represented by a finite sequence of the form
v=(v1,...,0y) € (N*)". We denote the i-th child of v by vi, were vw denotes the concate-
nation for v, w € U. A discrete tree T is a subset of I/ that satisfies

(i) @ €T.
(ii) If vj € T, where j € N*, thenv € T.
(iii) Ifv € T, then vj € T ifand only if 1 < j < §,(T), for a positive integer 9, (T).

We will say that w is an ancestor of v when there is a sequence z € U such that v = wz. We
denote this relation by w < v. Furthermore, we denote by v A w the most recent common
ancestor of v and w, which is the longest sequence z € U such that z < v and z < w.

Next, we are interested in augmenting the information encoded in the tree. If we want
to take into account the lifetime of individuals, the framework given by chronological trees
is the adequate. This kind of trees are particular cases of R-trees, which in turn are abstract
complete metric spaces satisfying two properties that characterize the natural notion of tree:
there is an unique path between two points and there are no loops (see for example [54]).

Definition 4.3.1. A chronological tree T is a subset of ¢/ x R such that
(i) p=(2,0) € T.
() T:=Py(T)={veld:35s>0,(v,s) € T} is a discrete tree.
(iii) Vv € T, there exists 0 < b(v) < d(v) < oo such that (v,t) € T if and only if ¢ €
(b(v), d(v)].
(iv) Vv € T and ¢ € N* such that vi € T, we have that b(vi) € (b(v), d(v)).
(v) Vv € T and i,j € N* such that vi,vj € T, i # j = b(vi) # b(vj).

See Figure 4.1 for a graphical representation of a chronological tree.

vl

Figure 4.1: Example of chronological labelling for the progeny of a given label v € U.

Given a chronological tree T, we define the set of individuals living at time ¢ as
Vi(T) ={vel:(vt) e T}

On the other hand, for any (v, s) and (w, t) belonging to T, we say that (v, s) is an ancestor
of (w, t), denoted (v, s) < (w, t) as before, if v < w,and s < tif v = wor s < b(vy) if v # w,
where j is the unique integer such that vj < w.

As we are interested in trees at a given time 7" > (0, we will restrict the analysis to trees
that are subsets of U x [0, 7]. In our context it will be also important to be able to quantify
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the distance between two chronological trees. In order to do this we start by defining the set
in which we are going to be looking the trees as elements of. For this, we consider the set

T = {T cUx[0,T]: /OTNT(s)g(S) ds < oo},

where Ny (t) := |V,(T)| represents the number of individuals or labels in the tree at time ¢
and g: [0,7] — R, is a given function.

Definition 4.3.2. Given two chronological trees T, T' € 779, their g-weighted chronological
distance is defined by

T
d; (T,T/) = 2;{/0 ‘l(u,s)GT - ]-(u,s)GT’
UE

g(s)ds.

The idea behind introducing this notion of distance is that we want to compare the trees
by taking into account the differences between the labels of individuals in each tree and their
living times, which can be obtained through the evolution of their levels. Moreover, we remark
that (79, d]) is a metric space.

In order to see how strong is the distance that we introduced, we can compare it to a known
distance between metric spaces. The natural framework in this setting is the one given by the
Gromov-Hausdorff distance. Recall that given a metric space (X', dy ), the Hausdorff distance
between two closed subsets A, B C X is defined by

dy(A, B) ==inf{e > 0: A C B*and B C A},

where U® = {x € X : dx(2,U) < £} denotes the e-neighborhood of U C X. The Gromov-
Hausdorff distance between two metric spaces is then defined by

dan((V,dy), (2,dz)) = inf{du(6(), ¥(2))}

where the infimum is taken over all isometric embeddings ¢ : V — X and ¢ : Z — X.
Given a chronological tree T we can endow it with a natural distance. Let us consider a
function ¢ : [0,7] — R, and let p : U x [0,7] — R be given by p((v,t)) = [ q(s)ds. By
defining the metric
d(w,v) = p(w) +p(v) = 2p(w A v),
(T, d) turns out to be a complete metric space.

By setting g := g, we have the following comparison between metrics.

Lemma 4.3.1. Lete > 0. Ifdg(T, T’) < ¢ then dgy (T, T’) <e.

Proof. Consider the space (T U T',d). Given any element v = (v,t) € T’, we need to
show that v € T°. Indeed, suppose that v ¢ T. The distance from v to its progenitor ¥
is given by fbt(v) g(s) ds, which is smaller than ¢ since d (T, T’) < e Ifv € T, thenitis
clear that v € T*, since we can add the branch {v} x [b(v),t] without enlarging the tree
further than ¢ under the distance d. If on the contrary © ¢ T, then we can add the two
branches {0} x [b(?),t] U {v} x [b(v), ], and since fbt(@) g(s)ds + fbt(v) g(s)ds < ¢ thanks to
d; (T, T') < ¢, the same reasoning as before applies, yielding thus that v € T¢. Repeating
this argument inductively until arriving to the root gives the inclusion, and the same applies
for the other direction of the inclusion for the same ¢. U
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Poissonian construction of a chronological tree

We end this section by giving a construction of a chronological tree from a collection of Pois-
son point measures.

Let (NV,)vew be an iid. collection of Poisson random measures with common intensity
k(t)ds. Using these measures, we can recursively define a sequence of trees whose union
is a chronological tree in where each individuals lives up to time 7'. Starting with Ty =
{@} x [0,T] and b(2&) = 0, we define

No((b(v),T)
T.= |J U {vi} x (b(vi),T] CU x Ry,

v€P(Trn-1) 121
where P(+) is the projection on /. The birth times are given by

b(v1) = inf{t > 0| N,((b(v),b(v) +]) > 0}, if N,((b(v),T]) > 0,
b(vi) = inf{t > b(v(i — 1)) | Ny((b(v),b(v) +t]) > i}, 2 <1< N, ((b(v),T]).

By defining T' = U,,>; T, we obtain a chronological tree.

4.4 Construction of the trees and coupling

In this section, we describe in detail the construction of the reduced trees behind the particle
models involved. Then, we construct a coupling between the trees which allows us to prove
the main result.

In what follows we consider o, b, 5 and (t;,m,,);>1 as given in Section 4.2.

Following for example the results of [57], in order to obtain the reduced process associated
with a discrete branching process observed until a given time 7" > 0, that is the process that
at each time ¢ < 1" counts the number of individuals having progeny alive at time 7', at each
birth event we need to filtrate each new particle according to its probability of survival until
time 7". With this approach, recovering the reduced tree from the lookdown construction for
a birth and death process with catastrophes turns out to be an explicit procedure. Indeed,
given K € N*, if we consider (U/*);>( the process defined by (4.2.2), filtrating a new particle
in this system according to its survival probability corresponds to look at its starting level in
order to see if it will die before time 7". Specifically, we had that in this process the threshold
value for the level of the particles is /', meaning that when the level of a particle reaches this
value the particle is removed from the system. Then, in order to keep only the particles that
are alive at time 7', we need to look at the solution of (4.2.3), including the upward jumps due
to catastrophes, taking the value K exactly at time 7°, and consider all the particles whose
levels’ remain below this curve. This procedure is then repeated analogously for the process
defined by (4.2.5) and the catastrophes, using this time the solution of (4.2.3) including jumps
and reaching oo at time 7.

In what follows we will state some preliminary facts about the evolution of the levels that
will be used for the construction of the trees.
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4.4.1 Level evolution and threshold

Recall that the level of each particle satisfies the equation
t t
ult) = uls) + / o (r)u(r)? dr — / brurydr+ 3 (B(ma) — Du(ty),  (44.1)
s s J>1,t>t5>s
which in between jumps translates as the evolution given by
u'(t) = o(t)u(t)? — b(t)u(t). (4.4.2)

Lemma 4.4.1. Given 0 < s andu > 0, the solution of equation (4.4.2) such that u(s) = W is
given by
t
e~ fs b(r)dr

B 1— Hfs e fsr b(w)dwU(T) dT7
foreach s <t < T(s,u), where T'(s,u) is the explosion time determined by

T(Svﬂ) s 1
/ e~ Jo bw) Wo(r)dr = —.
u

S

u(t)

(4.4.3)

Moreover, u(t) is increasing, nonnegative and the flow associated to (4.4.2) is strictly monotone
with respect to the initial conditions.

Proof. By direct computation it can be checked that (4.4.3) satisfies (4.4.2). On the other hand,
given two non-negative initial conditions u'(0) and «?(0) such that u'(0) < u?(0), thanks
to the monotony of # — 1/(1 — z), it can be deduced that u!(¢) < w?(t). Furthermore,
we obtain the strict monotonicity by local uniqueness of the equation, since if two solutions
coincide at some point they are forced to be equal in all previous times and until right before
the explosion time. Finally, since the constant function u(t) = 0 is a solution of (4.4.2), we
obtain the positivity. [

From here we notice that the condition b(t) < 0 < o(t) ensures two things, first that the
solutions of (4.4.2) are increasing, and secondly, that the explosion time is finite. Furthermore,
notice that the explosion time is monotone with respect to the initial condition.

Comparing the two solutions associated to these initial conditions yields the following
result.

Lemma 4.4.2. Given 0 < w; < Uy and s > 0, consider the two solutions u,(t) and us(t) of
(4.4.2) associated with these initial conditions given by (4.4.3). For eacht € [s,T (s, uz)) we have

t
wlt) = (1) < (12 — )l (P02 (449)

Furthermore, if W, , Uy then uy(t) converges uniformly to uy(t) in each compact subset of
[57 T(S> UQ))

101



Proof. Thanks to the monotony of solutions we have that T'(us, s) < T'(uy, s), so both func-
tions are well defined in the stated interval. Now, given t € [s, T'(s, uy)) we have that
t

ug(t) — uy(t) = — wy + ; o(s)(ug(s)® — ui(s)?) ds — /Ot b(s)(us(s) —ui(s))ds
< =+ [ o(5) uals) + e (5))(uals) — ea(s)) s

t

+ | 1b(s)](uals) — ua(s)) ds

< Ty —Tuy + /0t<\b(s)| + 2|0(3)|u2(5))(u2(s) —uy(s))ds.

An application of Gronwall’s lemma yields the bound. In particular, this implies that u, (t)
us(t) as uy; * Us. Thanks to Dini’s theorem we obtain the complete statement. O

Since we need to look which evolutions of (4.4.1) hit K and oo at a given time 7" > 0, we
use the previous results in order to construct these solutions explicitly.

Given T > 0, denote by (¢;), the collection of catastrophes times that fall in the in-
terval [0, T']. We will work backwards in order to construct the two functions that we need.
First, consider the time ¢,; and define uf (t) and u3°(t) for t € [ty;, T, by (4.4.3) with initial

conditions

f;};j b(r)dr

- —1
T 1 prydr
ug (tar) = (GK + [ e Jipg b4 o(s) ds) ,

ty

T s
uy (tay) = (/t ¢ Juas 20 dra(s) ds)

With this, we have that v% (T) = K and lim; ,7 u$*(T) = oo as desired. Now, for ¢t €
[tar—1,ta) we define uf (t) and u$°(s) as the solutions of (4.4.2) with terminal conditions
B(my,, )" tukf (tar) and B(my,, ) " ud®(tar) respectively, which in turn can actually be obtained
explicitly by (4.4.3). Repeating this procedure in each time interval [t;,¢;11) gives us the two

functions uX (t) and u$°(t) defined for each t € [0, 7).

-1

Remark 4.4.1. When there are no catastrophic events, for eacht € [0,T) we have that uf (t)
and u$® (t) are simply given by (4.4.3) with initial conditions

—fT b(r)dr T R -1
uE(0) = (‘BK+ /0 e ds gy ds |

T s -1
/efob(r)dra(s)ds> .

0

u(0) (
Lemma 4.4.3. uXf converges uniformly touS® in every compact interval of [0, T).

Proof. Given e > 0 such that t); < T — ¢, we will show that uXf converges uniformly to uS°
on [0,T — ¢]. Indeed, thanks to (4.4.4) and from the definition of uX (¢5;) and uS°(t,), we
have that in [ty;, T — €], uf converges uniformly to u5°. Next, on the interval [ty;_1, t5], we
have that since in (4.4.3) we can determine the initial condition that gives rise to a given final
condition, namely by computing

_ :AJ;I . b(r)dr . fs br) d -1
e - M — r)dr
tv 1) =| — tar—1 d
u(tar—1) ( i) + thle o(s) s) :
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we can determine u® (t3,_) and u$® (t5,_1) explicitly as we have uf (t,) = B(mr,,) " *u®f (tar)
and u$ (ty;) == B(mr,, ) 'u®(tyr) respectively. Finally, as the value of both functions at ¢,
depend continuously on their respective values at ¢, thanks to (4.4.4) we obtain convergence
on the aforementioned interval. Iterating this procedure yields the result. [

4.4.2 Trees construction

For what follows we set U(t,u) := o(t)u® — b(t)u.

Construction of RY

Recall the particle process defined by the generator (4.2.2) and the catastrophes. In this pro-
cess, a particle with level u at time ¢ gives birth to a new particle at rate 20 (¢)(K — u), where
the level of the new particle is uniformly distributed in [u, K|. On the other hand, when we
arrive at a catastrophe time ¢; we amplify the level of each particle by a factor 3(m; ), and we
let the process evolve with the new configuration of particles.

In order to obtain the reduced tree associated with the process previously described, we
need to filtrate each birth event by the probability of survival until time 7". From the definition
of the process we have a straightforward way to determine if a particle will remain alive until
the final time. Lets suppose that we look at a particle with level u at time ¢ that gives birth to a
new particle at that time. We have that if the starting level of its offspring falls in the interval
[uff (t), K], this particle will reach the value K before time 7T, since uX is exactly the curve
that is equal to K at time 7" and the evolution of the levels is monotone in the initial condition.
On the other hand, if the starting level of its offspring falls in [u, u% (¢)], the particle’s level

will remain under v (¢) in the posterior times, and thus will be below K at time T'.

We state the following result in order to formalize the previous observation.

Lemma 4.4.4. The survival probability p% (t) of a particle born with uniformly distributed level
in [u, K| at timet € [0, T is given by

ul (t) —u/\ujff(t)'

K
t) =
pT() K—'LL

Proof. The proof is given by the last paragraph, since we have that

P = P(u(T) < (1) = Plu < uff (1)) = L1000,

where u(s) for s € [t, T, is the evolution of a level starting from u. O

Using this, we have that filtrating the birth rate 20(¢)(K — u) according to the survival
probability gives us the new rate

20(t) (uff (t) — u Al (1))

Since we know that a uniform random variable conditioned to land in a smaller interval is
uniformly distributed in the smaller interval, we propose the following construction for the
reduced tree R% .

K
Assume that we start with levels U = (UOI’K, LUy ’K), each one smaller than v (0).
We rearrange the entries of this vector in an increasing way and we denote it the same. We
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then assign a label i € U to each entry, where 7 matches its index in the vector, that is i =
1,...,NE,

For each label i = 1,..., N¥, we define /¥ (i, ) as the solution of
, t
0K (i,t) = UPX +/ U(s, 0%(i,s)) ds + DI — D5, t7), VYEe[o,T).
0 >1 t>t7

Each one of these particles will produce a new particle according to a Poisson process of
parameter 20 (1) <u¥ (t) — 05 (4, t)) At each jump event of this process, we sample a uniform
random variable over the interval [¢% (i, ), u (¢)], and we set this value as the starting level
of the new offspring. For example, lets suppose that the j-th birth of the particle with label ¢
happens at time ¢*. The new particle will have label ij and its level ¢%(ij, ) will be defined
for all £ > t* as the solution of the problem

05 (ij,t) :ﬁK(i,t*)+(9§;K+/tf\11(s,£f<(¢j,s)) ds+ > (B(my,) — )% (ij, ),

G2 >t

for each ¢ € [t*,T], where 622" is a uniform random variable over [¢*(i,¢*), uX (t*)]. This
particle will have appended a Poisson process of parameter 20 (t) (ujlf(t) — (5 (ig, t)) for pro-
ducing new particles. Iterating this procedure gives us the process representing the reduced

tree R%.

Construction of Ry

Recalling now the particle process represented by the generator (4.2.5) and the catastrophes,
we had that a particle with level u at time ¢ produces a new particle with level in [u+ 1, u+£5]
at rate 20 (t)(¢y — ¢1). By following the exact same procedure as in Lemma 4.4.4, we have that
in this model filtrating the birth events according to the survival probability yields the rate

20(t) (U (t) — u A (1)),

Given this, we construct the tree R associated to the process (U;);>o determined by the
generator (4.2.5) and the catastrophes as follows.

Starting with levels Uy = (U3, ..., UY), each one smaller than u$°(0), we rearrange the
vector as before and we assign the corresponding label to each particle. Foreach: =1,..., N,
we denote by £(i, -), the solution of the following equation

(i, 1) U0+/ (is)ds+ 3 ( ~ D), Ve [o,T].

J>1, >t
Each one of these particles will give birth to a new particle according to a Poisson process of
parameter 20 () (u%o(t) — (1, t)) When this process jumps, we sample a uniform random
variable over the interval [((7,t), u3°(t)] and we set this value as the starting level of the new
particle. This last particle will follow the same evolution than its progenitor, that is the one
given by W and the catastrophic jumps. Iterating this procedure as before yields the process
behind the tree R.

Both trees defined in this way can be seen as elements of the same space. Indeed, let
g: [0,T] — R be a function satisfying the integrability condition (4.2.8). In particular, one
could consider the explicit choice g(s) = exp(— [5 20(r)u3®(r) dr)h(s), with h any function
in L'([0, T]). We then have the following result.
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Lemma 4.4.5. Given a function g satisfying the integrability condition (4.2.8), we have that R%
and Ry are elements of T9 almost surely. Furthermore, the following bound holds

E(Ngy (1)) < E(Ngy (0))elo 2700 0)ar (4.4.5)

which is also valid for R%

Proof. Since each particle with level u at time ¢ produces a new one at rate 20 (¢t)(uy — u)
in Ry and 20(¢)(uf — u) in R, we can bound the rate of birth of each particle in each
tree by 20 (t)us(t), since uX (t) < u$°(t). This allows to bound Nk (t) = [Vi(RE)| and
Ngr,(t) = |Vi(Rr)| by a birth-only process with the previous rate, yielding in this way that

E</0T Ne(s)g(s) dS) < [ BN, ) O Od () ds < o,

and similarly for R, thus obtaining the conclusion of the statement. [

We now have everything in order to prove the main result.

4.4.3 Coupling: proof of Theorem 4.1

Assume that the Feller diffusion with given catastrophes (4.1.1) that we approximate starts
from Xy = z.

Consider a complete probability space (€2, F,P). Over this space we consider a Poisson
point measure N (ds, dv, dp, df, df) on [0,00) x U x [0,00) x [0,1] x [0,1] with intensity
ds @n(dv) ® dp® df ® df, where n is the counting measure on 4. Given x > 0, consider also
an independent Poisson point measure N (z,ds) on [0, c0) with intensity xds. We consider
the natural filtration (F;):>( associated with these random elements. In what follows we give
an algorithmic construction of the coupling using these objects.

We start by considering all the atoms of N(z,ds) that fall under u3°(0). We enumerate
them as {U", ..., UN<"} where N2° := N(z,[0,u5(0)]), and we assign them a label in ¢/ ac-
cording to their indices. We consider also all the atoms that fall below u% (0), which we denote
by {U',...,UN<} where as before NX := N(x,[0,u(0)]). Moreover, we consider also a
root {@}. Given the previous, we immediately notice that {U*, ..., UN:'} ¢ {UY, ... UMY,

We denote by R the tree constructed starting with all the atoms under u$°(0) and by RY
the tree constructed starting with all the atoms under 1% (0). These trees are then constructed
simultaneously following the next algorithm:

1. Set k = 0 and Ty = 0. Define ¢¥(i,t) and £(i,t) for i = 1,..., NX, as the solution of
the problem

, t
wi(t) = Ué + /0 U(s,uls))ds + Y (Blmy,) — D7), vt € [0,T),

and ((i,t) fori = NX +1,..., N, as the solution of the same problem for the corre-

sponding U{. Finally, initialize V¥ = {1,..., NX}and V; == {1,..., N>°}.

2. At the first time ¢ > T}, with (¢, v, p, 0, é) an atom of \V such that:
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21.v € VA and p < 20(t*)(u§f(t*) - EK(v,t*)), we add a new particle with its
corresponding chronological label v, and we define its level curve as the solution
of

5,1 = EK(U )+ 0(uP () — 5 (v, 7))

+/ VKT, s)ds+ S (Blmy,) — D)EE(@,07), V' € [t,T),

F>1 1>t

ifg < Zi(é ; i E e )) Otherwise, in the previous equation set the initial condition
T ~
to (5 (0,t) = 5 (v,t7) + O(uk (t7) — ¢X(v,t7)). Then, set

VK =VE U {s}.

22.v € Vi_and p < 20(t‘)(u§‘9(t_) - E(v,t‘)), we add a new particle with its
corresponding chronological label © and define its level curve by solving

0(0,t") = (v, t—) +O0(uy(t™) — L(v,t7))

+/ Nds+ S (Blmy) — DU@,ET), Vs € [t,T).
J21, 0>t
Then, set
Vi =V U{o}.

Finally, set T}, = t.
3. Increase k by one and go back to the previous step.

After iterating this algorithmic procedure until time 7, we can define the filtered measures

NE(ds) :/ 1,.x 1 N(ds, {v},dp, 46, 4d),

R4 x[0,1]2 vev- p§2o(s*)(u}T((S*)—EK(U,s*))

»(d :/ loev 1 ds, {v},dp, dd, db),
Ny(ds) o 7Y pgzg(s)(u%o(s)f(w))f\/( s,{v},dp )

and we can construct explicitly the chronological trees R% and Ry following the proce-
dure explained at the end of Section 4.3 with the families (N (ds)),eys and (N, (ds))yeu
respectively. Also, following the notation from section 4.3, have that VX = V;(R%) and
Vi = Vi(Rp).

We now pass to the proof of the main result.

Proof of Theorem 4.1. We start by noticing that the subtree issued from the particles with la-
bels {NX +1,..., N>} will contribute to the distance from the beginning. Following this,

we denote by R C Ry the subtree spanned by the initial particles with labels {1, ..., N5},
Consider Ty € [0, T the first time that the coupling fails, meaning that the trees R% and

=K . o . . .
R, are equal up to time 7. Given this and the observation of the previous paragraph, we
can write the distance between RY and R as

T
T K _
df (R¥, Ry _%/TK 1 ds+/ o (5)9(5) ds.

<[ [ Ny (9)g(s)ds + ' e (s)g(s) ds

TK

+ / RT\RT )g(s) ds, (4.4.6)

(u,s)ERE 1(u s ERT
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recalling that N (t) := |V;(T)|, for a given chronological tree T. Lets treat first the last term
of the right hand side. Using the same argument as in Lemma 4.4.5 for obtaining the bound

(4.4.5), we can control the number of particles in Ry \ ﬁ;{ by a faster birth-only process
starting from N2° — NX particles. Thus, once we take expectation, the last term is controlled

by

T T fs 20(r)us® (r) dr
E( /0 NRT\Rg(s)g(s)ds>§ /0 E(NRT\Rg(O))eo FOI (s ds

T , -
:/ ]E(N;?O—Nf)efo 20(7’)uT(r)drg(8)dS
0

E(N(x, [uéf(o),ugf’(o)])) /OT eJo 22ME @ a0y
< 2C(uF(0) — uz (0)),

for some constant C' depending on the integrability condition (4.2.8).

Next, we treat the two remaining terms in (4.4.6). Since R% and Ry are elements of 77,
it suffices to show that 7™ converges to T in probability. Indeed, for any 0 < 1 < T we have

E( ' Ngx (s)g(s) ds)

JTK

T T
= ]E(]_TK_T|>77 - Ny (s)g(s)ds + Lirx 1)<, /TK Ny (s)g(s) ds>

T

< B(Urir [ Mg (161 a5) 4B [ V(o) as)

<E <1TKT|>77 /OT Ny (s)g(s) ds)
FauE(o) [

T—n

efos 20 (r)ug(r) drg(s) dS,

where we used again the argument behind the bound (4.4.5) for controlling Ny x (s) by a faster
process starting from N (z, [0, u% (0)]) individuals.

In order to show the convergence in probability of 7% towards 7', we notice that we can
control the probability of the event {T" — T > 5} by the probability of the union of two
particular events. The first one, the event in where there exists a label present in both trees
and having the same level curve, that produces a new particle that is in one tree but not in the
other, meaning that there is a discrepancy in the birth time of this new particle. The second
one, the event in where we have a label in both trees with the same levels and such that it
produces a new particle but the starting levels in each tree do not match. In particular, we
notice that this last event is not optimal, in the sense that the trees can continue to be coupled,
but with high probability there will be a discrepancy latter created by this difference in the
levels.

In order to control this probability we introduce

7 (v, 5) = 20(s)(u (s) — L5 (v, 5)),
o7 (v,8) = 20(s)(ug (s) = £(v, 5)),
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to ease notation, and also

5{(<Ua S) = (/YYI“((Z}? S) - 7’%0(1)7 3))17;0(11,5)37;‘(1;,5)7
55{(”7 8) = (P)/%O(va 8) - 7?(”7 S))]-'yff(v,s)g'y%o(v,s)a

the random corrections that will help to determine the event in where a particle is born in
one tree but not in the other.

The reasoning of the previous paragraph yields the following bound
P(TX < T —n)

T—n
=F / / 1” 1 v,5—)=0(v,5—
> ( 0 LR, X[0,1]2 evE v, Lok (vs—)=b(v,5-)

: K1v¥<v,s—m;°<v,s—>sf><w§<<v,s—>m§~°<vﬁs—>+5f(<vﬁs—>

+ 17711((1)73)/\’Y%O(’U’S)Sp<'yq{((vvs)A7$(vas)+6§(vzs)>

+ 1p§’y¥(v,s—)/\’y%° (v,5—) 1’)/7[5(’(}78—)/’)/,109 (v,s—)<9] N(d’U, dS, dp> de? de) > 1)

T=n K K K o0 7
<E ,/0 Z 1£K(v,s):£(v,s) (51 (U,S)+52 (U,S)+'7T (U73>A7T (U73) <1_W>)ds

veVENV;
T—n
<E (/ Z Lok (4,5)=0(0,5) ((5{{(1), s) + (55{(1), s) +20(s)|ug(s) — u?(s)]) ds) ,
0 veVENV,

where we used Markov’s inequality and the master formula for point processes ([107, Propo-
sition 12.1.10]). Moreover, in the event in where the levels of the particles in both trees are
equal we have

01 (v,8) + 85 (v, 8) <7 (v, 8) VA (v,8) =7 (v, 8) AT (v, 9)
< h/TIS(U?S) - 7%0(07 3)|
< 20(s)|uf (s) — uz (s)],
where we used that a A b — a A ¢ < |b — ¢|. This yields the bound
T—n
PT* <T—n) < Qloll+1) [ E(VF nVil)lug(s) - uf(s)]ds

g(2”au+1>E(vaK_nmvT,n|)/o T (s) — K (s)|ds. (447)

Furthermore, we can control the integral that appears in the previous inequality. Indeed,
Thanks to Lemma 4.4.2 we have

f:;‘(s) <|b(r) [+20 (r)ug® (r)) dr

[ (s) = upt ()] < (0 (i) — uf (86) )€

< Bm ) (05 (t50) — i (1709

where ;) is the last jump time before s. Iterating this bound yields

)) oo (201 ) ar

() — u(s) < ] 5(mtj)(u;s>(o)_ug<0)>efos(|b<r>|+zg<r>u;o<r>)dr.

Jj2ls2t;
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Coming back to (4.4.7) and using the previous inequality gives us

T x(r r

B <7 — ) < C(u(0) — wl (O)) B[V, Vi )elt (o2 0)d
T=n X (r r
< Cpan (0)(u(0) — ul )20 ()

where C7. = T'(2[|o|| + 1) IIj>1.4,<7 B3(my,). In order to see that this last quantity converges
to 0, we can restate this convergence problem as follows. Let f: N — R be a decreasing
function converging to 0 and h: [0,7) — R, a continuous increasing function such that
lim;_,7 h(t) = co. In order to justify the existence of a function 77: N — R such that n(K) —
0as K — oo and

FUOBT = n(K)) =0, K — oo,

we consider the generalized inverse h~(y) = inf{z : h(z) > y} and we set
n(K) =T —h=(7(K)),
for another function 77 : N — R satisfying 7(K) — oo as K — oo. Since h is continuous

JIE)MT = n(K)) = f(E)h(h™(7(K))) = fK)n(K),

thus it suffices choosing 77 growing slow enough in order to f(K)7(K) — 0 as K — oo, for
example 7(K) — | log(f(K))!.
Following this argument we show the existence of a sequence 7(K) such that

P(|T* —T|>n(K)) =0, asK — oo. (4.4.8)

Considering this sequence, once we take expectation, (4.4.6) can be written as

T

E(d (RY,Re)) < 2C(ug(0) = uff (0)) + 2w (0) [ b 2700 g5 as

T-n(K

)
; E(lTK_MK) ( [ Veg@la@)as + [ Nr(9)a(o) ds) )

Denoting by IX == [ Ngx(s)g(s) ds+ [y Ngx(5)g(s) ds, we have that the sequence (I™) gen-
is uniformly integrable, since it can be bounded uniformly in L!(IP) using the argument of con-
trolling by a faster birth-only process from Lemma 4.4.5 and the integrability condition (4.2.8).
Moreover, thanks to this, for each £ > 0 there exists 6 > 0 such that for every measurable
set A with P(A) < 4, we have sup gy E(141%) < e. Following (4.4.8), there exists K* such
that for all K > K*, P(|T — T¥| > n(K)) < 4. Furthermore, there also exists K’ such that
j’j{n(K) exp(fy 20 (r)uP(r)dr)g(s)ds < e/(xu3(0)) for every K > K’ thanks to (4.2.8), and
there exists another K such that (u*(0) — u%(0)) < ¢/(xC) for each K > K thanks to
Lemma 4.4.3. Gathering all, we conclude that for every K > max{K*, K, K }, we have

E<d§<R¥7 RT)) S 3€a

which terminates the proof. O
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C Appendix

C.1 Markov mapping theorem

What follows is taken directly from [80] and it is presented for the sake of completeness.

Let (S, d) and (S, dy) be complete, separable metric spaces, B(S) C M (S) be the Banach
space of bounded measurable functions on S, with || f|| = sup,.g|f(z)| and C,(S) C B(S)
be the subspace of bounded continuous functions. An operator A C B(S) x B(S) (following
the general notation for multivalued operators from [53], which coincides with the graph of
a single-valued operator) is called dissipative if || fi — fo — (g1 — g2)|| = ||f1 — fz|| for all
(f1,91),(f2,92) € Aande > 0. A is called a pre-generator if A is dissipative and there are
sequences of functions (,,: S — P(S) and \,,: S — [0, 00) such that for each (f,g) € A

g(x) = lim A(2) [ (F(9) = f(@))pa(a.dy), (€1
foreachx € S. Ais graph-separable if there exists a countable subset (gx)reny C D(A)NCy(S)
such that the graph of A is contained in the bounded, pointwise closure of the linear span of
(g, Agr)ren- More precisely, we should say that there exists (g, hi)reny C ANCy(S) x B(S)
such that A is contained in the bounded pointwise closure of (g, hx)ren, but typically A is
single-valued, so we use the more intuitive notation Ag;. These two conditions are satisfied
by essentially all operators A that might reasonably be thought to be generators of Markov
processes. Note that A is graph-separable if A C L x L, where L C B(S) is separable in
the sup norm topology, for example, if S is locally compact, and L is the space of continuous
functions vanishing at infinity.

A collection of functions D C Cy(S) is separating if v, u € P(S) and [g fdv = [g fdu
forall f € D imply p = v.

For an Sj-valued, measurable process Y, ]-A"tY will denote the completion of the o-algebra:
a(Y(0), [T (Y (s))ds,” < t,h € B(S,)). Notice that for almost every ¢, Y (t) will be F," -
measurable, but in general, ) does not contain F) = o(Y(s) : s < t). Let TV = {¢ :
Y (t) is Y measurable}. If Y is cadlag and has no fixed points of discontinuity (i.e., for every
t,Y(t) =Y (t")as.), then TY = [0,00). D(S,[0,0)) denotes the space of cadlag, S-valued
functions with the Skorohod topology, and M (.S, [0, 00)) denotes the space of Borel measur-
able functions, z: [0, 00) — S, topologized by convergence in Lebesgue measure.

Theorem 4.2. Let (S, d) and (Sy, dy) be complete, separable metric spaces. Let A C Cy(S) X
C(S) andp € C(S), v > 1. Suppose that for each f € D(A) there exists c; > 0 such that

|Af(x)] < cpp(x), x €S,

and define Ao f () = Af(x)/v(x). Suppose that Ay is a graph-separable pre-generator, that
D(A) = D(Ay) is closed under multiplication and is separating. Let y: S — Sy be Borel
measurable, and let o be a transition function from Sy into S (ie. y € So — a(y,-) € P(95)
is Borel measurable) satisfying [ h o y(z)a(y,dz) = h(y) fory € Sy and h € B(Sy), that is,
a(y, 7" (y)) = 1. Assume that ) (y) == [s¥(2)a(y,dz) < oo for eachy € Sy, and define

C— {(/S f(z)a(-,dz),/gAf(z)a(~,dz)> fe D(A)}.
Let j19 € P(Sp), and define vg = [ a(y, ) o (dy).
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1. If Y satisfies [{ E()(Y))ds < oo forallt > 0, and Y is a solution of the martingale
problem for (C, ), then there exists a solution X of the martingale problem for (A, 1)
such that Y has the same distribution on M([0,00),Sy) asY = v o X. IfY andY are
cadlag, then Y andY have the same distribution on D([0, 00), Sp).

2. Fort € TY,
P(X(t) e D|FY) = a(Y(t),T), T eB(S).

3. If, in addition, uniqueness holds for the martingale problem for (A,vy), then unique-
ness holds for the M ([0, 00), Sy)-martingale problem for (C, ). If Y has sample paths
in D(]0,00),Sy), then uniqueness holds for the D([0,00), Sy)-martingale problem for

(Oa /~LO)'

4. If uniqueness holds for the martingale problem for (A, 1), then Y restricted to TV is a
Markov process.

C.2 Inhomogeneous lookdown construction

In this section, we give an argument to apply the lookdown construction introduced in [80]
to birth and death processes with time dependent rates, and also to the Feller diffusion with
time dependent coefficients.

The lookdown construction relies on the Markov mapping theorem to ensure its existence
as a solution of the martingale problem associated with the construction. Furthermore, this
is obtained through the existence of solutions for the martingale problem associated with
the process that is being represented. This result is stated for martingale problems that are
not time dependent, thus giving rise to time homogeneous processes. In order to be able to
apply it in an inhomogeneous setting, we can consider the space-time process for obtaining
a time homogeneous object, which is usual procedure for translating results from the time
homogeneous setting. This will be the approach of what follows.

Let K > 0. Consider the state space £ = [J>2,[0, K|", the domain D(AX) defined in
(4.2.1) and recall the operator A®: D(A®) C B(E) — B(E x [0,00)) defined for v =
(ug,...,u,) by

n K

AR f() = f() Y- 20(0) [

i=1 Ui

(g(v) — 1)dv + f(u ng( tyu? — bt )i/]((z;

where b and o are bounded continuous functions such that o(t) > 0 for each ¢ > 0. A process
(Ut)s>0 defined over a probability space (€2, F, P) is a solution of the martingale problem for
AK if for each f € D(AK)

f) — [ AK ) ds

is an F-martingale. This notion of solution differs from the classical one only because the
domain and the range of AX are contained in different spaces.

Now, consider the domain
D(A") = {f¢: f € D(A®), ¢ € CX([0,00)) },
and the operator A" : D(A"™) ¢ B(E x [0,00)) — B(E x [0, 00)) defined by
ASfC(uty = AR F)CE) + Fu)C(8).
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This last formulation corresponds to the martingale problem for the space-time process U; :==
(U, t). Furthermore, Theorem 4.7.1 in [53] ensures that solving the martingale problem for

A" (in the classical sense) is equivalent to solving the martingale problem for AX in the sense
previously defined.

Based on this last observation we have the following result that allows us to use the
lookdown construction in the inhomogeneous setting for a birth and death process. For
u=(uy,...,u,) € F, define

U(u,t) =1+ ([b(t)] + o(t))n,

v(u,t) = (n,t) and a((n,t),d(u,s)) = a(n,du)d,(ds), where &(n, du) is the joint distri-
bution of n independent uniform random variables over [0, K]. Recalling the definition of ¥
from Theorem 4.2, yields ¢(n,t) = 1 + (|b(¢)| + o (t))n.

Lemma C.1. Let K € N* and b,o: R, — R two bounded continuous functions satisfying
Ko(t) —b(t) > 0 and o(t) > 0 for each t > 0. If XX is a solution of the martingale problem

for
Cf fn) = Ko(t)n(f(n +1) = f(n)) + (Ko (t) = b)) (f(n—1) = f(n)),

satisfying
t
E(/ D(XE(s), ) ds) < oo, Vt>0,
0

then there exists a solution U™ of the martingale problem for AK.

Proof. First we notice that

(A" £ (u, )] < ICIAF ()] + £
< ICllg 110 + K)b(u, t) + (1]
< Cfcqu)(u’t)y

where ¢ is constant that depends on f(. Then, since fZKfC(u,s)a((n,t),d(u, s)) =
CEf(n) + f(n)C'(t), where f(n) = [ f(u)a(n,du), is the space-time generator associated
with the birth and death process, the result follows from the conclusions of Theorem 4.2. [

We also have the same result for the Feller diffusion with time-dependent coefficients.

Consider now the state space £ = [0, 00)* U U2, [0, 00)F, the generator A; from (4.2.5)
and its corresponding domain D(A). As before, define D(A) and the space-time generator

AfC(ust) = A f(u)((t) + f(u)'(1).
Also, define for (u,t) € E x [0, 00)

P(u,t) =1+ (|b(t)] + |o(t) Ze_“z,

/Y(ua t) = (hm SUPN 00 % Zz 1[0,N} (uz)a t) and Oé((y7 t)a d(uv S)) = &(yv du)at(ds)’ where
a(y, du) is the distribution of a Poisson process of parameter y. In this case we obtain ¢ (y, t) =

L+ ([o(8) + a(t)])y.
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Lemma C.2. Letb,0: R, — R two bounded continuous functions such that o(t) > 0 for each
t > 0. IfY is a solution of the martingale problem for

Cif(y) = oy f"(y) + bty f (v),
satisfying
t
]E</ P(Y(s),s) ds) < oo, Vt>0,
0
then there exists a solution U of the martingale problem for A;.

Proof. As before, since

|AfC(u t)| < ICNAS ()| + 1A
< ISlg 103 + vg)e e (u, t) + [IS']
< cpet(u,t),

and [ Af¢(u, 5)o((y,s),d(u.5)) = Cef(y) + f(y)¢'(t), where f(y) = [ f(u)a(y, du), the
conclusion follows as in the proof of the previous Lemma. O
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Résumé : Cette these se concentre sur I'étude
de modeéles stochastiques de populations composés
d’individus interagissant entre eux ou avec leur envi-
ronnement.

Dans un premiére partie, nous considérons des sys-
temes a diffusion croisée pour deux espéces. Nous
développons une approche par dualité qui permet
d’obtenir des estimées quantitatives de stabilité. Nous
introduisons également un modéle stochastique indi-
vidu centré sur un espace discret. Les individus suiv-
ent des marches aléatoires et sont sensibles au nom-
bre d’individus de l'autre espéce sur le méme site,
avec une dépendence linéaire dans leur taux de dé-
placement. Nous établissons la convergence en loi
du modéle stochastique vers les systémes a diffusion
croisée lorsque le nombre d’individus par site est plus
grand que le carré du nombre de sites, en supposant
des données initiales petites.

Dans une deuxieme partie, nous obtenons un taux
de convergence explicite pour certains systémes de

diffusions en interaction de type champ moyen avec
branchement binaire logistique vers les solutions de
systémes d’autodiffusion non locale avec croissance
de masse logistique, qui décrivent leurs approxima-
tions grande population. La preuve repose sur un ar-
gument de couplage pour des diffusions branchantes
binaires basé sur le transport optimal, qui nous per-
met d’approcher la trajectoire de la population bran-
chante sous interaction par un systéeme de par-
ticules indépendantes avec des naissances spatio-
temporelles aléatoires convenablement distribuées.
Finalement, dans une troisieme partie, nous consid-
érons l'arbre réduit associé aux processus de nais-
sance et mort dans des environnements variables
qui donne la structure généalogique de la popula-
tion. Nous décrivons géométriquement cet objet en
utilisant la construction lookdown introduite par Kurtz
et Rodrigues. En introduisant un couplage et une
distance adaptés, nous approchons la généalogie en
grande population.

Title: Quantitative large population approximations for stochastic models with interaction or varying environ-

ment
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Abstract: This thesis focuses on the study of
stochastic population models composed of individu-
als interacting between them or with the environment.
In a first part, we consider cross-diffusion systems for
two species. We develop a duality approach which
allows to obtain quantitative stability estimates. We
also introduce a stochastic individual-based model on
a discrete space. The individuals follow random walks
and they are sensitives to the number of individuals of
the other species on the same site, with a linear de-
pendence in their rates of motion. We stablish the
convergence in law of the stochastic model towards
the cross-diffusion systems when the number of indi-
viduals per site is greater than the square of the num-
ber of sites, assuming small initial conditions.

In a second part, we obtain an explicit rate of conver-
gence for some systems of mean-field interacting dif-

fusions with logistic binary branching towards the so-
lutions of non-local self-diffusion systems with logis-
tic mass growth, that describe their large population
approximations. The proof relies on a coupling argu-
ment for binary branching diffusions based on optimal
transport, which allows us to approximate the trajec-
tory of the interacting branching population by a sys-
tem of independent particles with suitably distributed
random space-time births.

Finally, in a third part, we consider the reduced tree
associated with birth and death processes in varying
environments that gives the genealogical structure of
the population. We describe geometrically this ob-
ject by using the lookdown construction introduced by
Kurtz and Rodrigues. By introducing a suitable cou-
pling and distance, we approximate the genealogy in
the large population regime.
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