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Aproximaciones cuantitativas de grandes poblaciones para modelos estocasticos con
interaccion o medio variable

Esta tesis se concentra en el estudio de modelos estocasticos de poblaciones compuestas de
individuos interactuando entre ellos o con su medio.

En una primera parte consideramos sistemas de difusion cruzada para dos especies. Desa-
rrollamos un enfoque de dualidad que permite obtener estimaciones cuantitativas de estabilidad.
También introducimos un modelo estocastico basado en individuos sobre un espacio discreto.
Los individuos siguen marchas aleatorias y son sensibles al numero de individuos de la otra es-
pecie en el mismo sitio, con una dependencia lineal en sus tasas de movimiento. Establecimos
la convergencia en ley del modelo estocastico hacia los sistemas de difusion cruzada cuando el
numero de individuos por sitio es mas grande que el cuadrado del nimero de sitios, suponiendo
condiciones iniciales pequenas.

En una segunda parte obtenemos una tasa de convergencia explicita para ciertos sistemas
de difusiones con interaccion de tipo campo medio con ramificacion binaria logistica hacia las
soluciones de sistemas de auto-difusiéon no local con crecimiento de masa logistico, que des-
criben sus aproximaciones de grandes poblaciones. La demostracion se apoya en un argumento
de acoplamiento para difusiones con ramificacion binaria basado en transporte 6ptimo, el cual
nos permite aproximar la trayectoria de la poblacion ramificante e interactuante por un sistema
de particulas independientes con nacimientos espacio-temporales aleatorios y convenientemente
distribuidos.

Finalmente, en una tercera parte, consideramos el arbol reducido asociado a procesos de
nacimiento y muerte en medios variables que da la estructura genealdgica de la poblacion. Des-
cribimos geométricamente este objeto utilizando la construcciéon lookdown introducida por Kurtz
y Rodrigues. Introduciendo un acoplamiento y una distancia adaptados, aproximamos la ge-
nealogia en grandes poblaciones.
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Quantitative large population approximations for stochastic models with interaction
or varying environment

This thesis focuses on the study of stochastic population models composed of individuals
interacting between them or with the environment.

In a first part, we consider cross-diffusion systems for two species. We develop a duality ap-
proach 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 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 approximations.
The proof relies on a coupling argument for binary branching diffusions based on optimal trans-
port, 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.

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 ge-
ometrically this object by using the lookdown construction introduced by Kurtz and Rodrigues.
By introducing a suitable coupling and distance, we approximate the genealogy in the large pop-
ulation regime.
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CHAPTER 1

Introduction

Mathematical models can be understood as an abstracted, idealized and approximated represen-
tation 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 in-
dispensable scientific tools, as they help in the generation of insight, explanation 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 motivations.
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, mathe-
matical models are used to investigate the principles that govern the structure, development and
behavior of systems of living organisms. The modeling of complex biological processes became
a fundamental tool for creating analytical and computational approaches 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 evolutionary process be-
hind 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 evolutionary 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 equations, 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 equations 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 num-
ber 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 mod-
els. In this sense, the precise quantification of these approximations is of importance 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 evolving 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 dy-
namics of a population. In a very broad sense interaction can be understood as a dependence
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 individuals, in-
teraction 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. Starting 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 interac-
tion. 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 interac-
tion 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 considering ef-
fects of the environment through the demographic rates. In particular, we study the genealogical
information associated to such models through a previously introduced particle 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 v 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 parameter 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 repre-
sents 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 contri-
bution 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 deter-
mined 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 u will tend to leave sites faster as more indi-
viduals 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 v and v. Assum-
ing 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 previ-
ous paragraphs, Shigesada, Kawasaki and Teramoto introduced in [108] the following system of
equations for modeling the temporal evolution of the spatial distribution of the population

Oyu — A[(dl + ajju + anv)u} = (r1 — spu(t) — s1pv(t))u(t), (SKT)
O — A[(dg + asu + a22v)v} = (rg — soru(t) — sxv(t))v(t),

where d; and d, are the intrinsic diffusion coefficients, a1, and a99 the self-diffusion coefficients
and a1 and a9 the cross-diffusion coefficients, all of which are non-negative constants. On the
right hand side we have a Lotka-Volterra-type of evolution governing the demographics of the
model, where 7 and r, represent the intrinsic growth rate of each species and s;; the competition
for resources for 7,7 = 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 diffu-
sion coefficients 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 show-
ing non constant steady states, since for example if we consider a diffusive Lotka-Volterra system
(that is, a;; = 0 for 4, 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 uniqueness of
solutions, to the analysis of steady states and the different regimes arising from different 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 men-
tioning 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]. Signifi-
cant 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 solutions exists for
(SKT). Next, there are results with restrictive structural assumptions, such as the triangular case
(thatis, a1; = a1 = agy = 0 and a15 # 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 generalized 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 written as

3tui — A<dlul + Z aijuiu]) = 0, (113)
j=1
for u = (uy,...,up).

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 £, it can be shown that this functional decreases
along the trajectories of (1.1.3), that is, %H (u) < 0. Moreover, this method provides more infor-
mation 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) sym-
metric (specifically its diffusion matrix). This allows the use of more standard techniques from

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

H(u) = /i u (ul(x) log(ui(z)) — u;(x) + 1) dz, (1.1.4)

for coefficients m; > 0 satisfying the detailed balance condition
TG = TjQjj, for Z,j = 1, ooy, (115)

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 approximation
procedure. Nevertheless, it is conjectured in [31] that the entropy for this system is bounded for
all times, all non-negative coeflicients 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 jus-
tify 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 approxi-
mated by means of properly scaled reaction-diffusion systems. This approach was later formal-
ized 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 (x;);cz be the lattice under
consideration, where h = x; — x;_1 > 0, and w;(x;) be the proportion of the i-th species on z;.
Suppose that the species jump from site j towards j & 1 with rate 7/ '~ that the particles from
j — 1 jump to j at rate 77", and that the particles from j + 1 jump to j at rate 7"~ This
dynamics yields, at a formal level, the following master equation for the evolution in time of the
proportion u; at the site z;

J_17+

Opui(zy) = 1l g (wy0) + i T w (@) — (7 P ua(ay),

fort=1,...,n and j € Z. The transition rates are defined by

1 = opi(u(e;))@i(uns (2551)),
where u(x;) = (u1(xj), ..., u,(z;)), and also supposing that w,1(z;) =1 — >3, uk(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 i 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 u;(z;)
represents a volume fraction of occupancy and u,; the volume fraction not occupied by the
species, yielding the effect known as volume-filling. By considering that ¢;(u,+1) = 1 for all
i = 1,...,n (no volume-filling effect) and taking n = 3 and p;(u) = d; + a;1u; + a;pus, it was
shown (formally) that one recovers the system (SKT) without reaction terms when h — 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] re-
covering 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 oc-
cur 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 in-
teraction, 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 microscopic
models and motivated by understanding the origin of the entropy (1.1.4) and the detailed bal-
ance 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:{IkSk:O,...,M—l},

where x;, = k/M and with periodic boundary. Taking into account the relative fractions 7, . . .,
Tn, With m; > 0, of n species, the system is defined in a way such that there are | 7; N | individuals

of the ¢-th species, for i« = 1, ..., n. Thus, a state of this process is given by
T = <$%, e ,xPlNJ, o ,:17,11, e ,g;?LanJ) c Q;\e}(\ﬁlNJ-i‘“"‘rljrnNJ)'

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 indistin-
guishable, consider the following four transitions

a

w»—>a:+e§‘+e3’- dij T T+ e

at rate J; 00 a_bv—= and ' % atrate d,
wr—)w—e?—eg} (270)75(37)%*55]‘]\/'7 Tr—x—e v

for i,7 = 1,...,n, and where e} € Q%}(LMNH“'HMND denotes the vector whose entries are

zero everywhere except for the a-th particle of species i, with a = 1,...,|m V], in where its
value is 1/M, and similarly for eg’-. 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 —(LmN]++lmN])
Furthermore, by denoting P the time marginal of the process for given ¢t > 0, which is a measure

L7r1NJ+"‘+|_7rnNJ

over the discrete set QQ]\Z( ) and defining the entropy functional

H (]PN ) = 3 PN (x)lo P (@) (1.1.6)
t) = t S\ MmN ++1mn]) ) -

2eQ@(Lm NI+t L)

it can be shown that this quantity decreases with respect to time, i.e. %ﬁ (PY) < 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

]P’N(x}, . ,xFINJ, . ,x,ll, o ,x}f”NJ) ~ ul(x%) . ~-u1(xPINJ) . un(ac}l) . -un(w}f”NJ),

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

O(litul(x) = d;(ui(x + h) + ui(z — h) — 2u;(x))
0 (1.1.7)
+ > diymi(ui(x + h)uj(z + h) + wi(z — h)uj(z — h) — 2u;(z)u;(x)),

=1

fori = 1,...,n, and that %E(PI{V) converges towards 37, m; Y000 wi(2;) log(t, wi(x;) /M)
(which also decreases), making the connection of the entropy structure of both objects, the pro-
cess and the semi-discrete system (1.1.7), which eventually leads to (1.1.4) when the discretization



step M ! goes to zero. The independence assumption is based in that as the interaction 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 show-
ing 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 composed
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 approxi-
mation 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 + CL21UU> =0,
where d; > 0 and a;; > 0 for ¢,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 approxima-
tion 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 (U (t), VM (t)),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/NYM x (N/N)M, where U = (U;)M, and V = (V;)M,, we have that

U—U+ (ei+9 — ei)N*I at rate QMQNUZ(dl + algVi),
ViV +(e.o—e€)N' atrate 2M?NVi(dy + anU;),

where (€)1<;<y is the canonical vector of R, ey = ey, eyy1 = €3 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 for-
mally 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 (t));>0 of the semi-discrete system of ordinary
differential equations

d

&’U/M — AM(dluM + alguM ® ’UM> = 0,

d
&’UM — Ay (dgvM + anuM © 'UM>

where Ay is the periodic laplacian matrix defined by

(1.1.9)

0,

1 -2 1 --- 0
Ay = M? : P I

o -~ 1 =2 1

r -~ 0 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), VM (t)),cjo.7) con-
verges towards (u (t), v (t));ep0,r], 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
T, with respect to the spatial discretization.

We next derived an alternative approach by considering another spatial discretization of
(1.1.8), denoted by (uM(t), 5™ (t))>0, yielding in this way a new semi-discrete system to com-
pare with the process (U (t), VM (t)),50. Moreover, the structure of the difference between
these two objects takes a form that is analogous to the discrete version of the continuous equation

Oz — Auz) = Af +r, (1.1.10)

where z plays the role of the difference between the two objects. This analogy led to the develop-
ment 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 p 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
-l o= (1 By + - Baan)



where T is the periodic d-dimensional torus and Q7 = [0,7] x T? the periodic cylinder, the
result reads as follows.

Theorem. Let T > 0. Consider a couple (u, v) and (@, D) of non-negative uniformly bounded weak
solutions of (1.1.8) in dimension d, respectively initialized by (ug, vo) and (U, 7y), both bounded.
If the smallness condition ||T|| L) ||7]| L (@r) < %, is satisfied, then the following stability
estimate holds

=+ o =15 5 1o = Tl ey + l1v0 = Tl
+ 7 [0 = Tol2ulln (00) 13y + o0 — ol la ) 3 )

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-negative
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 (U™ (t), VY (1)),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 interpola-
tion )/ (u) of a vector u € RM 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 (o, o) € 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) |l 1ar < Co,  almost surely,
orall M, N € N*, we have that for anyT > 0,
y

12 2
E{HIWM(UM’N) =l + llmar (V) = 3l

M2
S B[ lmas (U (0) = Tl + Irar (VI (0)) = Tollfosoy | + M7 + 2
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.

10



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

Ou — A(p* p)u) = 0,

where p 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 p 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 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 * ) 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

ou — A[(dl + G xu+ Gqg * U)u} = (r; — Cpy xu(t) — Cha * v(t))u(t),

(1.2.1)

O — A{(dg + Gop *xu + Gog * v)v] = (ro — Oy x u(t) — Cog x v(t))v(t),
where G;; are interaction kernels and C;; competition kernels, for i, 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 probabilistic
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 specified 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

11



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 differ-
ential 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 propagation of chaos property,
which can be formally stated as follows. Consider £ a measurable metric space and (PY)ycy a
sequence of symmetric (exchangeable) probability measures over E¥. We say that this sequence
is yi-chaotic if, for any k& € N*, the k-marginal P{¥ of P" converges weakly to u®* as N — oo, or
equivalently, if the empirical measure associated to PV, that is, the empirical measure constructed
using the entries of the vector sampled according to P, converges in law to the deterministic
measure /1 as N goes to infinity. We can understand this notion of chaos as asymptotic indepen-
dence of particles. In its seminal article, Kac [72] introduced the notion of propagation of chaos
while studying a process of colliding particles. 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 impossi-
ble 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 independent par-
ticles 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 Ny
LK ]
e =g ;::1 Oy (1.2.2)

where K € N* is the charge capacity, N/ = K (ui’K, 1) the number of particles alive at time ¢
and X;"" € RY their positions in space. Each particle has two independent exponential clocks, a
reproduction clock of parameter r; and a mortality clock of parameter 3_7_; C 351" both being
functions of the particle’s position. During their lifetimes, the particles follow a diffusion process
with diffusion matrix a’( -, G# s g™ . Gi s ™) and drift vector b°( -, Ho ey ™ ... Ho"x
™). The choice of coefficients reflect the effect that the spatial density of the different species
has through the interaction kernels.
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One of the main result of [58] is the convergence in law, when K — oo, of the former empir-
ical measure towards the weak solution of the system

d
out = ; Z Eﬁkml (agkl)( LG st G x u")u’)

k=1
4 . (1.2.3)
= 0y, <b£k)( HY st HY x u”)u’) + (Ti - ZC’” * uj>ui,
k=1 j=1
fori =1,...,n, where u’ represents the density of the i-th species. This system is a generaliza-

tion 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 — 0), 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 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 question
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 devel-
oped a probabilistic approach to obtain quantitative estimates for a distance compatible with the
objects considered. Particularly, this was done using techniques inspired from optimal transport,
namely by the construction of an optimal coupling. Furthermore, the estimates 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.

13



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

d

Oy = X:m%(m (G ) — }:3( CH ) ) + (7= e, 1)), (1.24)

i,j=1
understood in the weak sense, where b and o are given drift and diffusion coefficients respectively,
with a := oo 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

180
— —= Z 5 n,K .
K n=1 X
In this particle system, each particle follows a diffusion process of the form
AXP = (X0 H 4 (X))t + o (X7, » (X)) OB,

and at the same time it produces an offspring at its current position at a constant rate 7 > 0. On
the other hand, particles in this system independently die at rate c N/ /K, for ¢ > 0, as a result
of competition.

By considering BL(RR?) the space of Lipschitz-continuous bounded functions on R¢ endowed
with the norm

feller, = sup PO =Ly g o),
oty =yl v
one has the corresponding dual norm || - ||+ on the space M (R?) of finite signed measures,

which is given by
I = vllpL- = sup [(u — v, 9)].

llellBr.<1

Also, for every p € MT(R?) we will denote by /i the normalization by its mass.

Motivated by the comparison of the weak solution of (1.2.4) with the approximating empirical
measure under the previous distance, we first showed that the following general relation holds
for any p, v € MT(R?)

H:u - VHBL* < <,U7 >W1<1u7 ) + ’<:u> > <I/7 1>‘7 (1-2-5)

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

w.0) = o=l n(an )

mell(,v) JRAxRE

with I1(j, 7) being the set of probability measures over R? x R that have ji and v respectively
as first and second marginals.
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In parallel, by writing in a more succinct way (1.2.4), one has

0
% = L+ (r = el 1)) s (1.2.6)

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

Lug(x) = ;Tl" (a(z, G+ p(x))Hess(¢)(x)) + blx, H * p(x)) - Vo (x),

and L7, its formal adjoint. This took us to consider the equation satisfied by the renormalized
solution of (1.2.6), namely the evolution

alat x -

ot = Lt
where [1; = u/zt1> . 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

A, = b(Y;, H # pu(Y))) dt + (Y, G puy(¥;)) AW, (1.2.7)

Based on the relation (1.2.5) and the previous observation, we considered the process (Y;):>o,
solution of the stochastic differential equation (1.2.7), as an analogous of the nonlinear process in
the McKean-Vlasov framework. Then, by following the ideas developed in [35] for the construc-
tion of an optimal coupling between an empirical measure and a flow of probability measures
in a conservative system, and the results obtained in [60], concerning the quantification of the
convergence of the empirical measure of an i.i.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.

Theorem. Under some assumptionsonb, o, G and H, and given the convergence in law of the initial
conditions, if sup, E((u&, 1)?) < oo for some p > 4 and the initial condition yio of (1.2.6) has finite
g-moments for some q > 2, then for all K € N* and T’ > 0 we have that

sup]E(IIMtK — pellpLr) < Cr¥ag(K),

te[0,T
where the explicit rate function Uy ,(K) — 0 as K — oo, with a speed that depends on the dimen-

sion and on the moments that iy has, and Cy is a constant depending onT", 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¥) gy be random variables in N going in law to 0o as K — oco. We say a
family (YUK, YNE)) o of random vectors, (RY)N"-valued and exchangeable condition-
ally 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(Y VX, ... YIN"KE|NK)) . given NX and the
event {NX > j} converge in distribution in P((R?)?) to P%/ as K — 0.

Corollary. Foreacht > 0 the family ((X,}’K7 o ,XtN‘K’K))KeN* is conditionally P-chaotic given
(NF)ken with P = i /{1, 1).
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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 considering a
population evolving in an environment that changes. Here we have a one way interaction 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 individ-
uals 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, co]-valued strong Markov process (X});>0, together with
a family of laws (IP,),>0, is a continuous-state branching process if it is cadlag and satisfies the
branching property: forall > 0 and z,y > 0

Epyy(e ) = Eo(e ™ )E, (%), vt >0.

This can be understood as that the sum of the size of two independent populations starting from
sizes x and vy is equal in distribution to the size of a population starting from size x + y. In 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 distribution
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 realistic ap-
proach. 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.
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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 popu-
lation 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 corresponds
to the large population limit of Moran-type models (one of the most well-known discrete 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 information 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 « belonging to some
space E. Starting with N individuals, each one is endowed with a level, which in this case will
refer to an index ranging from 1 to NV, 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 (3, 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(EY) by
AVf@) = Y AMf(@y(x) - f(2),

1<i<j<N

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

Af@) =3 AF(®y(2) = f(2)),

1<i<y

defined in this case for f € Uy>oB(E"Y), noticing that when f € B(E") we have that Af =
AN f. This particle process first appeared in [40] with the goal of studying the support of a
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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 \(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 /V levels
(X1, ..., X") coincides with the empirical measure associated to this N-Moran model. Further-
more, 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 NV 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 geneal-
ogy of the first n < N 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 lookdown
construction introduced in [48] led to the development of what is known as the Markov mapping
theorem in [78] (see also [79]).

Recall that a process (X;):>o is a solution of the martingale problem for the generator A if
there is a filtration (F;);>o such that (X});>¢ is F;-adapted and satisfies that

£ = F(X) — [ AF(X)ds,

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

t
mof — mof — /0 T Af ds,

is a G;-martingale, where 7, 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].
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More precisely, given a Markov process (X;);>o with generator A and letting Y; = ~(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
t, 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((2))a(y,dz) = h(y) for all bounded measurable h, and the
transformation

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

with vy = [a(y, )uo(dy) for some probability measure 1, then the following holds: if there
exists a solution Y for the (C, o) martingale problem, then there exists a solution X for the
(A, v9) martingale problem such that YandY = ~(X) have the same distribution. Moreover,
we have that P(X; € I'| (Y;)s<t) = a(Y;, ). Finally, if uniqueness holds for the (A, v,) mar-
tingale problem, then uniqueness holds for the (C, 1i9) martingale problem. The main advantage
of the Markov mapping theorem is that it simplifies proofs of equivalence of seemingly different
martingale problems.

Following this direction, we can obtain some of the conclusions of [48] by means of this tool.
Indeed, for given N > 0, by considering ¥(z1,...,2x) = % >iv, 0, and the corresponding
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 depends
on spatial positions of individuals in the model. More recently, this type of construction was
extended further in [52], giving in this way a very rich toolbox for constructing in a genealogi-
cal 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 com-
posing these mechanisms it is possible to construct more complex population models with this
approach.

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 question
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 indi-
viduals.

Using the approach given by the genealogical constructions introduced in [80], we described
the reduced tree for a birth and death process in varying environment. Moreover, thanks to
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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 environment. 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, = Xo+ /Ot b(s)X,ds + /Ot V20 (s)XsdBs+ > (B(mtj)‘1 — 1)Xt;, (1.3.1)

Jj=1,t>t;

where b, 0, 3, (t;) jen and (1, ) jen are parameters of the model. Here, ¢; represents a catastrophe
time and my; its intensity, which in turn is modulated by the function 8 > 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 EX = (J°2,[0, K] For u = (uy, ..., uy), let f(u) =
? 1 g(u;), where g is a continuously differentiable function satisfying 0 < ¢ < 1 and g(u;) =1
for each u; > K. Define the following generator for f as before
K - K - 2 g'(w)
AR f(w) = ) 320 | (9() = Dav + f(w) >~ (ot = by ot
Under the conditions o(¢) > 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).

(1.3.2)

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, /{|. When the level of a particle reaches the value
K, itisremoved. Also, we consider another mechanism in the evolution of the process, which will
be understood as catastrophes. This is specified by (¢;) jen, the sequence of catastrophe times and
(my, ) 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 by 3(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 K o(t) — b(t) respectively, and such that at each catastrophe time ¢;, each particle is removed
independently with probability (m;, )"

On the other hand, when K’ — oo we can heuristically obtain another generator from (1.3.2).
The process encoded by this new generator follows a similar dynamics than the previously de-
scribed. The difference is that now a particle with level  at time ¢ will produce a new particle with
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uniformly distributed level in the interval [u + (1, u + 5], for 0 < {1 < s, at rate 20(t)(l2 — ¢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_,o + 32; 1jo.3](U;) is equal in dis-
tribution to a process that evolves according to (1.3.1).

Both of these representations yield an explicit way of constructing a branching process to-
gether with its genealogy, and in particular their reduced genealogy. Indeed, given 7" > 0 and the
processes (UX)i>o 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 enu-
merating 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, 7], 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 setUf = UU,>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 & x [0, 7.

Given this procedure, we define R% as the chronological tree constructed from (UX )eclo,1]
considering only the particles with levels below K, and Ry the chronological tree constructed
from (Uy;)sc(0,7] considering only the particles with levels that do not reach infinity.

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

T
dZ(T, T,) = Z/O yl(u,s)ET - 1(u,s)€T'|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 7', 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(dj Rz, Rf)) =0, asK — oo,
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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 Teramoto in
[108] to describe competing species which diffuse with local repulsion. In the case of two species,
it writes

Ot — A(dlu +anu? + CL12U,U> = u(ry — $11u — S120),

O — A(dgv + ag uv + a22v2> = v(ry — So1U — S990),

where u and v are the densities of the two species and d;, 7;, 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 mutually
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
(si; 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 v having
disjoint superlevel sets of low threshold value. As a consequence of this motivation, the first
mathematical results dealing with this system focused on sufficient conditions for the coeflicients
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 results. 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
coefficients. 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 a12a2; = 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
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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 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

{atu — A(dyu + apuv) =0, (2.1.1)

0w — A(dov + agyuv) =0,

where u 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(xV-) 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 opera-
tor 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 jus-
tification 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’ displacements
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 con-
volution kernels. It was explicitly asked in [58], whether letting the convolution 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 persistence 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
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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 strate-
gies (ii) and (iii) described above. We do not use any non-local approximated system, being in-
spired instead by the semi-discrete approach proposed in [37]. We consider also a 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 sys-
tem, 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 dis-
tributed among M sites. The process under consideration is a continuous time Markov chain
(U(t), V(t))i>o taking values in N¥ x N, The two coordinates count the number of individ-
uals 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) € N¥ x NM | the transitions are

atrate  2u;(d; + ai2v;),

U—u+ (€49 — €
v— v+

€9 —e;) atrate 2v;(ds+ anu;),
where (e;)1<j<ar is the canonical basis of R, ey = ey, eyr41 = €5 and 6 € {—1, 1} with both
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 for-
mulation. The first result is a quantitative stability estimate on the SKT system which bounds
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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 knowl-
edge 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 between
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 set-
ting 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 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 num-
ber 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 rel-
evant 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
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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 otherwise,
the components of the vector u € R are (u;)1<i<nr- The canonical basis of RM will be denoted
(e;)1<j<m-. Due to the periodic boundary condition that we will use, we will frequently use the
convention ey = ey, and e = €.
. M 1/p
Given M € Nand p € [1, c0] we denote by || - ||, = (Zizl |xi\p> the usual /” norm on RM
and || - ||, the rescaled norm defined for z € R by

1 M 1/p
— |p — )
x|lpar = (M ;:1 |z ) for p < 0o, and  ||@||oo : 122)]% |2

Similarly, the corresponding (rescaled) euclidean inner-product of R is denoted () us:

az|y 72111%7

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

The symbol © is the internal Hadamard product on R¥, that is (z ® y); = z;1;. We will
also often use (when it makes sense) the operator x @ y defined by (x © y); = z;/y; and the
“vectorial” square-root x'/2 whose components are (\/x_z')lgz'g M-

The arithmetic average of all the components of a vector « will be denoted

1 M

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

Functions

We will manipulate random and deterministic functions which may depend on the time variable
t € R, and the space variable x € 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.
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Quite often results will be stated on a fixed time interval [0, T']. For this reason, we introduce
the periodic cylinder Q7 := [0,T] x T?. For any function space F defined on T¢ or Qr, the
corresponding norm will be denoted || - ||z, eg. || - ||r2(re). In case of a Hilbert structure, the
inner-product will be denoted by (-|-) , e.g. (+|-) L2(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

¥ = Z Ck(90>ek7

kezd

where e, (7) == €™ and cx(p) == (@, ex). For s € R we define H*(T?) as the subspace of
2'(T?) whose elements ¢ satisfy

Y ler(@) (14 [k[?)* < +oo,
kezd

equipped with the norm

1/2
11l prs(ray = { > len(@)P(1+ |k:|2)5} .

kezZd

By analogy with notation for the average of the previous paragraph, for any integrable function
 defined on T?, we denote

[()0]']1'”1 = @,

in general and [¢|1a = cy(y) if ¢ is merely a distribution. The expression

el

1/2
H5(Td) = { Z ’Ck(90>|2‘k|28} )

kezd

is only a semi-norm on H*(T?) and is a norm on the homogeneous Sobolev space H*(T¢) con-
stituted of those elements ( belonging to H*(T?) and having a vanishing mean, i.e. for which
(o]t = co(p) = 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 considering.

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

29



a family of independent Poisson point measure (MV7);cy on R x Ry x {—1,1} with common
intensity ds®dp®/3(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));>o is
then defined as the unique strong solution in D([0, 0o0), N?*) of the following system of stochastic
differential equations (SDEs) driven by the aforementioned measures

t M
Ut) = U0 // o (o1t st (s (€500 — ;) A (ds, dp, d6),
O=TO+ [ fo oy 2 ey (0so — 1) A (d5,dp, d0)

t M
V(t)=V(0) +/0 /Hhx{m} Z 1,<2v; (s~ ) (datamU;(s-)) (ej+9 — ej) N7 (ds, dp, db),

j=1

where the jump rates di, ds, a5 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. In-
deed, the total population size of each species is constant along time: ||U(t)|[1,p = [[U(0)]]1,m,
|V (t)||1,0 = ||V (0)||1,a- Therefore, conditionally on the initial value (U (0), V'(0)), the process
(U(t), 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 when NV 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 M2, which amounts to multiply the transition rates by M?2.

We denote the renormalized process by (U (t), VMV (t)),5,. Moreover, for u,v € R and
1,7 = 1,2 we set

N (1) = 2P NUMN (1) (dr + aV N (8)),
™ (1) = 202NV (1) (dy + a0 U (1)),

For a given initial condition (U (0), VMY (0)), the process (UMY (t), VMV (t)),50 is the
unique solution in D([0, c0), R3M) of the following system of SDEs

t M eg—€ ..
UMN () = UMN(0) + /0 /R e ;1%"%(5,)%/\/«@,@, d6),
= (2.2.1)

t M ein—e. .
VMN (1) — VMN (g // 1w, 30 75 \ri(ds, dp, d6).
() < )+ 0 -R+X{l,1}j§1 PSW%N(S ) N ( S P )
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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
d
FTAG
d
T
where the unknowns are the vector valued curves u™, v : R, — RM and the matrix A,; is
the periodic laplacian matrix, that is

M(t) = Anr(diu () + anu () © vM (1)) = 0,
(2.2.2)
M(t) = A (dv™ (8) + azmu () © 0" (1)) = 0,

-2 1 0 1
1 -2 1 - 0
Ay=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).

We first introduce the infinitesimal generator L*"V of the process (2.2.1). For this purpose, we
define the translation operator 7, for any vector a € RM. It acts on any function
G: RM — R by the formula 7,G(:) = G(- + a). Then, for 1 < j < M, we define the op-
erator

Eé’v = TN-1(ej1-e;) T TN=1(e;_1—¢;) — 21d,
for G: RM — R. We recall here the periodic convention: ¢y = ey, and ey;; = e7. Then, for
any measurable and bounded function F': R?* — R, we define for (u,v) € R?
M
Ly N M,N
LMNE (u,v) = >3 {5 (g ) L8 [F (- 0)](w) + 035 (ug, 0,) LV [F (w, )] (0) }
J:
For N going to infinity and F differentiable, Taylor’s approximation ensures that L*-¥ F' con-
verges to

LMF(u,v)= (AM(dlu + ajpu O v) ’ VuF(u, v)) + (AM(dQ'U + asv O u) ‘ VoF (u, v)),

where (-|-) is the inner product on R and Ay 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 com-
ponents of u™ and v are expected to approach the values of u and v on a uniform grid of step
-, yielding the cross-diffusion system (2.1.1).
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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

Mz = (1 Vi qomsczay + 1 I22@ny) (224)
We define also the affine functions y;: R — R for ¢ = 1,2, by p;(x) == d; + a;;x with {7, j} =
{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, o) € L>°(T?)2. If the following smallness condition
dydy

)
A12G21

[l oo (@) 1P| oo (@) < (2.2.5)

is satisfied, then we have the stability estimate
2 —112 _ _
llw = @lllz + v = ol < o — GollF-1¢zay + 1vo = Toll7g-17)
+ 7 ([0 = Tl (v0) 13y + o0 = ToBallza o) s )

where the constant behind < depends only on a;j, d;, ||U|| (@), [|U|| Lo (@r)» and ||| - ||| is defined
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.

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 Subsection 2.4.1
and on the concept of dual solutions developed in [97], for the Kolmogorov equation. The unique-
ness result contained in Theorem 2.1 is conditional: if there exists a bounded (non-negative)
solution (@, v) satisfying (2.2.5), then it is unique in the class of bounded weak solutions. The ex-
istence 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 regu-
lar 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 full generality. However, the remaining part of the paper (which
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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, 7]. 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 — +o00, 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 subsequence) 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 dependent 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 system.
The convergence result is obtained by means of a quantitative estimate which bounds the ex-
pectation of the ||| - |||,-norm of the gap between the stochastic processes and the solution 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 van-
ish. The main disadvantage of this new method is that, like for Theorem 2.1, it works only in a
perturbative setting: it needs the existence of a small regular solution.

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, - , 2}, withay = e for1 < k<M. (2.2.7)

Given a vector u € RM | classically there exists exactly one continuous piecewise linear function
defined on T for which its value on each point x;, of T, is given by uy; we denote this function
7 (u). We adapt the same notation if instead of w one considers a vector valued map U (which
could depend on the event w or the time ¢ for instance), so that 7,,(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
(g, v9) € C*(T) and satisfying the smallness assumption (2.2.5). Consider the stochastic pro-

cesses (UM VMNY defined by (2.2.1) and assume the existence of a constant Cy such that for all
M,N €N,

[T 0) 1z + [V O)lluar < Co. almost surely (228)
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Then, for any (M, N) € N? such that N/M? is large enough, for any T > 0,
2 2
E[lmas (UY) = @l + flmar (V) =l

L M?
< E[HW(UW(O)) — Tl }-1 0y + mar (VN (0)) = vo||§,1m] M (229)

where ||| - ||| is defined (2.2.4) and the symbol S depends on C, T, d;, a;j, ||| oo (0r), |7 Lo (0g)-
This immediately implies the following convergence for the ||| - ||| -norm.

Corollary 2.2.1. LetT' > 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[HW(UWM)(())) — Tl }-10my + mar (VM2D(0)) — v0||§11m} — 0,
then we have

. a1 2 v 2
A}@WE“HW(UM’@S(M)) =+ [lmar (VD) — ””'T] =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 (@, v), 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 de-
terministic 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 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 func-
tion in order to be able to compare it to the semi-discrete system and thus with 7, (U"). As
a matter of fact, the proof of Theorem 2.2 relies on a careful translation of the (idealized) func-
tional 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 poten-
tial 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 A/. 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 re-
sults 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).
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2.3 A general and rough estimate

The trajectorial representation (2.2.1) yields for each coordinate of UM:¥

+
i—1
N / /{ o Tt oy Lo N7 (A, dp, d0)
N/ /R (L) ST 1ot N7H(ds, dp, dB). (2.3.1)
+

By compensating the Poisson point measure, we obtain the semimartingale decomposition
UMY () = AMY(t) + MM (1), (2.3.2)

where AMAN = (AM )1<i<as is a continuous process defined by
¢ ¢
AMN (1) = UMV (0) + / di Ay UM (5) ds + / arsAar (UM (5) © VMV (5)) 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

(MPEVN(t) = M d <2UMN( )+ UMN(s) + UMY () )d
i = N 1 1 (8) + UL (S)> 5 (2.3.3)

o / (QUZ-M’N(s)vMN( )+ UL (s)VET (s) + U () V2 (s >)ds

The analogous decomposition holds for the coordinates of (V¥ (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

UM () = UMY () —u(), V() = VIR — oM (1),
Proposition 2.3.1. Assume that there exists Cy > 0 such that almost surely, for any M, N > 1,

max([[U(0)|ar, VY 0) 1,01, [ (0) |10, [0 (0)][10) < Co.

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

E(MW O+ s vl )

< (B(Jum 0, + [P 0fF,) + o (20 4 7))
2,M 2,M

where ¢y only depends on the diffusion parameters and the initial bounds and c, only depends on the
diffusion parameters.
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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 (|[UYN (@), [V () [l1,00) = max (UMY (0)[[1a0, [V (0)1ar) < o, (23.4)
almost surely for any M, N > 1, and
max (|| (£)[[1,ar, [[0™ () l1.0r) = max([|u™ (0) |10, [0 (0)l1.0) < Co, (2.3.5)

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

UM () =uMN0) + /0 t dy Ay UMY (5) ds
+ S (UMY (5) © VN (5) — u(5) 0¥ (s5)) ds + MM (),
Consider now the square of its coordinates
UM ()2 = UM (0 +/ 2UMY (57) dUMY (s) + RN (1),
fore=1,..., M, where
RV = 3 {0~ U ) = 20 () (U ) - U () |

0<s<t

1

2
= (N) Z ]_Ui]M,N(S);éUiNI,N(S_),

0<s<t

since the jumps of L{Z-M N and UiM’N are of size 1/N. Putting the two expressions together yields
¢
UM () = UM (0)? + 2d, / UM (s) (AU N (s)) ds
0 (2
t
+ 2z [ UM 6) (s (UV(5) © V) — M (5) 00 (5))) s

t
) /0 UMY (57) AMMN (s) + RN (1),

Given u € RM let us introduce the discrete gradient vector Vi,u = (M (u;y1 — u;))1<i<m
(recalling the periodic convention). Summing over all the sitesi € {1,..., M} and using discrete
integration by parts in the second and third terms of the right hand side yields

o) - o) L= 2a [ |via ¥ (o)) as
— 2a12/ Z V+ UM (s ) (V+ (UMN( YO VMN() —uM(s) o vM(s)))ids

+22/ UM (5 dMMN )+HR]VLN(t)H1'
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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
dans [ [V © V() - ut(s) 0 0V (5) L ds

+22/ UM (s7) MV () + [ RN (1)

Let us observe that HRM N (15)“1 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 7 is equal to (u;, v;), is
M
V; v
2M2 Z U; (dl + CL12N> S 2M2||’U,||1 (dl -+ a192 || ]\|7|1

i=1
where C} = 2(d; + a12)Cy, by (2.3.4). Then we get

) < CyMPN(1+ M),

M3
M,N gyt
E (| RN (1)) < 2C5¢t A (1+ M),
Lets us now deal with the third and fourth terms. We notice that
(VU ()7 =0 (5 (5) ~ U (5)) < 20 (U ()7 4 22 ()

Similarly, using also |ab — cd| < |a — ¢|b + ¢|b — d| to deal with the difference of products of
positive terms, we get

(VHUY(5) © VAN (s) — u(s) © vM<s>>)f
< a0 (M O Y (57 + ! (0) 3V (5)?
VIO RUL (52 + [V O (57?)

<ACEM (VI (5 4+ VN (92 UM (92 + UMY (),

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

B sup 401

s€[0,t]

< B(JM(0)13) + dan)r? [ B (5)3) s

+8CaM! ([ BV )E) ds + [ B(1 s)][2) ds)

3
+2ZE<sup/uMN ) dMIN (r )>+206T]\]{[(1+M).

s€(0,t]
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For the martingale part, we use Cauchy-Schwarz and Burkholder-Davis-Gundy inequalities which
together with (2.3.3) and (2.3.4) yield

2 [0 0 anet o)

<si%%/ StRt)
= fue MMN><>)
§2N{ENUMNOH(¢+ﬂnwvmﬂmm)£uywwf®>

< C’M (1+ M)/0 E(Z/{ZM’N(S)2> ds.

| /\

Using that v/1 + 2 < 1 4 z for all z > 0, we obtain

o L) < 5 o (o))

Putting everything together and using again (2.3.4) yields

M*
B sup [V (0)15) < B O01) + 24205 S + 20
s€[0,t]
t
+ [ 8Chaa M* + 24/2C1 — / sup |[UMN (r 2>d3
(sCumanr + 2208220 [ s o)

t
+8C0a12M4/0 E(sup ||VMN(T)||§> ds,

r€(0,s]

for some Cf] > 0. In a similar way we can obtain analogous bounds for VM:¥, 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.
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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 solutions. 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, avoiding 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) suchthata = infg, > 0,20 € HY(T?) and f € L*(Qr).
Then, there exists a unique z € L*(Qr) that solves weakly the Kolmogorov equation

Oz — Auz) = Af,
{z(O, )= . (2.4.1)

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

1
12(T) 11 ¢zey + /Q pz® < lzollfg-1(ra) + [20]7a /Q R (2.4.2)
T - T T

Remark 2.4.1. This duality estimate is stronger than the one stated in [97]: it contains a (singular)
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]: follow-
ing the naming of this article, z is the unique dual solution of (2.4.1). For this z, the regu-
larity C([0,T]; H~*(T%)) is obtained classically from the belongings z € L?(Qr) and 0;z €
L%([0,T]); H~%(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 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", 28, fn)nen converging to (i, 2, f) in L (Qr) x H'(T?9) x L*(Qr), with a uni-
form bound for the first component. Let’s call (z"),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"),¢n,
in L°°([0,T]; H*(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 sequence (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 y, 2y, f and z are smooth. This allows
to justify rigorously the following computations. For any function w defined on T¢ and having
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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 ¢ € [0,7] there exists a unique ¢(t) of
vanishing mean such that —A¢(t) = z(t) — [2(t)]p«. By integrating the Kolmogorov equation
we get

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

fuotast = 5 [ 196t

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

5 L IVOOP + [ inte = [aohee) = = [ (= = Laalao) .

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

1 1
o L V@ + [ < [ pzlalet g [ Vo0)

1 ) 1 ¢ f'2
+- (-2 + [ =,
9 QT( [z0]a) "1t 2 Jor 1

and thus, using © > a > 0,

AdIV¢<T)\2+/Tuz2 < /Td|v¢(0)|2+[zo]%d /QT;Hr;/TfQ.

Noticing that [|2(¢)|| -1 (pay = [|2(t) = [20]zall -1(za) = [V H(1)]]2, once we add [zg]pa to each side
of the inequality to get the full H~!(T9) norms, the proof is over. O

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 variable. 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 (u, vy) as initial
data. We recall the definition of the affine functions y;(z) = d; + a;;x for i, j = 1,2, so that

(2.1.1) rewrites
{@u — A(pr(v)u) =0,
0w — A(pe(u)v) =0
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 — Al (v)z) = Af,
Ow — A(pa(u)w) = Ag,
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where f = a19U(T — v) and g = a919(u — u). Since u and v are bounded and non-negative, we
recover the structure of Lemma 2.4.1 and we get

2
2 2 2 a12 1—2 2
=) oy + i [ 2 < eollyoscaa + ol [ o) + 2l |, w®
az, .
(o + da [ 07 < ooolBy-sgpoy + 0B [ o) + 220y [ 2
Qr Qr 2 Qr

since infg, pu; > d;,
inequalities we infer

H ( )”H 1(Td) "‘dl/ 2 < HZOH%A(W) + [ZO]%[*d/ ul(v)
Qr Qr
2

aiy
A 1 (ol oy + [l [ pea)
T

2
12021 _ _
d < ) 200 200 / 2~
+dy d1ds lealy? (QT)”U“L (Qr) QTZ

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, ||| L~ (0,) and ||V L (g,), We have actually established

[l < app|w|||@|| L@y and |g| < a91]2|||9]| (@) By combining the two

2o + 2 S Neolfmacea + 10 s
T

+mm@ww+mmémm

Since the previous computation is still valid replacing 7" by any ¢ € [0, 7], we have in fact

0l < 2ol + lreolliacony + ol | pn(o) + ol [ ).
T T

Exchanging the roles (z,@,v,u,v) <> (w,7,u,v,u), the previous right hand side remains un-
changed: we have exactly the same estimate for |
once we notice that [, f11(v) = T [ra pa(vo) and [o, pi2(v) = T [ra p2(uo), since the space
integrals of © 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.

Definition 2.4.1. Given norms P; j; and P s on RM, we say that P, j; and P, js are uniformly
equivalent if there exists a, 5 > 0 such that

VM eN, YucRY aPy(u) < Poy(u) < BPy(u).

If this is satisfied, we write Py ys ~ P .
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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 g: O (M(x — x)) ug. (2.4.3)
k=1

Definition 2.4.2. For u € RM and 6 := 1(_ g}, the function defined by (2.4.3) is a step function
that we denote o;(u). For u € RM and §(z) := (1 — |2|)T, the function defined by (2.4.3) is
a piecewise linear function that we denote 7y, (u). The corresponding vector space of functions
(step and continuous piecewise linear functions respectively) are denoted

Sy = {JM(u):uERM} and py = {7TM<U):’U,€RM}.

If t — w(t) is a map from [0, 7] to RY, we simply denote by o);(u) and 7y, (u) the respective
maps from [0, 7] to s, and pj, respectively.

Proposition 2.4.1. For u € RM we have ||u|l = ||oap(w)|[rom) = [|mar(w)||zoo(r) and for
p < oo we have ||ull,nr = |lom(w)| ey > |7 (W) zeery. Foru € RY we have furthermore

loar ()| oery ~ ||7ar(w)||zecry (with a small abuse of notation, because the uniform equivalence
holds only on a positive cone).

Proof. We first notice 1(_y g * 1jo.1(z) = [°, 1pp.1)(z — y) dy = (1 — |z|)*. In particular, we infer
for p(z) = (1 — [])*

where 0 a(2) = 11,0 (M(2 — %)) and py(x) = M1 (Mz). We have thus established
T (w) = op(w) * pyr where, (par) s is an approximation of the identity. Therefore, we have
I (W)l ooy < lloar(w)l] o).

Conversely, assume v > 0. By definition we have

M
v (u) = Z Uk Pk, M 5
k=1

with g 1 (2) = o(M(x — x1)) and p(z) = (1 — |z|)*. Recall that for any vector w € R, one
has MY/P||w||,a < M|wl|1.as. In particular, using u;, > 0, we infer at any point z € T

M M 1/p
m(u)(x) = S uegen > (Z uzwz,m)) |

k=1 k=1
from where we conclude
2

I ()| ocry = MJwlly arllol o) = ||UM(U)||II),P(’]1‘)ma
using that || rl70 ) = 37 1€ 17 = 27557 O
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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. Forp € H*(T) and M € N* there exists a unique 1;(p) € py matching the values
of v on the grid (zx)1<k<nr- It satisfies

le = ear(@ i (ry S M2l oy
o = tar (@)l 2emy S M2l g2y,
o = ear( Ol pnery S M71|\90HH2(T)
where the symbol < means that the inequality holds up to a constant independent of  and M.

2.4.3 Prerequisites on the discrete Laplacian matrix

We give in this paragraph several useful properties linked to the discrete periodic Laplacian ma-
trix introduced in (2.2.3). This matrix A, is not invertible, we have the relations Ker(Ay,) =
Spang(1,7) and Ran(Ayy) = Ker(Ay)*t = {u € RM : [u]y; = 0}. We refer to Subsection 2.1.2
for the definition of 1,; and [-] 5/

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 —Ay; 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

2 k
{M2<2—2005<]\7;k>> 0<k< M—l}:{4M2sin2<g4> 0<k< M—l} CR,,

which establishes the non-negativeness. ]
Proposition 2.4.3. For any ® € RM we have the estimate |® — [®]a]l2.0r < [[ A0 P||2.r-
Remark 2.4.2. This is the discrete counterpart of the following consequence of the Poincaré-Wirtinger
inequality ||p = [¢lrll2m) S [1A¢l| L2y, for € HA(T).

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

2 M—1
an?sin? [Z8) o<k < .
{ sin <M> <k <M

In particular, using the inequality sin(z) > 2z valid on [0, 7/2] we see that apart from 0 all the
eigenvalues of —A ), are lower-bounded by 16. —Aj; being symmetric, its diagonalization can
be written in an orthonormal basis of RM that we denote (wk)o<k<nm—1, With w being the (only)
element of this set belonging to Ker(A ;). We have therefore

1 M-1 1 M-1
1@ — [@]mll30 = <7 Z |(®]wy)|” M162 Z Al (@wy) 162||AM(I)||2M O
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Before introducing an analog of the negative Sobolev norm, we recall a standard computation
linked with the Lagrange finite elements method for which we need to introduce the following
matrix

2 1 1

Py o)

6 3 © 0
By=1: . - . f. (2.4.4)

1 2 1

O

5 0 % 3

Proposition 2.4.4. Forw € R we have

—(w|Apw)y = /T IV (w) ()] da, (2.4.5)

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

Byt = —Anw <= Vi € pus, /T (@) Tr(w)(2) dz = /T Vib(z) - Viyr(w)(2) dz.  (2.4.6)

Proof. pyy is the vector space spanned by the functions ¢y /() == (M (x — x1)) where p(z) =
(1 —|z|)T, so the r.h.s. of the equivalence (2.4.6) boils down to

/T@k,M(x)WM(u)(x) dr = /TVQ%M(J;) Vi (w)(z) dz,

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

1 /2 1

/TV%,M(x) -Vjm(x)de = M(21,—; — 1;—j=1),

where the equality |i — j| = 1 has to be understood modulo M. Expanding 7y, (u) and 7y (w)
on the basis (¢ 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) s is non-negative, due to the symmetry and non-negativity
of —Aj; (see Proposition 2.4.2). For u € R, recalling that w = w — [u];1,,, we have then
—(w|A}/ @)y > 0. This enables us to introduce the following norm || - || _1 57, which is a discrete
counterpart of the H!(T) norm.

Definition 2.4.4. For u € RM, we define

10 =/~ (@A G + [ul?s.

This is a norm on RM,
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Proposition 2.4.5. We have the equivalence
M|mar (W a-remy + lmar (Ol z2ery ~ M- (=100 + s ()l z2en).- (2.4.7)
Moreover for any u € RM,
ul|—10 < w20 (2.4.8)

Remark 2.4.3. The above definition is reminiscent of the equality

Il = [elel-ar) = — [ (o = ek,

T

where 1) is the unique solution of — A = ¢ — [@]r.

Proof. We first observe the uniform equivalences

78 (w) || 2¢ry ~ |l7as (@) 2ery + |[w]ar],
7o (w) || g-1ery ~ lmar (@) || -1 ery + |[w]ar],

lwll—1ar ~ llwl|-1ar + |[u]a]-

Without loss of generality we can therefore establish the uniform equivalence (2.4.7) under the
assumption [u]y; = 0.

We have [Ju||2, ,; = —(u|Ay u)y = —(Ay®, )y where & := — A}/ u. Thanks to Propo-
sition 2.4.4 we have therefore

w210 = V700 (®)[72 ). (2.4.9)
The matrix B), defined by (2.4.4) satisfies 6By, = M ~2A,; + 61y, so it commutes with Ay, In
particular, the equation u = —A ;P is strictly equivalent to
BM’U, = —AM’UJ,

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

Vi € pars /T D) Tar () () da = /T Vib(@) - Vu (w)(2) da.

Since we assumed [u]y = 0, we also have that [m)(u)]r = 0 and we can therefore solve
—Apy = 7 (u), for a unique py; € H*(T). We have then, by integration by parts,

Vi € P, /T@/J(q;) () () dz = Avwm-wmg da.

In particular, we have established

Vi) € par, /va(x) (Vi (w)(z) — Veou (@) dz = 0,
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and this equality holds in particular for ) = m,(w). We deduce that for each v € py,
| 1Vm(w)(@) = V() do
= A(VWM(’LU)(SE) = Vou(z) + Vi(z) = Vay(w)(z)) - (Vry (w)(z) = Vou(z)) de
= [(Vo(@) = Veu(@)) - (Vau(w)(z) = Veous()) o
and we get by the Cauchy-Schwarz inequality
IV (w) = Vorlram < mf |V —Vou|izm.

Taking ¢ = () and using successively ||V f||z2cr) = [|f[lg1(p)> by the third estimate of
Lemma 2.4.2, we get

IV (w) — Voulrem < |Veu(e) = Voul o

= [lear(p) — <PM||H1(T)
1
< —lloutl sy

where we refer to Subsection 2.1.2 for the definition of the homogeneous norms || - |
ing that —Apy = ma(u), we have the equalities |7y (w)| -1y = [IVeullzr) and
lerllgzry = 1A¢allzzry = [[mar(w)|[z2(r). All in all, using the reversed triangular inequal-
ity we have established

frs(r)- Recall-

1
Vs (w)lz2cry = Imar (W)l -y | < 7 lmae (@)l 2oy
To conclude, due to (2.4.9), it is sufficient to prove that || V7a (w)|| L2(1y ~ ||[V72 (@) || 2(1), where
we recall w = B, ®. This last equality implies in particular
2 1 1
T (w) = gﬂ']w(q)) + 6Tﬁ7TM(<I)) + 67’7%71’]\/[((1)),
where we recall for a € R the translation operator 7, defined by 7, f(z) = f(z + a). We have

therefore
2 1 1

Both V7 (w) and V7, (P) belong to s,,(T) i.e. are respectively equal to some functions o, ()
and o,;(7), for some X,y € 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, = %] M+ %J v, Where Jy is the matrix

0O 1 0 1

1 0 1 0
Jur =

0 1 0 1

1 0 1 0
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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 = B+, and we have just controlled the euclidean subordi-
nate norms of By, and B;}: we have |v|2asr ~ | Buy~l||l2.> and therefore we obtain
|V7Tar(w) || L2ery ~ || V72 ()| £2(r), 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, || A}/ @||2.0 < ||@|2.1 and Cauchy-
Schwarz inequality entails that —(u|A} @)y < ||@l|3,,. By Pythagore’s identity, we obtain
(2.4.8), since u = u + [u]p1as and || [w]ardar]|3 5, = [ul}y. O

Proposition 2.4.6. Forw € C'([0,T]; Ran(A),)), we have

—(Ay wt)|w' () = 5 lwt)Z1
where as usual (-|-)); denotes the rescaled inner-product on RM.

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

—(Ajtw(t)[w'(t)w = (o) Au' (1))

_ ( —AM'v(t)lm’Ul(t)>M
1
2

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]; 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 € C1([0,T]; RM) solves

Z'(t) = A |z(t) © u(t) + F(1)| +7(D),

where f and r are two functions in C([0,T]; R™). Then we have the following estimate, for any
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parameter a > (0

sup [|2(t) 1% s + /Q oz © p2)(s, 2)? ds da
T

te[0,7)
< 1+ )20+ OB [ o)ads+ 5 [ on(f)(s.af dsda
+(1+a™) <T—|—T/ v ds + 1) / or(r)(s,x)*dsdr, (2.4.11)

where the Hadamard product © and the square-root 1'/? are defined in Subsection 2.1.2.
This is a counterpart of Lemma 2.4.1. In the case, 7 = 0, one can get rid of a.

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

[2(sr = 27 (2 (1), 1ar) = [r(0)]r,

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

Now, taking the inner-product with the vector A} Z(¢) in the differential equation solved by z,
we get, using the symmetry of A, and the fact A/ Z(t) € Spang(1,/)* (see Subsection 2.4.3),

- (AMlz(t)

g/(t)>M + (g(t)‘z(t) © u(t)>M = —(ﬂt)\f(t) + AMlﬁ(t))M

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

S G IEOI L+ (20|30 © e ) =~(s00 + a50) (2.4.13)

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

(20]9) |=|(z00 0 n)?g o n)?)
< 120) © n0) 2 lonllg @ p(t) " ]s00

< —=l2(t) © u()?ll2,nallgllz.a1

_ 1
12(t) © () I8 + 5~ gll5.00

<Z(t)|2(t) ® u(t)>M + ZlaHg\li,M,
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where we used Young’s inequality. We use this estimate in (2.4.13) with g := f(t) + A/ 7 (1)

S SIEOI L+ (20)

20 O n)
< ;(2@)

which, after expanding the definition Z(t) := z(t) — [2()|u, becomes

20 ©u(0) + o0+ AR

1

SR + 5 (20)]20) © (o)

2dt M

1
<

< SEOR RO+ 5 10 + AFFOIR

Using Proposition 2.4.3 to infer || Ay 7(t) o < [|7(t) || < ||7(t)]|2.0 and the convex inequal-
ity (z +9)*> < (1 +a)z? + (1 + a~')y? we eventually get, after integration in time

20+ [ 120 © Bls) 213 s
< 2O s+ [ T2 s lpa(s)]as s

1+a 1+a™!
LA B s+

) ds. 2419

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

20 < (1 + )=, + (1 +a )T [ [r(s)] ds

Summing the two last inequalities we obtain (2.4.11) since for any vector u € R we have
[wll2nr = llon () 2. 0

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 a > 0. Assume that z4: [0, T] — RM solves

2ilt) = | Ny

z4(s) © u(s)} ds + x4(t), (2.4.15)

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

sup sz(t)HQ_LM + / o (24 © MI/Q)(S, r)?dsdx
t€[0,T Qr

< sup laq(t)]1? 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 L.
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Remark 2.4.4. In this lemma we consider the (discrete) Kolmogorov equation with a singular source
term x4. 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]a and therefore

2t = [ " A

24(5) ® ,u,(s)} ds + Fq(t).

We take as usual the inner product with —A}/Z,(t) and use symmetry to write

_ (AMlgd(t)\zd@))M + [ t (zd(s>]zd(s) o u(s))M ds — — (AMlzd(t), zZ'd(t))

.
Using the definition of the || - |1y norm (see Proposition 2.4.5) and that Z; = z4 — [24]m We
infer

t
1Za (612 1 0s + /0 za(s) © pe(s)'2 15 0r ds
¢
= [zt (Lulzals) © () ) ds = (23 2a(0),2a(t))
0 M M
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

t
1Za (612 1 0s + /0 za(s) © pe(s)2[15.0r ds

S [ Lol Bellas) 218 s — (A5 200),34(0)) @47

Now, defining ®,; :== A}/ Z;and ¥, := A}/ &, we have that using Cauchy-Schwarz’s inequal-

ity, the definition of the || - ||_1 s norm and the symmetry of the discrete laplacian matrix
(8520 [8a0) = ~(@ult) | Au¥u())
M M
— (V-2wu(® | —AM\IIM(t))M

< W =An®un () |20l —Anr Y ns (t) | 2,00

= [1Za(®)l|-1arl|®a(t) ]| -1.00-

Pluging this estimate in (2.4.17), we have

t t
1212100 + [ lzals) © () 150 ds S [ Tzalo)irllin(s) 2180 ds + [@a®)I2 v

Recalling that [24]3, = [x4]3; and adding this term to the inequality, we get (2.4.16). O
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Proposition 2.4.7. Consider p € C([0,T]; RM)) so that each component is uniformly (wrt. to
time and index) lower bounded by a positive constant o > 0. Assume that z: [0, T] — RM solves

t
O)—l—/AMzs
0

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

O wu(s) + f(s)|ds+ x(t),

sup [[2(0)|% 100+ [ ou(z © p?)(s,2)? dsde
t€[0,7) Qr

<(1+a)y [nz(mn%l,M OB [ s)ads +

@ Jo. ov(F)(s,z)°ds dm}

+(1+a)(14a? <T+T/ s)|mds + 1)/ on(xl)(s,7)*dsdx

T

00+ sup s+ [ ool ds], 2419

where C' > 0 is a constant.

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

¢
z(t) = z(0) + /0 IANY, [z,.(s) © p(s)+ f(s)} ds + x, (1),
which, since x, is continuously differentiable, is equivalent to the Cauchy problem
2(t) = A [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) = | A lza(s) ® u(s)} ds + wat).

The Cauchy problem (2.4.19) — (2.4.20) is exactly the one of Lemma 2.4.3, with r(t) := x/(t), we
therefore infer from this very lemma, for any a > 0

sup ||z, (1)1 4 +/ on(zr © /%) (s, 2)* ds dx
t€[0,T Qr

< (04 0) IO + O [ ol ds % [ ow(F)s.aPdsds

o JQr

+(1+a? <T+T/ ards + 1>/TUM(m;)(s,x)2dsdx.
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Now, since z = 24 + z,, combining the triangular inequality and the convex inequality
(r+y)? < (I+a)2z®+ (1+a ')y implies

sup |2(0)]% 100+ [ on(z © p?)(s, 2) ds de
t€[0,T] Qr

<(1+a) [ sup ||z (8|1, i +/ ou(z, © p?) (s, ) ds dz}
te[0,T] ' Qr

(4 [ sup a0+ [ oz © u)(s,2)?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? h3
Thf:f+hf/+af”"i_?fm"i_oh*m(h%)a

EE
Tfhf:f—hf/—i-gf”—yf”/+0hﬁ0(h4),

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

Tnf +71onf —2f

= — "+ Opo(h2).

In particular, denoting by @ (t) and © (¢) the respectives values of u and v at the points (¢, x},)
fork =1,..., M, we have the following discrete system:

oM (t) = Ay [ (t) + @™ (1) ©
00" (t) = A | o™ (t) + an®™ (t) © @ ()| + 8™ (1),

with
M (oo + 8™ () |loo S M2, (2.5.1)

uniformly for ¢ on compact intervals.
On the other hand, we recall that our stochastic process satisfies

t
UM (1) = UMY (0) 4 [ Aar (U (5) + @™ (5) © VIN(s) ) ds o+ MOV (),

VN (1) = VMN () 4 /0 A (dva’N@ +anUMN(s) @ vaN(s)) ds + NN (1),
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where MMV is square integrable martingale whose quadratic variation is given by (2.3.3) and
NMN satisfies similar properties. By symmetry, we can focus on the first species U™" . Denot-
ing

ZMW@):QM@y—UMNw,.XMN@:iKrM@ﬁb—AAMNw,

we have yet another system satisfied by these quantities
t
ZMN () = ZMN(0) + / Axr (ZM’N(S) © AMN(s) + FMvN(s)) ds + XMV, (25.2)
0

where

AM’N(t) = dl ]-M + algVM’N(t),
W () = oM (t) — VN (1),
FM’N (t) = (llg'l/ZM ® WM’N(t)

We can now apply the discrete duality lemma developed in the previous section to control the
gap ZMV_ This is the core of the next result, which yields Theorem 2.2. For z: [0, 7] — R, let

1/2
2l oy = ( sup [=(O)2, o + HaM<z>||%2<QT>) |
t€[0,T]

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
12021
S ull o vllon < 1

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

2 2
E(I1Z" [0 + W [7.01)
2 2
S NZ Ol (1A VA (O)ar) + W (0) 7, (1 + [T (0)]ar)  (253)
+ (14 T2+ TUMN(0) + VMN(0)] 5 ) M~ 4+ TMPN
Proof. We first observe that ¢ — [AN(t)],; is constant and we set

T 1
A%N:T+TA[NWWMM®+gf
1

1

=T+ T2(d1 + alg[VM’N(O)]M) + df
1

By applying Proposition 2.4.7 with 24 :== — M"Y and

t
T, t|—>/ r™ (o) do,
0
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we obtain for any a > 0 that

sup 2V ()2 00+ [ oai (24 © (AMN)V2) (s, 2)? dsda
t€[0,7 Qr

T
< 1+ (12 O) a0 + (2N OF [ A" (5))ar ds

1
+ d/Q JM(FM’N)(s,x)2dsdx> F( a1+ MY [ oy (V)5 2)? dsde
1 T

Qr

F O+ a)(sup MUV, o+ [IAY LM R, ds), 254
te[0,7) 0

for some constant C' > 0. Moreover, since we have that A, > d; and |03 (FMN)(s,z)| <
ara|u| oo (@py o (W) (s, )|, as @™ takes the values of u in the grid, we obtain
- sp [ 2V + [ oal Z)(s, ) s
d; te[0,T] ’ Qr
< (14 a)?
S Ta

2
n (CL12||U||L°°(QT)) / JM(WM’N)(Sax>2 dsd:U>
dy Qr

1
(14 a)(l+a AN / oar (M) (s, )2 dsdz
dy Qr

) (s MOS0+ [ A ) M ) ds)

te[0,T

(HZM’N(O) 21,0 + T2 (0) 3 [AYY (0)] ar

As the roles of ZM and WV are symmetric in the previous inequality, we have a similar
estimate for WV Thus, by setting

FM’N(t) = dg + (lQlUM’N(t),

and
M,N TN 1
v :T+T/ ITMN (6)]pds + —
0 dy
1
=T+ TZ(dQ + agl[UM’N(O)]M) + dia
2
we get
1
22200 WS+ [ o (W) (s,2)* dsda
2 t€[0,7] Qr
(1+a)?
< AL (i @), -+ TV 00, 0 0)
2
+ (az1][v]|z>~(@n) / UM(ZM’N)(S,JI)Z dsd:l:)
dy Qr
1
+ d—(l +a)(1+ a‘l)'y%N/Q on(s™) (s, x)* dsdz
2 T

C -1 M,N 2 T M,N M,N 2
+ o (l+a >(sup INHY @O g+ [ I () A (snMds).
2 te[0,7 0
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Plugging now this inequality in the estimate for Z*:" gives us

1
o S 2N O+ [ o245, 2) dsda
T

d; t€[0,T
14+ a)?
< L (12 0) 2, 4+ TIZH N O A 0]

1+ a)? far||ul|L=0p \ 2

+( - ) ( 12| !lf @ )> (||WM’N(O)||2—1,M+T[WM’N(O)]?\/I[FM’N(O)]JVI)
2
+ (1 + a)4<a12a21||u”L°°(QT)HUHLOC(QT)> / O'M(ZM’N)(S,I')2 dsdz
d1d2 T
2 2
O eltliz@n ) oty (™ [ o) (s, 00 dsdr
do dl Qr
T

+0((sup INN O+ [T A ) )

1
+ 1+ a)(1+a AP / oar (M) (s, )2 dsdz
1

T

F ) (s MO+ [T MY ()], ds ).

d; t€[0,7]

By using our assumption on the bound of ||| ||v||z=(0,) and then fixing a to be small
enough, we can absorb the third term on the r.h.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 Wz 0r S N2 (0)12 0p + TIZMY (0)]3, (A (0)]ar
+[WHR0)12 )y + T[WHE (0)]3, [T (0)] g

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

s MO+ [ AN M ()] ds

t€[0,T)

s Ay [ ) ) s

telo, T

The previous r.h.s. is again invariant with respect to the roles of Z**" and W™ Then using
the uniform bounds on o, (r™) and o,;(s*) from (2.5.1) and taking expectation, we get

2 2
E(I1Z" 7,0 + WM [700)
SN ZYN(0)12 00 + TIZYN (0) 3, [AMY (0]
F WAV (0)]2, 4y + TIW N )] [0 (0)]ar + (AN + 47"V ) M

+B( sup MO ) + AV O [ EIMIVG)) ds

telo,

FE(sup I @)+ T O [ B ER) b 259)

te[0,7
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We are left then with controlling the local martingale terms that appear at the end. Since

MY (s), = (1 > M (o)

ZMMN () < 5" sup M0,

M M i=1t€[0,7]

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

AYY O [ E(IMY ()R ds

0

T M
< + an [V O) ) 17 S E( sup MV (0)?).
=1

te[0,7
Besides, we also have using (2.4.8)

E( sup MV, ) <E

te[0,7)

sup MU ()]3 )

<te [0,7]

Now, Doob’s inequality ensures that E(supte[o’ﬂ MZMJV(t)Q) < E(MIMNY(T)), where the ex-
pression of the quadratic variation <MM N> is found in (2.3.3). Moreover, since

M

> (20 VY )+ U (VA 5) + U1M1N<s>viMiN<s>)
=1
O+ IV
we get
L %E( sup MM’N(t)2>
M i=1 t€[0,T) ’

L M2 (T M2 T M,N [ \[|2 M,N [ .\[|2
SME(N/O U (S)H1dS+W/O (HU )z + IV (3)H2)d5>

Moreover [|[UMN(s)|l; = [|[UMN(0)|; a.s. and we recall that UMY () = aM(t) — ZMN(¢)
and VMY () = 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

T]%ZHUMN ||1M+ / JM —|—UM(’?J\M)2=TO(W),
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we finally have

1%1@( sup MM’N(t)Q)
M= \eepor)
M T M?
< YT E(IZ @+ W )) as + T
<M E (UM (ZM’N)(S z)? + UM(WM’N> (s a:)2> dsdz + T%2
~ N QT ? ) N

M? 2 M? 2 M?
S SN2 N g+ S WA+ T

By symmetry we have bounds of the same order for the terms involving (V" (t));>0. We plug
these bounds in (2.5.5) and gather the terms |||ZM’N|||2T7M and |||W N |||§M in the left hand side.
For N/M? large enough, we can contol the left hand side and get

2 2
B2 g pr + W7 0)

SNZN )12 a0 + TIZM (0)15, (AN (0)]ar
+ W12 4 + TIW Y (0))3, [T (0)]

M2
(N N A T(l +[AMN(0) + I‘M’N(O)]M> S

N
Using that T'ul3, < |loar(u)|72 (g, 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
N = o (UMY —
= (UMY —a™M) 4 (@) — u = 7 (ZMN) 4 11 (u) —
where the interpolation operator ¢, is the one used in Lemma 2.4.2. Using the triangular inequal-

ity, we infer

E| su MN (V112 Ll 2
te[gg]|lé O -1y + 167 12200

<E up 17 (Z ) O g2y + I (ZH )1 )
€0,

+ sup flear(w) = ullfy 1 ipy + llenr(u) = wl|Z2gpy- (25.6)
te[0,T

Now, using Proposition 2.4.1 we have that ||y (ZMY)]| 120, < llom(ZM7Y)| 12(g,), and using
the equivalence (2.4.7) of Proposition 2.4.5 we get for all £ € [0, T

1mae(Z ) Ol -10my) S NZ7N (Ol =1a0 + MTHmar(ZH ()| 20y
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This means that the expectation term in the rh.s. of (2.5.6) satisfies the following bound for
M>1

2
B[ sup (2 Ol 20y + Imas(Z oo | S B2 |

All in all, using Proposition 2.5.1, we get

E

Sup s (Z* )Y )1y + Imae (27 ) 2y
€\0,

ST EM,N,

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

tiB%} [ear(u) — UH%}A(T) + [lear(u) — UH%Q(QT) S M74HUH%OOQLQ([O,T];HQ(T))'

Gathering all the terms leads to the conclusion. [

A Appendix: discrete-continuous dictionary

Discrete | Continuous
JANY; A

|- oz | A llzeoem)
() () 2y

|- v | N (-2

Ml | - Nl
[ [
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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 individuals’
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 microscopic (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
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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 other settings, the speed of this convergence
is not explicitly known for branching population models, even in the simple case of pure binary
branching diffusions.

In this work, we develop a probabilistic approach to obtain quantitative convergence estimates
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

AX] = b(X], H o (X)) dt + o (X7, G pf (X7))dBY,  n=1,... N,  (311)

where (B"),>; are independent Brownian motions in R?, and o and b are regular coefficients
depending on the position X" and of the empirical measure X = % lejﬁ Oy of all N[ indi-
viduals alive at time ¢. The functions /{ 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 K measures the population
size, and can be interpreted as the carrying capacity of the underlying environment (see [7]).

Furthermore, each individual gives birth to one offspring at its current position at constant
rate r > ( independently and, as a result of global competition, dies at rate cNtK /K, withe >0
a fixed parameter. Additionally, a random number NJ* of individuals can also be given birth at
time 0 at random positions X[, n = 1,..., N, such that the corresponding empirical measure
u converges in law to some deterministic finite measure /1o on R? as K — oo,

This model corresponds to a subclass of some non local Lotka-Volterra cross-diffusion sys-
tems, 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 individu-
als 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 particular, the competition kernel of
[58] is a constant here. This amounts to say that the competitive 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 (1" )ic[o,r] converges
in law for each T' > 0 (in the Skorokhod space of finite measure valued paths on [0, T]) towards
a deterministic continuous measure-valued function (j«):c[o,7], that is the unique weak solution
of the non-local self-diffusion equation

d .
Oppty = Z i ( W, G * Ht)#t) —> O, (b(l)( < Hox Ht)#t) + (r — (e, 1)) e, (3.1.2)

,j=1 i=1

with a = 00", and the initial condition . In this case, the total mass n; := (u;, 1) of the finite
measure ; evolves in time logistically: Oyn; = (r — cng)ny.
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It is well known that convergence of the empirical probability distribution of N exchangeable
particles to some deterministic probability measure, when NN 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
(144 )tepo,) as K goes to infinity, we will extend to the branching populations setting probabilis-
tic 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 independent
diffusions, with random births and deaths suitably distributed in time and space. The funda-
mental 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 iid. samples, established in [60], to an analogous (in terms of K') convergence rate for
the dual bounded-Lipschitz distance of the empirical processes (1 )iejo,7]- The ideas and tech-
niques 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 (11f);>0, taking values, for each fixed K € N*, in the space of weighted finite point
measures over R%:

1

ME(R?) = {K

N
> Gz €eRLN € N} C M (RY).

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 pX
describing the population at time ¢ > 0 is denoted by

NK
k_ 1 j: ) (3.2.1)
/J/t — — n, K L.
K n=1 X
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where NX := K(uF,1) € N is the number of living individuals at time ¢ > 0 and the variables

xXHE XtNtK’K are their positions in R?. In the sequel, we will simply write (th, o ,XtNtK) =
(th’K, e ,XtNtK’K) when working with fixed K > 1 and no ambiguity is possible.
The labeling 1, ..., NX 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 (X/, .. ., X,;“V‘K)
is exchangeable conditionally on N/<. The generator and thus the law of the measure valued
Markov process (112);>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 pf € MK (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 parameter » > 0, and
one mortality clock, conditionally exponential of parameter cNX/K given the population
size NJX. 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 mortality clock rings the particle disap-
pears. Equivalently, the process jumps from pk to
pl = pl + 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, ..., N; evolves according to the
diffusion processes (3.1.1), where (B"),,>; are Brownian motions in R%, independent be-
tween them and independent of ;X 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, 00). Moreover,
for each K > 1, conditionally on (1, 1) the NI = K (u 1) atoms of plS areii.d. random
variables with common law ip € P(R?) not depending on K.

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

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

Write a := oo' and, given 1 € M™T(R?), define a generator acting on C?(R?) functions ¢ by

L,0(x) = 5T (alar, G » u(w) Hess(8) () + b, H » () - Vo ().

Under assumption (H), the process (u!*);>¢ has finitely many jumps in each finite time interval.
Moreover, (uff);>o is Markov with infinitesimal generator L* given by

£ =i+ cf, (3.2.2)
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where £X is the diffusion operator defined by

LHF(v) = (v, Lo)f'((v,6)) + (v,a(-, G v)[§7) " (v, 6)),

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

LEPW) =rK / v(de) (F(v + K7'6,) — F(v))
+elv, 1>K/u(dx) (Fv—K'3,) — F(v)).

The above class of functions I is a core for the generator , and the law of (1)~ 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 ()% converges in probability to the deterministic finite
measure

po = Jim (ol Do € M (R),

(see Section 3.3), and holds for instance if K ;u{’ is for each K a Poisson point measure of intensity
K 1o, with p1g € 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, supyx E((u{f, 1)?) < +o00. The sequence of
processes (u) i converges in law in D([0, T], MT(R%)) as K — oo to the unique (deterministic)
continuous finite measure valued function (j1;).c(o.1] solution of

<,ut7 f(t7 >> = <:U’07 f(07 )) + /Ot <'U'S’ asf<57 ) + L/J'sf(87 ) + (T - C(:u& 1>>f<57 )> ds,
Vt € [0,T] and every f € Cy*([0,T] x R?) such that SUD(; pyefo,7)xre (1 + |2) [V f(t,2)| < o0.

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

o(z) — o(y)
Jelon = sup =0 4 sup (o).

TFY

The corresponding dual norm ||-||gr+ on the space M (R?) of finite signed measures on R? induces
the distance

[ —vlpL = sup |[(p—v,9)l,
lellBrL<1

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

My(p) = [ |ol* p(de).

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

The following is our main result.
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Theorem 3.2. Assume (H), that sup, E((uf, 1)P) < oo for some p > 4 and that M (1) < oo for
some q > 2. Then, forall K > 1 and'T" > 0 one has

(LK) + K5+ K5, ifd < 4 andq # 4,
)< Crd (1K) + K3 (log(1 + K))} + K7 ), ifd =4 andq # 4,

(L(K) + K~ + K5, ifd > 4 and q # d/(d — 2),

s (11

t€[0,7] BL*

where Cr is a constant depending onT', p, q and the data of the model.

We will denote by W, ,(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 1o has, provided that the
initial total masses (u{, 1) converge at least as fast as K ~'/4 in L* to (i, 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 ¥, ,(K) is equivalent under
—2)

the previous condition to K~/ if ¢ € [4, +00), or to the slower rate K5 ifg € (2,4).

The conditional independence in Assumption (H) 1) can be relaxed to a conditional exchange-
ability 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 Section 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 (N%)cn- be random variables in N going in law to co as K — oco. We
say a family (Y5, ..., YN"K)) oy of random vectors, (R4)N"-valued and exchangeable con-
ditionally on N¥ for each K, is conditionally P-chaotic given (NX) ey if for some P € P(R?)
and every j € N* the (random) conditional laws (L(Y1X ... YI?NSK|NKY)) v given N
and the event {N* > j} converge in distribution in P((R%)) to P®/ as K — oo.

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 eacht > 0 the family ((th’K, . ,XtN‘K’K))KGN* is conditionally P-chaotic

given (NE) e with P = g/ (s, 1).

Structure of the paper

In Section 3.3 we recall some basic facts regarding distances on finite measures and probability
measures, we state quantitative estimates in the Wasserstein—2 distance established for i.i.d. sam-
ples in [60], and we show how they translate into estimates for random measures p satisfying
assumption (H) 1). We also make some complementary remarks on this assumption.
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In Section 3.4 we explain the core of the proof of Theorem 3.2, namely the construction of a
coupling of ()~ with an auxiliary particle system (v )s, 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 (1% )>o and (/)¢ in terms
of Brownian motions and a Poisson point measure, with help of a measurable construction 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.

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),(x, ) between two probability mea-
sures ;1, v € P(RY) is defined by

W, (1. v) = ( inf o~ yP w(d:c,dw)’”,

mell(p,v) JRIXRE

where I1(1, ) is the set of probability measures over R? x R? that have ;1 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 1 and v for the transport cost ¢(z, y) = |x —y|P. The quantity
W,(u,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 u € M*(R?), we will throughout denote by ji the probability measure on R?
obtained from it by normalization:

oo 1 d
= (,u,1>'u e P(RY).

We next state some simple but useful basic relations between finite measures and their nor-
malizations:

66



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

i = vllsLs < (s DI = Pl + [ 1) = (1)

9

and

= Ploe < _inf [ o=yl A27(de, dy) < Wil 7).
well(f,v)

Proof. Since ||V||p+ = (v, 1) = 1, we have

I = vlisLe = 1w, 1) (= 2) + 7 ({u,

) = (1)) e
< ()l = Pl + {1, 1)

1
1) = (v, 1)

Now, for any 11, v € P(R?), || — v||pLe = SUD|y <1 | fra g (9(x) — 9(y)) 7(da, dy)| for each
coupling 7 € P(R??) of 11 and v. Using the fact that |p(z) — ¢(y)| < |z —y| A2 when ||o||pr, < 1
and taking infimum over all 7 € II(u, v), we conclude that

= vl < _inf [ 1=yl A2, dy) < Wilu,v). O

mell(p,v

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, (j1) < oo for some q > 2. There exists a constant Cy, > 0 depending only on d and
q such that, forall N > 1,

1 & 2
(W3 X 03e.5) ) < Caadt () Rag),
n=1

where R;,: N* — R is defined by

(¢—2)

N2+ N q , ifd < 4 andq # 4,
Riq(N) = N_%log(1+N)+N_(q;2), ifd =4 andq # 4,
N%—#—N_%, ifd > 4andq # 7%.

We deduce analogous estimates for random empirical measures in MX (R?) satisfying con-
dition (H) 1).

Lemma 3.3.2. Let p € MT(R?) be such that M,(11) < oo for some ¢ > 2 and let (N,v™) be a
random variable in N x M*(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 [i. Then, there exists a constant Cyq, > 0 that
depends only on d, q such that

B (W (7, 1) ) < Cug My (1) B(LV (/) Ra (). (3.3.)
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Proof. Write o = % whend < 4ora = % when d > 4. Thanks to Theorem 3.3, for some Cyy, > 0,
N N
(ot ) 5302 | )
( -

2 N
< ot e( (s 3))

— i@ (ko ((2) ) 4 K—vE(gg)i) )
<cuiin(ke() e koTe (),

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

E@Wf (v 1) ) < Cag M (1) (K‘é E((ﬁ) log(1 + N)> + KE@) 2)

2 N 3 3 q—2 N %
SCd,quq(ﬁ)(K_éE(K>2E<log2(e+N))2+Kq K) )

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

1

E(logQ(e + N)) * <log(e + KE(N/K)) < 1+ log(1 + K) + log(1 Vv E(N/K)),
and the case d = 4 follows. O

We end this section gathering some remarks on (H) 1) and related properties.

Lemma 3.3.3.  a) Under (H) 1), (1) x converges in law to the deterministic finite measure
po = [}i_fg()(lﬁé(, 1) fro.

b) The same conclusion as in a) holds if ({u, 1))k converges in law as K — oo to a constant in

(0,00) and there exists a [ig—chaotic family of exchangeable random vectors
(YN ...)YNNY o N € N) such that for all K, conditionally on K{ulf,1) = N the
set of atoms of uX has the same law as (Y ... [ YVN),

¢) (H)1) holds if Kuf* is for each K a Poisson point measure on R? of intensity Kv, with

vg € MT(RY) fixed. In this case, j1 defined in a) is equal to vy. Moreover, in that case we
have [,(K) < CK~'/2,

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

Remark 3.3.1. Ifinstead of (H) 1) one assumes that the initial condition pl¥ satisfies only the con-

dition in Lemma 3.3.3 b), Theorem 3.2 still holds but with an additional term on the r.h.s. of generic
K

form: C’TE<% o, | XE — YO”HQ) where, conditionally on the event {NF = N},

((X&, LX), (Y ,YON)) is for each N, K € N a coupling of the N atoms of ul 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.
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3.4 Strategy of the proof

The basis to obtain quantitative estimates for W2(uX, j1;) will be Lemma 3.3.2. However, the
conditional independence property required to apply that result holds only when ¢ = 0, by as-
sumption (H) 1), and is lost as soon as ¢ > 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

MK (R?) denoted
1 ¥
th( = ?nzz:l(syt’ﬂ s t Z 0,
and defined in the same probability space as (1 );>0, such that the following condition holds.
Condition (C):
1) vl = pl and K/, 1) = K{(u 1) = NF for all t > 0 almost surely.

2) For eacht > 0, conditionally on (¢//*, 1), the atoms of v//* are i.i.d. random variables of law

.-
3) For each 7" > 0 there is a constant Cr > 0 depending on 7" and on the data of Theorem 3.2
such that
NE ok K 2
E(KW2 (Vt y [y )) S CT (Rdﬂ(K) + ]4 (K))

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, () + (5 ). (3.4.1)

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 eachT" > 0 andp > 1 there is a constant Cr,, > 0 such that

supE( sup (. 1>p) < Crpsup E((4E5, 1))
K t€[0,T K

Moreover, if supy E({(ulf, 1)?) < oo, for all T > 0 we have
2
B((uf, 1) = (1)) < Co(B(K) + K.
Lemma 3.4.3. For eachT" > 0 and q > 2 there is a constant C?. > 0 such that

sup M,(fie) < Op(1+ Mq(fio))-
te[0,7)
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Proof of Lemma 3.4.1. Since {(uX,1) = %, applying Lemma 3.3.1 and the triangle inequality for
W, we get

E (||Mf< - Mt||BL*) < E(]\;?Wl (51{(7%7{()) +E<J\;§(Wl (ﬁtKyﬂt)>

FE(|(, 1) = (s 1))
(B (m) ) 2o )] Jo(5)
B ( () — o))

<cr(B(Gews () )

+ LL(K) + K1/2>.

IN

D=

+ IE<A;:W22 (7 b))

We have also used the Cauchy-Schwarz inequality and the inequality W2 < W} 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 3.32 to v = v, N = NE

1
and i = [if¥, to bound the first term in the square parentheses by Rj (K). The second term is

bounded by C’T(Rg,q(K) + I(K)), due to (C) 3). Since Ir(K) < I4(K) and K~1/2 < qu, 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 (v )¢ will be constructed in such a way that its birth and death events are
simultaneous with those of (115);>0. Moreover, we will see that (C) 2) can be ensured by letting
each atom Y," of X evolve, during its lifespan, independently of the others and of the births and
deaths events, following a specific diffusion process, defined in Proposition 3.5.1, which has the
law fi; 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 that

I4(K) vanishes not too slowly, this roughly requires E(TWQ (l/t TH ) to be, over all ¢ €
[0, T, of similar order in K as E( W3 (Vt , Mt))- Notice that

E(A[;KW2 (Vt  Fhy )) ( Z X — Y;n||2)a

since W7 (DtK, ﬂtK) < NK Zn 11X —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
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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 ji,. On the other hand, as a result of the branching
dynamics, each new particle in the system (112);>0 is given birth at time s, at the position of one
of the NX atoms of i , 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 ;% . Thus, the best way to couple a new pair of atoms of (v );>0 and ()0,
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
iX 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

K
t

thus constructed ensures that E (A;(W; (DtK T )) has the required order in K.

3.5 Pathwise constructions and coupling through optimal
transport

We will construct systems (4 = + ngl oxp)isoand (1 = & Zanl dyn)i>o from the following
set of independent stochastic inputs defined in a common, complete probability space (2, 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 ® do.

A sequence (Z});»1 of i.id. random vectors of law fio.

« A random variable N 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 (1;)1>0 be the unique weak solution in M™(R?) of the nonlinear equation

9,
S = Lopa+ (r = el 1)) (35.1)

given by Theorem 3.1, with initial condition jiy. Let W be a d—dimensional Brownian motion and
Yy an independent random variable in R? with law ji. There is pathwise existence and uniqueness
for the SDE

t t
Vo= Yo+ [ b(Yo Hop (V) ds+ [ o(YeGox u(¥0) dW.. (352)
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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
Oy
ot
with respect to test functions as in Theorem 3.1, and we have [i; = ﬁ forallt > 0. Last, for every

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

L =L, fi, (3.5.3)

dn; = (7“ - 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/)t>r of the SDE

t
Yt’:YT’+/b H # (Y, ds+/ Gk (YY) 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

Lf(x)= ;Tr(a(w)Hessf(x)) +b(z) - 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.

Lemma 3.5.1. Leti: R — N denote the function defined by

pr—i(p) = |p] + 1,

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

AV R, x RN x [0,N) S RY (hx,0) o AN (),
with the following property: for everyt > 0 andx = (z*,...,2") € (RYY, ifp is uniformly chosen
from [0, N), then the pair (A (x, p), ")) is an optimal coupling between [i, and + >~ 6,: with
respect to the cost function (u,v) — |u — v|?. Moreover, if Y is any exchangeable random vector

in (RHN, then IE( j{l qb(AiV(Y,T))dT) = (g, ) for any j € {1,...,N}, and any bounded
measurable function ¢. Finally, the function A: N x R, X (UNEN\{O} (]Rd)N) x R, — R? given by

A(N,t,X,p) = Ai\[((x )n 17/0/\N>
ifx = (z")N_| € (RY)Y, and 0 € R? otherwise, is measurable.
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Proof. Everything is proved in Lemma 3 of [35] except for the last assertion, which follows noting
that A~ (A) = Unso{N} x (AY)7'(A) is a measurable set for any Borel set A € R such that
0¢ A, and

{0 = (U AV} xRy x Unaw®Y)" < Ry ) U (U AN} x (AM) 7 ({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),>; the
Brownian motions driving each coupled pairs of particles (X}, Y;"), in between reproduction or
death events.

The systems (1 = % Zn 1 0xp)es0 and (v = Zn 1 0y )¢>0 are then constructed simul-
taneously, through the following algorithm.

Algorithm (A):

K K K 1 N
0. Weset ' = X¢ = Zg forn € {1,...,Ng'} and pp = v5' = 7 2,21 0z». We also set
two counters: Né( = N{ and m = 0, and we define T = 0. Last, we initialize jo(n) = n
foralln > 1.

1. Fort > T,,, we set j:(n) = jr,,(n) and dB} = dW7*"™ n > 1, and we define the dynamics
of the two populations by:

X = Xr, +/Ttmb<X§, H o pf(X7)) ds+ ;ma(X;"‘,G*uf(Xf))ng, n=1,...,NE
and
Yy YTm+/ Y2 H (YD) ds+/ Y2, G po(Y))ABY, n=1,...,NE
until the first time ¢ > T,,, with (¢, p, ) an atom of NV, such that
p<Np andf <r-+cNp /K.
We then set 7}, 11 = t.
2. For (t,p,0) = (Tn11, p, 0) as before,

- If§ < r, we update N5 .= NX + 1 and Nf{ = Nfi + 1, then we define:

NK

XM = X9 and v = A ((X" )le,p)
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- Ifr <0 < cNJ /K, weupdate NS := NS — 1, then we redefine:

. . . . K
(@, xjoH XN ) = (X[ X ,Xﬁt—),

. . . . K
(}/tl(p); }/tl(P)'H’ o 7)/tNtK) — (}/tl_(P)'H’ }/tl_(P)'f'Q’ o 7}/75117157)7
and we set j;(n) = j;_(n+ 1) foralln > i(p).
3. We increase m by one and go to Step 1.

Let us explain in words how the algorithm works. The systems (u);>o and (1 )i>¢ 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 Nf( 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  an “action” among those two, according to whether § < 7 orr < 6 < r + cNE /K
respectively.

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

Brownian motion (WSN ¢ )s>¢ 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 7 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 7 < NtK , is discarded forever. The indexes of the particles in the two systems are then
updated, as well as the Brownian motions from (W7),> labelled Bi), Bi{?)+1  _in order that
the particles still alive remain indexed by a full discrete interval of the form {1,..., NX}, 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(.

We will denote by (F;):>o the complete filtration generated by all the random objects effec-
tively employed in the algorithm until each time:

Fr=o0 (NOK7 (Z(T)L)ne{l,..‘,N({(}u (N((O7 5}7 E ) 15 < t)? (Bg 15 < t)ne{l,...,NtK})v

and by (G;);>o its subfiltration

G =0 (NE:s<t).

Notice that A is an (F;);>o-Poisson process, and that the processes (N/<);o, (Nf{)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
(t.p) > (A (O p)  XE9) = (AN 1, (X055 p A NE), X19),
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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 (v/*);>( 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 (0,00) of one new
particle in the system (v} )i>o, constructed with algorithm (A), and (T';, p;) be the first two coordi-

nates of the atom (t, p, 0) corresponding tot = T';. Then, conditionally on FT,— and {pj < N;f_},
J

NK

K
YTJ =A M, ((X" )n 1,p]> has lawﬂ@.

Proof. Let f: R — R be a bounded measurable function and (U;);>o a bounded (F;);>0-
predictable process. We have

NK

NEK
= / / / (A - ( n _hp)) 1{p<N£,N£:N§+j—1,0<r}Ut N (dt,dp,dd).

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

NE
E(f (YT] >1{p <z Uz )
_/ / ( e/ NtKl{Nf(Ng‘+j—1,e<r}Ut) dfdt
=k (/[o,oo)s@’ f>1{p<Ng§,Nf_:NOK+j,M<T}Ut N (dt, dp, d@))
=E <</~0ij f>1{pj<N71§j_}UTj> .

Since any bounded random variable measurable w.rt. /7 _ can be written as Uz, for some pre-
dictable process (Uy):>o, the statement is proved. ]

Verification of condition (C) 2)

Lemma 3.5.3. Foreacht > 0, conditionally on (v, 1), the atoms of v are i.i.d. random variables

of law [i;.

K
Proof. The proof will be done constructing an alternative system (5 = % ij;l Ogn )e>0 With the
o Jt>

same law as (v/€);>, for which the required property is easily checked. This system is defined
on the same probability space as (//*);>0, by means of a variant of the construction of (1//*);>¢ in
algorithm (A). The algorithm is as follows:
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0. Define for all 7 > 1:
. . t . . t . . .
7z zzg+/ b(Z2, H # 1,(20)) ds+/ o(21,G* p(Z)) AW, 120,
0 0
Set Y' = zy forn € {1,...,NE} and 7 = = zﬁl 05, As before, we set the same
0

counters Né( = NOK and m = 0, we define T = 0 and we initialize jo(n) = n foralln > 1.

1. Fort > T,,, we set j;(n) = jr,,(n) and dB} = thjt("), n > 1, and we take
yr=2z'" pn=1,... NK

m?

until the first time ¢ > 7,,, with (¢,p,0) an atom of A such that p < Nj and
0 <r+cNf /K. We thenset T, 41 = t.

2. For (t,p,0) = (Tni1, p,0) as before,
- If 0 < r, we update NX := NX + 1 and NtK = NtK_ + 1, then we define:
R —K
YtNtK = ZtNt .
- Ifr <0 < c¢Nj /K, we update NS := N — 1, and we redefine:
(}?;i(p) yiert f/tNtK> — <2i£p)+1 yie+2, ﬁNK)
and j;(n) = ji_(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

NE
Y 7 from the atom (T, p, ) of N as in (A), we now add a new particle Y N, to the system

K
by “turning on” at that time the nonlinear diffusion process ZNT; = gNe+ , which has evolved
independently since time ¢ = 0, driven by the same Brownian motion WN *J that drives the

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

F—0o (J-“tv (Z;V;K” NE 4k < Nf)),

the filtration containing the information effectively employed to construct the process (), and
let (V;)¢>0 be a bounded left continuous process adapted to (F;);>. Conditionally on N[, Vz,

depends only on NV and (W*, ZF) for k < NE + j, while (thVé(H)DO is independent of them.

Therefore, we have

NK
E <f <YT]- ) 1{p <NK }V > ]E(f (Z’ZJEZ +'7> 1{[) <NK_ }V >
= E(</1Tj7f>1{pj<N;fv_}VTj)v
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by Remark 3.5.1 a). This implies that, conditionally on ]?Tr and {p; < N%(_ _}, the random
J

NK

variable ?T 'Tj has the law fiz,- Comparing this to the setting in Lemma 3.5.2, one can check by
J

induction on j that the processes (v} );>0 and (/) have the same law on each of their (common)
time intervals [0, 7;], hence over all [0, co).

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

able. Moreover, for each t > 0, {}Aftl, . ,}AQNtK} = {Zﬁt(l), o tht(NtK)} is a random subset of
—K

{z, ..., z) }, selected in a way that is measurable w.r.t. G;. This readily implies that, condi-
tionally on NX = N, {Y,},...,Y,"} are N i.i.d. random variables of law /i, as required. O

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 reproduction
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®4 and b: RY — R do not de-
pend 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 inhomo-
geneous, and specified respectively by two measurable functions r,c: [0,7] — R, bounded
respectively by some positive constants 7 and c.

The analog of Theorem 3.1 is standard in this scenario (or can be proved by the same tech-
niques used in [58]), and the limit in law of the process (1 ):>¢ is given by the unique weak
solution in M T (R?) to the linear evolution equation

(e, f(t, ) = (po, £(0,)) + /Ot</vbs,3sf(87 N+ Lf(s,:)+ (r(s) —c(s)f(s,-))ds, (3.6.1)

for each t € [0,7] and every f € C12([0,T] x R?), 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:

- Step 1 is carried out until the first time ¢t > T,,, where (¢, p, 6) is an atom of N such that
p < Nf and 6 < r(t) + c(t), at which one sets T},,41 = 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 (11/* );>0 evolve according to the
SDEs

dX) =b(X])dt +o(X)dB},  n=1,...,Nf, (3.6.2)
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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

supE( sup (X, 1)*”) < Cryp sup E((uk, 1)P).

K te[0,T]

Moreover, if sup E({(ulf, 1)) < oo, for all T > 0 we have

E(‘(Pfa 1) = (e, 1)’) < CT(]l(K) + K_%)

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 A used
in algorithm (A ). We obtain

t
NtK = NOK +/ /]R - 1P§NK, (19§r(37) - ]-r(sf)<9§r(sf)+c(sf)) N(d&dP, de)
+ /Ry
_NK+/ $))NK ds + MK,

where (MF);>¢ is a martingale since, for all ¢ > 0,

([ L L

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

B~ o) < (|5~ o)) v 2 [B( D ) as o 5( 1D,

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

‘MtK’ 1 t
E T S ? E /0 /RJF /IRJF 1{P§N£,9§T(sf)+c(sf)} N(d37 dp, de)

_ E((Jy(r(s) + c(s))NE ds)2
K

p<NK (19<r( ) T 1T(S)<9<r(s Y4-c(s) >‘ depd0> (T + C (/ NK dS) < o0,

N

1
2

<% (supla(m? )+ c)eft) ,

for allt € [0, 7. We conclude by Gronwall’s lemma that

() B T )

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 Proposition
3.5.1 in this setting is rather elementary too, yet illustrative for the general case, so we state it in
detail next.
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Proposition 3.6.1. Let (11;)1>0 be the unique weak solution in M™(R?) of the linear equation

O

o Ly + (r(t) — c(t)) e, (3.6.3)

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, = Yo+/ ds+/

where W is a d-dimensional Brownian motion and Y, and independent random variable in R? with
law [i9. Then, the flow (fit)i>0 of time-marginal laws of (Y;)i>o is the unique weak solution of the
Fokker-Planck equation

Iy _

e

at ”t?
and satisfies [i; = <#‘:t1> forallt > 0. In particular, for all bounded real function f we have (i, f) =

E(f(Y;)n:), where n, is the unique solution with ng = (ug, 1) of the linear differential equation

dny = (r(t) — e(t))n, dt. (3.6.4)

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

(fe, (¢, )
= {fio, (0, - +/t (is, Osh(s, ) + Lh(s,")) ds
= (o, Do, f +/ fis, (,)0s(ps, 1) + (s, 1)0s f (5, ) + (ps, 1) Lf (s, ) ds
= ({0, )10, f(0,-)) +/0 ((ps, 1)fis, Osf (5,°) + Lf(s,) + (r(s) — c(s)) f(s,")) ds.

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

(e, [) = E((pr, 1) (V1))
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 and Y = (Y;)i>0 be two diffusion processes with generator L
driven by the same Brownian motion B. For each T" > 0 there exists Cr > 0 such that for all
O<u<t<T

t
E(|X, - Yill* = |1 X, = Yal) < Cr [ E(IX, - Y| ds
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Proof. Let (7,,)nen be the sequence defined by 7,, := inf{s > 0 : || X,||* + ||Y:]|* > 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 (| Xl? < 21X ]+ Cr+ Cr [ sup 1,2 ds

u€[0,tATy] u€[0,5ATy]

23 (s )5

i,j=1 \u€[0,tATn]

/“ o (X,) dBY)
0

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

t
E( sup HXqu) <2E (||X0H2) +Cr+ C’T/ E( sup ||XUH2> ds.
UE[0,tATR] 0 u€[0,5ATy]
Applying Gronwall’s lemma and then Fatou’s lemma upon letting n — oo we deduce
B s 1) < CrB(XP) +1) 369

s€[0,T

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

t
1, = Yill2 = 11X, = Yall? 4+ [ 20X, = V) (6(X,) = b(Y;)) 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<||Xt/\m - }/;f/\'rn”2) < E(HXU - YU||2) + C/ E(”Xs/\m - Ys/\m 2) 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 and
te0,7T):
K

NE

1 ¢ > to (N
El =Y X/ =Y/ <C/IE
<Kn1”t t“)_To (K

W%ﬁ%0®-

Proof. Consider the product empirical measure n/* := % Zanl d(xr,ym and the sequence of jump
times (7},,)men of the process (N/);>, defined through algorithm (A). We decompose the evo-
lution of X in terms of (7},,)men as follows:

0 =0 S (L, (5, = 0 _) = rysesml) +
m=1
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Defining A == 3", |[ANK|, where ANX = NX — NX | we can rewrite the previous equality
as

[e.e]

77 = 770 + 77t Z t>Tom (777{(m - 777[% + 777{(7; - 771[“(7”,1) .

m=

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

E((n), do)) = E((nf, d2>) + E(ni:l L1, ((anfm, d) — <’7§fnad2>)>
+ E( <77tK, d2> N <777{(A{(7 d2> + mi li>t, ((U?ﬂ;,dﬁ - (szfm_l, d2>> ) (3.6.6)

By Lemma 3.6.2, and since the evolution of 1€ is independent of the sigma field (G;);>( on each
interval [T,,,_1,T,,), we get

E(Lior, (g, do) — (. da)) |

G
K
1 Tm 1
B (K Z ‘Xna_yﬁzw_HX?m_l_Yz?m_le|gt)1t>Tm
K

<~ z C [ E(Ixr -2 |6) dster,
Tm
= O/Tm1 E((T}S ,d2> ’ gt) dS]—tZTm> (3.6.7)

and similarly, for the remaining time interval,

B(((nf" o) — (nk, 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(illtsz ((nﬁad2> - <777[‘<n’d2>>>

1 1 K K 2
</ + R+( - 1 <r(s— HXNs - YNS
K [0,8] xRy x p<N£ 6<r(s—) 5 -

2) N (ds, dp, d@))

2

- 1p§N§i 1r(s—)<0§r(s—)+c(s—)HX;(p) - Yt@lgp)

!
gE(/ 1, Toere HX _ AN <(X” )n*K—l,p> N(ds,dp,d0)>
[0t]><]R+><]R+K p=
INK
—B( [ romE (it ) ds). (3.6.8)
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where we used Lemma 3.5.1 and Remark 3.5.2 in the last equality. Since E((n{, dy)) = 0, by
combining the two previous estimates and writing C' for some constant that may change from
line to line, we deduce

B0 ) < © | B ) as + B [ S romw3 (6t ) as)

<C/ (0 do) ds+C/ (SWQ( S))ds
+C/ <5W2 us,s

<c/ (o)) ds + C [ ( SWQQ(D;K,/]S))ds,

N\_/

where in the last inequality, we used the fact that

NK 18
E( it (uf,vf)) SE(KZIIXS—K”HZ), (3.6.9)
n=1
since W} (uf( N7 ) < N%K Zanl | X — 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 Ry ,(K).
Proof. Combine inequality (3.6.9) with Lemma 3.6.3 and apply then Lemma 3.3.2. O]

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+ K5, ifd < 4 andq # 4,
tEEI;]E(Hm = ) SCr{ (LK) + K4 (log(1 + )3 + K5 ), ifd = 4 andq # 4,
(LK) + K~ + K5, ifd > 4 andq + d/(d—2).

Proof. As in the proof of Lemma 3.4.1 we show that

= (1 =) < cn{(503 (6 0))
+E(|(uf€, 1) - <Mt,1>‘)>

<Cr (Rd,q(K )

[N

+B( MW (o))

(NI

+ 1L (K) +K%),

NI
U

using Lemma 3.3.2 and Lemma 3.6.1, and we conclude noting that K —2 < Ry q(K)2.
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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 (u):>0 of equation (3.5.1) with a non-linear process of McKean-Vlasov type.

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;);>0, consider a function f € C12([0, T x RY) satisfying the conditions in Theorem
3.1. By Itd’s formula we obtain

tOf(
76 = 70,5 + [ PO gk 10 g Vv, e () ds
+/Vﬂﬂ®dﬂﬂ*mmmﬂV+l/% (Y2, G % pa(Y2) Hess [ (5, Y2)) d.
0
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

(e, (. ))
= (jig, h(0,-)) + /t (fis, Osh(s,-) + L, h(s,-))ds
= (0, Do F(0.) + [ (it £ )04t 1) + {pos 1O (5,)+ (e VL S5, ) s

= <<M07 1>ﬂ07 f(Oa )) + /0 <<M8a 1>Ias> asf(sa ) + thsf(sv ) + (T - C<MS: 1>)f(87 )> dS,

which implies that (fi¢)¢>0 = ({1, 1)jit)i>0 satisfies the following “linearized” version of equa-
tion (3.1.2)

</1t7 f(tv )> = <,U07 f(ov >> + /Ot <ﬂsa 85f(3, ) + Lusf(3> ) + (7’ - C(M& 1>>f<87 )> 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 = (pt1)i>0 also is a solution, we deduce that
(e, 1)y = py for all £ > 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 = linTheorem 3.1, recalling that the local Lipschitz character of the ODE’s coefficient ensures
uniqueness for it. O]

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 represent the
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dynamics of the number of particles by

t
NE = NE 4 / / 1, i <1g<r “1 ) N (ds, dp, d6)
r<0<rtc—

_NK+/ < )Nde—i—MtK,

(MF )0 is a martingale since, for all £ > 0,

([ /]

by the previous part and the assumption on second moments. Taking into account that

NK>‘ dsdpd9> <(r+ @E(/Ot(zvf)?ds) < o0,

1p§NSK <19§7"(s) -1

¢
(e 1) = {p10, 1)+ [ (= e 1)) (s, 1) ds,
we obtain with It6 ’s formula that
NF *(NE MF
(K—<Mt71>> = <K_ fo, 1 +/ (ts—, 1) d(K)
Tl Y (N )
o f [ —(us,1>> - (K—ms,n) (55 + ) s
1\2
+/ /1p§ SIil . ng <K> N (ds,dp,dd)
¢ 1\2
+/0 /1p§NsK_19§r<K> N (ds,dp,dd).

Neglecting the negative term in the second line gives us the bound
NE ’
— — 1
( K <ILLt7 >>
N ? tr (NK
< (o / 2 S ) s [ (55
_<K II"L07>+ T’< M7> S+OK<K>S
MEF - ~
(15— 71>> d( ; ) +MtK+MtK

() e 0

K
NEK ? rT
< [ =2 — (p, +/2r< 5,1> ds + — sup (u¥,1
( o {wo ) (s, 1) e SE[O,T}(M )
T MK . 8
+ — sup (u¥,1) +/ ( (ps— ,1)) d< - )+MtK+MtK, (3.7.1)
KSEOT] K

where (M), and (M/)>( are compensated Poisson integrals. Let now (7, ), be the sequence
of stopping times defined by 7, = inf{t > 0 : Nf( > m} for m > 1 and 75 = 0. Since Wf is
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: . ~K ~K K
increasing by oneand N,_ >m+1=N_ > N_ forallr > 7, > s, we have

[ o) -2 (- o)

_2//<;55p, N (ds,dp,dd),

with AV the compensated measure associated with A" and ¢ the predictable process

NKA> (J\;: - </~Ls—71>>'

1
¢(87 P 0) = 1N§,SW1PSNSK—E <19ST -1

The inequality NX < N implies that

(/// (s,p,0 ydsdpd9>
([ ) )
§E</0 Z(rvLcZ)(Z—i-(,us,D)ds)

S CT,K,m (1 + sup <:u57 1>>7

s€[0,T7]

and so the integral w.r.t. d(j‘%K) in (3.7.1) is a martingale. By similar reasonings, the stopped

processes (M )iso and (M )5, are also seen to be martingales. Taking expectation in
(3.7.1) we get

E((Nt;é“" — (Lttnr, 1>>2>
() o )

§E<<J\; (k0,1 )) /27“1['3(( LI — (fLopmy, | >>2> dHig

Using Gronwall’s lemma we obtain

E((Aé”” — (Htnrms 1))2> < (]E((AE — (po, 1))2> + (;(T> e (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,
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proven therein to satisfy E(||Y;||?) = M,(ji:). Applying Itd’s formula to ||Y;||? for ¢ > 2 yields

t t
Y017 = Yoll* + [ alVall #2200, H 5 1y (¥)) ds+ [ qlVal "2 (Y, G % y(Y:) dB,

1 d d t ) )
5305 [ ala = DIVl WO + 65,02
ij=1 k=1
x oYy, G s (Y2))oUP Yy, G pna(Y2))) ds. (3.7.3)
Since b is Lipschitz, we have ||b(Y;, H * ps(Y5))|| < C’(l + |Ysl| + |H * ,us(Ys)\) with
|H * ps(Ys)| = | [ H(z — Yo)us(dz)| < || H||oo Supsepo 1 [{12s, 1)], and similarly for o and G.
We thus get that
Ib(Ys, H 5 (V)| < C(1+ | X,[]) and [lo(Xs, G # (X)) < C(1+ [ X))

Using this in (3.7.3) gives us the bound

t t t
%17 < %6l +C [ Ile2ds+ ¢ [ ¥letds+C [ )eds
t
[ Vel o (3, G g (2)) B,
0

Let now (7,,)nen be a localizing sequence for the local martingale in the right hand side. Taking
expectation of the stopped process yields

t t
B(Yinr %) < E(17) + O [ E(Yorr 1972 ds 4 € [ B (Vi 7 s
t
+C [ E(Yons, |7 ds.

Notice that, by Holder’s inequality, one gets
[ BV ds < [ BAYirr 97 ds < Cr o+ C [ B(IYars, 1) s,
and a similar bound holds for the term of order ¢ — 2. Combined with the previous, this entails
E([¥ins I) < E(IY6I)7 + Cr +C [ B(|Yonr 1) s,

from where Gronwall’s lemma yields
E([[Yinr, 1) < Cr(E([[Yo])* + 1).
We conclude with Fatou’s lemma taking n — oo. [

Everything left to do is to show that condition (C) 3) holds. We will need two additional
bounds stated in the next two results.
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Lemma 3.7.1. Let N and K € N* be fixed, and consider the diffusion processes (X™)N_, in (R%)V
evolving according to

AX = B(X H o il (X7)) dt + o (X, G plS (X)) dBY, 120,

where (B™)N_, are independent Brownian motions in R? and u* stands for the empirical measure
pf = % SN dxn. Consider also N ii.d. copies (Y™)N_, of the process (3.5.2),

AV = (Y, H x (V7)) db 4 o (Y, G (V) dBY, 120,

driven by the same Brownian motions. For each T' > 0, there is Cr > 0 not depending on K nor on
N such that forall0 < u <t < T andeachn =1,... N,
2
s > ds.
BL*

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 t
B(IXP = Y72 = X = Y ?) < Or B = oIy ds+ [ Bl

t
X712 < X312+ [ 20X 6K, H ol (X2 ds
t t
[ 2AXD (X2, G o (X)) AB, + [ o (X2, Gl (X)) ds
0 0
t t t
<IN+ Cr+C [ X2 ds+C [ X2 ds +C [ X2 1H (X2 ds

t t
+C [1G S (X ds 4 [ 2X2)'0(XE, G # i (X2) dB,
0 0

n||2 2 N 2 2 N ? ! n||2
< IR+ Cr + CTIHIL () +CTIGIR () +C [ Xz ds
K K 0
t
[ XD (XE, G x pl (X1)) dB,,
0
since, in the present lemma’s setting, (1, 1) = & for all s > 0. Let (7,,),en 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 || Xy []* < |Xg[1? + Or + CT|HI% sup (u,1)?
u€[0,tATy] s€[0,17]

+CT|G)% s WE )2 4+ C / sup || X7 ds

u€[0,5ATy]

d
+ Z( sup | [ 2(X2) 000 (X7, # ¥ (X7)) 4BY)
i,5=1 \UE[0,tATn] 0

)
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The expectation of the last term is controlled using the BDG inequality by
d
> E( sup )
i,j=1 w€[0,tATr]
tATR . .. 2 %
<y E ([ a(xooecuntonn) o))

i,0=1

tATRh %
< ||X?||2H0'(X§,G*uf(XS))HZdS> )

< cn((1+10m ( )) ([ 1z as) )

< Cr+ Cr [ B(IX, ) ds,

| 2000 (X7, Gl (X7)) aBY)
0

where we used the finiteness of the second order moment of the total mass. This allows us to
obtain that

t
B s IX2IP) <51 + o+ [ B s xei?) as
U€E[0,tATR] 0 w€[0,8ATr]
which implies by Gronwall’s lemma and then monotone convergence that
]E( sup HX?H2> < 0. (3.7.4)
te[0,7

A similar argument can be applied to the process (Y;");>0 in order to obtain the same conclusion.
We now apply Itd’s formula for fixed n as in (3.7.3) to get

s

t
X7 = Y22 = X0 = VR [ 20X = Yo (X, Bl (X)) = bV H o as(V2)) ) s

t
[ 2XT =YY (oKD, Gl (X)) = (Y2, G o us(Y)) ) B

d t (35) n K n (ig) (v n 2
£ 30 [ (o0 Gt (X)) = 0D G (1) d

ij=1

Using the Lipschitz character of the coefficients we get the bound
t
17 =Y < HXZL—YU"|!2+CL (X0 =Y U2 X7 = Y2 H ol (X0 = Hoepag (V)] s

+C [ (I = Y2 416« i (X2) = G (V) ds

S

t
[ 20X =Y (X, Gl (X)) = o (V2 G (Y]))) B

Recalling that the function H(- — ) is bounded and Lipschitz for each x € R?, we see that
+ ’H * NS(X;L) — H ,US<Y;n)’
X =Y

S S

< C|lpl = psllpr + Cllusllpr

ol (XD) = H % pa (V)| < [H sl (XT) = H o5 (XD)
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and similarly for the terms involving G. The uniform bound on the mass of (1:;);>¢ on finite time
intervals allows us to get for all 0 < u < ¢ < T that

t
oy = Y72 < X = Y+ © [ (1K = YU 4+ X = Yl = ) ds
£ O [ = Y22+ Il = pelee) ds

t
+ [ 2K = Y (X2 G (X)) = 0V G (1)) dBY

S

t
SIX =Y+ [ (1 = Y202+ el = ) s

t

[ AN =Y (XE Gl (X2) = oV, G (VD)) B
where we used Young’s inequality for the second inequality, and where C'is a constant not de-
pending on K nor on /N that might change from line to line. By considering a localizing sequence
(Tn)n for the local martingale on the right hand side, we can take expectation of the stopped pro-
cess to obtain

t
E(|1 X}, — Yot I?) < E(IX: = Y217 + € [ E(1xX;

SATh,

— Y %) ds

+EE(\

for all 0 < w < ¢ < T. Thanks to the second moments controls on the running suprema of X"
and Y™, and since the total mass of ;/*is constant in the context of the present lemma, we can
use dominated convergence to take n — oo and conclude the proof. ]

2

)ds,

K
lus/\Tn Hsary, BL*

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 sy E((uf, 1)*) < 0o. Then, we have

E(@f = 1>>4) < CT<I;§(K> + ;)

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
NE tONE NE S (MK
4 4
N N
+/ [4?“< us,1>> —4< Ve —(us,1>> (K +<us,1>>]d5
t NK 1\*
+/o /1p§NSK_19§r[<K — (ps—, 1) + K)
NE YN !
— | = —(us—, 1) | —4(——(us—,1) | —=
( K </’LS ? >> ( K <:uS ? >> K‘|N<d$,dp, de)

¢ K 1\*
+/O /lpng_l - ng [( ;{— - <Ms—71> _K>

_ (J\;S(— — (s, 1>> + 4<A}(_ — (ps—, 1)) ;{,]N(ds,dp, de).

N———

Neglecting the negative term in the second line and compensating the integrals with respect to
the Poisson point measure gives us

4
1))
NK 1 NK 11
(K - <Ms,1>> e +4< I’ (s 1>>K3 + K4> ds
NK ([ (NK °1 NX 11
K*'s s - - -
+ 0 CNS K <6< K <Iu571>> K2 4< K </’LS71>> K3 _'_ K4> dS

3
MK _
+/ ( us,1)> d<l§>+Rf<+Rf<,

where (RX);>o and (R);>( are compensated Poisson integrals. Using Young’s inequality we
deduce that

(% - )

NE ! C [t{N! ?
§<K_:u071) +C/< :uén >> d8+l(2/0<K_<MS71>> ds

CT 2 4
+ —= sup (u,,1 —|——sup s, )"+ — sup (u,,1
K3 sE[OT]<Iu > K SG[O,T}<M > K sG[O,T]<'u
3 MK B
+/ ( {115 ,1)) d( e >+R{‘+R{? (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) and
taking expectation yields

E((Nﬁm—<um,1>)4> i+ o [ 5( (Y <um,1>)4) s
' If i E((NZ ~ tanm 1>>2) s
< I{(K) +—+C/ (( ST (usmn,1>>4) ds

T (0 ),

where we also used (3.7.2) to obtain the second inequality. Gronwall’s inequality and then Fatou’s

lemma yleld at last

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,T]

K
1Y L !
B e - 2IP) < O )+ K (TR (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

NE .
=3 h d(xp ;) and decompose again

NK
1 - n n
E(K > IX Y, \2) = E((nf, 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

Bt ) < € [ Bt s + € ['B(FEwaer ) ds
w0 [ (S ) as
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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 the last
term. In order to bound this new term, we use Lemma 3.3.1 to get

NSk 2 N AT NS i
B(S [ = . ) < B(S (0 0 — sl +| 5 = a1} )
2 NSI< ~-K = 112
<2 sup (fiy, 1) E( 1% 1 _MsHBL*)
u€[0,T]
NK NK 2
2]E 5 = — 571
+ (K o (ks 1) )
NE NE
< OB G = 7l ) + CE( 5l — 75 )
NK NK 2
OB =5 |2 — (g, 1) ), 3.7.6
+ (K 7 = (s 1) ) (3.7.6)

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

K
S

NK . N,
B( St - oK) < B( 5

and we do the same with the second term to get

WG, 7)) < B((n, o)),

NE NE o
B( i — 7l ) < B(S=WE G 7).
We thus obtain the inequality

B ) < O [ E(nf ) as + O [ B(TEwwE ) as

K
t /NE|NK
2/E<88
+ 0 K| K

where only the last term needs to be controlled. Using Holder’s inequality yields

(1 - ) ()5 ).

where the first factor on the r.h.s. is controlled by Lemma 3.4.2. Thanks to Lemma 3.7.2 we obtain
that

B( ) < € [ Bk s+ [ B(

2) ds. (3.7.7)

- <:U’sa 1>

M

N
K - </”['371>

NK
K

W2(ok, us)) ds + Cr <I42(K) + \%)

Finally, Gronwall’s lemma yields
1 NE

IF(K) + \/?+/OTE< T Wg(af,ﬁs)) dS]GCT_

E((n*,ds)) < Cr
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We deduce the following result.
Corollary 3.7.1. Condition (C) 3) holds.

Proof. Applying Lemma 3.7.3, Lemma 3.3.2 and noting that \/% < CRy44(K), we obtain the
bound

B((1, ) < Cr (I(K) + RaaK)). (57.9)

Combining this with the inequality ]E(N—I?I/VQ2 (ﬂf{ N7 )) < E(% Zf:/fl | X — Y™ ||2) yields the
conclusion. ]

Proof of Theorem 3.2. Conditions (C) 1), 2) and 3) being established, it suffices to apply Lemma
3.4.1. 0

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 ¥4 ,(K) denote the function of K appearing on the right hand side
of the bound in Theorem 3.2. By exchangeability of ((th, Yh,. .., (XtN" , YtN" )) conditionally
on NX, for all t > 0 we get

NE 13
E(K 17— Y#HQ) = E<K > IIXT - Yg”HQ) <3 (K), (3.7.9)
n=1

thanks to (3.7.8). By Proposition 3.5.3, we have E(Ytl, LY NtK) — i’ on the event {j <

N[}, Now, letting ¢; := (u, 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

(et X ) =] > 2)
NE . , NEN ' e, 2
<P t’ﬁ(xl...xf NK)—-@’J —t > 2 NKE >
-~ <K to ) t t :ut BL* K 2 Ctv t —j
NK . )
<p(Sb|e(xd x| M) | > SLNE >
K BLs 2
NK c
Pl =t <« 2

NS

< 2p(Ng i”X”—Y”H NK )1 .
Teq K \&ZTt ! t {NtKZj} K 2

27 NtK 1 1) NtK Cy
< ZE(= X! -, Pl <2
_5ct(KHt o)+ Pl <3

2] )12 Nt[( Ct
< =CU4 (K Pl — < —
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using also the Cauchy-Schwarz inequality, the estimate (3.7.9) and the fact that E( N/ /K)'/? <
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

({0 ) 0

as K — oo and the statement follows. O

Zj) 0
BL*

We finish with some remarks regarding possible extensions of our approach, and the technical
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 uk 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¥ = pl is not enforced, but K (v, 1) = K{uK 1) = NJ 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 (X2, ..., X}') are chosen on
the event {NF = N}, suitably coupled with (Y7, ..., Y{). This results in an extra term of
the form E((n{*, 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 C7E((nf, d2))'/? 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 (X3, ..., X}') and
(Yi, ..., YY) must be chosen on each event {NX = N} so as to realize the squared
Wasserstein—2 distance between the laws of (X¢, ..., X{¥) and a§™ in (RY)N. Denoting

—~ _ 1
WAL, X)) = WAL X0, ™),
the normalized squared Wasserstein-2 distance, the additional term E((nl< dy))/? then writes
Ny T2 1 K ®N 2
IE(KW2 <£(X0,... SVINEY, i >> .

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 corre-
lated 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 spa-
tial Lipschitz continuity of the reproduction rate and the competition 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 themselves, and in such a way that
the discrepancies asymptotically vanish as the population size goes to infinity.
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« 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 auxiliary system, with the
independence requirement in the auxiliary system. A possible 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 assumptions
in b), it is enough to prove b) to get both parts. Taking p = j19 and v = pff in Lemma 3.3.1, we
get

i sup (o — - > ) < linsup B0 — il [ > /200, 1). (B.)

K

with /15 = N—{{( Zf-vzol 5X8" On the other hand, for each § > 0 and M > 0,

P(|lfio — /il lbs > 0) < 3 B [P(|lfio — i lsLe > 0|NGS = N)1ys_y] + PN < M)
N>M

1 N
i=1

N>M

BL*

Since (1{f, 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 /iy —chaoticity is equivalent to the conver-
gence in distribution of the random probability & "IV, dy.v to fig as N — oc. If follows that
lim sup g, P(||fio — 2&]| > 0) = 0 which entails the claim in view of (B.1).

c¢) The r.v. N = K{uk, 1) is Poisson of parameter K (v, 1) and equals in law the partial
sum > N7 of i.i.d. Poisson r.v. (N%);cy of parameter (v, 1). By the law of large numbers,
(ul¥, 1) = NE /K converges in law to the constant (vy, 1). It is immediate from basic properties
of Poisson point measures that the N/ atoms of p& are i.i.d. of law 7y given (u, 1), and we
necessarily have pig = (14, 1)7 = 14. Lastly, the r.v. N{* is Poisson of parameter K {1, 1) and
so we have I}(K) = K73 ({1, 1) + 3K (o, 1)?) < CK2, O
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4.1 Introduction

Models for the growth of the size of a population are of great importance in population dynam-
ics, 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 population approximations
on large time scales (see for example [7]). These lasts processes have been intensively studied
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in the last decades (we refer to [88] or [102] for their treatment). Also, their generalizations to
varying or random environments have received attention, starting in [77] and more recently in
[11], to name but a few. An important class of these models are the ones that have been con-
structed as solutions of stochastic differential equations (see [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 mod-
els having reproductive dynamics, is to understand the genealogical structure behind the branch-
ing 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 different 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 repre-
sentation 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 description
of their genealogical structure, is the one given by lookdown constructions. The original look-
down 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 structure 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 population models to their high density limits, the
genealogies are preserved by a projective property of the associated martingale problem. More
recently, in [52] a more complete toolbox was given in order to construct representations of mod-
els 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 augmented 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 allows to
exploit a coupling in a Poissonian framework and quantify approximations. Using the lookdown
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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 dif-
fusion in varying environment. Specifically, we develop an approach to approximate 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 differential equation

X, = X0+/ )X, ds+/ V209X, dB. — Y F X, (4.1.1)

Jj=1,t>t;

where (t;);>1 are given catastrophes times and F}; the fraction of the population that dies at time
t;, and this for b(t) < 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 incre-
ments 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 approximates
the previous object, we proceed by filtrating each birth event in the particle process by the prob-
ability 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 £ = [J;° [0, K]", the domain

n

D(AF) = {f<u> T o) : g€ CH10,K]),0 < g < 1,g(K) = 1,g/(K) = o}, @21)

i=1
where u = (uq, ..., u,), and the generator
AX f(u) Zza / (v) = Ddv + f(u) > (a(t)u? = b(t)u >gg((77j)) (4.2.2)
Ui =1 i

for o(t) > 0 and b(¢) two bounded functions. This operator represents the following stochastic
dynamics. We start with a collection of particles where each one has a real value assigned, called
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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.

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 Theorem
4.2 in Appendix C). Indeed, let a i (1, du) be the joint distribution of 7 i.i.d. uniform [0, K] random
variables and f = [ f(u)ag(n,du). By defining CXf(n) = [ A f(u)ag(n,du), it can be

shown that

Cf f(n) = Ko(tn(f(n +1) — f(n) + (Ka(t) = b(t))n(f(n — 1) = f(n)). (4.2.4)

Under the condition Ko(t) — b(t) > 0 for each ¢t > 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 martingale
problem associated with (4.2.2). Another consequence of this theorem is that if we have unique-
ness 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 renormal-
ized, 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 22 [0, 00)™ and consider the domain

D(A) = {f(u) = Hg(uz) g € C'([0,00)),0 < g < 1,3v, such that g(v) = 1,Vv > vg},

1>0

and the operator defined by

Vg g/ /u/z
Auf (u) = f(u) 3 20(1) / “(9w) = 1) dv + f(u)z(a(t)uf — b(t)u;) g((u; L (425)
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 + ls] for 0 < ¢y < /o, at rate 20(t)(¢2 — ¢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, co) with intensity

A

z and by defining C; f(z) = [ A, f(y) a(z,dy), we obtain that

Cof (z) = o)z f"(x) + b(t)zf (x). (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
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as a consequence of the Markov mapping theorem that

. 1 i\ (@
Jm > tom (V) X
where (X}):>0 is a process that evolves according to the generator (4.2.6) and (V;);>¢ the solution
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;.

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 (Z;);>1 and (my,);>1 be given catastrophes times and intensities, and
B(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 t; we amplify the level of each particle in both processes by a factor 3(m;;). 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 (U;);>¢ and
(U[) >0 respectively.

With this construction we obtain that until the first jump time (catastrophic event), the num-
ber of particles in (U/);>0 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 3(m,) ™" < 1 in the birth
and death process being represented by (UX)>¢, as it was shown in [80]. At the same time, in
the branching process represented by (U;):>0, a catastrophic event corresponds to multiply by
B(my;)~" < 1the 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 condi-
tion, 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 F := —(8(my,)”" — 1). This
can be seen as the quenched version of the model proposed in [80] for random catastrophes.

4.2.2 The reduced tree

Recalling that b,0: R — R are continuous and bounded functions, and that 5: 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[X);>¢ and (U;);>o defined in the previous section,
we construct their reduced trees at time 7" as follows. First, let u¥ and u7° be the solutions of

u(t) = u(s) + /St o(ryu(r)?dr — /t b(rju(rydr+ > (B(my,) — Lult;), (4.2.7)

’ g1, t2t5>s
for each 0 < s < t < T, with terminal conditions v (T) = K and lim; ,7 u*(t) = oo,

respectively. The existence of these solutions is ensured by the condition b(t) < 0 < o(?).
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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(t)(u% (t) — u) with uniformly distributed level on [u, v (¢)]. Similarly, Ry
will be defined as the tree generated by the particles whose levels are below u3°(0) at ¢ = 0.
Here, a particle with level u at time ¢ will produce a new particle at rate 20 (t)(u3°(t) — u) with
uniformly distributed level on [u, u$?(t)]. These definitions come from filtrating each birth event
in the processes (U );>0 and (U;)+>o by their probability of survival until time 7',

To endow this objects with a genealogical structure we start by considering the set U =
Un>o(N¥)". At time 0 we enumerate the particles according to the increasing order of their 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 ¢/, 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 U x [0, T']. 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

g9(s)ds,

T / r
dg (T7 T) = Z /0 ‘1(u,s)€T - 1(u,s)ET’
uel
where g: [0,7] — R, is a function satisfying the integrability condition

T s -
/ eJo 20T () 4rg(s)ds < 0. (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 R for large K, representing the approx-
imation 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' > 0. 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(dg(RT,RgS)) —0, asK — .

Given the assumptions, this result holds for critical and subcritical branching processes since
we need to assume b(¢) < 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 ex-
ploit the projective property of the lookdown construction that we make use of. This approach
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sets the ground for in a next step take advantage of the Poissonian framework in order to ob-
tain 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 definitions
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 genealogical
information arising in our context.

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,...,0n) € (N*)". We denote the i-th child of v by vi, were vw denotes the concatenation
for v,w € U. A discrete tree T is a subset of I/ that satisfies

(i) 9 €T.
(ii) If vy € T, where j € N*, thenv € T.
(i) Ifv € T, thenvj € T if and only if 1 < 5 < §,(T), for a positive integer 6, (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 Aw 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:3s>0,(v,s) € T} isa discrete tree.
(iii) Vo € T, there exists 0 < b(v) < d(v) < oo such that (v,¢) € 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 € Tand 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.
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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, ), denoted (v,s) < (w,t) as before, if v < w,and s < tif v = wors < b(vj) 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, T']. In our context it will be also important to be able to quantify 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]: /OT Na(s)g(s) ds < oo},

where Ny (t) == |Vi(T)| represents the number of individuals or labels in the tree at time ¢ and
g: [0,T] — R, is a given function.

Definition 4.3.2. Given two chronological trees T, T" € 7Y, their g-weighted chronological
distance is defined by

T
a7 (T.0) = 3 [ [lner — Lonero(s) ds.
uet 70

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
(T9,dY) 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

du(A,B) =inf{e >0: A C B°and B C A%},

where U = {z € X : dx(z,U) < €} denotes the e-neighborhood of U C X. The Gromov-
Hausdorff distance between two metric spaces is then defined by

dan((V,dy), (Z,dz)) = inf{du(6(¥), (2))}
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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,T] — R, be given by p((v,t)) = [i q(s)ds. By
defining the metric

d(w,v) = p(w) +p(v) = 2p(w Av),
(T, d) turns out to be a complete metric space.

By setting ¢ := g, we have the following comparison between metrics.

Lemma 4.3.1. Letc > 0. Ifd;(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 v is given by

f(f(v) g(s) ds, which is smaller than ¢ since dép (T, T') < e.If v € T, then it is 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), t], and since fbt(ﬁ) g(s)ds + flf(v) g(s)ds < e 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 . [

Poissonian construction of a chronological tree

We end this section by giving a construction of a chronological tree from a collection of Poisson
point measures.

Let (V,)vew be ani.id. collection of Poisson random measures with common intensity x(t)ds.
Using these measures, we can recursively define a sequence of trees whose union is a chrono-
logical tree in where each individuals lives up to time 7. Starting with Ty = {@} x [0,7] and
b(@) = 0, we define

No((b(),T]
T.= |J U {vi} x (b(vi),T] CU x Ry,
v€P(Tn-1) 121

where Py(-) is the projection on U. 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 <i< 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.
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In what follows we consider o, b, 3 and (¢;,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 ¢ < 7' 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 (UX);>¢ 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 K, 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.

4.4.1 Level evolution and threshold

Recall that the level of each particle satisfies the equation
¢ t
u(t) = u(s) —1—/ o(ryu(r)*dr — / b(r)u(r)dr + Z (B(my;) — Du(t; ), (4.4.1)
s s J>1,t>t5>s
which in between jumps translates as the evolution given by

u'(t) = a(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) = u is given
by
Te fs/ b(r)dr

a 1-— Hfst e[ vw) dwa(r) dr’
foreach s <t < T(s,u), where T (s,) is the explosion time determined by

u(t)

(4.4.3)

T(S,ﬂ) T
/ e J. b(w)dwa(r) dr =

SEN

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 u*(0) such that u'(0) < u?(0), thanks to the
monotony of z +— 1/(1 — x), it can be deduced that u!(¢) < u?(t). Furthermore, we obtain the
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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 < uy; < Uy and s > 0, consider the two solutions uy (t) and uy(t) of (4.4.2)
associated with these initial conditions given by (4.4.3). For eacht € [s,T (s, uz)) we have

f: (‘5(7")|+2|U(r)|uz(r)) dr'

ua(t) — us(t) < (W — ) e (4.4.4)

Furthermore, if W, /" Uy then uy(t) converges uniformly to us(t) in each compact subset of
[s, T'(s,us)).

Proof. Thanks to the monotony of solutions we have that T'(u, s) < T'(u1, s), so both functions
are well defined in the stated interval. Now, given ¢ € [s,T'(s, us)) we have that
¢

ug(t) —uy(t) = a9 —uy + ; o(s)(ug(s)? — ui(s)?) ds — /Ot b(s)(uz(s) —ui(s))ds

<t~ + [ o(5)(ua(s) + ua(9))(uals) — a () ds
[ 1) (as) — () ds

< Ty —Tu + /Ot(\b(s)] + 2|0(3)\u2(5)> (ug(s) — ui(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 interval
[0,7]. We will work backwards in order to construct the two functions that we need. First,
consider the time ¢, and define u% (t) and us°(¢) for t € [tys, T, by (4.4.3) with initial conditions

—LT b(r)dr T s -1
u?(tm:(e T e‘fw“”dra@)ds) ,

ty

T [ e -1
uF (ty) = (/t ¢ Juay ¥ o(s) ds) :

With this, we have that £ (T') = K and lim; .7 u5°(T) = oo as desired. Now, for t € [ty _1,%r)
we define uXf (¢) and u$? (s) as the solutions of (4.4.2) with terminal conditions 3(m,,) " u® (tyr)
and 3(my,,) 'ug (tyr) respectively, which in turn can actually be obtained explicitly by (4.4.3).

Repeating this procedure in each time interval [¢;,¢,,1) gives us the two functions u¥ (¢) and
u°(t) defined for each t € [0, 7).
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Remark 4.4.1. When there are no catastrophic events, for eacht € [0,T) we have that u% (t) and
ufP (t) are simply given by (4.4.3) with initial conditions

7fT b(r)dr T s -1
uy (0) = (e OK -I—/O e Mgy ds |

ur(0) = </0T e~ Jo b0 o (s) ds) _ .

Lemma 4.4.3. uXf converges uniformly tou3® in every compact interval of [0, T).

Proof. Given € > 0 such that t); < T — ¢, we will show that % converges uniformly to u$° on
[0, T — ¢]. Indeed, thanks to (4.4.4) and from the definition of uf (¢,;) and u$®(,r), we have that
in [tys, T — €], ulf converges uniformly to u3°. Next, on the interval [ty;_1, /], 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

- tt]f;[ b(r)dr b [ b -1
€ - - r)dr
wlty_1)=———+ e “tM-1 o(s)ds ,
(trs) ( o mme (5 )

we can determine uf (t3;_1) and uS®(ty;_1) explicitly as we have u% (t3,) = B(mr,,) " uls (tyr)
and u$F(ty;) = B(mr,, ) 'us(tar) respectively. Finally, as the value of both functions at ¢y,
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. O

4.4.2 Trees construction

For what follows we set W (¢, 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 process,
a particle with level u at time ¢ gives birth to a new particle at rate 20(t)(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 [uf (¢), K], this
particle will reach the value K before time T, since u® is exactly the curve that is equal to K at
time 71" 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 u4 (¢) in

the posterior times, and thus will be below K at time 7.
We state the following result in order to formalize the previous observation.
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Lemma 4.4.4. The survival probability pX (t) of a particle born with uniformly distributed level in
[u, K| at timet € [0,T] is given by

Proof. The proof is given by the last paragraph, since we have that

P = P(u(T) < uf (1) = B(u < uf (1) = L0200,

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 prob-
ability gives us the new rate

20(t) (uff (t) = u A ufl (1)),
Since we know that a uniform random variable conditioned to land in a smaller interval is uni-

formly distributed in the smaller interval, we propose the following construction for the reduced
tree R%.

K
Assume that we start with levels Ul = (U&’K, ce Uév ’K>, each one smaller than u% (0).
We rearrange the entries of this vector in an increasing way and we denote it the same. We then
assign a label i € U to each entry, where i matches its index in the vector, thatisi = 1,..., N,

For each label i = 1,..., N¥, we define /% (i, ) as the solution of

EK(i,t):US’K+/Ot\If(s,€K(i,s)> ds+ > (Blmy,) — DE5@i,t7), Vte[0,T).

i>1, t>t;

Each one of these particles will produce a new particle according to a Poisson process of
parameter 20(t)(u¥ (t) — 05, t)) At each jump event of this process, we sample a uniform

random variable over the interval [(% (i, 1), uff (t)], 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

EK(z'j,t):EK(z',t*)+9§;K+/:\If(s,£ff(¢j,s))ds+ ST (B(myy) — (g, t7),

G2 >t >t

for each t € [t*, T, where 6.:" is a uniform random variable over [¢* (i, t*), uX (¢*)]. This particle
will have appended a Poisson process of parameter 20 (¢) (u¥ (t) — (5 (i, t)) for producing new

particles. Iterating this procedure gives us the process representing the reduced tree R4 .

Construction of Rt

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
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rate 20(t)(¢3 — ¢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) (U5 (t) —u A uF (1))

Given this, we construct the tree Ry associated to the process (U;):>o determined by the
generator (4.2.5) and the catastrophes as follows.

Starting with levels Uy = (Uj,...,UY), each one smaller than u$°(0), we rearrange the
vector as before and we assign the corresponding label to each particle. For each¢ = 1,..., N,
we denote by £(i, -), the solution of the following equation

0(i,t) UO+/ 0(i,s)ds+ > ( —1)e@,t7), Vtelo,T].

§>1, 6>t

Each one of these particles will give birth to a new particle according to a Poisson process of
parameter 20 (t) (u%o (t)—L(3, t)) . When this process jumps, we sample a uniform random variable
over the interval [¢(i, 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 ¥ 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(— [ 20(r)uy(r) dr)h(s), with h any function
in L'([0, T]). We then have the following result.

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(Ng, () < E(NRT(O))efJ 2o(rug (rydr. (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)(u3® — u) in
Ry and 20(t)(uf — u) in RE, we can bound the rate of birth of each particle in each tree by
20 (t)use(t), since ulf (t) < u$°(t). This allows to bound Ngx(t) = [Vi(RE)| and Ng,.(t) =
|Vi(R7)| by a birth-only process with the previous rate, yielding in this way that

E</0T Nr, (s)g(s) ds) = /UTE(NRT<0>)ef5 2OFEDIG(5) ds < o0,

and similarly for R%, thus obtaining the conclusion of the statement. O]

We now have everything in order to prove the main result.
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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
Xo=m.

Consider a complete probability space (€2, F, P). Over this space we consider a Poisson point
measure N (ds, dv, dp, d6, df) on [0, 0c0) x U x [0, 00) x [0, 1] x [0, 1] with intensity ds @ n(dv) ®
dp ® df ® dé, where n is the counting measure on /. Given x > 0, consider also an inde-
pendent Poisson point measure N (z,ds) on [0, c0) with intensity zds. We consider the natural
filtration (F;);>0 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, ..., UM<} where N> = N(x,[0,u$°(0)]), and we assign them a label in U accord-
ing to their indices. We consider also all the atoms that fall below % (0), which we denote by
{U',...,UN} where as before NX = N(z, [0,u%(0)]). Moreover, we consider also a root {@}.
Given the previous, we immediately notice that {U*,... UM} c {U!,... UMY,

We denote by R the tree constructed starting with all the atoms under u5°(0) and by RY
the tree constructed starting with all the atoms under uf (0). These trees are then constructed
simultaneously following the next algorithm:

1. Set k = 0 and Ty = 0. Define (X (i,t) and ¢(i,t) fori = 1,..., NX, as the solution of the
problem

A t
ui(t) = U} +/ \I/(s,ul( )) ds+ > (B(my,) —u(t7), Vtel[0,T],
0 §>1, 6>t
and ((i,t) for i = NX 4 1,..., N2, 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 > T}, with (¢, v, p, 6, §) an atom of A such that:
21. v e VEandp < 20(t7) (uIT((t*) — (5 (v, t*)), we add a new particle with its corre-
sponding chronological label 7, and we define its level curve as the solution of

Ko, = KK(U t’) +O(uF () — 5 (v, t7))

+/ Nds+ > (Blmy,) — D)E5(0,¢7), Ve € [t,T),
G210 >8>t
% Otherwise, in the previous equation set the initial condition to
T

5 ( ,t; = 0K (v,t7) 4+ O(uks (t7) — €5 (v,t7)). Then, set
VE =VvEU{s}).

22. v € Vi_and p < 20(t7) (u%o(t*) — {(v, t*)>, we add a new particle with its corre-
sponding chronological label © and define its level curve by solving

5, ) = v, t=) + O () — (0,47)
+/t Nds+ > (Blmy,) = DUB,E7), Vs e[t T].

J21, 1>t
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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, {0}, dp, d6, df),
R+><[0,1]2

s~ p§2a(s—)(ug(s—),gl((us_))
N.(d :/ Ly 1 N (ds, {v}, dp, d6, df),
(ds) R4 x[0,1]2 V- pSQU(s*)(u%?(s*)—K(v,s*)) (ds, {v},dp )

and we can construct explicitly the chronological trees RY and Ry following the procedure
explained at the end of Section 4.3 with the families (V. (ds)),cys and (N, (ds)),ey respectively.
Also, following the notation from section 4.3, have that VX = V,(RX) and V; = V;(Rr).

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 labels
{NE +1,..., N} will contribute to the distance from the beginning. Following this, we denote

by E? C Ry the subtree spanned by the initial particles with labels {1,..., NX}.
Consider T € [0, 7] the first time that the coupling fails, meaning that the trees R% and

=K . A . . .
R, are equal up to time 7. Given this and the observation of the previous paragraph, we can
write the distance between RY and Ry as

T(RK 4
(R Re) =3 [ 1.
T T
< NRK (s)g(s)ds + - Nﬁg(s)g(s) ds

+ / Ry \RE )g(s) ds, (4.4.6)

ds+/ N i (8)(5) ds.

(u,s)ERE 1 (u,s)eﬁT

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),

. . =K : :
we can control the number of particles in Ry \ R, by a faster birth-only process starting from
N — NX particles. Thus, once we take expectation, the last term is controlled by

T fs 20 (r)us® (r)dr
< / o (5)9(5) ds) < /0 E(NRT\R¥(0)>6 20 A ) g
T . -
:/ E(Noo . NK>€f0 20 (r)ugs (r)drg(s) ds
0
:E(N( [UT / f2oruT )dr ()d

< 2C(uz(0) - U¥(0)),
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for some constant C' depending on the integrability condition (4.2.8).

Next, we treat the two remaining terms in (4.4.6). Since RIT< and Ry are elements of 79, it
suffices to show that 7% converges to 7" in probability. Indeed, for any 0 < 1 < T we have

B [, Mg (o) as)

TK

T T
= E<1TKT|>17 /TK NR¥<5)9(3) ds + L 1<y /TK NR?(S)Q(S) d3>

T

< B Lo [, Mgl + B [ Nagoate)as)

T—n
T
< E(hTKT.M [ Veg(s)a(s) ds>

+ zuy (0) /T

efos 20 (r)ug(r) drg<8) dS,
T—n

where we used again the argument behind the bound (4.4.5) for controlling Ng (s) by a faster
process starting from N (z, [0, u% (0)]) individuals.

In order to show the convergence in probability of T'* towards T, we notice that we can
control the probability of the event {T'—T% > n} 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

1 (v, 8) = 20(s)(up (s) — £5(v, 9)),
7 (v, 8) 1= 20(s)(ug (s) = (v, ),

to ease notation, and also

5{(('07 S) = (’77{((1}7 S) - /Y%O(va S))lw‘j’?(v,s)gwg(v,s)a

55@}’ 3) = (’7%3(2}7 8) - P)/JI“{('Ua 8))17¥(v7s)§77°9(v7s)7

the random corrections that will help to determine the event in where a particle is born in one
tree but not in the other.
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The reasoning of the previous paragraph yields the following bound

P(T" <T —1)
T-n
=F / / 1” 1 v,5—)=0(v,s—
B (0 UxRLx[0,1]2 evVENv,_ LK (v,s—)=L(v,5—)
" Klﬁ (0,3 =)A3° (0:8=) SP<f (V8= )M (0.5 -) 401 (v,5-)

+ 1’7%((1),5—)/\’7%0 (v,5=)<p<yE (v,s—)A75° (U,S—)+6§((U,S—)>

+ lpg'y:,ff(v,s—)/\'y%o(v,s—) 17¥(v,s—)/'y%°(v,s—)<9‘| N(d’U, dS7 dP7 d07 de) > 1)

IN

- K(v, s
E </0 Z 1£K(v,s)=€(v,s) (6{((1}’ S) + 55(1}’ S) +’}/7{((U’ s)/\’y%o (U’ S) (1 B W)>ds)

veVENV; 7%(117 5)

IN

E (/OT_U > Lok (o9 =t(v.s) (55(% s) + 05 (v, 5) + 20(s)|[uy (s) — U?(S)D ds) ;

UEVSKQVS

where we used Markov’s inequality and the master formula for point processes ([107, Proposition
12.1.10]). Moreover, in the event in where the levels of the particles in both trees are equal we
have

81 (v,8) + 05 (v,8) <7 (v,8) VAF (v, 8) =7 (v, 8) AT (v, )
S |’Y’I{((v7 8) - ’7?(2]7 S)|
< 20(s)|uF(s) — ug ()],

where we used that a A b — a A ¢ < |b — ¢|. This yields the bound
T—n
BIX <T—n) < @loll+1) [ E(VE N Vil)lui(s) - uf(s)]ds

< @loll + VE(VE, 0 Visyl) [ () —uf () ds. (44)

Furthermore, we can control the integral that appears in the previous inequality. Indeed, Thanks
to Lemma 4.4.2 we have

° b(r)|+20(r)use(r) | dr
W2 (s) — (5] < (05 (t) — W (1 i (osetozz o)
T T T \Uj(s) T \Uj(s)

< Bl ) (0 (57) ~ w (17) )

where ;) is the last jump time before s. Iterating this bound yields

I (\b(r)|+2o(r)u°T° (r)) dr

tis)

g (s) —u () < ]I 5(mtj)<u%o(0) _ ujlg(o))efos(Ib(r)|+2o(r)u%°(r)) dr

i>1,8>t;
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Coming back to (4.4.7) and using the previous inequality gives us
[ (\b(r)\+2a(r)u°° (r)) dr
B(TH < T —n) < Cp(uiF(0) — uff (0))B(JVF, N Vioy|)eh !

bl

T—n o0 (1 r
< i O) (i (0) — f (0)) 2 (o200

where C7. = T'(2||o|| + 1) IIj>1.4,<7 B(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
convergingtoOand h: [0,7) — R, acontinuous increasing function such that lim;_,r h(t) = oc.
In order to justify the existence of a function 77: N — R such that n(K) — 0 as K — oo and

JE)MT = 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 — 0. Since h is continuous

ST = n(K)) = fE)Ah™(7(K))) = [(K)i(K),

thus it suffices choosing 7 growing slow enough in order to f(K)7(K) — 0as K — oo, for
example 7)(K) = [log(f(K))|
Following this argument we show the existence of a sequence 7(K) such that

P(|T5 —T| >n(K)) =0, asK — co. (4.4.8)

Considering this sequence, once we take expectation, (4.4.6) can be written as

T

E(d] (RY, Rr)) < 2C(u5?(0) — uff (0)) + 2ui (0) / ey 2 @) ooy

T—n(K

S (——yr NR;s(s)g(s))ds [ N Ghate)as) )

Denoting by I = [ Ngx(s)g(s) ds + Jo Ngx(5)g(s) ds, we have that the sequence (1) gen-
is uniformly integrable, since it can be bounded uniformly in L'(P) 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 § > 0 such that for every measurable
set A with P(A) < 4, we have supgcyE(147%) < 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
fg_n(K) exp(fy 20 (r)uP(r)dr)g(s)ds < e/(zu3(0)) for every K > K’ thanks to (4.2.8), and
there exists another K such that (u$°(0) — u4 (0)) < &/(zC) 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)) < 387
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 (Sp, dy) be complete, separable metric spaces, B(S) C M(S) be the Banach
space of bounded measurable functions on S, with || f|| = sup,cg|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 || f1 — fo — (g1 — g2)|| = ||f1 — fol| for all (f1, 1), (f2,92) € A
and ¢ > (0. A is called a pre-generator if A is dissipative and there are sequences of functions
fn: S — P(S)and A, : S — [0, 00) such that for each (f,g) € A

9(@) = lim M(@) [ (£() = f(2))pa. dy), (1)

5

for each x € S. A is graph-separable if there exists a countable subset (gi)reny € D(A) N Cy(S)
such that the graph of A is contained in the bounded, pointwise closure of the linear span of
(9k, Agr)ren. More precisely, we should say that there exists (gx, hi)ren C AN Cy(S) x B(S)
such that A is contained in the bounded pointwise closure of (gy, hx)ren, but typically A is single-
valued, so we use the more intuitive notation Ag,. These two conditions are satisfied by essen-
tially 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 vanish-
ing at infinity.

A collection of functions D C Cy(95) is separating if v, pn € P(S) and [¢ fdv = [q f dp for
all f € Dimply p = v.

For an Sy-valued, measurable process Y, .7?2/ will denote the completion of the o-algebra:
o(Y(0), foh(Y(s))ds,r < t,h € B(Sy)). Notice that for almost every t, Y (t) will be F) -
measurable, but in general, 7} does not contain F}' = o(Y(s) : s < t). Let TV = {t :
Y(t) is ]?ty measurable}. If Y is cadlag and has no fixed points of discontinuity (i.e., for every
t, Y(t) = Y(t7) as.), then TV = [0,00). D(S,[0,00)) denotes the space of cadlag, S-valued
functions with the Skorohod topology, and M (S, [0,00)) denotes the space of Borel measurable
functions, z: [0, 00) — S, topologized by convergence in Lebesgue measure.

Theorem 4.2. Let (S, d) and (S, dy) be complete, separable metric spaces. Let A C Cy,(.S) x C(S5)
andp € C(S), 1 > 1. Suppose that for each f € D(A) there exists c; > 0 such that

[Af ()| < cpp(z), =z €5,

and define Aof(x) = 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. Lety: S — S, be Borel measur-
able, and let « be a transition function from Sy into S (i.e. y € Sy — a(y,-) € P(S) is Borel mea-
surable) satisfying [ ho~(z)a(y,dz) = h(y) fory € Sy and h € B(Sy), that is, a(y,v ' (y)) = 1.
Assume that )(y) == [g1b(2)a(y,dz) < oo for eachy € Sy, and define

C = {(/Sf<z)a(.,dz),/SAf(z)a(-,dz)> . fe D(A)}.
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Let pg € P(So), and define vy = [ a(y, -)uo(dy).

1. If Y satisfies [{ E(¢(Y))ds < oo forallt > 0, and Y is a solution of the martingale problem
for (C, o), then there exists a solution X of the martingale problem for (A, 1) such that Y
has the same distribution on M([0,00), So) asY = v o X. IfY and Y are cddldg, then Y
andY have the same distribution on D([0, 00), S).

2. Fort € TY,
P(X(t) e D|FY) = a(Y(t),T), T e B(S).

3. If; in addition, uniqueness holds for the martingale problem for (A, vy), then uniqueness holds
forthe M ([0, 00), So)-martingale problem for (C, u1o). IfY has sample paths in D([0, o), Sp),
then uniqueness holds for the D([0, 00), Sy)-martingale problem for (C, o).

4. Ifuniqueness holds for the martingale problem for (A, 1), thenY restricted to' T 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 pro-
cess 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 homoge-
neous 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°°,[0, K|", the domain D(AX) defined in (4.2.1)
and recall the operator AX: D(AX) C B(E) — B(F x [0,00)) defined for u = (uy,...,u,) by

n K

AEf(u) = fw) - 20(t) [

i=1 Ui

(9(0) = Do+ 1) 30y = b))

where b and o are bounded continuous functions such that o(¢) > 0 for each ¢ > 0. A process
(Uy)i>0 defined over a probability space (€2, F, P) is a solution of the martingale problem for A%
if for each f € D(AX)

fw) — [ A% g as

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(AX),¢ € CX([0,0))},
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and the operator ar. D(ZK) C B(E x [0,00)) — B(E x [0,00)) defined by
AT JC(u,t) = AFF)C(1) + f(u)C' (1)

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

P(u,t) =1+ ([b(@)| + 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 distribu-
tion of n independent uniform random variables over [0, K. Recalling the definition of 7 from
Theorem 4.2, yields ¢)(n,t) = 1 4 (|b(t)| + o (t))n.

LemmaC.1. Let K € N* andb,0: R, — R two bounded continuous functions satisfying Ko (t)—
b(t) > 0 ando(t) > 0 foreacht > 0. If XX is a solution of the martingale problem for

Cf f(n) = Ko(tn(f(n+1) = f(n)) + (Ko(t) = b)) (f(n — 1) = f(n)),

satisfying
t
E(/ P(XE(s),s) ds) < oo, Vt>0,
0

then there exists a solution U of the martingale problem for AK.

Proof. First we notice that

(A £ )] < ICHAE £ + 1S
< Clllg'ICE2 + K)o (u, t) + (1]
< Cfcw(u t)

where ¢y, is constant that depends on f(. Then, smcefA FC(u, 8)a((n,t),d(u, s)) = CE f(n)+

F(n)C'(t), where f(n) = [ f(u)@(n,du), is the space-time generator associated with the birth
and death process, the result follows from the conclusions of Theorem 4.2. O

We also have the same result for the Feller diffusion with time-dependent coefficients.

Consider now the state space E = [0,00)> U [J32,[0, 00)*, the generator A; from (4.2.5) and
its corresponding domain D(A). As before, define D(A) and the space-time generator

AfC(ut) = Af(u)(t) + f(u){'(t).
Also, define for (u,t) € E x [0, 00)
P(u,t) =1+ ([b()] + |o(?) 267”’,
1(0,8) = (P o & s Lo (),£) anda((y,8), d(u,5)) = aly, du)s(ds), where a(y, da)

is the distribution of a Poisson process of parameter y. In this case we obtain ¢ (y, t) = 1+ (|b(t)+
a(t)])y-
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Lemma C.2. Let b,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
[
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, )] < (ICHAf ()] + 1A
< lI<lllg'(vy + vg)e e (u,t) + |||
< CfC¢(u> t),

and [ Af¢(u, s)a((y, 5),d(u, 5)) = Cif(y) + f(y)¢'(t), where f(y) = [ f(u)a(y, du), the con-

clusion follows as in the proof of the previous Lemma. O
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