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Summary of the Introduction

Most spieces occupy a spatially extended habitat and have done so for many generations. Since
individuals travel some distance between each generation, the geographical structure of populations
shapes their genetic diversity and individuals living close to each other tend to be more related and
to share more genetic material than more distant individuals.

In this thesis, we study the fluctuations in the genetic composition of spatially extended populations
under natural selection and in heterogeneous environments. The aim of this work is to be able to infer

the main demographic and geographic features of a population from a sample of genetic sequences.

Spatial models in population genetics Mathematical models including spatial structure
have a long history in population genetics [Wri43; Fis37; Mal48|. In discrete space, the stepping stone
framework developed by Wright [Wri43] and Kimura [Kim64] has imposed itself as the standard way
to model the evolution of allele frequencies in a structured population. Individuals are assumed to live
in colonies or demes located on an integer lattice of dimension d € {1,2,3} and at each generation,
they reproduce within each colony and exchange a number of migrants with neighbouring colonies.
Let N; be the number of individuals in deme i € Z¢ and 7;; the probability that an individual in
deme ¢ has an ancestor in deme j in the previous generation. Then if p(¢,7) denotes the proportion of
individuals carrying a given allele in deme i at time ¢, (p(t,-),t > 0) satisfies the following system of

stochastic differential equations:

pl0,0) = 3y 01 3) — p(t D)+ [ plt 0l i

3

where (B?,i € Z¢9) is a family of independent standard Brownian motions.

Stationary models for the evolution of populations living in a continuous geographical space have
eluded population geneticists for some time [Fel75; BDE02|. Recently, however, a new framework was
proposed in [Eth08; BEV10a] which overcomes the main difficulties raised by Felsenstein (see also
[Kin77]). This model, the spatial A-Fleming-Viot process (SLFV), represents the genetic composition
of a population by a measure on R?% x K, where K is the space of genetic types in the population. When
only two types are present (say 0 and 1), this measure reduces to a random function w; : R — [0, 1]
indicating the proportion of type 1 individuals at each point.

The SLFV evolves through successive reproduction events during which some individuals in a
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STRUCTURE SPATIALE DE LA DIVERSITE GENETIQUE

given region die and are replaced by the offspring of a randomly choosen parent. More precisely, let

i be a measure on (0,00) and for r > 0 let v, be a probability measure on (0, 1] such that

/O h /O o (du) pdr) < o,

The process (wt), is then defined as follows.

Definition (spatial A-Fleming-Viot process). Let II be a Poisson point process on Ry x R? x (0, 00) x
(0, 1] with intensity measure dt @ dx @ p(dr)v,(du). For every (t,z,r,u) € II, a reproduction event

with impact parameter u hits the ball of centre x and radius r at time t:

i) pick a location y uniformly in B(xz,r) and pick a type k € {0,1} such that k = 1 with probability

wi-(y) and k = 0 otherwise,

it) update w for z € B(x,r) with
wi(2) = (1 — ww,-(2) + uk,

and leave w unchanged outside of B(x,r).

Both the stepping stone model and the SLFV admit an equivalent description in terms of their
dual which describes the genealogy of a random sample of individuals as a system of coalescing
random walks (or coalescing ancestral lineages). See [BEV13a| for a more detailed discussion of
duality and other results concerning the SLFV.

This dual provides a convenient way to study the large scale behaviour of these models. In
particular, if we rescale time by n and space by v/n and if we let n tend to infinity, each of these
lineages converges to Brownian motion. If u and r are assumed to be fixed (i.e. p and v, are Dirac
measures d, and J,), then Berestycki et al. [BEV13b| show that in the limit these lineages coalesce
upon meeting in one spatial dimension, but never meet in higher dimensions. As a result, the SLE'V
(under the same rescaling) converges to the solution to the heat equation when d > 2 and to a system
of Bernoulli random variables when d = 1.

On the other hand, if u decreases as we rescale space and time, other regimes can be observed.
Etheridge, Véber and Yu have investigated one of them in [EVY14], where they consider the SLFV
with natural selection (see Subsection 2.1.2) and show that if v decreases as ﬁ and if we rescale
space and time appropriately, the SLFVS converges in distribution to a process (w;®),~, as n — 0o
(keeping the assumption that u and r are fixed for each n). In one spatial dimensio;l, w™> is the

solution to the following stochastic partial differential equation:

o2 1 .
Oyw° = ?Awfo + swye (1 — wi®) + Nw,?o(l — W)Wy,

where W is space-time white noise (see [Wal86]) and ¢ and N are given by (denoting the volume of
a ball of radius r by V,.)

212 1
and = 2

2
= Vi
o qu+2
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SUMMARY OF THE INTRODUCTION

If d > 2, then w is deterministic and solves the celebrated Fisher-KPP equation

o2
Oufr = EAft +sfi(1— fi).

Since, at least in high dimensions, the SLFV is close to being deterministic on large spatial and

temporal scales, we wish to describe how it fluctuates around this limit.

A central limit theorem for the SLFV with selection With Sarah Penington (Oxford
Universiy), we studied these fluctuations in a regime where the SLFV is close to the solution of the
Fisher-KPP equation, even in one spatial dimension. To do this, we adapted the works of Norman
[Nor74a; Nor75a], who studied the Wright-Fisher model in a strong selection regime. We show in
Chapter 2 that the fluctuations of the SLFV around a sequence of deterministic functions converging

to (ft);>o are given by the solution to the following stochastic PDE:

o? /1 .
8tzt = 7A2t + S(l — th)Zt + th(l — ft)Wt

2’0:0,

where W is space-time white noise.

We also studied another regime in which the radius of each reproduction event is drawn from a
distribution in the domain of attraction of a stable law. In this case the motion of rescaled lineages
converges to a stable Lévy process, and the results above hold after replacing the standard Laplacian
with a fractionnal Laplacian and space-time white noise by a coloured noise (which is only correlated
in space).

Note that the equation for the fluctuations can be obtained by linearizing the stochastic partial
differential equation solved by w® in one dimension when it is close to f;. Also for any smooth and
compactly supported function ¢ : R — R, (zt,®) is a Gaussian random variable, which is why this
result can be interpreted as a central limit theorem for the SLFV with selection.

We apply this result to the case of overdominance in order to estimate the drift load in spatially
structured populations. Overdominance occurs when individuals are diploid and heterozygous
individuals at a given locus produce more offspring than homozygous individuals. If two alleles A

and A, are present in the population, the relative fitnesses of the three possible genotypes are

A1Ar AjAy Ax Ay
1—51 1 1—52.

In this configuration, a stable intermediate allele frequency is maintained in the population, for
which the mean fitness of the population is maximised. If the population size N is small, the actual
allele frequency deviates from this equilibrium as a result of genetic drift, thereby reducing the
mean fitness of the population. This reduction in the mean fitness of the population is what we call
drift load. Robertson [Rob70]| showed that in a panmictic population, this reduction is close to ﬁ,
irrespective of the strength of natural selection.

Adapting our central limit theorem to this setting, we show in Chapter 2 that spatially structured

populations follow a different regime. We study the SLFVS with overdominance with fixed radius r
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STRUCTURE SPATIALE DE LA DIVERSITE GENETIQUE

and impact parameter u and we show that when both selection parameters s; and so are small, the

drift load is proportional to

U/ 81 + So ifd=1
u(s1 + s2) |In(s1 + s2)| ifd=2
u(s1 + s2) if d > 3.

We note that the drift load is smaller in spatially structured populations compared to the panmictic
case, and that it decreases with the dimension of the habitat (the parameter u should be compared
to ﬁ as it corresponds to the proportion of individuals replaced at each reproduction). This is due
to the smoothing effect of migrations: allele frequencies which locally deviate from the equilibrium

are brought back to it by an arrival of migrants which are on average close to the equilibrium.

Dispersal heterogeneity in the spatial A-Fleming-Viot process The above results
suggest that the two main demographic parameters governing the genetic evolution of a population
are 02 and N, i.e. the mean square displacement of individuals per generation and the population
density. But these characteristics are seldom uniform across the whole range of a spieces. In particular,
sharp transitions between regions with different demographic parameters can lead to qualitatively
different behaviours compared to the homogeneous case.

In [Nag76], Nagylaki proposed a one dimensional stepping stone model with variable migration,
where demes left of the origin exchange fewer migrants per generation than neighbouring demes right
of the origin (see Figure 1.4). He showed that in the absence of genetic drift, the allele frequencies
converge under a diffusive rescaling to the solution to the following equation

g\x 2
Op(t,x) = (2) Ozap(t, )

(14 83)02p(t,07) = (1 = B)ep(t,07),

where o(z) = oy if £ > 0 and 8 € (—1,1) depends on the details of the model near the origin.

In Chapter 3 of this thesis, we study the SLFV with heterogeneous dispersal, i.e. when the
radius of a reproduction event depends on the halfspace in which its centre falls (see Figure 1.6).
We note that its dual consists of a system of coalescing random walks which behave as symmetric
random walks outside of a bounded region around the origin. We then adapt the results of Iksanov
and Pilipenko [IP16] to show that, after rescaling time by n and space by y/n, these random walks
converge in distribution to skew Brownian motions.

Skew Brownian motion was introduced by Walsh [Wal78] and It6 and McKean [IM63] and can
be roughly described as a process performing Brownian excursions to the left of the origin with
probability % and to the right with probability #, for some 8 € (—1,1). Harrison and Shepp
[HS81] showed that skew Brownian motion can be characterised as the unique real-valued Markov
process (X¢),~ solving

X = By + BLY(X)

where L°(X) is the local time at 0 of X and B is standard Brownian motion.

In our setting, we show that ancestral lineages in the dual of the SLFV with heterogeneous
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SUMMARY OF THE INTRODUCTION

dispersal converge to solutions of
t
X=X} + [ o(xhaB! + LX)
0
X :X(’)—i-/ o(XhdB: i>2,
0

where B = (BY,. .., Bd) is d-dimensional standard Brownian motion. Furthermore, as in the result of
[BEV13b], ancestral lineages coalesce upon meeting in the limit when d = 1 but never meet in higher
dimensions. As a consequence, we obtain the large scale behaviour of the SLF'V with heterogeneous
dispersal: in one spatial dimension, it converges to a system of Bernoulli random variables with

parameters given by (p(t,z),r € R?) and in higher dimensions, it is deterministic and equals p.

Barriers to gene flow The genetic composition of populations can also be affected by physical
obstacles which reduce migration between different parts of its habitat. Most current methods to
quantify and measure the strength of these barriers to gene flow do not rely on spatially explicit

models and are potentially subject to confounding by isolation by distance patterns.

In [Nag76], Nagylaki studied a one dimensional stepping stone model in which the two neighbouring
demes closest to the origin exchange significantly fewer migrants at each generation than other demes
(see Figure 1.8). As for the model with dispersal heterogeneity, he showed that the allele frequencies

could be approximated by the solution of

0.2
atp(t7 JJ) = ?awxp(ta .T)

axp(tv O+) = 81-]3(25, 07) = ’Y(p(t, 0+) - p(t, Oi))a

for some «y € (0,00), see Figure 4.2. The parameter v measures the permeability of the barrier, if
v — oo then the barrier has no effect on allele frequencies, while if v — 0, the two populations on

each side of the origin evolve independently of each other.

In Chapter 4, we are interested in the motion of ancestral lineages in this setting. We show
that they can be approximated by a process that we call partially reflected Brownian motion, which
behaves like reflected Brownian motion until its local time at the origin reaches an exponential
random variable with some parameter v € (0, 00), after which it behaves like reflected Brownian
motion on the other side of the origin until its local time reaches another independent exponential

random variable, and so on.

We also provide another construction of partially reflected Brownian motion from the excursions
of standard Brownian motion outside a region of length %, we obtain an explicit formula for its
transition density and we give a martingale problem characterisation of this process. This process
was previously obtained in [MP16] as a limit of one dimensional diffusions and its transition density
appears in [GVNL14] as the fundamental solution to Nagylaki’s equation. In passing we recover
Nagylaki’s approximation of allele frequencies by duality. Finally, this model was used in [Rin+17] to
detect barriers to gene flow from distorted isolation by distance patterns, hence allowing to fully take

into account the spatial structure of a population when estimating the strength of a barrier.
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STRUCTURE SPATIALE DE LA DIVERSITE GENETIQUE

Demographic inference in heterogeneous environments Two individuals who share
at least one recent common ancestor typically inherit one or more continuous blocks of genome
from this ancestor. These blocks, delimited by recombination events, are called blocks of identity
by descent, or IBD blocks. Blocks inherited from very recent common ancestors tend to be longer
than more ancient blocks, because they have gone through fewer recombinations. It follows that IBD
blocks shared within a sample of individuals carry some information about their genealogy and the
demographic history of the whole population.

Recently, Ralph and Coop [RC13] have been able to identify IBD blocks in the European subset of
the POPRES dataset [Nel+08]. IBD sharing in Europe shows clear signs of isolation by distance, with
different rates of decay of relatedness in different parts of the continent. Ringbauer et al. [RCB16]
have used this pattern to infer both the mean squared displacement of individuals per generation and
the effective population density in Eastern Europe. Their approach, based on a composite likelihood
maximisation, found that the rate of dispersal in this region is close to 62 km/,/gen.

In Chapter 5, we present work in progress with Harald Ringbauer (IST Austria) and Graham
Coop (UC Davis California) to extend this method to allow both of these parameters to vary in
different parts of space. We show how to compute numerically the expected number of IBD blocks of
a given length shared between two individuals depending on their geographical separation, and we

present some results on the performance of our method on simulated datasets.
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Chapitre

Introduction

1.1 La géographie racontée par les génes

Chaque étre humain sur Terre posséde 23 paires de chromosomes dans le noyau de ses cellules. Ceux-ci
sont constitués d’une trés longue molécule recroquevillée sur elle méme : 'ADN, qui se présente sous
la forme de deux brins enroulés I'un autour de ’autre en une double hélice. Chaque brin est formé
d’une suite de quatre bases azotées : adénine (A), thymine (T), cytosine (C) et guanine (G). En
mettant bout & bout les 46 chromosomes d’un humain, on obtient une séquence de plus de 3 milliards
de paires de bases.

Cette séquence est le fruit de 'union des chromosomes maternels et paternels présents dans 1’ovule
et le spermatozoide dont il est issu, elle est donc unique pour chaque individu (& I'exception des vrais
jumeaux). En comparant les séquences de deux individus, on peut donc savoir s’ils sont fréres et
sceurs, mére et fille, cousins, etc. A une plus large échelle, en comparant les génomes d’individus issus
de deux populations, on peut dire si des échanges ont lieu réguliérement entre ces deux populations
et estimer leur durée et leur intensité.

L’état actuel de la diversité génétique au sein d’une population nous renseigne donc sur son histoire
démographique. Pour déchiffrer le langage dans lequel cette histoire est écrite, on doit faire appel
aux outils mathématiques de la génétique des populations. Les premiers modéles dans ce domaine
on été introduits dans les années 1920-1930 par Ronald A. Fisher, John B. S. Haldane et Sewall
Wright. Ils furent les premiers & mettre en équation ’évolution de la variabilité génétique au sein
d’une population, et leurs résultats sont encore aujourd’hui largement utilisés par la communauté des

généticiens.

Si différents individus d’une méme population présentent des séquences génétiques différentes
& une position donnée du génome, on s’intéresse aux variations du nombre d’individus portant la
méme version de cette séquence. La position de cette portion de séquence dans le génome est appelée
locus, et les différentes versions de la séquence génétique a ce locus sont appelées alléles. Lorsque
plusieurs alléles sont présents dans la population, on dit que celle-ci est polymorphique pour ce locus.
La génétique des populations s’intéresse aux différentes forces qui font varier la fréquence de ces

alléles au sein d’une population. Ces forces, dites évolutives, sont regroupées en quatre groupes : les
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STRUCTURE SPATIALE DE LA DIVERSITE GENETIQUE

mutations, la sélection naturelle, les migrations et la dérive génétique.

Les mutations désignent les erreurs commises lors de la réplication de ’ADN qui sont transmises a
la descendance d’un individu. On estime qu’a chaque génération, une base se substitue a une autre a
une position donnée environ une fois sur 10% [NC00 ; Roa+10]. Ces mutations modifient les fréquences
alléliques soit parce qu’elles créent de nouveaux alléles soit parce qu’elles produisent des individus
portant un alléle déja présent dans la population.

La sélection naturelle agit lorsqu’un alléle donné permet aux individus qui le portent de produire
un plus grand nombre de descendants que les autres. En effet ’ADN joue un réle prépondérant dans le
fonctionnement d’un organisme et sert notamment & produire les différentes protéines qui régulent son
activité. Certaines mutations peuvent ainsi avoir des effets drastiques sur la survie ou la reproduction
des individus qui les portent. Les alléles correspondants disparaissent alors rapidement de la population.
A Pinverse certaines mutations conférent un avantage reproductif dans un environnement donné et
leur fréquence dans la population augmente alors mécaniquement.

L’échange régulier d’individus entre plusieurs populations a pour effet d’harmoniser les fréquences
alléliques entre ces populations. Une mutation avantagée par la sélection naturelle peut alors se
répandre de population en population. Au contraire, 'isolement géographique permet & certaines
populations de diverger en acquérant des mutations endémiques. De maniére plus générale, on peut
regrouper avec les migrations tous les effets de la structure interne d’une population, spatiale ou non.

La dérive génétique désigne les fluctuations aléatoires des fréquences alléliques dues a 1’échantillon-
nage entre chaque génération. En effet si une population contient trés peu d’individus, la mort ou la
reproduction de I'un d’entre eux a un effet significatif sur les fréquences alléliques. Si en revanche de
nombreux individus meurent et se reproduisent en méme temps, les fréquences alléliques varieront
moins. La dérive génétique est notamment responsable de la disparition de certains alléles dans les
populations de faible effectif, méme en ’absence de sélection naturelle.

Si aucune de ces quatre forces n’agit & un locus donné, alors les fréquences des différents alléles a

ce locus resteront stables au cours du temps.

Parmi toutes les mutations possibles, certaines sont létales ou trés délétéres et sont rapidement
purgées par la sélection naturelle. Un petit nombre est avantagé dans leur environnement et se fixe
rapidement dans la population. Les autres mutations sont soit neutres soit si peu sélectionnées que
leur fréquence dans la population évolue principalement sous l'effet de la dérive génétique. Toutes
finiront soit par disparaitre soit par se fixer, mais aprés un temps potentiellement trés long. La
majorité des polymorphismes génétiques observés & un instant donné est donc neutre ou quasi neutre.

Cette observation a été faite pour la premiére fois en 1968 par Kimura [Kim68| qui I’a ensuite
étayée dans son ouvrage The neutral theory of molecular evolution [Kim84]. Cette théorie ne contredit
en rien la vision Darwinienne de 1’évolution selon laquelle les traits phénotypiques évoluent par
accumulation progressive de mutations avantagées par la sélection naturelle. En effet un grand nombre
de mutations sont sans conséquence sur la séquence d’acides aminés produite par la transcription de
la séquence d’ADN (mutations dites synonymes) ou bien ne changent pas la fonction de la protéine
correspondante (mutations dites silencieuses). De plus, une grande partie du génome ne code pas
directement pour une séquence d’acides aminés (ce qui ne veut pas dire qu’elle ne joue aucun role
dans lexpression des génes). On observe d’ailleurs un plus grand nombre de mutations synonymes et

silencieuses que de mutations affectant la fonction des protéines et les zones dites non codantes du
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génome sont plus souvent polymorphiques que les autres. Ceci est attendu dans la théorie neutraliste
de Kimura car les premiéres ont moins de chances d’étre délétéres et d’étre purgées par la sélection
naturelle.

En conséquence, on peut considérer que la plupart des mutations se fixent uniquement par hasard,
sans affecter la démographie de la population. Elles laissent donc des traces qui nous renseignent sur
la généalogie des individus. Cette diversité neutre peut alors étre utilisée pour reconstruire I’histoire
des populations. Cette téche est loin d’étre aisée, mais les données génétiques affluent avec le progreés
des techniques de séquengage. Afin d’exploiter ces données, de nouveaux outils mathématiques sont

nécessaires en complément de ceux développés depuis les années 1920 [Dur08 ; Kim64].

Cette thése porte sur la structure géographique de la diversité génétique. Entre sa naissance et le
moment ot il se reproduit, un individu parcourt en moyenne un certain nombre de kilométres. Comme
il en va de méme pour ses ancétres et les ancétres de ses ancétres, deux individus sont d’autant plus
éloignés génétiquement qu’ils le sont géographiquement. Cela dépend également de la densité de la
population : plus celle-ci est élevée, moins deux individus, méme proches, ont de chances de partager
des ancétres communs récents.

Dans un premier temps, nous étudions I'effet de la selection naturelle sur des populations structurées
en espace. Nous considérons un régime pour lequel les fluctuations des fréquences alléliques sont
faibles et nous montrons que celles-ci sont asymptotiquement égales a la solution d’une équation aux
dérivées partielles stochastique.

Nous nous intéressons ensuite aux effets des hétérogénéités spatiales sur la distribution des alléles
au sein d’une population. Deux situations nous intéressent particuliérement : le cas d’une dispersion
hétérogéne et celui d’une barriére au flux de génes. Dans le cas d’une dispersion hétérogéne, les
individus se déplacent sur de plus grandes distances dans une région de ’espace que dans 'autre.
Une barriére au flux de génes est un obstacle physique qui réduit les échanges génétiques entre deux
parties de I’espace. Dans les deux cas, nous étudions les généalogies des individus avec pour objectif la
détection de ces hétérogénéités a partir de données génétiques. Ce probléme d’inférence est d’ailleurs
abordé a la fin de ce manuscrit dans le cas de la dispersion hétérogéne.

Les travaux présentés ici apportent plusieurs résultats nouveaux qui éclairent la structure spatiale
de la diversité génétique. Le Chapitre 2 traite des fluctuations dans les fréquences alléliques d’une
population dans un espace homogéne en présence de sélection naturelle. Une application au probléme
du fardeau de dérive (voir plus bas) y est également donnée. Ce chapitre est le fruit d’une collaboration
avec Sarah Penington, de ’Université d’Oxford, et a fait 'objet d’une publication dans FElectronic
Journal of Probability [FP17]. Les Chapitres 3 et 4 traitent respectivement des généalogies en présence
de dispersion hétérogéne et d’une barriére au flux de génes. Enfin, dans le Chapitre 5, nous présentons
un travail en cours avec Harald Ringbauer (Institute of Science and Technology, Austria) et Graham
Coop (UC Davis, California) sur une méthode d’inférence en environnement hétérogene.

Dans la section suivante, nous présentons quelques modéles élémentaires en génétique des popu-
lations, qui serviront d’exemples par la suite. Les modéles prenant en compte la structure spatiale
des populations sont introduits dans la Section 1.3. C’est sur ces derniers que portent les travaux
présentés dans cette thése. Nous présentons ensuite dans la Section 1.4 les résultats sur les fluctuations
des fréquences alléliques dans des populations structurées en espace (qui sont démontrés dans le

Chapitre 2). La Section 1.5 introduit le probléme de la dispersion hétérogéne ainsi que les traitements
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existants dans la littérature. Nous nous tournons ensuite vers les travaux concernant I'impact des
barriéres au flux de génes et nous exposons les résultats correspondants dans la Section 1.6. Enfin, dans
la Section 1.7, nous présentons une méthode d’inférence démographique développée par Ringbauer et

al. [RCB16] qui sera adaptée & un environnement hétérogéne dans le Chapitre 5.

1.2 Modéles mathématiques en génétique des
populations

Les premiers modéles mathématiques décrivant 1’évolution de la composition génétique d’une popula-
tion ont été introduits dans les travaux de Sewall Wright, Ronald A. Fisher et John B. S. Haldane
dans les années 1920-1930. Ces modéles ont ouvert la voie a tout un domaine des mathématiques et
de la génétique a travers de nombreux raffinements et généralisations. Nous présentons ici quelques
modaéles classiques en préparation des modéles structurés en espace présentés dans la Section 1.3.

De maniére générale, deux points de vue complémentaires coexistent en génétique des populations.
Le premier consiste & décrire ’évolution de la composition génétique d’une population dans le sens
normal du temps, génération aprés génération. Nous présentons deux modéles dans ce cadre plus bas :
le modéle de Wright-Fisher et le modéle de Moran. La seconde classe de modéles décrit la généalogie
dans le passé d’un échantillon aléatoire (uniforme) au sein de la population. Nous introduisons I'un
d’eux dans la sous-section 1.2.4 : le coalescent de Kingman, et nous mettons en évidence ce qui le lie
aux modeéles précédents.

Tous ces modéles décrivent des situations trés idéalisées, ce qui les rend attirants pour le mathé-
maticien, mais qui peut poser probléme au scientifique qui souhaite les utiliser pour comprendre un
systéme biologique. Le but du généticien devient alors d’identifier les quelques paramétres qui résument
le comportement d’une population et de chercher & estimer ces paramétres & partir d’un échantillon
de la population en question. Cette approche sera présentée plus en détail dans la Section 1.7 et dans
le Chapitre 5.

1.2.1 Le modéle de Wright-Fisher

Le modéle de Wright-Fisher décrit I’évolution d’une population haploide (chaque individu ne porte
qu’une seule copie de chaque géne), panmictique (la population n’est pas structurée) et qui évolue

par générations discrétes (tous les individus meurent et se reproduisent en méme temps).

Définition 1.2.1 (Modele de Wright-Fisher neutre). On considére une population de N individus
haploides. A chaque génération, une nouvelle population de N individus remplace la précédente et
chaque individu de la nouvelle génération "choisit” son parent uniforémément au hasard au sein de la

génération précédente, indépendement des autres individus.

Si k individus portent un alléle donné & la génération n, le nombre d’individus portant ce méme
allele a la génération suivante suit une loi binomiale de paramétres N et k/N. On note X,, = k/N la
proportion d’individus de ce type dans la population & la génération n. La suite (X,,,n > 0) est alors
une chaine de Markov & espace d’état fini dont les états 0 et 1 sont absorbants.

Le modéle ci-dessus est dit neutre car le nombre moyen d’enfants d’un individu ne dépend pas

de I'alléle qu’il porte. Si la sélection naturelle confére un avantage reproductif a 'un des types par
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rapport aux autres, le modéle neutre ne suffit plus pour décrire I’évolution de la population. On
suppose dans la suite que la population est composée d’individus de deux types, 0 et 1, et que la
sélection naturelle avantage I'un de ces deux types par rapport a 'autre (un individu du type avantagé

aura en moyenne plus d’enfants qu’un individu de lautre type).

Définition 1.2.2 (Modéle de Wright-Fisher avec sélection). On considére une population de N
individus haploides qui peuvent étre de type 0 ou 1. A chaque génération, N nouveauz individus
remplacent les précédents. S’il y a k individus de type 1 au sein de la génération n, alors chaque

individu de la génération n+ 1 choisit un parent parmi ceux de la génération n de telle maniére qu’un

mdividu de type 1 est choisi avec probabilité ]\}ng
1

N+sk*

et un individu de type 0 est choisi avec probabilité

On note X, la proportion d’individus de type 1 au sein de la population a la génération n. Sachant

que X,, = x, NX, 11 suit une loi binomiale de paramétres N et

(1+s)x
1+ sz
On remarque que le rapport entre le nombre moyen d’enfants d’un individu de type 1 et celui d’un
individu de type 0 est 1 + s, on dit alors que les types 0 et 1 ont une fitness relative de 1 et 1 + s.
Le modéle de Wright-Fisher a été largement étudié, et nous ne nous attardons pas plus dessus.

Une présentation plus détaillée de ses propriétés est faite dans [Eth11].

1.2.2 Le modéle de Moran

Le modéle de Moran est un analogue du modéle de Wright-Fisher dans le cas ot les individus ne se

reproduisent pas de maniére synchrone, mais meurent et naissent a des temps aléatoires.

Définition 1.2.3 (Modéle de Moran neutre). On considére une population de N individus haploides.
Soit (P;),~ un processus de Poisson de parameétre (1;) A chaque saut de P, on choisit deuz individus
uniformément au hasard (sans remise) dans la population. L’un d’eux meurt et l'autre se reproduit,

chacun avec égale probabilité.

Si 'on note X; la proportion d’individus portant un alléle donné dans la population au temps ¢,

alors (X;,t > 0) est un processus de Markov & temps continu, qui saute de z & x + % etaz—+a

N
(¥)et-0

La Figure 1.1 présente deux trajectoires de X; pour deux tailles de populations différentes.

taux

Remarque. Dans le modéle de Moran, il faut en moyenne N reproductions pour renouveler toute la
population. Puisque ces événements surviennent a taux (g), une unité de temps dans le modéle de

Moran correspond a environ N générations dans le modele de Wright-Fisher.

Pour inclure la sélection naturelle dans ce modéle, on introduit une autre suite d’événements de

reproduction qui favorisent les individus du type avantagé.

Définition 1.2.4 (Modéle de Moran avec sélection). On considere une population de N individus

qui peuvent étre de type 0 ou 1. On suppose que l’alléle 1 confére un avantage sélectif & ceuxr qui le
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FIGURE 1.1 : Fréquences alléliques dans le modéle de Moran
Trajectoire de (Xt),-, dans le modéle de Moran neutre pour N = 18 (& gauche) et N = 50 (& droite).

portent. Des événements de reproduction neutres se produisent a taux (];7) comme dans le modéle
défini ci-dessus. De plus, des reproductions sélectives se produisent & taux S(];[), pour s > 0. Lors
d’une reproduction sélective, on choisit deux individus au hasard dans la population. Si les deux sont

du méme type, rien ne se passe, sinon, celui de type 0 meurt et celui de type 1 se reproduit.

En notant toujours X; la proportion d’individus de type 1 dans la population a 'instant t,

(Xt,t > 0) est un processus de Markov de générateur infinitésimal

£t = (1 )ot1=a) (£ o &) + 1 (o &) - 27(0)

+ s(Z) 20(1—2) (f(z+ &) — f(z)). (1.1)

1.2.3 La diffusion de Wright-Fisher

Lorsque la taille de la population que I'on considére est assez grande, les proportions des différents
types au sein de celle-ci (autrement dit les fréquences alléliques) changent peu d’une génération a
I’autre, en raison de la plus faible variance dans ’échantillonnage des parents. Sur une échelle de
temps appropriée, il est alors possible de voir les fluctuations des fréquences alléliques comme un

processus de diffusion : la diffusion de Wright-Fisher.

Dans le modéle de Wright-Fisher avec sélection, sachant que

1 (1+8) X,
Xny1~ =Bin | N, —F— |,
TN m( 1+ sX, )
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on montre facilement que
E[Xpt1—Xn| Xp=2]=sz(1—2)+o0(s),
1
E[(Xni1— X0)? | Xp = 2] = Nz(l —z)+o(s).

Apreés avoir vérifié plusieurs hypothéses supplémentaires, (voir [Eth11, Théoreme 3.6]), on obtient le

résultat suivant, mentionné notamment par Feller [Fel51].

Proposition 1.2.5 (Approximation du modeéle de Wright-Fisher par une diffusion). Soit (sy, N > 1)
une suite de réels telle que

Nsy — s.
N—o00

Pour N > 1, soit (X, n > 0) la suite des fréquences du type 1 dans le modele de Wright-Fisher de
taille N avec sélection, de coefficient sy (Définition 1.2.2). On suppose que

X — X
0
N—o0

presque stirement. Pour t > 0, on pose
N N

Alors, lorsque N — oo, la suite de processus (X, N > 1) converge en loi dans D ([0,T],R) pour tout

T > 0 fizé vers la solution de ’équation différentielle stochastique

d.’L‘t = Ext(l — xt)dt + \/ .Z‘t(l - .Tt)dBt,

$0:i‘0

(1.3)

ot B est un mouvement brownien standard.

En revenant a ’échelle temporelle originale du modéle de Wright-Fisher, cela revient a approcher

(Xy,n > 0) par la solution de

day = sxe(l — zp)dt + \/mdBt (1.4)

o = X().

Le processus (x¢,t > 0) est appelé diffusion de Wright-Fisher, et permet d’étudier de nombreux
aspects du comportement a grande échelle a la fois du modéle de Wright-Fisher, mais également
du modéle de Moran. Rappelons qu’une unité de temps dans le modéle de Moran correspond & N
générations du modéle de Wright-Fisher, il n’y a donc pas besoin de changer d’échelle temporelle

pour observer la convergence de ce dernier vers la diffusion de Wright-Fisher.

Proposition 1.2.6 (Approximation du modéle de Moran par une diffusion). Soit (sy, N > 1) une
suite de réels positifs telle que

Nsy —» s.
N —oc0

Pour N > 1, soit (XN, t > 0) le processus décrivant la fréquence du type 1 dans le modéle de Moran

RAPHAEL FORIEN 19



STRUCTURE SPATIALE DE LA DIVERSITE GENETIQUE

de taille de population N avec sélection de coefficient sy (Définition 1.2.4). On suppose que

XN — 7
0
N—oo

presque strement. Alors, lorsque N — oo, la suite (XY, N > 1) converge en loi dans D ([0,T],R)
pour tout T > 0 fixé vers la solution de (1.3).

Pour montrer ce résultat, il suffit de montrer que la suite (X, N > 1) est tendue dans D ([0, 7], R)
et que la suite des générateurs infinitésimaux converge lorsque N — oco. Or si f est deux fois

continuement dérivable sur [0,1], (1.1) devient

LN f(z) = %x(l —)f"(x) +5z(1 —2)f (z) + O (]1[) ]

On reconnait & droite le générateur de (1.3). La convergence du modéle de Moran vers la diffusion de

Wright-Fisher est illustrée par la Figure 1.2.

Proportion d'individus de type 1

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Temps Temps

FIGURE 1.2 : Modéle de Moran en grande population
Exemple de trajectoire suivie par (X;,t > 0) dans le modéle de Moran avec N=100. A gauche le modéle est
neutre (s = 0) et a droite on a pris s = 0.05.

1.2.4 Le coalescent de Kingman

Tournons nous & présent vers un troisiéme modele, introduit par Kingman [Kin82], qui permet de
décrire la composition génétique d’une population & travers les liens de parenté entre ses individus.
Le coalescent de Kingman est un processus de Markov & valeurs dans ’espace des partitions de
{0,..., N}. 1l décrit la généalogie d’un échantillon de N individus au sein de la population : deux
individus sont dans le méme bloc de la partition & 'instant ¢ s’ils ont un ancétre commun ¢ unités de

temps dans le passé.
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FIGURE 1.3 : Représentation du Coalescent de Kingman
Représentation du coalescent de Kingman de taille initiale 10 (& gauche) et 30 (a droite) sous la forme d’un

arbre plan. On remarque que les premiéres colaescence sont trés rapides et que la derniére coalescence prend
au moins autant de temps que toutes les autres réunies.

Définition 1.2.7 (Coalescent de Kingman). Soit N > 1 et soit (I1;),5, un processus de Markov a
valeurs dans Uespace des partitions de {0,...,N}. On dit que I est un coalescent de Kingman de

taille initiale N si

Z) o = {{O}a""{N}}7

i1) lorsque I1; contient k blocs, aprés un temps aléatoire exponentiel de paramétre (’2“), deuz blocs

choisis uniformément au hasard dans I1; fusionnent.

De maniére équivalente, on peut dire que chaque paire de blocs dans II; fusionne (ou coalesce) a
taux 1. On peut représenter la trajectoire de (II;,¢ > 0) sous la forme d’un arbre, comme illustré
dans la Figure 1.3.

Il existe un lien profond entre le coalescent de Kingman et la diffusion de Wright-Fisher présentée

plus haut. Nous présentons ici une facette de cette connexion sous la forme de la dualité de moments.

Définition 1.2.8 (Dualité de moments). Soit (X¢),~, un processus de Markov défini sur un espace
(Q,F, ﬁ) a valeurs dans un espace Ey et soit (Yt)t;o un autre processus de Markov défini sur un
espace (Q’,]—",?) a valeurs dans Eg. Soit h : Fq ><7E2 — R une fonction mesurable. Si pour tout
t>0, (z,y) € E1 x Es,

E. [h(X,y)) = E, [z, V)], (15)

alors on dit que X et'Y sont duaux par rapport a h.

Il convient d’interpréter X comme un processus allant dans le sens normal du temps et Y comme
un processus décrivant une évolution depuis un état présent vers un état passé, comme nous le verrons
plus bas dans le cas du coalescent de Kingman. Une définition plus compléte de la dualité pour les

processus de Markov peut se trouver au Chapitre 4.4 de [EK86].
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Il existe une caractérisation pratique de la dualité de moments & ’aide des générateurs infinitési-

maux.

Proposition 1.2.9. Soient Z et Z les générateurs infinitésimaux respectifs de X et de Y. On
suppose que h(-,y) est dans le domaine de X pour tout y € Ey et inversement h(x,-) est dans le
domaine de A pour tout x € Ey. Alors X et'Y sont duaux par rapport a h si et seulement si pour
tout (z,y) € E1 x Es,

Ah(z,y) = Ah(z,y). (1.6)

Eléments de preuve. En supposant (1.5), on a

Ahiz,y) = lim ~ . [M(X50,) — bz, )]

5t10 Ot

Pour la réciproque, on suppose (1.6) et on construit un espace de probabilités
%
Q< F*P) = (QxQ,FoF,FoP)

de telle maniére que sous P, X et Y soient indépendants. On montre alors

d —
ZER(X,, Vi) = B [Ah(X,, Vi) = Ah(X,, Ve
=0.
On obtient (1.5) en intégrant entre 0 et ¢. O

Le coalescent de Kingman est lié par une relation de dualité a la diffusion de Wright-Fisher dans

le cas neutre (s = 0). Cette dualité s’exprime de la maniére suivante.

Proposition 1.2.10 (Dualité avec la diffusion de Wright-Fisher). Soit (Ht)tZO un coalescent de King-

man (sa taille initale sera précisée plus bas), et soit (x4,t > 0) la solution de l’équation différentielle

dl‘t = J?t(l — l‘t)dBt

o, B est un mouvement brownien standard. Pourt > 0, on note N; le nombre de blocs dans II;. Pour
n>1etzel0,1], ona

stochastique

E. ) =&, V], (1.7)
ot ﬁ désigne ’espérance par rapport a la lov de (wt)tzo et E celle par rapport a la loi de II.
La relation (1.7) s’interpréte aisément : si 'on échantillonne n individus dans une population au

temps t, la probabilité qu’ils soient tous de type 1 est la probabilité que tous leurs ancétres au temps

0 soient de type 1.
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Démonstration. On pose h(x,n) = x™. Le générateur de (), agit sur h de la maniére suivante

Zh(a:, n) =

,n—1)—h(z,n))

Il
A~ N =N
N3
N——

—~

>
—~

&

[
NG
=
=
2

)

La proposition 1.2.10 découle alors de la proposition 1.2.9. O

Rappelons que dans la diffusion de Wright-Fisher, N générations s’écoulent a chaque unité de
temps, ot N est la taille de la population (voir (1.2)). En effet, plus une population est nombreuse,
moins il y a de chances que deux individus pris au hasard aient un ancétre commun récent. A
Iinverse, une population de faible effectif contient de nombreux individus d’une méme famille, et les
coalescences sont donc plus rapides. Si I'on est capable d’estimer ’age des ancétres communs les plus
récents pour différentes paires d’individus au sein d’une population, on peut alors estimer le rythme
des coalescences et donc la taille de la population concernée.

Cette taille de population estimée est appelée la taille de la population efficace et correspond au
nombre moyen d’individus qui se reproduisent a chaque génération. Celle-ci peut différer grandement
de Veffectif total de la population pour diverses raisons (accés limité aux partenaires par exemple).

Cette taille peut également varier dans le temps, comme c’est le cas pour les populations humaines.
La distribution des coalescences dans le passé permet alors d’estimer la taille d’une population &
différentes périodes de son histoire (voir par exemple [LD11]).

Tous les modéles présentés dans cette section ont en commun le fait d’ignorer la structure spatiale
des populations étudiées. Cette hypothése n’est pas toujours raisonnable lorsque 'on cherche a étudier
des données de terrain. Il est donc nécessaire d’introduire une autre famille de modeéles qui prend en

compte ’éloignement géographique comme source d’éloignement génétique.

1.3 Isolation par la distance, introduction de la
structure spatiale

Lorsqu’une population occupe un espace étendu, ou bien de nombreux sites distants les uns des autres,
les individus n’explorent qu’une petite portion de 'aire totale de répartition de la population entre
leur naissance et le moment ot ils se reproduisent. Les ancétres d’un individu donné se répartissent
donc dans une zone géographique d’autant plus restreinte qu’ils sont récents. De méme, deux individus
sont d’autant plus suceptibles de partager un ancétre récent qu’ils sont proches géographiquement
[Agu+17].

Afin de quantifier cet effet et de 'utiliser pour étudier ’histoire des populations biologiques, il
importe de définir un modéle mathématique pour des populations structurées spatialement. Nous
présentons ici deux classes de modéles que ’on retrouvera dans la suite de ce manuscrit : des modéles
en espace discret, dits stepping stone ("pas japonais" en frangais) et un modéle en espace continu, le

processus A-Fleming Viot spatial.
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Tous ces modéles ont en commun de décrire ’isolation génétique résultant de la séparation
géographique entre des sous-populations. Nous verrons dans la sous-section 1.3.2 comment les
corrélations entre les fréquences alléliques a différents sites décroissent avec la distance géographique
dans le modéle stepping stone. Nous retrouverons une approche similaire dans la Section 1.7 avec
le processus A-Fleming Viot spatial. Nous présenterons également dans la sous-section 1.3.5 le
comportement a grande échelle de ce dernier dans différents régimes.

De méme que pour les modéles sans structure spatiale présentés dans la Section 1.2, les modéles
spatiaux peuvent étre décrits de deux facons : soit en précisant comment les fréquences alléliques
évoluent au cours du temps, soit en étudiant la généalogie d’un échantillon aléatoire d’individus au

sein de la population. Nous présentons ces deux approches pour chaque modéle spatial ci-dessous.

1.3.1 Populations en espace discret, le modéle stepping stone

Introduit pour la premiére fois dans les travaux de Wright [Wri43] puis repris et détaillé par Kimura
[Kim53], le modéle stepping stone décrit 1’évolution d’une population divisée en colonies (ou démes)
situées aux sommets d’un graphe (typiquement Z? avec d = 1 ou 2). Chaque colonie suit un modéle
de Wright-Fisher a la différence prés qu’une partie des individus de chaque déme descend d’un parent
venant d’un autre déme. Pour reproduire l'effet d’isolation par la distance, ces migrants doivent
provenir d’une région limitée autour de leur colonie d’immigration. C’est le cas par exemple si la
migration ne se fait qu’entre plus proches voisins dans Z¢.

Soit G =74, d € {1,2,3} et soit (N;,i € G) une famille d’entiers non nuls. Soit M = (m;;,4,j € G)
une famille de réels positifs telle que, pour tout i € G,

JEG

Le modeéle stepping stone sur Z¢ de matrice de migration M est défini de la maniére suivante.

Définition 1.3.1 (Modéle stepping stone & générations discrétes). On considére une population
répartie sur Z¢ pour d € {1,2,3}. Le déme i € Z contient N; individus. A chaque génération, tous
les individus meurent et sont remplacés par de nouveaux individus. Un nowvel individu dans le déme 1

choisit un parent uniformément au hasard dans le déme j avec probabilité
Thij =

On note que dans ce modéle, chaque individu du déme j produit en moyenne m;; enfants dans le
déme i. L’équation (1.8) s’interpréte alors comme une équation de conservation du nombre d’individus
de chaque déme.

Pour t > 0 et ¢ € G, soit p(t, 1) la proportion d’individus portant un alléle donné dans le déme 4 au
temps ¢. Si les N; sont assez grand, il est naturel de chercher & approcher chaque (p(t,),t > 0) par une
diffusion analogue a (1.4). Nous formalisons cette approche, due & Kimura [Kim53 ; Kim64] ci-dessous.
Notons que celle-ci est valable lorsque la migration a chaque génération est faible, c’est-a-dire pour

my; suffisamment proche de 1 pour tout 3.
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Définition 1.3.2 (Modéle stepping stone de Kimura). Soient d € {1,2,3}, G = Z% et (N;,i € G),
(msj,1,7 € G) deux familles de réels positifs vérifiant (1.8). Fizons py : G — [0,1]. Soit alors

(p(t,),t > 0,i € G) la solution du systéme d’équations différentielles stochastiques suivant

dp(tai) = ZjeG Thij(p(t,j> - p(ta Z))dt + \/J\%p(t,l)(l 7p(t,i))dB§,
p(0,4) = po(i)

ou {B',i € G} est une famille de mouvements browniens standards indépendants.

Le modéle ci-dessus peut étre vu comme une généralisation de la diffusion de Wright-Fisher a une
population vivant dans un espace discret. De méme que pour la diffusion de Wright-Fisher, on peut
établir une relation de dualité entre le modéle de Kimura et un coalescent décrivant la généalogie
d’un échantillon d’individus. Cette généalogie prend la forme d’un systéme de marches aléatoires

coalescentes décrivant les trajectoires des lignées ancestrales de ’échantillon.

Définition 1.3.3 (Coalescent structuré). Soient n > 1 et xy,...,1, € Z%. Soit (II;,t > 0) un
systeme de particules,
Ht:{gga"'ai’\lt}v fZGZda Ntzlﬂ

tel que chaque particule en i € Z migre vers le déme j a taur msj, indépendemment des autres
particules. De plus, deux particules situées dans le méme déme i coalescent aprés un temps exponentiel

de paramétre Ni (sauf si Uune d’elles migre avant).

On établit alors une relation de dualité entre ces deux modéles de la méme maniére que précé-
demment. Etant donnés une condition initiale po(-) et un ensemble de positions d’échantillonnage
{z1,...,2,}, on a [Eth1]]

n N,
Ep, [Hpu, m] =By, .20} lﬂpo@z’)] : (1.10)
i=1 i=1

On peut donc suivre la trajectoire décrite par I’ensemble des positions des ancétres d’un individu
dans la population, on parlera alors de lignée ancestrale et on dira que deux lignées coalescent lorsque

les individus correspondant ont un ancétre commun dans le passé.

1.3.2 La décroissance des corrélations avec la distance

D’aprés la construction du coalescent structuré, il est facile de voir que plus deux individus sont éloignés
géographiquement, moins ils ont de chances d’avoir un ancétre commun récent. Deux populations
sont donc d’autant plus éloignées génétiquement qu’elles le sont physiquement. Ce phénomeéne dit
d’"isolation par la distance" a été illustré d’abord par Wright [Wri43], puis par Malécot [Mal48] et
par Kimura et Weiss [KW64].

Ces derniers considérent un modéle stepping stone analogue a celui présenté dans la définition 1.3.1,
dans lequel tous les démes sont occupés par le méme nombre d’individus et ou la migration ne se fait
qu’entre plus proches voisins. Ils supposent également qu’a chaque génération, une partie des individus

migrent depuis une population source a I’équilibre. Si p(¢,4) désigne la proportion d’individus portant
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un alléle donné au temps ¢ dans la population i € Z? et si p est la proportion d’individus de ce type

dans la population source, alors p obéit a I’équation suivante

dp(t,i) = % > (p(t.j) — p(t,))dt + p(p — p(t,i))dt + \/fvp(t’ i)(1 = p(t,0)dBy, (1.11)

Jri

ou Nym,p > 0et >

considérent en réalité un modéle a temps discret, mais les mémes méthodes s’appliquent a 1’équation

i désigne la somme sur les plus proches voisins de i. (Kimura et Weiss
ci-dessus.) On note r(k) la corrélation entre les fréquences alléliques en deux points séparés par

k € Z%, donnée par
' E[(p(t,) — p)(p(t,i + k) — )
E [(p(t,7) — p)?]

r(k) =

Kimura et Weiss montrent que, & I’équilibre,

2
sid=1, r(k) ~ exp (—\/ EM |k> ,

4
sid=2, r(k) ~ SOk, < RM |k|> (1.12)

™m

ou |k| = \/k? + k3 est la norme euclidienne de k, Cyp une constante positive et Ky désigne la fonction
de Bessel modifiée de degré 0 [AS64]. Il est a noter que lorsque |k| est grand devant y/m, en dimension

Les corrélations décroissent donc plus rapidement avec la distance en dimension 2 qu’en dimension

2, r(k) est proportionnel a

1. Cela est lié au fait qu’en grande dimension, il est plus facile pour deux particules (ou lignées
ancestrales) dans le coalescent structuré de s’éviter. Sawyer [Saw76 ; Saw77| a présenté une formulation
plus précise de ce résultat, en donnant un sens rigoureux a cette approximation et en précisant la

valeur de la constante Cj.

Les corrélations entre les fréquences alléliques peuvent également s’exprimer a 1’aide du dual de
léquation (1.11). Ce dernier est analogue au coalescent structuré de la Définition 1.3.3 & ceci prés
que chaque particule migre vers la population source & taux pu, indépendemment des autres particules.
Si 'on note T, le temps de coalescence de deux lignées et Ty, 'instant ot 'une d’entre elles migre

vers la population source, on a alors
E [p(t, i)p(t, 5)] = Pij (Te < Too) P+ Pij (T 2 Too) P

Si 'on note
F(i,) =Py (Te < Too) = By j [e721T]

alors r(k) s’écrit

r(k) = . (1.13)
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Or d’apreés la formule dite de Wright-Malécot [BDE02], si d = 2,

Ky ( % |k|>
pour |k| > &,
Eo [e72#¢] ~ N - log <\/%/R) (1.14)
log( %/m)
N+10g< 2%//{)

pour |k| <&,

ot N = 2N7m est la taille de voisinage au sens de Wright et pour le modéle stepping stone avec
migration entre plus proches voisins, £ = 1/4/32. On retrouve alors (1.12) a partir de (1.13).

La quantité F (i, j) est la probabilité que deux individus pris en i et en j aient un ancétre commun
plus récent que leur arrivée depuis la population source, on 'appelle la probabilité d’identité par
descendance. En appliquant la propriété de Markov & un interval de temps infinitésimal, on montre

que

2uF (i, j) = 5 D (F (k)= F(3) + 5 DG = Fli. ) + SO Fl)s.  (119)
~i ~j

Barton, Depaulis et Etheridge [BDE02| montrent comment obtenir la formule de Wright-Malécot

(1.14) a partir de cette équation en remplacant formellement les deux laplaciens discrets par un

laplacien usuel dans (1.15).

Cette décroissance des corrélations entre les fréquences alléliques avec la distance peut étre
utilisée pour l'inférence de paramétres démographiques. En effectuant une régression des corrélations
empiriques dans les fréquences alléliques contre la distance géographique, on peut estimer la taille
du voisinage A/ [Rou97|. 1l est également possible de retrouver ce paramétre par une approche du

maximum de vraisemblance [RLO7; Bar+13].

1.3.3 Population en espace continu, le processus
A-Fleming-Viot spatial

Toutes les populations ne sont pas structurées en un réseau régulier de sous-populations bien définies.
Il est donc nécessaire de vérifier que les résultats obtenus pour le modéle stepping stone sont robustes
& un changement de la géométrie de I’espace. Pour cela, on souhaite définir un modéle mathématique
pour des populations occupant un epace continu (R? avec d € {1,2,3} par exemple).

Un premier modéle dans ce sens étudié par Malécot [Mal48| suppose que la n-iéme génération
peut étre représentée par un processus ponctuel G, sur R%. A la génération suivante, chaque individu
produit un nombre aléatoire d’enfants qui se déplacent ensuite indépendemment les uns des autres.
Malécot suppose que les nombres d’enfants des différents individus sont des variables de Poisson
indépendantes de paramétre 1.

Felsenstein [Fel75] a cependant montré que ce modéle ne pouvait présenter de comportement
stationnaire. En effet, chaque famille constitue un processus de branchement critique. La plupart va
donc s’éteindre rapidement tandis que celles qui survivent vont devenir trés nombreuses, formant des

ilots trés peuplés (appelés "clumps" par Felsenstein) et de plus en plus espacés. Kingman [Kin77]
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a de plus montré que pour qu'un modéle de ce type admette une loi stationnaire sous la forme
d’un processus de Poisson, il fallait renoncer a I'indépendance entre les déplacements des différents
individus.

Récemment, un nouveau modeéle a été introduit par Barton, Etheridge et Véber [Eth08; BEV10a]
qui permet de décrire I’évolution de la composition génétique d’une population vivant dans un espace
continu. Ce modéle inclus un mécanisme strict de régulation locale de la taille de la population, et
permet de considérer des situations & I’équilibre analogues a celle étudiée par Malécot.

Ce modeéle, appelé le process A-Fleming-Viot spatial, décrit I’état de la population & un instant
donné par une mesure sur R? x K dont la premiére marginale est la mesure de Lebesgue sur R%.
(K est 'espace des types génétiques présents dans la population.) A une série d’instants aléatoires,
une partie de la population occupant une région donnée meurt et est remplacée par la descendance
d’un individu choisi au hasard dans cette région. Dans la suite, nous nous limiterons toujours a une
population ne comportant que deux types d’individus (K = {0,1}). La population est alors décrite
par une fonction w : Ry x R? — [0, 1], ott w¢(x) est la proportion d’individus portant I'alléle 1 en = &
Iinstant t.

Soit u une mesure sur (0,00) et pour r € (0,00), soit v, une mesure de probabilité sur (0, 1]. On

suppose que

/000 /01 wrdy, (du)p(dr) < co. (1.16)

Définition 1.3.4 (processus A-Fleming-Viot spatial). Soit wo : R? — [0, 1] une fonction mesurable.
Soit TI un processus ponctuel de Poisson sur Ry x R x (0,00) x (0, 1] de mesure d’intensité dt @ dr ®
p(dr)v,(du) [Kin93]. Pour chaque point (t,z,r,u) de I, un événement de reproduction se produit
dans la boule de centre x et de rayon r (notée B(xz,r)) a Uinstant t. Lors d’un tel événement, on
choisit y uniformément au hasard dans B(x,r) puis on choisit k € {0,1} tel que k = 1 avec probabilité

wi—(y) et k=0 sinon. Alors pour tout z € B(x,r),
we(z) = (1 — w)w- (2) + uk. (1.17)

Hors de B(x,r), wy reste inchangé.

En d’autres termes, a chaque événement de reproduction, une fraction u des individus présents
dans la région affectée meurt et est remplacée par la progéniture d’un individu pris au hasard au sein
de cette région. Le réel u est appelé paramétre d’impact.

Remarquons que nous n’avons pas précisé ’espace dans lequel la variable aléatoire w; prend ses
valeurs, ni la tribu dont ce dernier est muni. En réalité, le processus (w;,t > 0) doit étre vu comme
un processus de Markov & valeurs dans ’espace quotient noté = des fonctions mesurables de R¢
dans [0, 1] ou 'on identifie les fonctions qui ne différent qu’en un ensemble de mesure de Lebesgue
nulle. Cet espace s’identifie & un sous-espace de I’ensemble des mesures sur R% qui sont absoluement
continue par rapport a la mesure de Lebesgue. On munit = de la métrique d= suivante qui induit la
convergence vague des mesures sur R%. Soit ( fn)n>1 une famille séparante et uniformément bornée

de fonctions & valeurs réelles & support compact dans R%, alors pour w,w’ € Z,

d=(w,w') = 37 o G, f) — (', ). (118)

n=1
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On note que le fait d’identifier les fonctions qui ne différent que sur un ensemble de mesure nulle ne
rend pas la Définition 1.3.4 caduque car celle-ci ne fait intervenir que la moyenne de w;- sur une
boule (qui ne dépend pas du représentant que 1’on choisit pour w;-).
Soit C,(R?) I'espace des fonctions continues & support compact de R? dans R. Pour j € N*,
¥ € C((R?)7) et w € Z, on pose
J

I(w,ip):/(]R Hw(xi)@[}(xl,...wj)dxl...dxj.

7 =1

On note V;. le volume de la boule de rayon r dans R?. Alors le générateur infinitésimal de (wy,t > 0)

agit sur les fonctions I(-, 1) de la fagon suivante [BEV10a],

oo 1 1
LI(w, ) = / dz/ w(dr) / vp(du) — dy (z1,...,x5)dey ... dx;
R4 0 0 V. B(z,r) (Rd)d

[T wie) lw(y) [T = wwla) +u) + (1= wy) [T = ww(z) = [Twz)|. (1.19)

i€ZLe i€L i€ i€l

ou Z désigne ’ensemble des indices i tels que z; € B(x,r). Puisque ’ensemble des combinaisons
linéaires des fonctions de la forme I(,1)) et de fonctions constantes est dense dans ’espace des
fonctions continues sur Z [BEV10a, Lemme 4.1], le processus A-Fleming-Viot spatial (ou SLFV) est
alors défini comme 'unique processus de Markov a valeurs dans = qui est solution du probléme de
martingales pour le générateur £ défini par (1.19). L’existence d’un tel processus est prouvée dans

[BEV10a], en utilisant la relation de dualité que nous exposons ci-apreés.

1.3.4 Le dual du processus A-Fleming-Viot spatial

De méme que pour le modéle stepping stone, on peut décrire la généalogie d’'un échantillon aléatoire
d’individus dans le SLFV sous la forme d’un systéme de particules coalescentes. Les particules a
I'instant ¢ correspondent aux ancétres de ’échantillon ¢ unités de temps dans le passé. Comme le
processus II de la définition 1.3.4 est invariant par retournement du temps, c’est le méme processus

qui régit les événements de reproduction passés.

Définition 1.3.5 (A-coalescent spatial). Soit IT un processus ponctuel de Poisson sur Ry, x R x
(0,00) x (0,1] de mesure d’intensité dt @ dx ® p(dr)v,.(du). Soit un systeme de particules qui évolue
selon la dynamique suivante. Pour chaque point (t,z,r,u) de II, un événement de reproduction se
produit & Uinstant t dans B(x,r). Lors d’un tel événement, on choisit un point y uniformément
au hasard dans B(x,r). Chaque particule située dans B(x,r) a linstant t est ensuite marquée avec
probabilité u, indépendemment des autres particules. Puis toutes les particules marquées coalescent en

une particule située en y.

On note N; le nombre de particules au temps ¢ dans le A-coalescent spatial, et on note &}, ..., tN ¢

leurs positions respectives. Le processus (A;, ¢ > 0) avec

At:{gtla"'v tNt}
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est alors un processus de Markov dont le générateur infinitésimal agit sur les fonctions de la forme
N
Fo({e',....e" ) =[] w(&), w:R'SR,

i=1

de la maniére suivante

L'F,({e', ...,V :/Rd dz/ooo/t(dr) /01 ur(du)‘i/BW) dy ] w(¢)

i€Te
{5 wmia-amo (w11 wie)-TLwee)) |
DCT i€T\D €T
ID[>1
En d’autres termes, pour tout {x1,...,z;} € (R%)J,
o1
ltlﬁ)l %Ezl ,,,,, o; [Fu(Ar) — Fu({z1, .. 25))] = L'Fy({21, ..., 25)),

ott By, 4, désigne la loi de (A¢),5 lorsque Ag = {z1,...,2;}. On peut alors montrer [BEV10a]
(voir aussi [EVY14]) que pour ¢ € C.((R%)7),

EI(wJZ)) = / N [,/Fw({dil, ce ,$j})17[}(5617 e ,1?j)d$1 e dl‘j.
(Re)?
D’apres la Proposition 1.2.9, cela prouve la relation de dualité (de moments) entre le SLFV et le

A-coalescent spatial.

Proposition 1.3.6 (Dualité pour le SLFV, [BEV10a]). Pour tout 9 € C.((R%)?) et pour toute

fonction mesurable wo : R4 — [0,1], on a

B, (1w, 0)] = [

(R4

Nt
; Eo,...x; [H wo(g;‘)] Y(xy,. .., x5)dey ... de;. (1.20)
=1

Dans [VW15], Véber et Wakolbinger montrent une relation de dualité plus forte entre ces deux
processus, mais nous omettons de la détailler ici. Cette relation de dualité permet notamment de
caractériser le comportement & grande échelle du SLFV, comme nous allons le voir dans la sous-section
suivante.

Si I'on suppose de plus que des mutations se produisent le long de chaque lignée & un taux
1, on peut définir comme dans le modéle stepping stone la probabilité d’identité par descendance
(c’est-a-dire la probabilité qu’aucun de leurs ancétres n’ait subit de mutation depuis leur ancétre
commun le plus récent) de deux individus échantillonnés & une distance r > 0 'un de lautre, notée
F(r). Si les deux lignées correspondantes coalescent aprés un temps 7, alors cette probabilité est
e 2T on a donc

F(r)=Eo, [e_Q“T”} .

On peut alors montrer que le A-coalescent spatial vérifie la formule de Wright-Malécot (1.14) ou m et

N peuvent étre exprimés en fonction de u et v, [BDE02; Bar+13].
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1.3.5 Comportement a grande échelle du SLFV

En s’inspirant de approximation des modéles de Wright-Fisher et de Moran par la diffusion de
Wright-Fisher, on est tenté d’approcher I’évolution des fréquences alléliques dans une population

structurée en espace par la solution de I’équation aux dérivées partielles stochastique suivante

2

o 1 .

atwt == —Awt + —wt(l - U)t)Wt, (121)
2 N

ott 02 >0, N > 0 et W est un bruit blanc gaussien. L’équation (1.21) équivaut a dire que pour toute

fonction ¢ : R — R décroissant suffisamment rapidement & I'infini, en notant (f, g) fRd x)dz,

o2

(wi0) = G [ () ds

est une martingale locale continue (pour la filtration engendrée par (wy,t > 0)) de variation quadratique

1 [ 5
N/O » o(z) ws(x)(1 — ws(x))dzds.

On peut trouver une introduction détaillée aux équations aux dérivées partielles (EDP) stochastiques
dans [Wal78; PZ14].

Malheureusement, cette approche n’est possible que lorsque la dimension de I’espace est 1. En
dimensions supérieures, (1.21) ne posséde pas de solution. Nous détaillons ici les conditions sous
lesquelles cette équation constitue une bonne approximation du SLFV ainsi que les autres régimes

possibles.

Parameétre d’impact fixé Considérons dans un premier temps le SLFV avec un rayon et un
paramétre d’impact fixés, c’est-a-dire o u et v, sont des mesures de Dirac, respectivement et r > 0
et u € (0,1]. Notons le processus correspondant (wy,t > 0) et soit wg une fonction mesurable de R?
dans [0, 1]. Pour n > 1, on pose

w(t, 1) = wn(v/nx) (1.22)
et on suppose que w"(0,z) = wo(x) pour tout n > 1. Soit p(t,z),t > 0,7 € R? la solution de

I’équation aux dérivées partielles

2

dup(t.z) = % Mp(t, )
p(0,2) = wo(x)

(1.23)

avec 02 = uV, 2

"I +2 Le résultat suivant est dia a Berestycki, Etheridge et Véber [BEV13Db].

Théoréme 1.1 ([BEV13b]). Lorsque n tend vers linfini, la suite de processus (w™,n > 1) converge
au sens des lois fini-dimensionnelles dans la topologie vague vers un processus (p(t,-),t > 0). En
dimension 1, p(t,x) est une variable de Bernoulli de paramétre p(t,x) et les corrélations entre
différentes valeurs de p(t,-) sont non triviales et sont données par (1.24). En dimensions 2 et plus,

p(t, x) est déterministe et égal & p(t, ).

On prouve le Théoréme 1.1 en étudiant le dual du SLFV. Notons que si 'on suit une lignée
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ancestrale, celle-ci se comporte comme une marche aléatoire symétrique de variance

1 / / 2 2T2
2
ot =u dx y|"dy = uV, .
AV JBor)  JBG@a i +2

Le changement d’échelle (1.22) revient alors a poser

1 1
Ap = {\/ﬁg,lm...,\/ﬁg,ﬁm}.

En laissant tendre n vers +o00, A™ converge vers un systéme de mouvements browniens de variance

0% qui coalescent dés qu’ils se rencontrent [BEV13b|. En dimensions 2 et plus, deux mouvements
browniens ne se rencontrent jamais et on n’observe donc pas de coalescence a la limite. Pour voir
qu’en dimension 1 deux lignées coalescent instantanément lorsqu’elles se rencontrent, il suffit de noter

qu’aprés le changement d’échelle (1.22), deux lignées situées a une distance inférieure a % coalescent

aprés un temps d’ordre ﬁ (pour qu’elles passent un temps d’ordre 1 & une distance inférieure a %
l'une de lautre, voir [BEV10a, Proposition 6.4]). En passant a la limite, la coalescence se confond
donc avec la rencontre des lignées.

Pour voir que ce résultat implique le Théoréme 1.1, on utilise la dualité de la Proposition 1.3.6
pour établir les corrélations entre les différentes valeurs de p(t,-). En dimensions 2 et plus, deux

lignées (X!, X?) ne coalescent jamais et évoluent donc indépendemment I'une de 'autre. Alors

E [p(t,x)2] =E; [wo(th)’wo(Xf)]
= E, [wo(X})]’
=E[p(t,z)]”,

ce qui implique que p(t, z) soit déterministe. En dimension 1, comme deux lignées coalescent dés
qu’elles se rencontrent, a tout instant strictement positif chaque site n’est occupé que par un type
d’individus. La population devient ainsi instantanément divisée en plusieurs zones homogénes dont
les frontiéres forment un systéme de mouvements browniens qui s’annihilent dés qu’ils se touchent.

En passant a la limite dans (1.20), on obtient

B, [[(p(t, ), )] :/ Ear... o, [(w0, AZ) (ar, .., 2;)das ... da;. (1.24)

(R4)?

On en déduit les corrélations entre les différentes valeurs de p(t,-) en dimension 1.

Parameétre d’impact tendant vers 0 Si u est trés proche de zéro, on peut observer des

comportements limites différents. Pour cela, posons pour n > 1

u
Up = —F—=

NG

et supposons que (wj',t > 0) est le SLFV avec u = 6, et v, = J,,,. On pose alors
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et
w"(t, ) = 0" (n/?t, /nx). (1.25)

On suppose de plus que w”(0,z) = wo(z) pour tout n > 1. Dans ce cas, Etheridge, Véber et Yu
[EVY14] montrent le résultat suivant (ils considérent en fait le SLFV avec sélection, voir Section 1.4).
Pour un espace métrique Y, on note D (Ry,Y") l'espace des fonctions cadlag de R dans Y et on
le munit de la topologie de Skorokhod usuelle [Bil99]. De méme pour 7' > 0 on notera D ([0,7],Y)
lespace des fonctions cadlag de [0,7] dans Y, muni de la topologie de Skorokhod.

Théoréme 1.2 ([EVY14]). Lorsque n — oo, la suite de processus (w™,n > 1) converge en loi dans
D (R4, =E) vers un processus (wg®,t > 0) tel que w§® = wp. Si d =1 alors w™> est solution de (1.21)
avec

272 1

et = Vo

a? =uV,

g 1.26
d+2 ( )

Lorsque d > 2, w™ est déterministe et égal & p (1.23).

En dimension 1, ce théoréme est un analogue en espace continu du résultat de Miieller et Tribe
[MT95] sur les limites d’échelles du modéle du votant.

Comme uy tend vers zéro, I’échelle de temps considérée est différente. Sous le changement d’échelle

(1.25), on pose pour le dual

ap = { S gmenii b
Dans ce cas, en dimensions 2 et plus, A" converge également vers un systéme de mouvements
browniens indépendants de variance o2. De plus, si 'on considére deux lignées dans A, alors elles
coalescent a un temps T, tel que le temps passé par ces deux lignées a une distance inférieure a 2r
I'une de l'autre jusqu’a T est approximativement une variable exponentielle de paramétre u2V,? (voir
par exemple [DRO§]). En dimension 1, A™ converge donc vers un systéme de mouvements browniens
qui coalescent lorsque le temps local & 'origine de leur différence atteint une variable exponentielle de
paramétre u?V,2. Il est montré dans [Lia09] qu’un tel systéme vérifie une relation de dualité du méme

type que (1.24) avec la solution de (1.21) dont les parameétres sont donnés par (1.26).

—1/2

Enfin, on verra au Chapitre 2 que si uy est négligeable devant n , sous certaines conditions, le

SLFV s’approche de p sous un bon changement d’échelle, méme en dimension 1.

Il ressort des résultats ci-dessus que le paramétre d’impact détermine la variance des fréquences
alléliques a grande échelle. On peut en conclure que la coalescence des lignées ancestrales dans le
coalescent spatial est intimement liée aux corrélations dans les fluctuations des fréquences alléliques
dans le SLFV. L’étude de celui-ci permet donc d’en déduire le comportement de celui-1a, et inver-
sement. Dans les chapitres suivants, nous ferons de nombreux allers-retours entre les deux points
de vue, en mettant I'accent parfois plus sur I'un ou sur l'autre selon ce qui sera le plus commode

mathématiquement.
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1.4 Fluctuations dans la composition génétique
d’une population structurée en espace en
présence de sélection naturelle

Dans la Proposition 1.2.5, nous avons vu que lorsque Ns est suffisamment loin de 0 et de 400, le
modéle de Wright-Fisher de taille N et de coefficient de sélection s peut étre approché par une
diffusion. Si en revanche Ns est trés grand, alors la sélection naturelle est plus forte que les fluctuations
dues a la dérive génétique. On s’attend donc & ce que les fréquences alléliques soient quasiment
déterministes.

Ce probléme a été étudié par Norman [Nor75a]. Il a montré que si (X}, ¢ > 0) suit le modéle de

Wright-Fisher avec sélection de taille N (Définition 1.2.2) de coefficient de sélection sy = ey tel que

ey — 0, eNnN — 400,
N N—o0 N N—o0 *
alors (X t]>r€N,t > 0) converge en loi vers la solution de ’équation differentielle ordinaire

Oigt = Sgt(l - 9t)~

De plus, si 'on pose

f,/EN

2N = (Nex) ™2 (XN — o) -

alors, lorsque N — oo, Z converge en loi vers un processus de diffusion (z;, > 0) solution de

dzy = s(1 — 2g¢)zedt + /g1 (1 — g¢)d By,

20:07

(1.27)

oll B est un mouvement brownien standard.

Le processus Z~ donne une mesure des fluctuations dans le modéle de Wright-Fisher autour du
processus déterministe (geyt,t > 0) lorsque Ns est grand. De plus on remarque que z; suit une loi

gaussienne centrée de variance o? qui vérifie d’aprés la formule d’Ito,
(9,503 = 28(1 — 29t)0t2 + gt(l — gt)

Le résultat de Norman peut donc étre vu comme un théoréme de la limite centrale pour le modéle de
Wright-Fisher. Ce régime avait déja recu I’attention de Feller [Fel51] dans un cas particulier ot XV
fluctue autour d’une constante dans (0, 1).

Pour voir comment on obtient ’équation (1.27), on peut remplacer (X}, ¢ > 0) par la diffusion
de Wright-Fisher (1.4),

1
d(Et = SN.’Et(]. — .’Et)dt + Nxt(l — xt)dBt.

En notant z¥ = Ti/en> ON &

1
N (1 — 2]N)dB;.
EN

day = szp (1 — 2 )dt ¢
Ly sy ( zy )dt + N
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Comme ey N — 00, le second terme est négligeable devant le premier et on retrouve la convergence

de N vers g. De plus, en posant
ZtN = (€NN)1/2 (xiv —gt) )

on obtient
Az = (enN)V2s 2] (1 = 2) — go(1 — go)] dt + (/2 (1 — 2]N)dB,.

En appliquant la formule de Taylor a « — z(1 — x), il vient

S
dzlN = s(1 —2g))ZNdt — m(zgvfdt + /2N — 2N)dB;. (1.28)

Le deuxiéme terme est négligeable car ey /N — oo et on peut utiliser la convergence de 2"V vers g

dans le troisiéme terme pour obtenir (1.27) lorsque N — oo. Ces techniques sont également utilisée

par Kurtz pour divers modéles en génétiques des populations [Kur71; Kur81].

1.4.1 Un théoréme de la limite centrale pour le SLFV avec
sélection

En collaboration avec Sarah Penington, nous avons étendu les travaux de Norman aux populations
structurées spatiallement [FP17]. Nous avons vu dans la section précédente que, au moins en dimension
2 et plus, mais en réalité également en dimension 1 sous certaines conditions, le processus A-Fleming-
Viot spatial (Définition 1.3.5) se comporte comme la solution de 1’équation de la chaleur sur R? (1.23).
Nous avons montré que les fluctuations autour de cette limite déterministe sont asymptotiquement
proches d’un processus solution d’une équation aux dérivées partielles stochastique.

Avant d’introduire plus en détail ces résultats, nous exposons comment prendre en compte la
sélection naturelle dans le SLFV, d’aprés un modéle introduit par Etheridge, Véber et Yu [EVY14].
Cette construction s’inspire du mécanisme de sélection dans le modéle de Moran (Définition 1.2.4).

On se limite de plus au cas ou le paramétre d’impact u est fixé.

Définition 1.4.1 (SLFV avec sélection). Soient u € (0,1] et s € (0,1) fizés et soit p une mesure sur
(0,00). Soient I1 et II° deux processus ponctuels de Poisson indépendants sur Ry x R? x (0,00) de
mesure d’intensité respectivement (1—s)dt@dx@pu(dr) et sdt@dx@u(dr). Le processus A-Fleming- Viot
spatial avec sélection (SLFVS) est défini comme suit.

Pour chaque point (t,x,r) € I, un événement de reproduction neutre se produit & instant t dans
la boule B(xz,r), suivant le méme principe que dans la définition (1.3.5).

Pour (t,z,r) € TI%, un événement sélectif se produit a linstant t dans la boule B(x,r). On choisit
alors deux points y1 et yo indépendemment uniformément au hasard dans B(x,r). On choisit ensuite
un type k; en chaque point y; tel que k; = 1 avec probabilité w,- (y;) et k; = 0 sinon. On pose alors

k =k Vko et on met a jour w suivant ’équation (2.7)
On considére deux cas :

i) rayon fize, ou pu(dr) = dg(dr) pour un R > 0 fixé,
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ii) cas stable, ou

>y
wu(dr) = dTatl dr (1.29)

pour « € (0,2 A d) fixé.

Dans les deux cas, (1.16) est vérifié et le SLEVS est bien défini (voir [EVY14]). Les deux Théorémes
cités ci-dessous disent la méme chose, respectivement dans les cas (i) et (ii) : sous un bon changement
d’échelle, le SLFVS se comporte comme la solution d’une équation aux dérivées partielles et les
fluctuations autour de cette EDP sont données par la solution d’une EDP stochastique qui s’obtient
en linéarisant le probléme de martingales associé au SLFVS. Ces résultats sont démontrés dans le
Chapitre 2 et ont fait 'objet d’une publication [FP17].

Rayon fixe Soit wy : R? — [0,1] une fonction quatre fois dérivable de dérivées uniformément
bornées. Prenons deux suites (ex)n>1 et (0n)n>1 de réels positifs dans (0, 1] décroissantes vers zéro

et posons
SN :5]2\,8, UN = ENU, TN = OnR, qév(x) = wo(dnx).

Soit alors (¢/Y,t > 0) le SLFVS de paramétre d'impact uy, de coefficient de sélection sy et de rayon

de reproduction R, avec pour condition initiale ¢/¥. Pour x € R?, ¢ > 0, on définit

q; (z) = Qi\/[(gN(s]?\,)(x/éN) (1.30)

Soit f: Ry x RY — [0, 1] la solution de 'EDP suivante

Oufe = uVi | #5500 + sfi(1 = £,

fO = Wo-

(1.31)

On note de plus S(RY) I'espace de Schwartz des fonctions lisses et décroissant rapidement & I'infini et

S’(R%) Iespace des distributions tempérées.

Théoréme 1.3 (Théoréme de la limite centrale pour le SLEVS - rayon fixe [FP17]). Siey =0 ((5?\,+2) ,
alors, pour tout T > 0 fixé,

E l sup dz (qiv,ft)] — 0. (1.32)
te[0,T) N—o0

De plus, il existe une suite de fonctions fN : R, x RY — R déterministes, convergeant uniformément

vers f sur [0,T] x R?, telle que si I’'on pose
2 = (endy )2 (@l = 1),

alors la suite de processus (ZN,N > 1) converge dans D ([0,T],S'(R?)) (au sens défini par Walsh
dans [Wal86]) vers la solution de ’EDP stochastique suivante

Ouze = uVi [ 550 + s(1 = 2£)2] + uVa/FiT = oW, )

ZQZO,
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ou W est un bruit blanc gaussien sur Ry x R,

On reconnait dans (1.31) ’équation de Fisher-KPP proposée par Fisher [Fis37] pour modéliser
le front d’invasion d’un alléle avantagé par la sélection naturelle. Le SLFVS permet donc d’étudier

l'effet de la dérive génétique sur cette équation.

Cas stable Dans le cas ot u(dr) est donnée par (1.29), on suppose que wg : R? — [0, 1] est deux
fois dérivable de dérivées uniformément bornées. Pour deux suites (en)n>1 et (dn)n>1 décroissantes

vers zéro, on pose cette fois
— e _ N _ )
SN = 0%, UN = ENU, 7 () = wo(dnx).

Soit alors (gi¥,t > 0) le SLFVS de paramétre d’impact uy, de coefficient de sélection sy et de mesure

w(dr) donnée par (1.29) avec pour condition initiale ¢/¥. Pour ¢ > 0, x € R%, on définit

in(x) = Qf\/](sNaz@-@)(iﬁ/fsN)

Le résultat dans le cas stable est analogue & celui présenté plus haut, a ceci prés que le Laplacien
dans (1.31) et (1.33) doit étre remplacé par un Laplacien fractionnaire et que le bruit qui régit les
fluctuations asymptotiques est maintenant corrélé en espace.

Soit f: Ry x RY — [0,1] la solution de

O ft = u [Daft + %ft(l - ft)]
fO = Wo,
ot D¢ désigne, & une constante multiplicative prés, le Laplacien fractionnaire d’indice o [SKM93].

Théoréme 1.4 (Théoréme de la limite centrale pour le SLFVS - cas stable [FP17]). Sien = o0 (63%),
alors pour tout T > 0 fizé, on a (1.32). De plus, il existe une suite de fonctions f¥ : Ry x R? = R

déterministes convergeant uniformément vers f sur [0,T] x R telle que, si l’on pose
N -1/2 (N N
Zy =¢ey (Qt — [ ) )

alors la suite de processus (ZN,N > 1) converge en loi dans D ([0,T],8'(R%)) vers la solution de

I’EDP stochastique suivante
8tZt =Uu [Dazt + %(1 — 2ft)zt] -+ tha
20 = Oa

ot W est un bruit gaussien non corrélé en temps et dont les corrélations spatiales sont précisées
dans le Chapitre 2.

L’approche générale permettant de montrer ces résultats est analogue a celle mise en place par
Norman pour le modéle de Wright-Fisher. La dimension spatiale du probléme rend cependant le

traitement bien plus technique.

RAPHAEL FORIEN 37



STRUCTURE SPATIALE DE LA DIVERSITE GENETIQUE

En dimension 1, on peut exposer le fil conducteur de la preuve dans le cas du rayon fixe en

remplacant le SLFVS par la solution de 1’équation suivante (voir [EVY14])

R? .
Ouat’ = un Vi | g Al 4 swal (1= )|+ uVin ¥ - a1

Apres le changement d’échelle (1.30), cette équation devient
R? o .
Oral¥ = Vi | gl (1 - )| + (endl ) by fa (1 - o

Comme ey =0 (5j'i,+2)7 le dernier terme est négligeable lorsque N est grand, d’ol la convergence de
q" vers f. De plus, si 'on retranche (1.31) & cette équation et qu’on la multiplie par (5N6?V72)1/2, on
obtient

2

R _ .
0z = uVg [d " SAZY +s(enoy )2 (o (1 —ai') = fi(1 - ft))] +uVry/al (1 —a)W;.

En appliquant la formule de Taylor comme en (1.28), on écrit

2

R s
d+2

(endy )12

+uVry/al (1 —a)W,.

En négligeant le terme quadratique en ZV et en remplacant q”V par f dans le dernier terme, on

hZN = uVi AZN +s(1—2f)ZN — (ZN)?

obtient (1.33). Le Théoréme 2.1 rend ce raisonnement rigoureux quelque soit la dimension de lespace
(méme lorsque (1.34) est mal posée).

Le raisonnement pour le SLFVS en dimensions supérieures est analogue, & certains points
techniques prés. Le controle du terme quadratique est plus délicat que dans le cas non spatial car
(ZN,N > 1) converge en tant que processus & valeurs dans un espace de distributions, son carré n’a
donc plus de sens & la limite. La condition exy = o (6}'{#2) permet d’assurer que ce terme est bien
négligeable asymptotiquement (voir les détails au Chapitre 2).

Le raisonnement est analogue dans le cas stable, et nous ne le détaillons pas ici. On notera
seulement, que la forme des corrélations dans W est similaire a celle obtenue [BEKO06]| comme limite
de superpositions aléatoires de disques dont les rayons suivent une loi dans le domaine d’attraction

d’une loi stable (comme c’est le cas pour u(dr)).

1.4.2 Application au fardeau de dérive dans une population
structurée spatialement

Dans le mécanisme de sélection défini plus haut (Définition 1.4.1), un alléle est systématiquement
avantagé par rapport a l'autre et finit par se fixer dans la population. Si chaque individu porte
deux copies de chaque chromosome (on dit alors qu’ils sont diploides), d’autres comportements
sont possibles. C’est notamment le cas si les individus qui portent deux alléles différents (appelés
hétérozygotes) produisent plus de descendants que ceux qui portent deux copies du méme alléle (ces
derniers sont dits homozygotes), on parle alors de surdominance.

On suppose dans la suite qu’a un locus donné, deux alléles coexistent, que I'on note A; et Ao, et
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que la fitness relative des trois génotypes est

AA A1Ay AyAy

1.35
1—81 1 1—82. ( )

Si le type A; est majoritaire dans la population, un individu portant l’alléle Ay aura de bonnes
chances de s’associer avec un alléle A; et produira donc plus de descendants que les autres individus
dans la population. Réciproquement, si ’alléle Ay est majoritaire, I’alléle A; augmentera en fréquence.
La sélection naturelle agit donc de facon & maintenir une proportion stable de chaque alléle dans la

population, pour laquelle ces deux effets se compensent exactement.

Si la fréquence de l'allele A; dans la population est g (et celle de Ay 1—gq), alors la fitness moyenne

de la population est
K=(1-s51)¢"+2¢(1—q)+(1-s2)(1~¢q)

— (514 52) (q— 22 )2. (1.36)

51+82

5182
= 1 —_

51+82

Si la population est de taille finie, alors la fréquence de A; fluctue autour de I'équilibre (pour lequel
K est maximal) sous Deffet de la dérive génétique. Ces fluctuations font diminuer K d’autant plus
que 'on s’éloigne de 'équilibre et donc d’autant plus que la taille de la population est petite. Cet

écart entre la valeur maximale de K et sa vraie valeur se nomme le fardeau de dérive.

Robertson [Rob70] a étudié ce probléme dans le cas d’une population panmictique. Il a montré
que dans le modele de Wright-Fisher avec un mécanisme de sélection suivant les fitness (1.35), si s;
et s9 sont proches de zéro, le fardeau de dérive est asymptotiquement égal & ﬁ, ou NN est la taille de
la population, quelle que soit la force de la sélection naturelle. On peut facilement s’en convaincre a

partir de la diffusion de Wright-Fisher, qui s’écrit dans ce cas pour la fréquence de lalléle A; :

1
dgr = q:(1 — q¢)(s2 — (51 + s2)q)dt + \/ ﬁ%(l — q)dB;.

(On a remplacé N par 2N car la population est diploide, il y a donc 2N génes dans la population.)

On note A = Slj’f’SQ la fréquence de 'alléle A; a I’équilibre et on pose

Zt =qr — A\
Pour ¢; suffisamment proche de A, en négligeant les termes d’ordre supérieur, on écrit

YN

dZt = 7(81 + 52))\(1 — )\)tht + 2N

dB;.
(Un traitement plus rigoureux peut étre fait en reprenant les travaux de Norman [Nor75a; Nor74a;
Nor75b|.) Le processus (Z;,t > 0) est donc un processus d’Ornstein-Uhlenbeck, dont la loi stationnaire

est une gaussienne centrée de variance
1

4N(31 + 52) '
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D’aprés (1.36), on obtient
5152 1

s1+s2 4N

E[K]=1-

et on retrouve ainsi le résultat de Robertson [Rob70].

Avec Sarah Penington [FP17], nous avons adapté ce résultat & une population structurée spatiale-
ment. Nous présentons dans le Chapitre 2 comment adapter la définition du SLFVS (Définition 1.4.1)
pour permettre la sélection naturelle sur des individus diploides. Nous définissons alors la fitness
moyenne locale K (¢, z) comme la fitness moyenne d’un individu dont les deux parents se situent dans
la boule de centre = et de rayon R, ou R est le rayon (supposé fixé) des événements de reproduction.

Cette quantité s’écrit alors comme précédemment

5152

K(t,l‘):1— —(81+82) (615('737}%)_)‘)2’

S1 + 8o
ou g,(z, R) désigne la fréquence de l'allele A; dans B(x, R) a l'instant ¢. Le fardeau de dérive A(t, x)

est alors défini par
A(t,z) = (51 + s2)E [(qt(x, R)— 2. (1.37)

Nous montrons sous des hypothéses précisées au Chapitre 2 (Théoréme 2.3) que pour des constantes

positives (C;,4 > 1) qui ne dépendent que de A, lorsque u, $1 et sy sont proches de zéro,

sid=1, A(t,x) ~ Cru/s1 + s2 (1.38)
sid=2, A(t,z) ~ Cau(sy + s2) [In(s1 + s2)] (1.39)
sid>3, A(t,z) ~ Cqu(s1 + s2). (1.40)

Le paramétre u joue ici le méme role que ﬁ dans la diffusion de Wright-Fisher car il définit la part
de la population totale qui est remplacée a chaque reproduction (on peut également comparer (1.21)
et (1.41)). On observe alors que le fardeau de dérive est plus faible dans une population structurée
que dans une population panmictique, et ce d’autant plus que la dimension de I'espace est grande.
Cela est di au fait si la fréquence de ’allele A; s’éloigne de la fréquence d’équilibre en un point, la
fréquence de cet alléle en des points voisins sera en moyenne proche de cet équilibre. La migration va

donc empécher les fréquences alléliques de trop s’éloigner de celui-ci.

Dans le Chapitre 2, nous supposons de plus que les individus peuvent muter d’un alléle vers 'autre
avec une certaine probabilité & chaque génération. Cela empéche les fréquences alléliques de trop
s’approcher de 1 ou de 0 dans une région donnée, auquel cas elles peuvent rester un long moment

loin de la fréquence d’équilibre et ’approximation ci-dessus n’est plus valable.
On peut retrouver (1.38), (1.39), (1.40) a l'aide de 1’équation suivante

2

R
d+2

Oiqr = uVp Agi+ (514 92)a(1 = q) (A — ) | +uVav/a(1 — g) W (1.41)
Cette équation n’est bien posée que si d = 1, mais elle donne le bon résultat quelle que soit la dimension
(le traitement rigoureux a I'aide du SLFVS est donné dans le Chapitre 2). Pour ¢; suffisamment
proche de A, on pose

Zy=qy— A
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et on écrit, en négligeant les termes quadratiques,

R? .
8,2y = uVn [d 5 AZ, — (1 + s2) (1 - )\)Zt} + uVr VAL = MW,

Contrairement & (1.41), cette équation a un sens quelle que soit la dimension de Uespace. Elle posséde

de plus une solution stationnaire pour laquelle on montre que

1
<Zt, VR]l{B(x,R)}>

suit une loi gaussienne centrée dont la variance 2 satisfait

sid=1, »2~ C1U(S1 + 82)_1/2,
sid=2, 2 ~ Coulln(s; + s2)],
sid>3, »2 ~ Cgqu,

ou C1,Cq, Cy sont des constantes qui ne dépendent que de d et de A. D’aprés (1.37), on retrouve bien
(1.38), (1.39), (1.40).

1.5 Modeélisation d’une population avec dispersion
hétérogéne

Tous les modéles évoqués jusqu’ici supposent que les individus se déplacent de la méme facon en tous les
points de l'espace et dans toutes les directions. Cela ne sera en général pas le cas pour des populations
dont l'aire de répartition couvre plusieurs types d’habitat. Si les parameétres démographiques varient
continuement dans ’espace, il est possible d’adapter les résultats précédents sans grande difficulté
(voir par exemple le début de [Nag88|). En cas de changement abrupt de ces caractéristiques, on
observe en revanche des comportements qualitativement différents du cas homogéne. Nous nous

intéressons ici au cas ou les individus se déplacent plus facilement dans une région que dans l'autre.

1.5.1 Le modéle stepping stone avec dispersion hétérogéne

Dans une série de travaux, Nagylaki et ses co-auteurs ont proposé et étudié un modéle stepping stone
avec cette caractéristique [Nag76; Nag78; Nag88; NB88; ADN99]. Dans ce modéle, les individus
sont répartis en colonies le long d’un habitat linéaire et les colonies échangent plus d’individus d’un
cotée de Porigine que de I'autre. Etant donnés m, et m_ deux réels positifs, on suppose que les
colonies voisines & droite (resp. a gauche) de l'origine échangent $m. (resp. 3m_) individus & chaque
génération, comme représenté sur la Figure 1.4. Nagylaki suppose de plus que toutes les colonies
contiennent N individus, avec N suffisamment grand pour pouvoir négliger les effets de la dérive
génétique.

Comme les effectifs des différentes colonies sont identiques, on a m;; = m;;. Si 'on note p(t, ) la
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am- Yam- 17 m4 [Z) m4

FIGURE 1.4 : Modéle stepping stone avec dispersion hétérogéne

fréquence d’un alléle donné dans le déme i a 'instant ¢, celle-ci vérifie

p(t+1,4) — p(t,i) =Y myi(p(t, j) — p(t,i)). (1.42)
J#i

Nagylaki [Nag76] montre qu’en posant

pa(t, ) = p(nt, vnx) (1.43)
et en laissant tendre n vers +o0o, p, converge vers po, ol

Opoo (t, ) = %Ggrpoo(t,w) si 2 >0,
Poo(t,07) = poo(t,07) (1.44)
m+893p00 (t7 O+) = m—axpoo (tv 0_)

En effet, pour +x > 0, (1.42) implique

Orpn(t, ) = %8wwpn(t7 l‘) to (1) :

Pour =0, on a

Opn(t,0) = v/n (my0upn(t,07) — m_0,p,(¢,07)) + 0 (V).

Si p,, converge vers po, il faut donc que

_ 1
m+aacpn(ta O+) - m—@cl’n(ﬁ 0 ) =0 <\/ﬁ> )
ce qui donne bien (1.44). Cette équation peut s’interpréter comme une équation de conservation du

flux de géne, analogue & la loi de Fick en conduction thermique.

am- am- am.- Yamy amy
_——_———— - f— D —— - - - -
1/2 m+

FI1GURE 1.5 : Modéle stepping stone avec migration isotropes
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Nagylaki remarque cependant dans un autre article [Nag88| que cette équation est sensible aux
détails du modéle microscopique. En effet, si ’on considére un schéma de migration (que Nagylaki

nomme isotrope) comme sur la Figure 1.5, on a a la place
M3 0yPoo(t,07) = m2 poo (¢,07). (1.45)
Cela peut se retrouver en écrivant (1.42) pour ¢ = +1. On a alors, aprés avoir posé (1.43),

atpn(t, ﬁ) =n (mf(]?n(lﬁ _%) - pn(t7 ﬁ)) + erﬁaxpn(t? ﬁ)) +o (\/ﬁ)
atpn(ta 7%) =n <m+(pn(t, ﬁ) 7p7l(ta 7%)) - m—ﬁaﬁpn(t 7%)) +o (\/ﬁ) :

En multipliant la premiére ligne par m, la seconde par m_ et en additionnant le tout, on obtient

M4 0pn(t,07) + m_0ypn(t,07) = /i (M3.0:pn (t,07) = m2 0,p, (£,07)) + 0 (V) .

D’ou (1.45) en passant a la limite lorsque n — oo. Nagylaki a également étudié une version de ce
modéle dans laquelle chaque individu a une probabilité  de muter a chaque génération. On suppose
que chaque mutation produit un alléle nouveau, qui n’est porté par aucun autre individu dans la
population. On définit alors la probabilité que deux individus pris au hasard dans les démes i et j
portent le méme alléle, c’est-a-dire qu’aucune mutation ne soit intervenue depuis leur dernier ancétre

commun. On appelle cette quantité la probabilité d’identité par descendance et on la note F(i, 7).

I
n

Sipu=£ et sil’on pose

Fo(x,y) = F(Vnz,Vny),

alors Nagylaki [Nag88| montre que F,, converge vers Fi, : R? — [0, 1] qui vérifie

P (r,) = "0, () + T 0, o 0,0) + Shole )1 - Fay), (146

ot m(x) = mx si x> 0. Il montre de plus que F., est continue sur R? et que, dans le cas du modeéle

de la Figure 1.4 (cas dit symétrique), on a, pour tout z,y € R,

my 0, Foo (OJra y) = m—axFoo(Oia y)
M40y Foo(2,07) = m_0, Foo (x,07).

Dans le cas isotropique (celui de la Figure 1.5), on a en revanche

m3 02 Foo (07, y) = m2 0, Foe (07, y)

Mm% 0y Foo(2,07) = m2 0y Fuo (z,07).

Dans la suite de ses travaux [NB88 ; ADN99|, Nagylaki étudie les conséquences d’une telle configuration
sur l'existence de polymorphismes en présence ou non de sélection naturelle. On remarque que (1.46)

généralise 'équation (1.15) au cas de la dispersion hétérogéne.
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1.5.2 Dispersion hétérogéne en espace continu

Le raisonnement suivi par Nagylaki utilise les détails du modéle et du mode de migration pour obtenir
le comportement & grande échelle des fréquences alléliques. On peut donc se demander si le méme
comportement & grande échelle peut étre observé sous des hypothéses plus générales. Qu’advient-il
en particulier si la transition entre les deux régions de ’espace se fait sur un nombre arbitraire de
démes au lieu de un ou deux comme dans les Figures 1.4 et 1.57 Quel comportement observe-t-on en
dimensions supérieures ? Enfin le résultat reste-t-il vrai si la population vit dans un espace continu 7
Pour répondre & ces questions, nous définissons dans le Chapitre 3 le SLFV avec dispersion
hétérogéne, ainsi que son dual décrivant la généalogie d’un échantillon d’individus dans la population.
Le SLFV avec dispersion hétérogene est défini en modifiant la Définition 1.3.4 pour que le rayon des

événements de reproduction dépende de la position de leur centre, comme représenté Figure 1.6.
L’espace R? est ainsi divisé en deux demi espaces H™

et H™ tels que
HE = {x € RY: 42, > 0}.

On suppose alors qu'un événement de reproduction dont
le centre se trouve dans HT (resp. dans H™) affecte une
+ boule de rayon r; (resp. r_) avec 0 < r_ < r4 pour
fixer les idées. Ainsi, les individus situés dans le demi

espace H' peuvent produire des descendants dans une

région plus grande que ceux vivants dans H~. On note
que la probabilité d’étre touché par un événement de
FIGURE 1.6 : Taille des événements de yeproduction (et donc de mourrir) dépend de la taille
reproduction de ces derniers, or il semble raisonnable de supposer
Le rayon d’un événement de reproduction dé-  ye tous les individus d’une méme population ont la
pend du demi espace dans lequel son centre  ame espérance de vie. Il faut donc ajuster lintensité
se situe (21 >0 ou 21 <0). des événements de reproduction de chaque coété pour
compenser cette différence.
Soient u € (0,1] et 0 < r— < r; < 400 fixés, on note comme dans la Section 1.3 wy(x) la

proportion d’individus de type 1 en x a 'instant t.

Définition 1.5.1 (SLFV avec dispersion hétérogene). Soit IIT (resp. 11~ ) un processus ponctuel
de Poisson sur Ry x H* (resp. sur Ry x H™) de mesure d’intensité ﬁdt ® dx (resp. ﬁdt ® dx).
Pour chaque point (t,z) € II*, un événement de reproduction se produit dans la boule B(z,7+) a
Uinstant t. On choisit alors un point y uniformément au hasard dans B(z,r+) et on choisit un type

k € {0,1} tel que k =1 avec probabilité w;—(y) et k = 0 sinon. On pose alors pour z € B(x,r4),
wi(z) = (1 — w)w-(2) + uk,

et on ne change pas w en dehors de B(x,ry).

En adaptant le Théoréme 4.2 de [BEV10b], on montre qu’il existe un unique processus de Markov

(we),>o cadlag a valeurs dans = qui satisfait cette définition.
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On définit le dual du SLFV avec dispersion hétérogéne de maniére analogue, en reprenant la
Définition 1.3.5 et en remplagant IT par le couple (ITT,II7) (voir la Définition 3.3.1). Celui-ci vérifie
la méme relation de dualité que le SLFV en espace homogéne, donnée par ’équation (1.20).

Le déplacement d’une lignée ancestrale dans le dual du SLFV avec dispersion hétérogéne suit une

marche aléatoire sur R%, qui se comporte comme une marche aléatoire simple de variance

2r3
d+2

ol =u (1.47)
dés qu'elle se trouve dans {x € R? : £2; > 7.} (car dans ce cas cette lignée ne peut étre affectée par
des événements de IIT). Si l'on note &; la position d’une lignée ancestrale ¢ unités de temps dans le

passé et que ’on pose, pour n > 1,
1
&' = =&ty (1.48)

vn

on s’attend donc a ce que, pour n assez grand, (£}'),-, se comporte comme un mouvement brownien
de variance 03 dans le demi espace H*. Le comporterient de £™ a l'interface est quant & lui déterminé
par la loi de ¢ lorsqu’il se trouve dans {x € R? : 2y € [—ry,7,]}.

Comme 1 > r_, les individus situés dans cette région sont plus souvent affectés par des événements
de reproduction dont le centre se situe dans H'. Une plus grande partie de leurs ancétres vient donc
de ce coté, et on s’attend & ce que €™ fasse plus d’excursions dans HT que dans H~. Pour montrer et
quantifier cet effet, nous devons faire appel a la théorie des temps locaux et définir le mouvement

brownien de Walsh (skew Brownian motion en anglais).

1.5.3 Temps local d’un processus de Markov de trajectoires
continues

Il est bien connu que pour un mouvement brownien (B;),~, la mesure de Lebesgue de {t € R} :
B; = 0} est nulle [RY13]. 1l existe cependant une maniére de mesurer le temps que B passe en un
point donné grace a la théorie des temps locaux.

La définition usuelle du temps local en zéro de B est
LY(B) zhmi\{se [0,2] : |Bs| < e} (1.49)
¢ €10 2¢ ’ -

ol |A| désigne la mesure de Lebesgue de A C R. Nous choisissons ici une approche différente qui,
quoique moins classique, sera plus commode pour la suite. Une description plus compléte de la théorie
des temps locaux est disponible dans [RY13].

Commengons par énoncer le Lemme suivant, dit & Skorokhod [Sko61]. Pour z € R on pose
sign(z) = Liz>0y — L{z<oy, et % = max(%z,0).

Lemme 1.5.2 ([Sko61]). Soit f : Ry — R une fonction continue telle que f(0) < 0. Il existe une
unique fonction I : Ry — R continue telle que

i) X(t) :=1(t) — f(t) est positif ou nul pour tout t > 0,

it) 1(0) =0 et t — I(t) est croissante,

RAPHAEL FORIEN 45



STRUCTURE SPATIALE DE LA DIVERSITE GENETIQUE
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FIGURE 1.7 : Temps local du mouvement brownien
Mouvement brownien standard représenté avec son temps local en 0.

ZZZ) fOoo ﬂ{X(S)>0}dZ(S) =0.

On dit alors que | est solution du probléme de Skorokhod pour f. Cette fonction est donnée par

() = max, (f(s)"

Soit (X (t),t > 0) un processus de Markov a valeurs réelles tel que ¢ — X (¢) soit presque srement
continue. On définit alors le temps local symétrique de X en un point  comme suit (on omettra

parfois Padjectif symétrique).

Définition 1.5.3 (Temps local symétrique). On appelle temps local symétrique de X en 0, que l’on
note (LY(X),t > 0), la solution du probléme de Skorokhod pour

(0 = = [ sien(X()ax(s).

Pour x € R, on pose L¥(X) = LY(X — x).

Une réalisation du mouvement brownien standard avec son temps local est donné Figure 1.7. On

définit également le temps local a gauche et a droite d’un point = de la maniére suivante.

Définition 1.5.4 (Temps local a gauche / a droite). On appelle temps local & gauche (resp. a droite)
de X en 0, que l'on note LY~ (X) (resp. LY (X)), la solution du probléme de Skorokhod pour

t
ft) = 2/0 Tix(s)<0ydX(s)

et respectivement

70 = =2 [ LxosmdX(s).

Pour z € R, on pose L¥*(X) = LY* (X — ).
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On a alors les formules suivantes, dues a Tanaka [RY13],

X ()] = LO(X) + /0 sign(X (s))dX (s) (1.50)
(KO = IO £ [ ApaxisndX (). (151)
On en déduit
LY(X) = 2 (L (X) + LY (X)),

2
ce qui justifie Padjectif symétrique pour L?(X). On peut interpréter (1.51) en disant que LT (X)
(resp. LY (X)) "compte" le nombre de fois que X croise 'origine vers la droite (resp. vers la gauche).
On retrouve la définition usuelle (1.49) grace a la formule de densité d’occupation [RY13], pour

f : R — R mesurable, ,
/ F(X(5))d (X), = / @)L (X)dx ps. (1.52)
0 R

On note que, pour le mouvement brownien, le temps local & gauche est égal au temps local & droite

en tout point de ’espace et pour tout ¢t > 0.

1.5.4 Le mouvement brownien de Walsh

Le mouvement brownien de Walsh est un processus de Markov a valeurs réelles qui ressemble & un
mouvement brownien standard avec un comportement singulier a 'origine : il quitte l'origine d’un
coté plus souvent que de 'autre. Comme en réalité le mouvement brownien atteint ’origine en une

quantité indénombrable de points, cette description n’a pas de sens mathématique.

Le mouvement brownien de Walsh (skew Brownian motion en anglais) a été introduit par Walsh
[Wal78| et Ito et McKean [IM63] puis repris par Harrison et Shepp [HS81]. De nombreux travaux ont

suivi dont on trouvera un aperc¢u dans [Lej06].

Soit (Bt),s, un mouvement brownien standard. Dans [HS81], Harrison et Shepp montrent qu’il

existe un unique processus de Markov (X (¢),t > 0) a valeurs réelles tel que
X(t) = B; + BLY(X)

si et seulement si 8 € [—1,1]. Un tel processus est un mouvement brownien de Walsh de paramétre 5.

Walsh montre que (X (t),¢ > 0) est solution du probléme de martingales associé a 'opérateur £°
défini sur ’ensemble des fonctions f : R — R continues sur R et deux fois continuement dérivables
sur R\ {0} telles que

(1+B)f(07) =1 =p)f(07),
on LAf=1f"

Harrison et Shepp obtiennent (X (t),¢ > 0) comme limite de marches aléatoires (X ,f k> 0)sur Z
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telles que

1
P(X,f+1:x:tl’X,f:w) 5 six #0,
1
+1| X{=0) ==,

P (xL,

Si l'on pose

n 1 o5
X (t) = %thtJa

alors X™ converge en loi vers X lorsque n — oco. Cette convergence donne un sens & la description
donnée plus haut selon laquelle X quitte ’origine d’un c6té plus souvent que de ’autre.

Ce résultat a été étendu par Iksanov et Pilipenko [IP16] & une famille plus large de marches
aléatoires qui sont symétriques en dehors d’une région de taille finie autour de l'origine. Dans le
Chapitre 3, nous étendons leurs arguments aux trajectoires suivies par les lignées ancestales dans
le dual du SLFV avec dispersion hétérogéne. Nous montrons que la suite de processus (£, n > 1)
définie par (1.48) converge lorsque n — oo vers la solution du systéme d’équations différentielles
stochastiques suivant ,

Xt = [ axbdsl+ ALY
0 (1.53)

t
X; :/ o(XdB! 2<i<d.
0

ott 0(z) = 0xlfi,50) et B = (B!,..., BY) est un mouvement brownien standard d-dimensionnel. Ce
processus suit donc un mouvement brownien de variance o3 (donnée par (1.47)) dans chaque demi
espace H* et X! suit un mouvement brownien de Walsh sur R.

L’existence et I'unicité d'un tel X' a été montrée par Le Gall [LG84a| et I'existence et I'unicité de

X% pour i > 2 en découle (voir également [Por79al).

1.5.5 Comportement a grande échelle du SLFV avec
dispersion hétérogéne

Une fois connu le comportement & grande échelle d’une lignée ancestrale, on peut en déduire celui du

coalescent spatial correspondant, puis par dualité du SLFV avec dispersion hétérogéne. Si

At:{gg,..., th}

désigne le dual du SLFV avec dispersion hétérogéne (voir Définition 3.3.1), on pose pour n > 1,

L I .~
Ap = {\/ﬁ m,.._,\/ﬁgmm}.
Entre les événements de coalescence, la trajectoire suivie par chaque ﬁf};t s’approche d’un mouvement
brownien de Walsh solution de (1.53). En reprenant les arguments de [BEV13b]| pour la preuve du
Théoréme 1.1 cité ci-dessus, on montre que A™ converge au sens des lois fini-dimensionnelles vers

un processus (A, ¢ > 0). En dimension 1, A% est un systéme de solutions de (1.53) qui coalescent

dés qu’elles se rencontrent et en dimensions supérieures, A est un systéme de solutions de (1.53)
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indépendantes (voir le Théoréme 3.2 dans le Chapitre 3).

Gréce a la relation de dualité (1.20), on peut en déduire le comportement a grande échelle du
SLFV avec dispersion hétérogene. Soit (wy),s le processus de la Définition 1.5.1, on pose pour n > 1,
t>0etzeRY

W™ (t,2) = war (Vi)

et on suppose que w"(0,z) = wo(z) pour tout n > 1. Soit p : Ry x RY — R la solution du systéme

oottx) = “E  Ap(tz), p(0,2) = w(a),
Ip(t, x) Ip(t, x) (1.54)
(-p 2 s

Théoréme 1.5 (Comportement a grande échelle du SLFV avec dispersion hétérogéne). Lorsque
n — 0o, w" converge au sens des lois fini dimensionnelles vers un processus (p(t,-),t > 0) a valeurs
dans E. Ce processus est le dual de A via la relation (1.24). En dimension 1, p(t,x) est une variable
de Bernoulli de paramétre p(t,x) et les corrélations entre les valeurs de p(t,-) en différents points

sont données par (1.24). En dimensions supérieures, p(t,x) est déterministe et égal & p(t,x).

On retrouve dans ’équation (1.54) le résultat de Nagylaki suivant lequel, en absence de dérive
génétique, les fréquences alléliques suivent 'équation (1.44). Ce résultat découle de la convergence de
A™ en notant d’aprés (1.24) que

Pt x) = B, [p(t, )] = Eq [wo(X4)],

ol (X¢),~ est solution de (1.53). La fonction p(t, ) est donc le résultat de I’action du semi-groupe

du mouvement brownien de Walsh sur wq. Elle doit donc vérifier
Op = LPp, p(0, ) = wo,

ott L” est le générateur infinitésimal de (Xt);>0- On en déduit alors (1.54).

Le fait que p soit déterministe dés que d > 2 et qu’il soit une famille de Bernoullis en dimension 1

découle de la forme de A de la méme maniére que pour le Théoréme 1.1 dans le cas homogéne.

D’autres régimes peuvent étre considérés dans le cadre de la dispersion hétérogéne, en particulier
ceux des Théorémes 1.2 et 2.1. Ayant déja montré que les trajectoires suivies par les lignées ancestrales
sont (a la limite) des mouvements browniens de Walsh (équation 1.53), il est facile de conjecturer
comment les résultats des Théorémes 1.2 et 2.1 s’adaptent en présence de dispersion hétérogéne.
Le rythme des coalescences est différent dans les deux demi-espaces, car la région dans laquelle se

trouvent les ancétres potentiels d’une particule est plus petite d’un co6té que de 'autre.

Dans la section suivante, nous présentons un autre cas d’hétérogénéité spatiale qui affecte les

trajectoires suivies par les lignées ancestrales, et donc la composition génétique des populations.
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1.6 Influence d’une barriére géographique sur la
composition génétique d’une population

De nombreuses espéces occupent un habitat fractionné, que cela soit di & des activités humaines
(déforestation, construction d’autoroutes ou de clotures... ) ou bien naturelles (chaines de montagnes,
canyons ou riviéres). Un tel obstacle constitue une barriére au flux de génes s’il diminue significa-
tivement les échanges génétiques entre les populations de chaque coté de celui-ci. De nombreuses
études cherchent & déterminer si tel ou tel obstacle agit ou non comme une barriére au flux de génes
[Cas+00; Ril4+06; Zal+09]. Ces études s’appuient le plus souvent sur des mesures de différentiation
génétique ou bien sur des techniques de clustering qui ne prennent pas en compte la structure spatiale

des populations de chaque c6té de la barriére.

1.6.1 Le modéle stepping stone avec une barriére au flux de
génes

Nagylaki [Nag76] a proposé un modéle stepping stone présentant une barriére au flux de génes et
a étudié la structure spatiale de la diversité génétique en présence d’un obstacle & la migration. Il

considére une population répartie en démes sur Z \ {0}, ou deux démes voisins échangent en moyenne

%m individus par génération, a ’exception des démes situés en —1 et 1 qui en échangent %cm, avec

m > 0 et ¢ € (0,1), comme représenté sur la Figure 1.8.

am am Yacm am am

-2 -1 1 2

FIGURE 1.8 : Modéle stepping stone avec une barriére au flux de génes

De plus, chaque déme contient un nombre N d’individus, supposé grand, de sorte qu’on peut
négliger les effets de la dérive génétique. Si p(t, i) désigne la fréquence d’un alléle donné au temps ¢
dans le déme 7, on a alors

(p(tvi + 1) +p(tai - ]-) - 2p(t,’i)) (155)

m

pour tout |i| > 1 et

p(t+1,1) = (p(t,2) 7p(t, 1) +C(p(t,71) *p(tvl)))

p(t + 17 _1) (p(t, _2) - p(t, _1) + C(p(t, 1) —p(t, _1))) :

SRR

Pour n > 1, on pose
pu(t, ) = p(nt,/nx)

et on suppose que /nc, — v € (0,00) lorsque n — co. Nagylaki montre alors que p,, converge lorsque
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n — oo vers la solution de ’EDP suivante

Op(t,x) = %8m1p(t7x), xR\ {0}

awp(t7 0+) = amp(tao_) = ’Y(p(t’ 0+) —p(t,o_)).

(1.56)

La premicre partie de cette équation s’obtient par un passage a la limite dans (1.55) grace a la formule

de Taylor, comme dans la section précédente. Pour la condition au bord en 0, on écrit pour p,,
Oupu(1,0%) = /05 (9upa(t,0%) = Vea(pa(t.0%) = pu(t.07))) + o (Vi)
Si p,, converge vers pso, et \/nc, — v, on doit donc avoir
DPoo (£,07) = Y(pos (£,07) — pos(t,07)).

Le paramétre « s’interpréte comme une mesure de la perméabilité de la barriére. Si v — oo, les
fréquences alléliques sont continues en 0 et la barriére n’a plus d’effet sur la population alors que
si v — 0, les fréquences alléliques évoluent indépendemment sur les deux demi droites avec une
condition au bord de Neumann.

Nagylaki étudie également la probabilité d’identité par descendance dans ce modéle (voir la
sous-section 1.3.2) [Nag88; NKD93|. En supposant que chaque individu mute vers un alléle inédit
dans la population a chaque génération avec probabilité u > 0, on note F(4,5) la probabilité qu’un

individu en ¢ soit du méme type qu’un individu en j. Si on suppose que p = % pour n > 1, on pose

Fu(z,y) = F(Vnx,Vny).

Alors Nagylaki [Nag88] montre que pour N assez grand, F), s’approche de F,, lorsque n — oo, avec
1
N
0:Foo(07,y) = 0. F (07, y) = 'Y(FOO(0+73J) — Fe(07,y))

Oy Foo(2,07) = 0, Foo (2,07) = y(Fuo (7, 01) — Fou(2,07)).

La solution de cette équation est également étudiée dans [NKD93| et Barton [Bar08] en donne une
solution approchée en dimensions 1 et 2. Ce modéle stepping stone avec une barriére au flux de génes
est repris dans des travaux plus récents [NZ16; Nagl6] ou Nagylaki étudie les conditions pour le

maintien d’un polymorphisme en présence de panmixie partielle.

1.6.2 Marches aléatoires avec obstacles

Comme pour le modéle de Kimura de la Définition 1.3.2, on peut définir un coalescent structuré en
présence d’'une barriére génétique. Etant donnés m > 0 et ¢ € (0,1), on note m;; le taux de migration
entre les démes i et j dans la Figure 1.8. On fixe de plus N > 0. Le coalescent structuré avec barriére
génétique est alors défini en suivant la Définition 1.3.3, chaque lignée ancestrale y suit une marche
aléatoire sur Z \ {0} dont les taux de sauts sont donnés par la Figure 1.8.

Soit (¢p),,»; une suite de réels dans (0, 1) telle que \/nc, — v € (0,00) lorsque n — oo et soit
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(x%)n21

sont donnés par les m;; avec ¢ = ¢, et { = 22. Pour n > 1 on pose

une suite de Z\ {0}. Soit alors (£}*),~, une marche aléatoire sur Z* dont les taux de sauts

Xn(t) = —=¢n (1.57)

et on cherche les limites possibles de la suite des processus (X,,n > 1). Dans le Chapitre 4, on montre

le résultat suivant.

Théoréme 1.6 (Limite d’échelle de marches aléatoires avec obstacles). On suppose que \/nx —
xg € (0,00) lorsque n — oo. Alors pour tout T > 0 fixé, la suite (X,,n > 1) converge en loi dans
D ([0,T],R) vers un processus a valeurs réelles (X¢),~,. Ce dernier se comporte comme un mouvement
brownien Téfléchi en 0 jusqu’a ce que son temps local d lorigine atteigne une variable exponentielle de
paramétre vy, aprés quoi (Xy),~, se comporte comme un mouvement brownien réfléchi de l'autre coté

de lorigine, jusqu’a ce que son temps local en 0 atteigne une autre variable exponentielle, etc.

Nous appelons le processus (X¢),~, le mouvement brownien partiellement réfléchi. Il apparait
dans [MP16] comme limite d’une suite de diffusions dans R dont le terme de dérive s’approche de
+o0o en 0 et de —oo en 0.

Tant qu’elle ne traverse pas {—1, 1}, la marche aléatoire (&;),~, se comporte comme une marche
aléatoire simple refléchie en 41, il est donc naturel qu’apreés le changement d’échelle (1.57), X,
converge vers un processus se comportant comme un mouvement brownien réfléchi. On note de plus
que par la propriété de Markov, le nombre de visites de £ en {—1,1} entre deux traversées est une
variable géométrique de paramétre . ,

n

~ —

1+2c, +/n

Divisé par y/n, ce nombre de visites converge en loi vers le temps local accumulé en 0 entre deux

traversées de l'origine par (X¢),~,, qui est donc une variable exponentielle de paramétre +.

1.6.3 Construction du mouvement brownien partiellement
réfléchi

Nous montrons de plus dans le Chapitre 4 que le mouvement brownien partiellement réfléchi s’obtient

a partir des excursions d’'un mouvement brownien standard en dehors d’une région de largeur % (voir

la Figure 4.3). Pour v € (0, 0), on pose

r(z) = (x—%>+— (x—i— %)7

Soit (Bt),s, un mouvement brownien et soit 7(t) le temps d’arrét défini par

T(t):inf{7'>0:/ ]1{|B|>l}ds>t}.
0 R

Alors X; = r(B;)) définit un processus (X¢),~, qui n’est autre que le mouvement brownien partielle-
ment réfléchi. Ce résultat est une conséquence_d’un Théoréme de Ray-Knight [SK91, Théoréme 6.4.7]
selon lequel le temps local & droite en % accumulé avant que B n’atteigne —% est une variable
exponentielle de paramétre 7.
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Cette construction permet d’obtenir une caractérisation du mouvement brownien partiellement
réfléchi comme la solution d’un probléme de martingales. Le processus (X;),, défini plus haut n’est pas
markovien sur R, mais il le devient si I'on considére qu’il est & valeurs dans R = (—00,07JU[0T, +00).
Soit alors D7 lespace des fonctions f : R — R bornées et deux fois continuement dérivables sur

chaque demi droite telles que

02 f(07) = 02 £(07) = ~(f(07) — £(07)).

Le mouvement brownien partiellement réfléchi est alors caractérisé comme 'unique processus de

Markov cadlag & valeurs dans IR tel que pour toute fonction f € D7 le processus

2 t
f(Xt)—%/O Dun f(Xo)ds

soit une martingale locale pour la filtration engendrée par (X¢),~-

Pour finir, nous donnons dans le Chapitre 4 une formule explicite pour les densités de transition

de ce processus. Posons

G _ 1 z2
t(x) - /727_[_0_215 exp | — 20'2t .

Sif: R — R est continue et bornée alors pourt >0et z € R

E. [/(X))] = / g, y)dy

ol

il — y)+ Gila+y) — 20 / NG (x| + [y + Dl siay >0
0

gi(z,y) = (1.58)

27/ e MGy (|| + |y| + D)dl si zy < 0.
0

Cette formule apparait dans [GVNL14] pour modéliser la diffusion a travers une surface poreuse,

mais sans mention du processus (X¢),», (voir aussi [Nov+11]).

1.6.4 Flux de génes a travers une barriére

La convergence de la suite de marches aléatoires du Théoréme 1.6 permet de retrouver le résultat de

Nagylaki [Nag76]. En effet, en ’absence de dérive génétique, la relation de dualité (1.10) devient
p(t, ) = Eq [po(&:)] -
En passant a la limite aprés le changement d’échelle (1.57), on obtient
Poo(t, ) = Eq [po(X¢)]

ot (X¢),( est le mouvement brownien partiellement réfléchi. Or le semi groupe engendré par ce

dernier est donné par la solution de (1.56).
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On peut également considérer d’autres régimes, pour lesquels on doit prendre en compte la dérive
génétique. En particulier, le Théoréme 1.1 déja adapté au cas de la dispersion hétérogéne dans le
Chapitre 3 est directement adaptable au cas d’une barriére génétique. On peut également chercher a
obtenir un résultat analogue au Théoréme 1.2 [EVY14] pour lequel on doit donner un sens a I’équation
(1.21) lorsque le Laplacien est remplacé par le générateur du mouvement brownien partiellement
réfléchi.

Une autre perspective serait d’étendre ces résultats a des modéles en espace continu comme le
SLFV. Cela peut étre fait en considérant que les événements de reproduction qui affectent une région
donnée autour de I'origine ont un rayon plus faible que dans le reste de ’espace. Plusieurs difficultés
surviennent dans ce cas car les différentes excursions des lignées ancestrales hors de cette région ne
sont plus indépendantes et la probabilité de sortir d’un cété ou de 'autre de la barriére dépend du
point par lequel on y entre.

Mais 'application la plus prometteuse de ces résultats est la détection de barriéres au flux de
génes dans des populations qui présentent une forte structure spatiale. La formule (1.58) permet de
calculer efficacement certaines fonctionnelles du mouvement brownien partiellement réfléchi, et ainsi
d’estimer la perméabilité de la barriére v. Cela a été fait récemment par Ringbauer et al. [Rin+17]
pour tester la présence d’une barriére au flux de géne au niveau d’une zone hybride chez Antirrhinum

majus dans les Pyrénées.

1.7 Inférence des paramétres démographiques a
I’aide de la recombinaison

La plupart des modéles discutés plus haut font I’hypothése que les individus sont haploides et se
reproduisent de maniére asexuée. Pour appliquer ces résultats a 'espéce humaine (ou a d’autres
espéces de mammiféres par exemple), il faut préciser comment ils s’adaptent dans les cas ot les
individus sont diploides (ou chaque individu porte deux copies de chaque chromosome, et donc de
chaque géne). En général, on se contente de remplacer la taille de la population N par le double du
nombre d’individus dans la population, soit 2/N. En effet, si N individus se reproduisent, ce sont 2N
copies de chaque géne qui évoluent, et les autres propriétés des modeéles considérés sont conservées.

Si la population est divisée en deux sexes qui ne peuvent se reproduire qu’avec des individus de

Pautre sexe, on peut montrer [Eth11] qu’il suffit alors de remplacer N par

4NNy
N1+ No

ou Ny et Ny sont les effectifs des deux sexes. Sawyer [Saw77] discute notamment de I'adaptation du

résultat de Kimura et Weiss [KW64] au cas d’une population diploide sexuée.

1.7.1 La recombinaison

Lorsqu’une population se reproduit de maniére sexuée, on peut reconstruire la généalogie d’un
échantillon d’individus en utilisant la recombinaison. Chaque individu hérite un chromosome de

chaque paire de son pére et 'autre de sa mére. Ce chromosome, loin d’étre une copie de I'un des
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deux chromosomes portés par le parent en question, est en réalité une mosaique formée & partir
de ces derniers. Pour obtenir la séquence génétique correspondante, on place cote a cote les deux
chromosomes parentaux, et on lit alternativement la séquence de I'un ou de 'autre, en changeant de
chromosome en des points pris aléatoirement le long de la séquence. Ces points sont appelés crossovers.
Ce mélange des chromosomes parentaux est ce qu’on appelle la recombinaison (on fera attention au
fait que les deux chromosomes qui recombinent sont portés par le méme parent).

Il s’ensuit que deux fréres (non jumeaux) héritent des mosaiques différentes des chromosomes
parentaux. Ils partagent donc de longues portions de leur séquence génétique, qui mises bout a bout
représentent en moyenne la moitié de leur génome. A leur tour deux cousins partagent une plus faible
portion de leur génome (en moyenne un quart) et répartie le long de plus courtes portions continues
de chromosome (car ils ont pu recombiner deux fois).

On appelle ces segments continus de génome hérités d’un ancétre commun via la méme lignée
(c’est-a~dire sans recombinaison) des blocs d’identité par descendance (blocs d’IBD). Un bloc ’IBD
hérité d’un ancétre commun récent sera en moyenne plus long qu’un bloc hérité d’un ancétre plus
lointain. Si deux individus partagent un ou plusieurs longs blocs d’IBD, cela indique donc qu’ils
partagent au moins un ancétre commun récent.

Si 'on parvient & observer ces blocs d’IBD entre les paires d’individus d’un large échantillon,
il est alors possible de reconstruire une partie de ’histoire et de la géographie de la population
échantillonnée. Cette approche présente deux intéréts : premiérement elle permet d’accéder a ’histoire
récente des populations. Comme la recombinaison agit sur une échelle de temps plus courte que
les mutations neutres, le signal lié aux blocs d’IBD provient en majorité de I'histoire récente de la
population (typiquement des derniéres 50-100 générations). De plus, les méthodes d’inférence fondées
sur les corrélations dans les fréquences alléliques (et donc sur la formule de Wright-Malécot [Rou97;
Bar+13; SB89|) ne permettent d’estimer que le produit de la densité de population et du taux de
dispersion. Ringbauer et al. [RCB16] ont montré qu’en utilisant les blocs d’IBD, il était possible
d’estimer ces deux paramétres séparément (voir aussi [PP13]).

Deux difficultés substantielles apparaissent lorsque ’on tente d’utiliser les blocs d’IBD pour
I'inférence démographique. Premiérement, il est impossible en pratique d’observer précisément ces
blocs de génome. En effet, certains événements de recombinaison peuvent ne pas laisser de trace dans
la séquence génétique si les deux séquences qui recombinent coincident en plusieurs endroits. De
plus, la fréquence des crossovers n’est pas uniforme le long du génome. Il importe donc de connaitre
précisément les taux de recombinaison le long du génome pour pouvoir utiliser les blocs d’IBD
comme une sorte d’horloge génétique. On compte alors la longueur des blocs d’IBD en Morgan (ou
en centi-Morgan, cM), ou la distance en Morgan entre deux points du génome correspond au nombre
moyen de crossovers par génération entre ces deux sites.

Enfin, il reste encore cotiteux d’obtenir la séquence génétique compléte d’un grand nombre
d’individus, et on doit en général se contenter de séquencer un certains nombre de sites bien connus
pour leur variabilité au sein de Iespéce étudiée (on parle de SNP - prononcer "snip" - pour Single
Nucleotide Polymorphism lorsque la variabilité n’affecte qu'une seule base de la séquence génétique).
A Theure actuelle, ces considérations restreignent le champ d’application de ces méthodes & un tout
petit nombre d’espéces, dont I’espéce humaine, pour laquelle les taux de recombinaison le long du
génome sont connus.

Le second défi est analytique : les processus qui produisent les blocs d’'IBD que I'on observe au sein
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d’une population sont complexes et la plupart des quantités d’intérét pour l'inférence des paramétres
sont difficiles a exprimer (en particulier le nombre moyen de blocs d’une longueur donnée partagés par
deux individus en fonction de la distance géographique les séparant). Pour étre en mesure d’estimer
ces paramétre, il est nécessaire de trouver de bonnes approximations pour ces quantités qui soient de

plus rapides & évaluer numériquement.

1.7.2 Deétection des blocs d’IBD

Ralph et Coop [RC13| se sont intéressés au jeu de données appelé Population Reference Sample
(POPRES) en Europe [Nel408]. Chaque individu de I’étude, dont la langue maternelle et le pays
d’origine ont été consignés, a été génotypé a 500 000 sites (SNPs) le long de son génome. POPRES
contient des données relatives a plusieurs milliers d’individus en Europe, toutes collectées a Londres
et & Lausanne. Les individus dont les quatre grands-parents ne venaient pas du méme pays ont été
exclus de I’étude. On obtient ainsi un échantillon de 2 257 individus, regroupés en 40 populations
selon leur pays d’origine et leur langue maternelle (voir le tableau 1 dans [RC13]).

Ralph et Coop ont utilisé le programme fastIBD [BB11] pour détecter les blocs d’IBD entre
les paires d’individus dans cet échantillon. Ce programme identifie les longs segments de génomes
partagés par deux individus qui sont présents & une fréquence trés faible dans le reste de ’échantillon.
Ces segments sont donc trés probablement identiques par descendance, c’est-a-dire que ce sont des
blocs d’IBD. La puissance de cette méthode est limitée par la densité d’alléles rares le long du génome.
Elle justifie de plus ’exclusion des individus dont les grands-parents ne sont pas nés en Europe car
un segment présent chez un petit nombre de migrants récents sera détecté comme un bloc d’IBD.

Dans les régions ot peu de marqueurs sont présents, fastIBD peut regrouper deux petits blocs
d’IBD consécutifs en un seul bloc plus long. Ces cas sont appelés faux positifs par Ralph et Coop (la
méthode détecte un long bloc alors qu’il n’y en a pas). En mélangeant artificiellement les génomes
échantillonnés et en y appliquant la méthode de détection des blocs d’IBD, ils sont capables d’estimer
le taux de faux positifs dans leur échantillon en fonction de la longueur du bloc. Un bloc de longueur

x (en cM) est ainsi un faux positif avec probabilité
exp(—13 — 2z + 4,3y/7).

Cela correspond a un taux de faux positifs de 10% et une puissance de 85% a 2cM, cette derniére
atteignant 95% a 4cM.

1.7.3 Inférence démographique a partir des blocs d’IBD

Deux individus n’héritent leur matériel génétique commun que d’une partie de leurs ancétres généalo-
giques, ces ancétres sont dits génétiques. Les blocks d’IBD sont des traces laisées par ces ancétres
communs génétiques qui nous donnent un apercu de I’ensemble des ancétres généalogiques.

Ralph et Coop [RC13] montrent que deux individus en Europe, méme vivant a plusieurs milliers
de kilométres I'un de l'autre, ont une chance raisonnable de partager des ancétres génétiques au cours
des 1 000 derniéres années, et en partagent de maniére quasi-certaine au cours des 2 500 derniéres
années. Il en résulte que deux européens méme trés éloignés géographiquement partagent un grand

nombre d’ancétres généalogiques qui ont vécu au cours du dernier millénaire.
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Leur analyse met également en évidence une forte structuration spatiale du nombre de blocs d’'IBD
entre individus. En effet le nombre moyen de blocs d’IBD partagés par deux individus décroit avec la
distance géographique les séparant. Cette structuration spatiale invite & une analyse paramétrique
pour estimer certains paramétres démographiques, en particulier la dispersion moyenne des individus
par génération.

Cette analyse a été menée par Ringbauer, Coop et Barton [RCB16] dans une sous-région de
I’Europe de I’Est. Ils maximisent une pseudo-vraisemblance calculée & ’aide d’une approximation
similaire & celle de la formule de Wright-Malécot (plus de détails sont donnés dans le Chapitre 5).

Etant données deux populations & une distance géographique r (calculée suivant les géodésiques
terrestres), les auteurs calculent le nombre attendu de blocs d’IBD d’une longueur comprise entre L
et L+ AL pour chaque paire d’'individus issus de ces populations. En supposant que les longueurs des
différents blocs d’IBD sont indépendantes le long du génome, le nombre de blocs d’IBD d’une longueur
donnée peut étre modélisée par une loi de Poisson. Les auteurs font également ’hypothése que le
nombre de blocs de différentes longueurs sont indépendants et que les différentes paires d’individus
sont indépendantes. On peut alors exprimer la vraisemblance des données en fonction d’un jeu de
parameétres (ici la densité de population efficace et le taux de dispersion des individus).

En maximisant cette pseudo-vraisemblance, Ringbauer et al. sont capables d’estimer ces deux
paramétres & partir du nombre de blocs d’IBD dans I’échantillon. Les méthodes d’inférence classiques
qui reposent sur des comparaisons locus par locus entre individus [Rou97; RLOT; SB89; Bar+13] ne
permettent pas d’estimer séparément le taux de dispersion o et la taille de la population N, elles ont
seulement accés au produit de ces deux quantités, aussi appelée taille de voisinage (voir [BDE02]). De
plus, Ringbauer et al. prennent en compte dans le calcul de la pseudo-vraisemblance le taux d’erreur
calculé par Ralph et Coop [RC13].

Leur méthode d’inférence a d’abord été testée sur des données simulées. Elle est capable d’estimer
correctement les paramétres des simulations pour des valeurs similaires & celles attendues dans leur
jeu de données. Elle peut également prendre en compte une croissance polynomiale de la densité de
la population au cours du temps et estimer ’exposant correspondant.

Ringbauer et al. limitent leur analyse & I’Europe de ’Est en raison de l'importante disparité
que présentent les données. En effet la décroissance du nombre moyen de blocs d’IBD entre deux
populations avec la distance géographique est sensiblement différente en Europe de I’Est et en Europe
occidentale [RC13|. L’échantillon de 13 populations retenu par Ringbauer et al. semble relativement
homogéne et présente une assez bonne résolution spatiale pour envisager d’estimer des paramétres
démographiques uniformes dans cette région.

En appliquant leur méthode d’inférence, ils trouvent trois jeux de paramétres en fonction de
I’hypothése retenue pour la croissance de la densité de population. Si la population est supposée
constante, le modeéle prédit un taux de dispersion de o = 67,8 £5,0km/,/gen et une densité efficace
de D, = 0,0047. Si la population croit linéairement dans le temps, alors o = 62,6km/,/gen et
D, =D/t avec D =1,71. Si D, est de la forme Dt=?, alors le maximum de vraisemblance est atteint
pour 3 = 1,05 avec D = 2,13 et o = 63,0km/,/gen.

Dans le Chapitre 5, nous généralisons la méthode développée par Ringbauer et al. [RCB16] au
cas ou l'espace est divisé en deux régions au sein desquelles les valeurs du taux de dispersion et
de la densité de population différent. Nous adaptons le calul de la vraisemblance en utilisant les

résultats du chapitre 3, développant ainsi une méthode d’inférence démographique en environnement
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hétérogeéne capable d’estimer jusqu’a 5 paramétres (la densité de population et le taux de dispersion
dans chaque région et I’exposant ().

Nous testons cette nouvelle méthode sur plusieurs jeux de données simulées pour montrer qu’elle
est capable d’estimer correctement les paramétres des simulations dans un nombre suffisant de cas.
Aprés ces premiers résultats encourageants, nous comptons tester la robustesse de notre méthode
d’inférence sur différents modéles microscopiques avant de 'appliquer aux données étudiées par Ralph
et Coop [RC13].
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Chapter

A central limit theorem for the spatial

A-Fleming-Viot process with selection

Joint work with Sarah Penington (Oxford University), published
in Electronic Journal of Probability 22.5 (2017) [FP17].

Introduction

Consider a population distributed across a geographical space (typically of dimension one or two).
Suppose that each individual carries one of several possible versions (or alleles) of a gene. How do the
different allele frequencies evolve with time and how are they shaped by the main evolutionary forces,
such as natural selection and migration? To answer this question, early models from population
genetics were adapted by G. Malécot [Mal48], S. Wright [Wri43] and M. Kimura [Kim53] to include
spatial structure. These spatial models either considered subdivided populations reproducing locally
and exchanging migrants at each generation or made inconsistent assumptions about the distribution
of individuals across space.

In this chapter, we focus on a mathematical model for populations evolving in a spatial continuum,
the spatial A-Fleming-Viot process (SLFV for short), originally proposed in [Eth08]. The main
feature of this model is that instead of each individual carrying exponential clocks determining
its reproduction and death times, reproduction times are specified by a Poisson point process of
extinction-recolonization events. At each of these events, some proportion - often denoted u - of the
individuals present in the region affected by the event is replaced by the offspring of an individual
(the parent) chosen within this region. (The proportion uw which is replaced is called the impact
parameter.) We shall only consider cases where the region affected is a (d-dimensional) ball, and the
Poisson point process specifies the time, centre and radius of reproduction events. (Since we consider
scaling limits, minor changes to this assumption would not change our results.)

We suppose that each individual in the population has a type taken from a compact space K. The
state of the SLFV process at time ¢ is then given by a map p; : R — M (K) defined Lebesgue almost
everywhere, where M (K) is the set of probability measures on the type space K. We think of p;(x)

as the distribution of the type of an individual sampled from location = at time ¢. More precisely, the
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spatial A-Fleming-Viot process can be obtained as the high population density limit of an individual
based model (see [BEV13a]) where the sequence of empirical measures of the individuals’ location
and type converges to the measure p;(x)dxz. We thus sometimes use heuristics based on the behaviour
of individuals in the prelimiting model even though one cannot speak of individuals in the SLFV.

Natural selection can be included in the SLFV by introducing an independent Poisson point
process of selective events which give an advantage to a particular type. Multiple potential parents
are sampled in the region affected by the event and one is chosen to be the parent and have offspring
in a biased way depending on their types. The selection parameter determines the rate of this Poisson
point process.

A comprehensive survey of recent developments related to the SLFV can be found in [BEV13a].
Several works have focussed on characterising the behaviour of this model over large space and time
scales, in the special case where only two types (or two alleles) a and A are present in the population.
In this case the state of the process is given by a map ¢; : R? — [0,1] defined Lebesgue almost
everywhere, where ¢;(z) denotes the probability that a randomly chosen individual at location z
and time t is of type a, or in other words the proportion of type a at location x and at time ¢. We
shall first consider the simplest form of selection when individuals are haploid, i.e. each individual
has one copy of the gene, and type A is favoured. At selective events, two potential parents are
chosen and if their types are different, the parent is the one which has type A. In [EVY14], rescaling
limits of this form of the spatial A-Fleming-Viot process with selection (SLFVS) have been obtained
when both the impact parameter and the selection parameter tend to zero. Earlier results on the
large scale behaviour of the SLFV had already been established in [BEV13b| in the neutral case (i.e.
without selection), but keeping the impact parameter macroscopic. The behaviour of the SLFVS in
the corresponding regime is studied in [EFS15] and [Eth+15].

The limiting process obtained by [EVY14] turns out to be deterministic as soon as d > 2, and,
when the reproduction events have bounded radius, it is given by the celebrated Fisher-KPP equation,

% = %Aft—sft(l_ft)- (2.1)
This result fits the original interpretation of this equation proposed by R. A. Fisher as a model for the
spread of advantageous genes in a spatially distributed population [Fis37]. The spatial A-Fleming-Viot
process with selection (SLFVS) can thus be thought of as a refinement of the Fisher-KPP equation,
combining spatial structure and a random sampling effect at each generation - what biologists call
genetic drift.

In the present work we prove a slightly stronger form of convergence to this deterministic rescaling
limit. We also study the fluctuations of the allele frequency about (an approximation of) (f¢)¢>0. We
find that if the impact parameter is sufficiently small compared to the selection parameter and the
fluctuations are rescaled in the right way then in the limit they solve the following stochastic partial

differential equation,
1
dZt = §AZ[» - 5(1 - 2ft)zt dt + ff(l - ft) th, (22)

where W is space-time white noise, and f is the solution of (2.1). More detailed statements with the

precise conditions on the parameters of the SLFVS are given in Section 2.2.
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A very similar result was proved by F. Norman in the non-spatial setting [Nor75a| (see also
[Nor74a|, [Nor77] and [Nor75b]). Norman considered the Wright-Fisher model for a population of
size N under natural selection (see [Eth11] for an introduction to such models). Let pY denote
the proportion of individuals not carrying the favoured allele at generation n, and suppose that

the selection parameter is given by sy = ens, with ey — 0 and ey N — oo as N — co. (At each
(+sn)(1=py))

Tron (=5 .) Norman

generation, individuals choose a parent of the favoured type with probability

showed that, as N — oo, pﬁ Jex| CODVErges to gy, which satisfies

d
% = *Sgt(l - gt)~

(In the weak selection regime - i.e. when Nsy = O (1) - one recovers the classical Wright-Fisher
diffusion, see [Eth11].) Furthermore, the fluctuations of pi\/’ . around g; are of order (Ne N)—1/2.

More precisely, for t = ney, n € N, set
ZN() = (Nen) 2 (b — 1) -

and define Z™ (t) for all ¢+ > 0 by linear interpolation. Theorem 2 in [Nor75a| states that, as N — oo,
(ZN(t)),s, converges to the solution of the following stochastic differential equation,

dZt = *5(1 — 2gf)Zfdt + AV4 gt(l — gt)dBt,

where (By),5 is a standard Brownian motion; note that (z;),-, is a Gaussian diffusion. A similar
regime in the case of a neutral model with mutations was already studied by W. Feller in [Fel51,

Section 9|, who identified the limiting diffusion for the fluctuations around the equilibrium frequency.

Norman’s result can be extended to other classical models from population genetics, and in
particular to continuous-time processes such as the Moran model and the (non-spatial) A-Fleming-
Viot process (introduced in [BLGO03]). The necessary tools can be found mainly in [EK86, Chapter
11] (see also Chapter 6 of the same book) and in [Kur71]. In this chapter we adapt these methods
to the setting of the spatial A-Fleming-Viot process, with the necessary tools for stochastic partial
differential equations taken from [Wal86] (see also [MT95] and [DMFL86]).

We also consider a second regime for the SLFVS to allow large scale extinction-recolonization
events; we let the radius of reproduction events follow an a-stable distribution truncated at zero. For
this regime, as in [EVY14], we find the Fisher-KPP equation with non-local diffusion as a rescaling
limit (i.e. with a fractional Laplacian instead of the usual Laplacian). The Laplacian is also replaced
by a fractional Laplacian in (2.2), the equation satisfied by the limiting fluctuations, and the noise

W becomes a coloured noise with spatial correlations of order |z — y|~ (see Subsection 2.2.2).

These results are valid for a general class of selection mechanisms, with modified versions of (2.1)
and (2.2) (and our proof will cover the general case). As an application of our results on the
fluctuations, we turn to a particular kind of selection mechanism. Suppose a given gene is present in
two different forms - denoted A; and A, - within a population. Suppose also that each individual
carries two copies of this gene (each inherited from one of two parents). We say that individuals are
diploid, and homozygous individuals are those who carry two copies of the same type (A; Ay or A3 As)

while heterozygous individuals carry one copy of each type (A1 As). Overdominance occurs when the
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relative fitnesses of the three possible genotypes are as follows,

ArAr A1Ay A Ay

1—s1 1 1—s9,

where s1, so > 0. In words, heterozygous individuals produce more offspring than both types of
homozygous individuals. In this setting, in an infinite population a stable intermediate allele frequency
is expected to be maintained, preventing either type from disappearing. If ¢ is the frequency of
type A1 and p = 1 — g that of type A, and if mating is random, the respective proportions of the
three genotypes will be ¢2, 2¢p, p?, hence the population cannot remain composed exclusively of
heterozygous individuals. As a consequence, even when the stable equilibrium is reached, the mean
fitness of the population will not be as high as the highest possible individual fitness (i.e. that of

heterozygous individuals). This fitness reduction is referred to as the segregation load.

In finite populations, because of finite sample size, the allele frequency is never exactly at its
optimum. This was the subject of a work by A. Robertson [Rob70] who considered this specific
configuration of the relative fitnesses. He argued that the mean fitness in a panmictic population
(i.e. one with no spatial structure) with finite but relatively large size N is reduced by a term of
order (4N)~!, irrespective of the strength of selection. This is due to a trade-off between genetic
drift and natural selection. The stronger selection is, the quicker the allele frequency is pushed back
to the equilibrium, but at the same time even a small step away from the optimal frequency is very
costly in terms of mean fitness. On the other hand, if natural selection is relatively weak, the allele
frequency can wander off more easily, but the mean fitness of the population decreases more slowly.
This reduction in the mean fitness due to genetic drift - which is added to the reduction from the

segregation load - is called the drift load.

Robertson’s result can be made rigorous using tools found in [Nor74a| and [Nor74b]. We adapt
these to our setting and study the same effect in spatially structured populations. We find that the
spatial structure significantly reduces the drift load, in a way that depends crucially on dimension.
It turns out that migration prevents the allele frequencies from straying too far away from the

equilibrium frequency, because incoming migrants are on average close to this equilibrium.

The chapter is laid out as follows. We define the spatial A-Fleming-Viot process for a haploid
model with general frequency dependent selection and for a diploid model of overdominance in
Section 2.1. In Section 2.2 we state the main convergence results for the SLFVS in the bounded
radius and stable radius regimes and we present our estimate of the drift load in spatially structured
populations. In Section 2.3, we present the main ingredient of the proof: a martingale problem
satisfied by the SLFVS. At the end of Subsections 2.3.2 and 2.3.3, we state more general results on
solutions to these martingale problems which imply our convergence results for the SLEVS. Most of
the remainder of this chapter is dedicated to the proofs of these results. The central limit theorem in
the bounded radius case is proved in Section 2.4, while the stable regime is dealt with in Section 2.5
(the two proofs share the same structure, but differ in the details of the estimates). Finally, the

asymptotics of the drift load are derived in Section 2.6.
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2.1 Definition of the model

2.1.1 The state space of the spatial A-Fleming-Viot process
with selection

We now turn to a precise definition of the underlying model, the spatial A-Fleming-Viot process with
selection on R?, starting with the state space of the process. At each time t > 0, {q;(z) : x € R4} is

a random function such that
gt(z) := proportion of type a alleles at spatial position x at time ¢, (2.3)

which is in fact defined up to a Lebesgue null set of R?. More precisely, let Z be the quotient of the

space of Lebesgue-measurable maps f : R? — [0, 1] by the equivalence relation
frf e Leb(fa €RY: f(2) # f'(2)}) = 0.

We endow = with the topology of vague convergence: letting (f, ¢) = [pa f(2)¢(x)dz, a sequence

(fn),, converges vaguely to f € Z if and only if (f,,¢) — (f, #) for any continuous and compactly
n—oQ

supported function ¢ : R — R. A convenient metric for this topology is given by choosing a

separating family (¢,)n>1 of smooth, compactly supported functions which are uniformly bounded
in L'(R9). Then for f, g € =,

d=(,9) = 3 5 1. 00) = (9. 60) (24)

n>1

defines a metric for the topology of vague convergence on Z. The SLFVS up to time T is then going

to be a D ([0, 7], E)-valued random variable: a =-valued process with cadlag paths.
Definition 2.1.1. For T >0, let f,g € D([0,T],Z) be a pair of cadlag maps (fi)o<;<7s (9t)o<i<r
from [0,T] to =. Then

d(f,g9) = sup d=(f,g:)
t€[0,T]

is a metric for the topology of uniform convergence on D ([0,T],Z).

For more details, see Section 2.2 of [VW15].

2.1.2 The spatial A-Fleming-Viot process with selection

Let us now define the dynamics of the process. Let v € (0,1] and s € [0, 1], and let p(dr) be a finite

measure on (0, 00) satisfying

/OO rlu(dr) < oco. (2.5)
0

For m € N and w € [0,1], let é{f be a vector of m independent random variables taking the value

a with probability w and A otherwise. Then let F': [0,1] — R be a polynomial such that for some
m € Nand p: {a, A}™ — [0,1], for each w € [0, 1],

w— F(w) =E [p(ém)} : (2.6)
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(The choice of p and m is not unique, but this will not matter.)

Definition 2.1.2 (SLFVS, haploid case with general frequency dependent selection). Let IT and I1°
be two independent Poisson point processes on Ry x R? x (0, 00) with intensity measures (1 — s) dt @
dx @ p(dr) and sdt ® de @ p(dr) respectively. The spatial A-Fleming-Viot process with selection for
a haploid population in R? with impact parameter u, radius of reproduction events given by p(dr),
selection parameter s and selection function F is defined as follows. If (t,x,r) € II, a neutral event

occurs at time t within the ball B(z,r):

1. Choose a location y uniformly at random in B(x,r) and sample a parental type k € {a, A}

according to qs-(y) (i-e. k = a with probability q;- (y)).

2. Update q as follows:
Vz € RY, qi(2) = g (2) + ul (o—zj<ry (L{nmay — @ (2))- (2.7)

Similarly, if (t,x,r) € II°, a selective event occurs at time t inside B(x,r):

1. Choose m locations yi, . .., ym independently uniformly at random in B(x,r), sample a type k;
at each location y; according to g, (y;) and then let k = a with probability p(ki, ..., kyn) and

k = A otherwise.
2. Update q as in (2.7).

Note that if we let w = |B(x,r)|™! fB(I N (2)dz, then at a neutral reproduction event,
P(k=a) = w and at a selective event, P(k =a) = w — F(w). This justifies the definition in
terms of the selection function F' (and the terminology for F'), since the law of the process depends

only on F, and not on the specific choice of p and m in (2.6).

Remark. The ezxistence of a unique Z-valued process following these dynamics under condition (2.5)
is proved in [EVY1{, Theorem 1.2] in the special case F(w) = w(l —w) (in the neutral case s =0,
this was done in [BEV10a]). In our general case, the condition on w — F(w) in (2.6) allows one to
define a branching and coalescing dual process and hence prove existence and uniqueness in the same
way as in [EVY14].

We shall consider two different distributions u for the radii of events,

i) the fixed radius case : u(dr) = dr(dr) for some R > 0,

ii) the stable radius case : u(dr) = —22H dr for a fixed « € (0,2 A d).

T

In each case, (2.5) is clearly satisfied.
We give two variants of this definition corresponding to the two selection mechanisms discussed in

the introduction. We begin with a model for a selective advantage for A alleles in haploid reproduction.

Definition 2.1.3 (SLFVS, haploid model, genic selection). The spatial A-Fleming-Viot process with
genic selection with impact parameter u, radius of reproduction events given by u(dr) and selection
parameter s is defined as in Definition 2.1.2 with F(w) = w(1 — w). In this case, m = 2 and the
function p equals simply

p(k1, ko) = Lp,—ky—ay-
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In other words, during selective reproduction events, two types are sampled in B(x,r) and k = a if

and only if both types are a.

2.1.3 The SLFVS with overdominance

We now define a variant of the SLEVS to model overdominance. Individuals are diploid and we study
a gene which is present in two different forms within the population, denoted A; and As. For ¢t > 0
and z € R?, let

gt(z) := the proportion of the allele type A; at location x at time ¢.

(If py is the proportion of A;A; indiduals and py is the proportion of A; A5 heterozygous individuals,

then ¢ = p; + %p r.) We assume that the relative fitnesses of the different genotypes are as follows:

A1Ar A1Ay AxA
1—51 1 1—52.

In other words, for an event (t,z,7) in the SLFVS with w = |B(z,r)| ™! fB(w N (2) dz, we want to
choose parental types (ki, ko) € {A;, A2}? at random with

P({k1, o} = {A1, A1}) = P11 1= it s,
P({kla kQ} = {Al,A2}) = Pjg = 2w (1—w)

1—sqw2—sz(1—w)?’

—S —w)?
P ({k1, b} = {As, Ao}) = Poy 1= 52200

We also suppose that, with probability v, the type A; alleles produced mutate to type Az, and that,
with probability v, the type Ao mutate to type A; (this is a technical assumption to ensure that
qt(z) ¢ {0,1}; we shall assume that v, and v2 are small compared to s; and s3). This gives us the

following modified probabilities for the parental types:

P({k’hkg} = {Al,Al}) = (1 — I/1)P11 —+ V2(1 — 1311)7
P ({k1,ko} = {A1,A2}) = (1 — v1 — v2) P12,
P({khk’g} = {AQ,AQ}) = (1 — V2)P22 + Vl(l — PQQ).

We are going to be interested in small values of s; and v;, so we expand:

P ({k1,ko} = {41, A1})
= (1—v1)(W?(1 = 81+ s1w”° + s52(1 — w)?) + O (5%)) + 12(1 —w? + O (s)) (2.8)
=(1—-8—82—v1 — 1/2)w2 + sywt + 52w2(1 +(1- w)z) + 15+ 0O (52 + 1/5) ,
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where s = s1 + s9 and v = v; + vo. Similarly, we have

P({kl,kg} == {Al,AQ}) = (1 — 81 — 89 — V1 — V2)2’u)(1 - w)
+ s12w(1 — w) (1 + w?) + s22w(l —w) (14 (1 —w)?) + O (s* + vs) ,
]P)({kl, kg} = {AQ,AQ}) = (]. — 81 — S92 — V1 — 1/2)(1 - w)2

+51(1—w)?(1+w?) +s2(1 —w)* + 11 + O (s* + vs) .
(2.9)
The following model results in the parental type probabilities given in (2.8) and (2.9), neglecting the
O (s? + vs) terms.

Definition 2.1.4 (SLFVS, overdominance). Suppose that vy + vo + sy + 83 < 1. Let II, II% and
1%, i = 1,2 be five independent Poisson point processs on Ry x R? x (0,00) with respective intensity
measures (1 — 81 — 8o — V1 — va) dt @ dx @ p(dr), s;dt @ de ® p(dr) and v; dt ® de @ u(dr). The
spatial A-Fleming-Viot process with overdominance with impact parameter u, radius of reproduction
events given by u, selection parameters s1, so and mutation parameters vi, vy is defined as follows.

If (t,x,r) € II, a neutral event occurs at time t in B(x,r):

1. Pick two locations y1 and ys uniformly at random within B(x,r) and sample one parental type

k; € {A1, Ay} at each location according to qi-(y;), independently of each other.

2. Update q as follows:
VzeRY, q(2) = g (2) + ullgozjcry (3(Lna—nyy + Lipymnyy) — @ (2)) - (2.10)

If (t,z,7) € 1%, a selective event occurs at time t in B(z,r):

1. Pick four locations uniformly at random within B(x,r) and sample one type at each location,
forming two pairs of types. If one pair is {A;, A;}, let {k1,ka} be the other pair; otherwise pick
one pair at random, each with probability 1/2. (If the two sampled pairs are {A;, A;}, then
{k1,ko} = {A;, Ai}.)

2. Update q as in (2.10).
If (t,z,r) € I, a mutation event occurs at time t in B(x,r):

1. Set {ky,ka} = {As_;, As_;}, irrespective of the state of q;—. (In other words we suppose that
the A; genes of the offspring mutate to type As_;.)

2. Update q as in (2.10).

Remark. Similarly to the haploid case, existence and uniqueness for this process can be proved as in
[EVY14] using a dual process.

We shall see in Section 2.3 that this process satisfies essentially the same martingale problem as

the general haploid process in Definition 2.1.2 with

S92 %1 120
Fw)=w(l —w)(w — + w — 1—w).
() = w(l = w)w - 2+ My (1)
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2.2 Statement of the results

In this section, we present our main results. We consider the SLFVS as in Definitions 2.1.2 and 2.1.4,
and we let the impact parameter and the selection and mutation parameters tend to zero. On a
suitable space and time scale (depending on the regime of the radii of reproduction events) the
process (q{v ) >0 converges to a deterministic process. We also characterise the limiting fluctuations of
(q,{v ) >0 about an approximation to this deterministic process as the solution to a stochastic partial

differential equation.

2.2.1 Fixed radius of reproduction events

We begin by considering the regime in which the radii of the regions affected by reproduction events are
bounded. We shall only give the proof in the case of fixed radius events; the proof for bounded radius
events is the same but notationally awkward. Fix u,s € (0,1] and R > 0, and choose wg : R — [0, 1]
with uniformly bounded spatial derivatives of up to the fourth order. Take two sequences () N>1s

(0n) > of positive real numbers in (0, 1] decreasing to zero, and set
SN = 0%, UN = ENU, ry =0nR, @' (x) = wo(dn ).

Let p(dr) = 0g, and let F': R — R be a smooth, bounded function with bounded derivatives of order
up to four such that F|jo 1) satisfies (2.6) for some m € N and p : {a, A}"" — [0,1]. Then for N > 1,
let (qiv ) >0 be the spatial A-Fleming-Viot process in R? with selection following the dynamics of
Definition 2.1.2 with impact parameter uy, radius of reproduction events R, selection parameter sy

and selection function F started from the initial condition ¢'.

Define the rescaled process (qf"),., by setting:

Ve e R4t >0, g () = qi\/[(EN(;IQV)(w/(FN). (2.11)

We justify this scaling as follows. Recall from (2.3) that we think of ¢/¥(x) as denoting the
proportion of the population at location = and time ¢ which is of type a. Consider an individual
randomly chosen from the population at location = at time ¢. It finds itself within a region affected
by a reproduction event at rate |B(0, R)|. The probability that it dies and is replaced by a new
individual is uny = enu, so, if we rescale time by 1/¢y, this will happen at rate O (1). Also, we are
going to see later (see Section 2.3.2) that the reproduction events act like a discrete heat flow on the
allele frequencies. We rescale time further by 1/6% and space by 1/dx, which corresponds to the
diffusive scaling of this discrete heat flow. Since selective events also take place at rate O (6%), this
is the right scaling to consider in order to observe the effects of both migration and selection in the

limit. (Due to this diffusive scaling we shall refer to this regime as the Brownian case.)

We need to introduce some notation. Let L:>°(R) denote the space of bounded and integrable

real-valued functions on R?. For r > 0, we set V,, = |B(0,7)| and, for z,y € R?,

Ve(w,y) = [B(x,r) 0 B(y,r)|. (2.12)

RAPHAEL FORIEN 67



STRUCTURE SPATIALE DE LA DIVERSITE GENETIQUE

For ¢ : R* = R and z € R?, set

o(x,r) = EX o(y)dy.

r JB(z,r)

When there is no ambiguity, we shall not specify the radius r and simply write ¢(z). This notation
will be used throughout this chapter and formulae will routinely involve averages of averages, etc.

For example we also write

= 1
o(z,r) = ‘/’r‘2~/B($,T) /B(yﬂ d(2)dzdy. (2.13)

Let us define a linear operator £ by setting

£9(r) = L2 (3e.r) — o(a) (214)

Finally let S(R?) denote the Schwartz space of rapidly decreasing smooth functions on R¢, whose
derivatives of all orders are also rapidly decreasing. Accordingly, let S’(RY) denote the space of

tempered distributions.

Lemma 2.2.1. If wg : R? — [0, 1] has uniformly bounded spatial derivatives of order up to four, then

oy 2R? —
S Vi | 2L = FGrw)|

d+2 (2.15)
fév = Wg.

defines a unique (deterministic) function fN in L>(]0,T] x RY). In addition, it admits spatial

derivatives of order up to four which are all in L°°([0,T] x R%).

We prove this lemma in Section 2.8 with a Picard iteration.

As stated in the introduction, the spatial A-Fleming-Viot process with genic selection with fixed
radius of reproduction events converges, under what can be considered a diffusive scaling, to the
solution of the Fisher-KPP equation (as in [EVY14] for d > 2) while the limiting fluctuations are
given by the solution to a stochastic partial differential equation which generalises the result obtained
in [Nor75a]. We can now give a precise statement of this result for general frequency dependent
selection. The same result holds for radius distributions given by a finite measure p on a bounded

interval.

Theorem 2.1 (Central Limit Theorem for the SLFVS in R? with fixed radius of reproduction
events). Let (q{V)DO be defined as in (2.11). Suppose that ey = o (6}iv+2), then the process (q{v)po
converges in L' and in probability (for the metric d of Definition 2.1.1) to the deterministic solution
f:RL xRY— R of the following PDE,

%—uV U
ot Bldy2

Afy —sF(fi)]

fO = Wo.
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In addition,
2 = (endy )72 a) — f)

defines a sequence of distribution-valued processes converging in distribution in D ([0,T],S'(R%)) to
the solution of the following stochastic partial differential equation,

R2
dZt = ’LLVR TAZt — SF/(ft)Zt dt + UVR ft(l - ft)th7

where W is a space-time white noise.

Remark. The impact parameter uy is inversely proportional to the neighbourhood size - i.e. the
probability that two individuals have a common parent in the previous generation (see Section 3.6 of
[BEV13a] for details). Hence, letting un tend to zero corresponds to letting the neighbourhood size

grow to infinity.

We shall show in Section 2.3 that Theorem 2.1 is a consequence of Theorem 2.4. The latter is a
result on sequences of solutions to a martingale problem and is proved in Section 2.4. In [EVY14], the
authors already showed that in the special case of genic selection (as in Definition 2.1.3), for d > 2,

the sequence of averages of (qj ),., over balls of radius ry converges in distribution in D([0, 00), E)

>0
to the solution of the Fisher-KPP equation.

Remark. It would have been more natural to consider the fluctuations directly around the de-
terministic limit (ft),~q, but in fact the difference between fn and f is too large (of order 6%,
see Proposition 2.4.5).7 We have that |ZN — (eno% 2" 2(al — )] = O(6% (end2)~Y2) but if
EN =0 (57\?‘2) then (en0% 2)Y265% = 0(0%72) and so (end% %) ~1/203 — 00 as N — oo as soon as
d>2.

2.2.2 Stable radii of reproduction events

In the previous subsection, we assumed that the radius of dispersion of the offspring produced at
reproduction events was small. We now wish to allow large scale extinction-recolonization events
to take place to illustrate the fact that "catastrophic" extinction events can occur, followed by a
quick replacement of the dead individuals by the offspring of a small subset (here only one individual)
of the survivors. To do so, we suppose that the intensity measure for the radius of reproduction
events p(dr) has a power law behaviour, following the work in [EVY14]. The corresponding limiting
behaviour is described by reaction-diffusion equations with non-local diffusion, studied for example in

[Chm13; AK15|. Suppose that the measure u(dr) for the radius of reproduction events is given by

Lir>1y
pldr) = rdtatl

dr, (2.16)

for some o € (0,2 A d). Fix u,s € (0,1] and choose wq : R — [0, 1] with uniformly bounded spatial

derivatives of up to the second order. Again, take (en)y~; and (0n)ys; two sequences in (0, 1]
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decreasing to zero, and set
— 5@ _ N _ 5
SN = 0N, UN = ENU, q () = wo(dnw).

Let F: R — R be a smooth, bounded function with bounded first and second derivatives such that
F|jo,1) satisfies (2.6) for some m € N and p : {a, A} — [0,1]. Then for N > 1, let (qtN)DO be the
spatial A-Fleming-Viot process with selection following the dynamics of Definition 2.1.2 with impact
parameter uy, radius of reproduction events given by u(dr) in (2.16), selection parameter sy and

selection function F started from the initial condition ¢Y.

The main difference with the setting of Subsection 2.2.1 is that the flow resulting from the
reproduction events is the a-stable version of the heat flow (see Section 2.3.3). Thus we apply a
stable scaling of time by 1/§%; and space by 1/dx (after rescaling time by 1/ex as previously). Since
we have chosen sy = ¢%s, this is the right scaling to consider in order to observe both selection and

migration in the limit. For all x € R4 and ¢ > 0, set

q; (z) = Qf\/[(sNag)(z/(SN) (2.17)

We need some more notation; recall the notation for double averages in (2.13). The following will

take up the role played by F(w) in the fixed radius case. For H : [0,1] = R, § > 0, and f € Z, set
HO(Gf) o a [ H) (@ or) -2 (2.18)
: : 0T) - .

Recalling the notation in (2.12), set, for x,y € R?,

‘I’(|9C—y|)=/Oo Velw,y) dr <I>(6)(|m_y|):/(><> Vilz,y) dr

. d+a+1"’ e d+a+1"
EET —ulys Voo

For ¢ : RY — R which admits uniformly bounded spatial derivatives of order up to two and
Y € LV(RY),

D°o(a) = [ @lo = u)(0(s) ~ )y, D" i) = [ 8D (la —y)00) ~ wle)dy. (219

Remark. Up to a multiplicative constant, depending on d and o, D is the fractional Laplacian
(this can be seen via the Fourier transform, see [SKM93]).

We can now formulate our result for the stable radii regime. The main difference from Theorem 2.1
is that the Laplacian has to be replaced by the operator D and that the noise driving the fluctuations
is replaced by a coloured noise which is white in time and has spatial correlations which decay like

Ko (z1,22) as |21 — 22| — oo, where

> dr Cd,a
Koz(zla 22) = /21722‘ V;“(Zla ZZ)Td+a+1 = |Z1 — 22|a . (220)
E1-Fal
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We also set the following notation: for f € =,

f\;.?;n\ %fB(ZhT)ﬂB(Z%T) ?(z77’)df£

fi‘iol;zﬂ Vr(Zlazz)TdfisH

[fla(z1, 22) = (2.21)

Note that if f denotes the frequency of type a in q)¥ immediately before a (neutral) reproduction
event which hits both z; and zo with |21 — 29| > 2dx, then [f]. (21, 22) is the probability that the
offspring produced in this event are of type a.

The following lemma provides a deterministic centering term f around which we consider the

fluctuations of q”.

Lemma 2.2.2. If wy : RY — [0, 1] has uniformly bounded spatial derivatives of order up to two, then

ofyN o Vis

S pe gy - % o (g |

ot o (2.22)
o =wo

defines a unique (deterministic) function f~ in L>([0,T] x RY). In addition, it admits spatial

derivatives of order up to two which are all in L>([0,T] x R%).
This lemma is proved in Section 2.8.

Theorem 2.2 (Central Limit Theorem for the SLFVS in R? with stable radii of reproduction events).
Let (qi\’)t>0 be defined as in (2.17). Suppose that ey = o ((5?\?‘); then (qi\’)»o
in probability (for the metric d of Definition 2.1.1) to the deterministic solution f : R, x R? — R of
the following PDE,

converges in L' and

Oft sV1

- =u |D*f; — —F(fi)]|,

e [oe g - iy 2
Jo = wo.

In addition,
zN =@ - 1Y)

defines a sequence of distribution-valued processes, converging in distribution in D ([O, T},S’(Rd)) to

the solution of the following stochastic partial differential equation,

dz = u | D%z — s—vlF’(ft)zt dt + uwdWy
o

z20 = 07
where W is a coloured noise with covariation measure given by

Q% (dz1dz2ds) = Ko(21, 22) ([fs]a(21, 22) (1 = fs(21))(1 = f5(22))
+(1 = [fsla(z1,22)) fs(21) fs(22)) dz1dzads.  (2.24)

Remark. The fact that the correlations in the noise decay as |21 — z2|~ " can be expected from the
results in [BEKO06] (see also [BEK10]). The authors prove that, if N is a Poisson point process
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on R? x R, whose intensity measure is of the form dxf(r)dr with f(r) ~ %, one can define a

generalized random field X on the space of signed measures on R with finite total variation by
(X, ) :/ w(B(x,r))N(dz,dr).
Re xRy

Under a suitable scaling of the radius and of the intensity measure, it is shown that the fluctuations
of X converge (in the sense of finite dimensional distributions) to a centred Gaussian random linear
Sfunctional W< with

W W@l = [ [ e -l i)

(The notation has been changed so as to fit that of our setting; in [BEK06], B = a +d.) The second
factor in (2.24) (besides K, (z1,22)) comes from the expression for the covariation between the jump

in the allele frequency during a reproduction event at the two locations z1 and ze (see (2.37) and the
definition of [fla in (2.21)).

We show in Section 2.3 that Theorem 2.2 is a consequence of Theorem 2.5. The latter is a result
on sequences of solutions to a martingale problem and is proved in Section 2.5. In [EVY14], the
authors showed that in the special case of genic selection (as in Definition 2.1.3), for d > 2, a sequence
of spatially averaged versions of (qiv )
(2.23).

1~ converges in distribution in D([0, o0), ) to the solution of

2.2.3 Drift load for a spatially structured population

We shall illustrate the application of our results by studying the drift load in the SLFVS with
overdominance as in Definition 2.1.4, in the case of bounded radii.
As in Section 2.2.1, fix u, $1, S2, V1, V2 in (0,1] and R > 0 such that s; 4+ so + v1 + v < 1, take

two sequences (en)ysq, (ON)y>; Of positive real numbers in (0, 1] decreasing to zero, and set
Uy = ENU, ry =O0NR SN = 5]2\;81, ViN = 512\[%- (2.25)

for i = 1,2. Then for N > 1, let (q{v)t>0 be the SLFVS following the dynamics of Definition 2.1.4
with impact parameter uy, radius of reproduction events R, selection parameters s; ; and mutation
parameters v; y, started from some initial condition a.

One thing to note is that for our results to hold, we need to make sure that the allele frequencies do
not get "stuck" - even locally - at the boundaries (i.e. upon reaching 0 or 1), which could significantly
slow down the convergence to the equilibrium frequency. For this reason we choose to assume that
during some mutation reproduction events the type of the offspring can differ from that of its parent.
This will not affect the results in any other way provided that the mutation parameters are negligible
compared to the selection parameters.

Now let

S92 141 V2

Flw)=w(l—w)(w— + w — 1—w). 2.26
() = w(1 —w)w-—2—)+ w2 () (2:26)

We shall see in Section 2.3 that this function plays the same role as in the haploid case. Note that F'
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satisfies the following conditions:

INe0,1]: F(\) =0; (2.27)
furthermore there is only one such A and it satisfies
0<A<1and F'()\)>0. (2.28)
For the function F' given in (2.26), A is given by
(since the first term is a solution of w(1 — w)(w — %%-) = 0).

Let us define KV (¢, z), the local mean fitness at a point x € R?, as the expected fitness of an
individual formed by fusing two gametes chosen uniformly at random from B(z, R) at time ¢ > 0. In
other words, its two copies of the gene are sampled independently by selecting two parental locations
y1 and yo uniformly at random in B(x, R) and then types according to ¢:(y1) and ¢¢(y2). Then (see
[Rob70]),

KV (t,2) =E (1= s1,n)a (2, B)? + 247 (2, R)(1 — N(a:,R))+(1_52,N)<1—$<x,3))2}

=1-E [sLN?(w,R) +san(1 =gl (z

2
S1,NS2,N 52
=1-— — (51N+52NE
S$1,N + S2,N 81 + S2
51,NS2,N 2
=1-— — (S1N+82NE
S1,N + S2,N

52
— (817N+82,N) <)\— 51 +82) <2E |:qt (x7R):| - A— 51 +82) .

The first term % is the segregation load mentioned in the introduction, and it is of order
6%;. The second term is then the local drift load, which we aim to estimate at large times for large
N. The last term is an error due to the mutation events; by (2.29), it is O (5]2\,(1/1 + 1/2)), and so

negligible compared to the segregation load if % is small. Let us set

AN(t,2) = (s1.n + so.n)E [(qtN(x R) — )\)2} . (2.30)

The following theorem is proved in Section 2.6 using some of the intermediate results used to prove
Theorem 2.1.

Theorem 2.3. Suppose that ¢}’ (z) = \ for all x and assume that ex = o (5;{,). There exists a
constant C > 0, depending only on the dimension d, such that, for all x € R?, as Nt — oo, if t
grows fast enough that ext — 0o if d > 3 and end3t — oo if d < 2,

AN(t,x) ~ C€N5]2\[CN,

N,t—o0
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where
1 if d > 3,
cn =9 |logdy| ifd=2, (2.31)
SNt if d = 1.

Assumption (2.27)-(2.28) is crucial in [Nor74a], which serves as a basis for this result. In fact this

condition ensures that A is the only equilibrium point for the allele frequency, and that it is stable.

Remark. We chose to start the process from the equilibrium frequency A - i.e. very near stationarity
- but we need not do so. The same result can be obtained starting from an arbitrary initial condition,
provided we let t grow sufficiently fast that the process reaches stationarity quickly enough. The
corresponding centering term f is then defined as in (2.15), and (2.27)-(2.28) ensures that it
converges to \ exponentially quickly. Starting from \ simplifies the proof as in this case, for allt > 0,
fir =

In the non-spatial setting of the A-Fleming Viot process, a simplified version of the proof of
Theorem 2.3 shows that the drift load is asymptotically proportional to uy. We can see uy as
being inversely proportional to the neighbourhood size, in other words the probability that two
individuals had a common parent in the previous generation (see [BEV13a] for details). This agrees
with Robertson’s estimate [Rob70] of (4N)~1, where N is the total population size in a panmictic
population. Note that this estimate is independent of the strength of selection. This can be seen as
the result of a trade off between selection and genetic drift: if selection is weak, the allele frequency
can be far from the equilibrium whereas if selection is stronger, the allele frequency stays nearer to
the equilibrium and in both cases the mean fitness of the population is the same.

For spatially structured populations, however, Theorem 2.3 shows that the local drift load is
significantly smaller than in the non-spatial setting and does depend on the strength of natural
selection. For example, if a population lives in a geographical space of dimension 2, the corresponding
drift load will be of order 3% |1og 512v|7 and since uy = uey and sy 1= s1,n§ + So.n = 07 (51 + 52), it
is of order un sy |log sn|. Moreover, we see a strong effect of dimension on this estimate. Populations
living in a space with a higher dimension have a reduced drift load compared to populations evolving
in smaller dimensions. This result illustrates the fact that, in a higher dimension, migration is more
efficient at preventing the allele frequencies from being locally far from the equilibrium frequency. It

turns out from the proof that this is linked to the recurrence properties of Brownian motion.

Remark (Drift load in the stable case). If one considers instead the SLFVS with stable radii of
reproduction events, under similar conditions to those in Theorem 2.2, one finds that for all d > 1

and a € (0,2 A d), AN(t,z) is asymptotically equivalent to a constant times uysy |logsy|.

2.3 Martingale problems for the SLFVS

This section provides the basic ingredients for the proofs of Theorems 2.1 and 2.2. In Subsection 2.3.1,
we prove that the SLFVS satisfies a martingale problem. In Subsections 2.3.2 and 2.3.3, we study the
martingale problem for the rescaled version of this process, in the fixed radius case and in the stable
radii case, and state general convergence results for processes satisfying these martingale problems.

Theorems 2.1 and 2.2 are direct consequences of these results.
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2.3.1 The martingale problem for the SLFVS

Let (¢/V),., be defined (as in Sections 2.2.1 and 2.2.2) as the SLFVS as in Definition 2.1.2 with
impact parameter uy, distribution of reproduction event radii given by p(dr), selection parameter
sn and selection function F. Let (F;),, denote the natural filtration of this process.

For p> 0 and ¢ : RY = R, let ||, = ([ |[¢(x)[Pda)!/?.

Proposition 2.3.1. Suppose that fooo V2u(dr) < co. For any ¢ : R — R in LM (R?),

T

() = (a5 0) = | t / " un? {(.30) - 6) — s (Fa@) (). 0) putdryds  (2:32)

defines a (mean zero) square integrable Fi-martingale with (predictable) variation process

t [e'e]
/ / u?\,Vf/ d(21)P(22) g’ Zz(qs Ydz1dzou(dr)ds + O (tuNsN l®1l5 ) (2.33)
0 Jo (R4)2

where
o) = o @z, 7)1 — (1)1 — q(22)) + (1 — q(a,7))a(z1)q(z2)]dz.  (2.34)
V;“ B(z1,r)NB(z2,r)

Proposition 2.3.1 can be seen as a way to write ¢; as the sum of the effects of the different
evolutionary forces at play in this model. The term g — ¢ represents migration, while the term
involving the function F' in (2.32) accounts for the bias introduced during selective events. As for
the martingale term, it corresponds to the stochasticity at each reproduction event, which is called

genetic drift.

Proof of Proposition 2.3.1. We drop the superscript N from ¢” in this proof. Let P; ., (resp. Py o)
denote the distribution of the parental type k at a reproduction event (t,z,r) € II (resp. in IT%).
Then, from the definition of (g:),-.

tim &E[(th,@ —{a,0) | @ =q] =
oo
/ dx/ ﬂ(d’f’)/ ¢(Z)UN]I{\I—Z\<T}{(]— - SN)Et,z,'r []]-{k:a} - Qt(Z) ’ qt = q]
R 0 R
+SNEta:r[]l{k a} — qt(2 | Qt—q] }dz (2.35)
Recall from Definition 2.1.2 that Py, , (k=a| ¢ = ¢) = g(x,r) and
]P)S

trr(k:a| QtZQ)ZQ(xﬂr)fF(q(xaT))'

Integrating with respect to the variable x over B(z,r) then yields

1
lim =B (s, 6) = (@, 0) | @0 = g

= [ wtaryunti [ o) {@n) - a2) - svF@in fa
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Thus (2.32) indeed defines a martingale - see for example [EK86, Proposition 4.1.7] (we can change
the order of integration to do the averaging on ¢ instead of ¢ in the first term). To compute its

variation process, write

i 572 [~ a0 [ao=a] = [ [T [ oot (s

5tl0 0t os—|<r

{@ = sn)Erer [(Mgpmay — @(21) D pmay — qe(22)) | @ = 4]
+ sn Efwﬁ [(]l{kza} - qt(zl))(]l{kza} — qi(22)) | q = q} }dzleQM(dr)dx. (2.36)

But

Et,a:,r [(]l{k:a} - qt(zl))(]l{k:a} - qt(z2)) | qt = Q}
=q(z, 7)1 = q(21))(1 = q(22)) + (1 = q(x, 7))q(21)q(z2), (2.37)

and the other term within the curly brackets is O (sy). Thus, integrating with respect to « and using

(2.34), we recover

tim S [ (s ) = (a0 | @ =] = [ plaryi sy /() 6(21)0(2)0)., (g)dz1dz

2
—|—(9(8N)/0 pl(dr)us V2 /Rd (é} /B( )¢(z)dz> dx. (2.38)

2
By Jensen’s inequality, [, (VL fB(I ") ¢(Z)dz> dx < ||¢H§ and the result follows from the assumption
that [ V,2u(dr) < occ. O

T

Now let (qtN)t>0
parameter uy, radius of reproduction events R, selection parameters s; y and mutation parameters
vi,n defined in (2.25). Recall the definition of F' in (2.26) and let (F;),~, denote the natural filtration

of this process.

denote the SLFVS with overdominance as defined in Definition 2.1.4 with impact

Proposition 2.3.2. Let s = s1 + sz (and sy = s1,ny + Sa,5). For any ¢ : R? — R in LM (RY),

(a,0) — (a,0) - /0 e (3R - 6) - sy (FE@(B.0) s (239)

defines a (mean zero) square integrable Fy-martingale with (predictable) variation process

t
S ova [ oo, @ s + 0 (w3 113). (2.0
0 2

where

(r) _ L Gz, m)*(1 — q(z —q(z
@ =g [ a0 ) - o)

r

+2q(z, 1) (1 = g(2,1)) (5 — q(21))(5 = a(22) + (1 = q(z,7)*q(z1)q(22)|dw.  (2.41)
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Proof. Suppose a reproduction event hits the ball B(x,r) at time ¢, and let w = th,(x, r). Then,

P({k1,k2} = {A1,A1}) = (1 — s1.v — sa.n — 1N — Vo n)w? + 51 nvw? + so vw?(1+ (1 — w)?)
+ 2. N,

P ({k1,ko} = {A1,A2}) = (1 = s1.x — sa.n —vin — va.n)2w(1 — w) + 51 y2w(1 — w)(1 + w?)
+ s9,82w(1 — w)(1 4 (1 —w)?),

P ({k1,ko} = {A2, A2}) = (1 —s1.v — san —vin — van)(1 —w)? + 51 5(1 — w)?(1 + w?)

+ 5271\[(1 — w)4 +vi,N-
Hence

E[3 (Lp=ar) + Lpo=any) | @ (z,7) = ]
=w+w(l —w)(—s1,yw+ s2.n(1 —w)) —v1yw+ o n(1 —w)

=w — syF(w),
recalling the definition of F in (2.26) and s; v, v; v in (2.25) and that sy = s1, x5 + s2 . Therefore

Et@ﬂ‘ [% (]l{klel} + ]l{k2:A1}) - qi\i (Z) ‘ qt{\[ = q} = @(%7") - q(z) - SNF(@(:C;T»-

It follows as in the proof of Proposition 2.3.1 that (2.39) is a martingale. The result for the variation
process also follows as in the proof of Proposition 2.3.1 (all terms containing either s; x or v; y are
collected in the error term in (2.40)). Note that ¢(") is replaced by p(") in order to account for the
fact that (2.7) is replaced by (2.10). O
Remark. If g were continuous then as r — 0, 02322 (q) = 021=2,9(21)(1 — q(21)) and pg)@ (q) —
%521222(1(21)(1 —q(z1)). The factor of 1/2 represents the doubling of effective population size for a

diploid population compared to a haploid one.

2.3.2 The rescaled martingale problem - Fixed radius case

As at the start of Subsection 2.2.1, let (ex)y>1, (0n) x>, be sequences in (0, 1] decreasing towards
zero, and let F': R — R.

Definition 2.3.3 (Martingale Problem (M1)). Given (en)ys1, (ON)ysy and F, let ny = endy,
™ = E?Vé?v and rny = OnR. Then for N > 1, we say that a Z-valued process (w,{v)tzo satisfies the
martingale problem (M1) if for all ¢ in LV>°(R9),

(w2 8) — () — v [ {2 (w2 £000) — s (FaDm)o) bas - a2

defines a (mean zero) square-integrable martingale with (predictable) variation process

t
TN’LL2V]% /0 [Rd)z (;5(21)(25(22)0’/&’11’\;)2 (wév)dzlest +O (tTN(ssz HQSHE) . (243)
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Remark. Of course, one cannot expect uniqueness to hold for this martingale problem, due to the

unspecified error term in (2.43). In the limit when N — oo, however, the error terms will vanish.

Let (g)),., be defined as at the start of Section 2.2.1. Set w}' (z) = ¢f¥ (z/dn).

t>0

Proposition 2.3.4. For each N, the process (wév satisfies the martingale problem (M1).

)tZO

Proof. From Proposition 2.3.1, we know that, for ¢ € L1 (R%),

t = —
(. 0) = (@' 0) + quR/O {2, 6(R) ~ 6) = sn (F@)(R), 0) } ds + MY (9),
where MY (¢) is a martingale. By a change of variables,
(wy, ¢) = 0% <qi\’, ¢(6”)> , (2.44)

with ¢ (z) = ¢(6z). Also,

6% (a0 (R)) = (w 96w R)) and 6% (F)(R),6™)) = (F(wX)(OnR),¢). (245)

Thus, recalling the definition of the operator £(") in (2.14) and the initial condition ¢} (x) = wo(dn2),

we have

(wyY, ) = (wo, d) + endxuVr /t 21
Lo ’ N o ld+2

(w),£0v03) — s (F(l)(3w ), ¢>} ds

+OR MY ().

Moreover, by a change of variables in the variation process given in (2.33),

(MY (65 = 3PV A t /(Rd)2 b(20)8(22)0 ) o (a))dzrdzads
+0 (t3,6%,0% 613) . (246)
and
O e (02 = O30 0 (),
Hence w? satisfies the martingale problem (M1). O

Proposition 2.3.4 is the main ingredient in the proof of Theorem 2.1. In fact we shall now see
that under suitable conditions on the parameters (en)y~; and (0n)y>;, the function F' and the

initial condition wq, any sequence of processes (th ) satisfying the martingale problem (M1) in

>
Definition 2.3.3 will also satisfy a result analogous tot'_I(‘)heorem 2.1. If 7y is of a smaller order than
nn, w? can be expected to be asymptotically deterministic (on a suitable time-scale), and we can
study its fluctuations around a deterministic centering term. Define fV : R, x RY — R as in (2.15).
Quite naturally, this corresponds to equating (2.42) to zero and making its time-scale fit that of the

limiting process.
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Since the operator £(") approximates the Laplacian as r — 0 (see Proposition 2.7.2), f~ converges

to f: Ry x R = R as N — oo, where f; is the solution of the following equation,

of R?
aTt =uVp (MAJ} - sF(ft)) ; (2.47)
fo = wo.

(See Proposition 2.4.5 for a precise statement.) The following result is proved in Section 2.4.

Theorem 2.4. Suppose that (wfv)po is a E-valued process which satisfies the martingale problem
(M1) in Definition 2.3.3 for some smooth, bounded F : R — R with bounded derivatives of order up

to four and (6n)y, (en)y converging to zero as N — oo. Moreover, suppose
™~/nn = o (637) . (2.48)

Suppose also that wy has uniformly bounded derivatives of up to the fourth order and that there exists

an such that the jumps of (w,fv) are (almost surely) dominated by

t>0

sup [(w,", ) = (wi®, @)| < an lI¢l, (2.49)
for every ¢ € LY>°(RY), with o2, = o (tn/nn). Then

(wé\/rmv) L;]; (ft)tzo (2.50)

t>0 N—oo
in (D([0,T),Z),d) for every T > 0 with d given by Definition 2.1.1. In addition,
Zy = (WN/TN)I/z(wé\/InN -
defines a sequence of distribution-valued processes which converges in distribution in D ([O, 7], S’(Rd))
to the solution of the following stochastic partial differential equation,
2

R /
dzy = uVR[id T QAZt —sF (ft)zt]dt +uVg ft(l - ft) - dWr, (2 51)

20 = 0,
W being a space-time white noise.

Theorem 2.1 is now a direct consequence.

Proof of Theorem 2.1. Recall that (qf");>¢ is defined in (2.11) as a rescaling of (¢;")

Proposition 2.3.4, letting w;" (z) = ¢ (x/0n), (w;i¥

>0 and that by
), satisfies the martingale problem (M1). Also
TN/MN =0 (512\}1) follows from ey = 0(6?\,”), and the bound on the jumps (2.49) holds with ay = eyu

by (2.7). Hence Theorem 2.4 applies and the result follows by noting that wé\/’nN =ql. O

The proof of Theorem 2.4 can be found in full detail in Section 2.4, but, in order to shed some
light on the limiting equations that we obtain and to identify the difficulties in proving this result, let

us outline the first calculations involved in the proof. As in [Kur71], we use bounds on the martingale
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(2.42) to show the convergence of ( wy mv) . When properly rescaled, this martingale converges to
>0

a continuous Gaussian martingale, implying the convergence of the fluctuation process (ZtN ) >0

For ease of notation, we shall set the constants uVz, 2R?/(d + 2) and s to 1 in the definition of

(M1). Let MY (¢) denote TI\_[1/2 times the martingale defined in (2.42). Formally, we can then write
(M1) as

dwl =y £Vl = Fwy) ()| de + 7 *any.

Now set
MY (¢) = MY, (#).

(This Brownian scaling is not surprising since in the SLFVS case M" is essentially an integral against
a compensated Poisson point process, and we expect MY to converge to an integral against white

noise.) Replacing t by t/ny above, we have
dwyy, . = [[’(TN)wt/nN - F(wi]\/]nN)(rN)} dt + (7w /nn) "/ 2dM)Y.

Subtracting the equation

ay = | = PO o) |

and multiplying by (nx/7x5)'/? on both sides, we obtain
azy = [/j(m)ZtN — (nn/7v)"? (F(UJ%N) —F(ftN))(rN)} dt + dM}. (2.52)

Since the function F': R — R is smooth, for k¥ € {1,2} and =,y € [0, 1], we can define the following:

1 k—1
Ri(,y) :/0 (kt_ i F e+ tly = )i (2.53)

Then Ry is continuous and bounded by % ||F (k) ||OO In addition, by Taylor’s formula,

|
—~
8
~—
I
!
<
~
+
£}
|
<
~
oy
—~~
&
NP
[\
<t
>~
~—

F(z) = F(y) + (z —y)F'(y) + (x — y)*Ra(z, y). (2.55)

Substituting the second relation into (2.52) yields

azl = [£00Z) ~ ZNF (V) ) = (o ) V222 Ro (], L T ) ()| dt + i,
In fact, this equality holds in mild form,
t
zN,¢) = LN g — F'(fN)g
(2%.0) = [ (2,20 = P (olrn) ) ds
t — —_—
— (/1) [ (@, Falwl T30 ds+ MY(0). - (256)

(In other words, every step above can be done using the integral form, yielding (2.56).) We can see

MY as a martingale measure and, from a change of variables in (2.43), its covariation measure is
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given by
QN (dz1dzods) = o) (wh), Vdzidzads + O (6%) 6., =2, (dz1dz2)ds. (2.57)

21,22\ Ws/nN

Accordingly, we will sometimes write M (¢) as a stochastic integral (as defined in [Wal86, Chapter 2]),
t
Y @)= [ [ ooy (das)
0 JRre

Note that we have linearised the drift term in (2.42) around the deterministic centering term,
and that the remaining term (where Ry appears) is the error due to this linearisation. The main
difficulty in proving the convergence of ZV is to control this error. At first sight, it would seem that

the factor (1n/nn)'/?

in front of it is enough to make it vanish in the limit. However, some care is
needed in dealing with the quadratic term in the spatial integral. Since Z is going to converge as a
distribution-valued process, its square does not make sense in the limit. The control of this term is
achieved through Lemma 2.4.4, where we bound the square of the average of Z¥ over a ball of radius

ry. It is for this purpose that we require that 7y /ny = o (r?\}i).

Once this is done, we will be in a good position to prove the convergence of ZV. Indeed, as ry
tends to zero, L) ¢ — F’(ﬁ)a(m\/) is well approximated by %Agf) — F'(fs)¢ (see Proposition 2.7.2).
We also prove that M* converges to \/f:(1 — f;) - W; (as defined in [Wal86, Chapter 2]) using the

expression (2.57) for its covariance.

The proof of convergence of ZV follows the classical strategy of proving that the sequence is tight
before uniquely characterising its possible limit points. We are outside the safe borders of real-valued
processes, but the theory presented in [Wal86] provides the main tools needed for the proof of our
result. In particular, the argument relies heavily on Mitoma’s Theorem (Theorem 6.13 in [Wal86]),
which states that a sequence of processes (X;'),~, n > 1 with sample paths in D ([0, 7], S'(R?)) a.s
is tight if and only if, for each ¢ € S(R?), the se_quence of real-valued processes ((X", ¢)),~, is tight
in D ([0, T],R) (see also Theorem 2.6). B

2.3.3 The rescaled martingale problem - Stable radii case

For ¢ € LY*°(R?), and « € (0,d A 2), define the following norm

ol = [ ola)otea) 21 — ol derdz (2.58)
(R4)

Let (en)n>1s (ON) y>1 be sequences in (0, 1] decreasing towards zero, and let F': R — R.

Definition 2.3.5 (Martingale Problem (M2)). Given (en)ysqs (0
and Ty = €3,0%. Then for N > 1, we say that a Z-valued process (w
problem (M2) if for all ¢ in LY>°(R?),

)NZ and F, let nn = end$y
N)i>o satisfies the martingale

(wi', 6) = (wo, #) — 1vu /0 {<w5,D"’%> S {(FOV &>,¢>}ds (2559)
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defines a (mean zero) square-integrable martingale with (predictable) variation process
! 2
v / / L HE)e()ol D) (W) ) dzads + O (o 1617)) (2.60)
0 J(RY)
where, for o) defined as in (2.34),

o0 dr
a,d _ 2 _(r
ol (w) = /zrzzlv(; Vel (W) a1 (2.61)
2
(Note that the remark about uniqueness made after Definition 2.3.3 also applies to the martingale
problem (M2).)
Let (q,{v)po be defined as at the start of Section 2.2.2. Set w}¥ (z) = ¢V (z/dn).

Proposition 2.3.6. For each N > 1 the process (th satisfies the martingale problem (M2).

)t20

Proof. This is proved in a similar way to Proposition 2.3.4. Note that we cannot apply Proposition 2.3.1
directly, since in the stable case, [~ V,?ju(dr) = oo (recall that V, = |B(0,7)|). However, its proof
carries over with small adjustments.

For any ¢ € L (RY),

(a0 = )+ [ [ oV {250~ 0) s (FaI0,0) s + Y (0),

where MY (¢) is a martingale. Using (2.44) and (2.45), it follows that

t 00 _ - d
(¥ 0) = (. 0) e [ [ V] (w0 Bbwr) =) = sw (FQX)6vr).0) } i
+ M (900)),
By the definition of D* in (2.19) and V,.(z,y) in (2.12),
o _ dr
[ Vi@tadvn) (o) i = 55 / / D 60) — oty s

—6aDa6N¢ )

Further, by (2.18),

As a result,

t
(ul',6) = {un,) + et [ {(u Dvg) - (PO @), 0) bds + oM (6000,

0

For the predictable variation process, the term from the second line of (2.36) in the proof of

Proposition 2.3.1 can be bounded by

o0 dr
0wk [ [ ooV ) s dndaa
(R4)? Jo
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We recover the error term in (2.60) since V,.(z1, z2) < Td]l{7,>%‘21_z2‘}. The first term in (2.60) follows
from the definition of o(®") in (2.61). O

As in Subsection 2.3.2, we can now state a general result for a sequence of processes satisfying
(M2) which implies Theorem 2.2. Let fV be defined as in (2.22) and define f as the solution to

Of: _ ap _ sVi
i u(D” fy = EF(fr)), (2.62)
Jo = wo.

The following result is proved in Section 2.5.

Theorem 2.5. Suppose that (wiv)po satisfies the martingale problem (M2) in Definition 2.3.5 for
some smooth, bounded function F : R — R with bounded first and second derivatives and (dn) v,

(en)y converging to zero as N — co. Moreover, suppose
™~ /1N = o (63") . (2.63)

Suppose also that wg has uniformly bounded derivatives of up to the second order and that there exists

an such that the jumps of (th) are dominated by

t>0

sup [(wi¥, ¢) — (wY, ¢)| < an [0,
t>0

for every ¢ € LY>°(R?), with o3, = o (tn/nn). Then

wly L)
t/nN t>0 N—oo t t20

in (D([0,T),Z),d). In addition,
ZN = (nn /) 2 (w]y, o = 1Y)

defines a sequence of distribution-valued processes which converges in distribution in D ([0, 7], S’(Rd))

to the solution of the following stochastic partial differential equation,

“ (2.64)
20 = 07

{ dzy = u[D%2 — A F'(f)z)dt +u - AW
where W is a coloured noise with covariation measure given by (2.24).

Theorem 2.2 is now a direct consequence.

Proof of Theorem 2.2. Recall that (qj");>¢ is defined in (2.17) as a rescaling of (¢;")
Proposition 2.3.6, letting wi¥ (z) = ¢¥ (z/N), (th)t>0

/1N = 0 (63%) follows from ey = 0(6%), and the bound on the jumps (2.49) holds with ay = eyu

>0 and that by
satisfies the martingale problem (M2). Also

by (2.7). We conclude by applying Theorem 2.5 to wg\/’nN =ql. O
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The proof of Theorem 2.5 will make use of the same ideas as in the proof of Theorem 2.4 and, to
improve readability, the steps of the proof which are most similar to those in the Brownian case will

be dealt with more quickly, going into details only when the two arguments differ.

2.4 The Brownian case - proof of Theorem 2.4

As in the sketch of the proof in Subsection 2.3.2, for ease of notation, we shall set the constants uVg,
2R?/(d+2) and s to 1 in the definition of (M1). Recall the expression for (Z{", $) in (2.56); the next
subsection shows how time-dependent test functions can be used to write (Z", ¢) as the sum of a
stochastic integral against a martingale measure and a non-linear term. Subsection 2.4.2 will provide
a bound on this quadratic term using a Gronwall estimate. We can then prove the convergence of the
process (wtl\/["N)tzo to (ft)s>( in Subsection 2.4.3.

The following result is used to reduce the convergence of distribution-valued processes to the
convergence of a family of real-valued processes; it is a direct corollary of Mitoma’s theorem [Wal86,
Theorem 6.13].

Theorem 2.6 ([Wal86, Theorem 6.15]). Let (X")n21 be a sequence of processes with sample paths
in D ([0,T],8'(RY)). Suppose

i) for each ¢ € S(R?), (X", 0)),>1 is tight,

ii) for each ¢y, ..., ¢ in S(RY) andty,. .. ty in[0,T], the distribution 0f(<Xt”1 , <;51> Yy <ng€,¢>k>)

converges weakly on R*.

Then there exists a process (Xt),>, with sample paths in D ([0, 77,8 (RY)) such that X™ converges in
distribution to X.

In order to apply this result to the sequence of distribution-valued processes (Z N ) N>1» We need
to check that the two conditions (i) and (i) are satisfied. The first one is proved in Subsection 2.4.4,
thus implying the tightness of the sequence by Mitoma’s theorem. Subsection 2.4.5 deals with the
convergence of the martingale measure M (again as a distribution valued process, so this subsection
will use Theorem 2.6). Finally condition (i) is checked in Subsection 2.4.6.

In this section, in order to simplify the notation we often drop the sub- and superscripts N when
there is no ambiguity; for instance, £ should always be read £("), with » = ry, and wi\/’n should be
read wt Inn

2.4.1 Time dependent test functions

Fix ¢ € S(R?). We consider time dependent test functions ¢ : R? x {(s,#): 0<s<t<T} = R
such that (with a slight abuse of notation) ¢(s,t) € L>(R?) for all 0 < s < t and ¢ is continuously

differentiable with respect to the time variables. Let us recall equation (2.56):

(70) = [ (2206000 = B Totrm)) ds

~ (r /nx)* /Ot<< M2 Ro(wl, | TT)B(rn) ) ds + M (6).
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Adapting Exercise 5.1 of [Wal86|, we obtain that for any time dependent test function ¢,

(2 ott.0) = [ (200006, + Lp(s,0) ~ F DRG0 ) ) ds
0

— (7 1/2 t ZN)2 Ro(wh,  fN)o(s, t)(r S t xS, N(dxds). .
(o) [ (NP o TRl 0w )it [ [ ol )da¥ (dzds). (269

(To see this, use (2.56) to get an expression for (ZY,d,¢(s,t)) and integrate over s, using Fubini’s
theorem, then apply (2.56) again with ¢ = ¢(t,t); see also Theorem 2.6 in [Wal86].) Suppose then
that o solves

05" (z,5,1) + L7 N (2, 5,8) — F/(fN)pN (s,1) (2, 7i) = 0,

(2.66)
N (x,t,t) = ().

Equations (2.65) and (2.56) then yield

t t
(2¥.6) =~ /) [ (@ Ralwl], VN0 ds [ [ s, )M (dds),
0 0o JRrd
(2.67)
Here we see that in the special case where F' is linear, Ro = 0 and it remains to prove the convergence

of the stochastic integral of ¢ against the martingale measure M*. Define ¢ as the solution to

Duplir, 1) + 3 Dp(a, 5.1) — F'(fo(a)) i, 5,1) = 0,

(P(mv t,t) = ¢($)

(2.68)

For a multi-index 8 = (B, ...,84) € N&, let |8] = B1 + ...+ Bq and for g : R? — R, let the derivative
with respect to 3 be given by dgg(x) = —5—7=g(x1,...,24q).
ozt ..oz

Lemma 2.4.1. Fiz T > 0 and take ¢ € S(R?). There exists a unique solution Y to (2.66) in
LR x {(s,t) : 0 < s <t < T}) which admits spatial derivatives of order up to four. Moreover, for
any multi-index B with 0 < |8] < 4,

sup HBBQON(s,t)Hq < 00 and sup |l¢(s, t)]l, < oo (2.69)
0<s<t<T 0<s<t<T

for all g € [1,00].

A proof of this lemma is given in Section 2.9. The following lemma, whose proof is also given in

Section 2.9, shows that ¢ converges to ¢ as N — oo and provides uniform bounds on dgp?.

Lemma 2.4.2. For T >0, ¢ € S(RY), there exists a constant Ky such that, for all N > 1 and for
q€{1,2},

sup 0™ (s,) — (s, 0|, < K1k
0<s<t<T

In addition, there exist constants Ko and K3 such that, for any multi-index 5 with 0 < |B] < 4, for
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all N > 1,

sup |[|™ (s, 0)|, < Kz l9l, , and sup [|9p¢™ (s, 1)|, < K.
0<s<t<T 0<s<i<T

and Ko does not depend on ¢.

We shall see in Subsection 2.4.5 that M™ converges weakly in D ([0, 7], S’(R?)), and hence in
Subsection 2.4.6 (using results of [Wal86]) that the second term in (2.67) converges. However, in the

general case where F is not linear, the first term in (2.67) has to be controlled.

Remark. Recall the definition of Ry in (2.54); coming back to equation (2.56), and using (2.54)
instead of (2.55), we write

(20 [ {(ern2Y 8) ~ (ZF Rauy .0 ) ds + / t [ 6)M (dyds).

Then by the same argument as for (2.65), for a time dependent test function e,

(2 pttt) = [ (22, 0up(o )+ £V l5.0) = Raly TVl 0w ) ds

' N
+/0 /Rdnp(x,s,t)M (dzds). (2.70)

It is tempting to try to define " as the solution to

GSSDN(I, Sat) + E(TN)QON(L Svt) - Rl(wsj\;naﬁ)wN(sat)(zer) =0,

@N($7t7t) = ¢($)

In this way, we would get rid of the first integral in (2.70). However, in this case, s — o™ (-,s,-) is
not adapted to the canonical filtration of our process and the stochastic integral with respect to the

martingale measure MY is not well defined.

2.4.2 Regularity estimate

The following result is an easy consequence of the definition of M™Y.

Lemma 2.4.3. There exists a constant K4 such that for all ¢ € L*((0,t) x R?),

(/Ot y %(x)MN(dxds))Z] <K4/0t b2 ds.
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Proof. From the definition of Q@ in (2.57) and the definition of 02:?22 in (2.34), letting r = ry,

(/ . ¢s<x>MN<dxds>)2]

/ / ay Zl ¢s ZQ)Uzl z2( S/n)dzleQdS
R

E

=E

+0(6N / |¢s||2ds)

| o Tt (o) N el it 0 (% [ o)
0 J(®?Z Vy 0

|z—z2|<r

2
t
/ / ( [ e dz) duds + O (6% / qssu%ds)
R4 B(z,r) 0
< & [ JoulRas.
0
(We have used Jensen’s inequality in the last line.) O

For t > 0 and € R?, let

_ —d/2 _@
Gi(z) = (2mt) exp 5

be the fundamental solution to the heat equation on R%; ¢ + Gy * ¢ is then the semigroup of standard

Brownian motion. Then f; as defined in (2.47) satisfies

fi(2) = Gy wola /Gts*Ffs()

Likewise, for 7 > 0, recall the definition of £(") in (2.14) and let ( (T)) be a symmetric Lévy
t>0

process on R? with generator ¢ — LM ¢. Let ¢ — Gtr * ¢ be the corresponding semigroup. Note
that since 55” = 0 with positive probability, Ggr) is not a well-defined function, but we do have
x Ggr)(z,r) € L1>°. Then fV as defined in (2.15) satisfies

N @) = G (@) — [ G s BT (a)ds. (271)
0

The following provides a bound on the second moment of ﬁ, which allows us to control the
quadratic term in (2.67). Note that z — Z}N (z,ry) is a well defined function (despite the fact that
wi\/[n is only defined up to a Lebesgue-null set).

Lemma 2.4.4. ForT > 0, there exists a constant K5 > 0, independent of N, such that for0 <t < T,

Ks
‘/TN .

sup E {W(x,m\;)ﬂ <
z€ERY

The proof of this result mirrors that of Theorem 1 in [Nor75a], although it is more technical

because of the Laplacian and the various spatial averages.

Proof. We take r = ry, n = ny and £ = L") throughout the proof. Use equation (2.70) with the
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time-dependent test function ¢(s,t) = Ggi)s * ¢, yielding

<Z§V,¢>>=—/Ot<0“ « (2N Ru(w]),. 1)) ds+// G+ o(y) MY (dyds).

Now take ¢(y) = %1{|z,y|<T}, and use Proposition 2.7.1 in Section 2.7 to obtain

7w =- [ 60« (TRl ) ) s+ [ [ d@(wy)MN(dyds)

Y A o S G ( N (duds
== [ ] G = 0 Z ) Rl o). T s + / [ Gt = ayas).

We now want to apply Gronwall’s lemma, but the last term must be controlled carefully. Taking the
square of both sides and using (a + b)? < 2(a? + b?), we have

P ( / t [ 600 0 ZF R @, ),

2

§<y>>dyds)

+2 </0t /Rd G (z - y)MN(dyds)>

By Jensen’s inequality (and noting that [p, Ggr)(x)dz = 1) and the bound ||Ri[| < & ||F(’“)||Oo

from (2.53), we have

2

2

- t f—— - t -
Zap <2 [ [ 600l Z8 G s w2 ([ [ 6w s
0 0 d

Taking expectations on both sides and using Fubini’s theorem, we obtain

B[7F ) <2iF, [ [ @l

[ N(y) }dyds

(f t |60 y)Mwads))Q] .

+2E

From Lemma 2.4.3, we have

EK/ RdG&’l(w—y)MWyds)Q] < [ 6w - s
_K4/ /RdEO [V (o (wy)‘q}rdyds

2
<xif 5| [ (o) o]

Ky
—t. 2.72
=7 (2.72)

(Eo [-] denotes the expectation with respect to the law of (f,@) started from the origin.) In addition,
>0
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we note that E {@(y)ﬂ < Sup,cpe B {@(m)z] and, combined with the fact that [, G\ (2)dw = 1,
this yields

— t
—5 K
E 27 (2)?] <2t ||F’||(2,o/0 sup E 28 ()| ds + 257
S r

The right hand side does not depend on z, so we can take the supremum over = € R? on the left and
write for 0 <¢ < T

t
- _ K
sup B 27 (2)?] < 2T ||F'||§o/ sup B [Z8 (2)?] ds + 25T
0

zERY r€Rd r

For each N > 1, for any ¢ € [0,7] and = € R%, ZN (z) < (1 + SUPyeo,7] HftNHOO)(nN/TN)1/2 < 00
by Lemma 2.2.1. As a result, t — sup,cps E [ﬁ(z)ﬂ is bounded on [0,7]. Hence we can apply
Gronwall’s lemma (see e.g. Theorem 5.1 in [EK86]) to deduce that

S K 2 K
sup E {ZtN(x)ﬂ < 274T62Tt||F [ < 2

R4 I r

2.4.3 Convergence to the deterministic limit

The following result, proved in Section 2.8, shows that f converges to f.
Proposition 2.4.5. For T > 0, there exist constants K¢ and Ky such that, for all N > 1,
sup |[fi" — fill o < Keri,
0<t<T

and for all multi-indices B € N¢ with 0 < |3| < 4,

oMl < K.
oi‘ZETH 5 || < K7

We are now in a position to prove the first statement of Theorem 2.4, namely the convergence of

the process (wi\/]nN)tZO' We are going to prove the following lemma.

Lemma 2.4.6. For T > 0, there exists a constant Kg such that for all N > 1 and for any function
¢ satisfying ||¢[|, < 1 and max|g—2 |0, < 1 for g € {1,2},

IE[ sup \(Zgw))\] < Kg. (2.73)
0<t<T

Before we prove Lemma 2.4.6, we show that it implies the convergence of (wi\;n> . We can
0

>
choose a separating family (¢,),,~, of compactly supported smooth functions satisfying ||¢,, | <1
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and maxg|—s [|0s¢n |, < 1 for ¢ € {1,2}, and define d as in (2.4) using this family. Then

B| s dlly )] < X o {B| s [(ulfyion) = N6 + s [(4700) = thnll

0<t<T

1
<> 5 {(m/mv)”?E [0;% \<Z§V,¢n>|} o 1 - fill Il¢n||1}

1
<> on {KS(TN/UN) /2 4 K67"N} = Ks(mn /nn)"? + Ker,

n>1

where the last line follows by Proposition 2.4.5 and Lemma 2.4.6. The right-hand-side converges
to zero as N — oo, yielding the uniform convergence (on compact time intervals) of (wi\;w)tzo to
(ft);>0, the solution of equation (2.47). Note that, as soon as d > 2, r%; is the leading order on the
rightihand—side (see (2.48)).

Proof of Lemma 2.4.6. We are going to make use of (2.56) and apply Doob’s maximal inequality
to the martingale part. Let us first show that there exist two constants K and K’ such that, for
t € 0,77,

- 1/2
E[[(2N, o)) < K ol + KL (2.74)

TN
(From now on we shall write 7 = 7y, n = ny and r = ry). Indeed, taking the expectation of the

absolute value of both sides of (2.67) and using Lemma 2.4.3, we have

(D)) ds + (K4 /O ngN(s,t)H;ds>

1 (7'/77) 1/2
< 5 I o KT — K l6ly + Ky P T2 6l

1/2

B (2. 0)) < 5 1#1 [ (B[],

IN

where we used Lemmas 2.4.4 and 2.4.2 in the last line. We have thus proved (2.74). Recalling (2.56)
and the notation M} (¢ fo Jga (@) MN (dzds), we write

sup |<Z§V,¢>|</OT]<Z£V,£¢>—F'<J“§V>¢>\ds+ 1F" oo (T/n)1/2/0T<(Z§V>2,!¢I>d8

t€[0,T
+ s[u}zp] |MtN(¢)| )
telo,

Taking expectations on both sides, we use Lemma 2.4.4 and apply (2.74) with ¢ replaced by
Lo — F'(fN)é to write

(r/m*/>
E Aris

T

T
sup (2 ,¢>!] /0 {K(||£¢|Iz+IIF’IIQOII¢||2)+K’

t€[0,T]

UL6], + 1l ¢||1>} ds

1/2
1 T 2
1P 5 T g 8 | |MtN<¢>|] - @)
t€[0,T]
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By Doob’s inequality and Lemma 2.4.3,

2
E| sup |MY(9)| | <4KLT |05

te[0,T]

Furthermore, ||£o||, < %42 max 3] by P ition 2.7.2.i in Section 2.7, and /0
’ S "2 161=2 1950, by Proposition 2.7.2.i in Section 2.7, an v
tends to zero as N — oo due to assumption (2.48). Hence, if [|¢|[, < 1 and maxg—2 [|93¢|, < 1 for

q € {1,2}, the right-hand-side of (2.75) is bounded by some constant independent of N and ¢. [

2.4.4 Tightness

To prove that the sequence (ZN)N>1 is tight in D ([O, 7], S’(Rd)), we adapt the argument from the
proof of Theorem 7.13 in [Wal86].

Proposition 2.4.7. For any ¢ € S(RY), for any arbitrary sequence (TN, pN) N>y such that Ty is a
10/ with values in [0,T7] for

all N and py is a deterministic sequence of positive numbers decreasing to zero as N — oo,

stopping time (with respect to the natural filtration of the process (ZtN)

<Z'1]"VN+pNa ¢> - <Z”{FVNa¢> —0 (276)

in probability as N — co.

By Aldous’ criterion ([Ald78] and [Wal86, Theorem 6.8]), Proposition 2.4.7 together with
> 18 tight in D ([0, T, R)
for any ¢ € S(R?). In turn, Mitoma’s theorem [Wal86, Theorem 6.13] implies the tightness of
(2V) s, D ([0,7],8'(R)).

The proof of Proposition 2.4.7 requires the three following lemmas (the first two are proved in
Section 2.9). Extend ¢V to R? x [0, T]? by setting, for s,t € [0, 7],

Lemma 2.4.6 imply that the sequence of real-valued processes (<ZN , ¢>)

N (x,5,t) = N (x,5 N, 1). (2.77)

In other words, for s > t, ™ (s,t) equals ¢.

Lemma 2.4.8. For T > 0, there exists a constant Ky such that, for all N > 1 and for q € {1,2},
Vs, t,t' €[0,T], |o™(s,t") — @N(s,t)Hq < Kglt' —t|.

Lemma 2.4.9. For T > 0, there exists a constant Ko such that, for all s € [0,T],

< Kio.
1

sup |@™ (s,1)]
t€[s,T)

Define T
VN :/ / oM (x, s, t)MN (dads).
o Jre

Lemma 2.4.10. For T > 0 and for any 0 < 8 < 1/2, there exists a random variable Yy such that

Vt,t/ € [OvT]a |‘/t{V - ‘/;N’ <Yy |tl - t|B ) (278)
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almost surely, and E [Y]%] <’ for all N > 1.

Proof. By Lemma 2.4.3 and then Lemma 2.4.8,

E [|Vt VN’ </ /Rd (z,s,t) cpN(x7s,t))MN(dxds)>

T
<t [ e 0) e s
0

< (Ko)*TK4 |t —t*.

The result follows by Kolmogorov’s continuity theorem [Wal86, Corollary 1.2]. O

Proof of Proposition 2.4.7. We are going to treat each term in (2.67) separately. The first one
converges to zero in L', uniformly on [0,T], as a consequence of Lemma 2.4.4. The second one is
dealt with as in [Wal86, Theorem 7.13]. From (2.67), write

T~ , L

(28 ) = (Z800) = (/i) V2 [ (@R, R, TP ) ) s
_(r 1/2

(rw /) [

TN+pN
+ (Vi s pn — Vi) / o(z)MN (dzds).  (2.79)
Rd

TN+pN _
((ZX)2 Ra(wl,, XV (s, Tn + pn) ) ds

Let us deal with each term separately. The first two are similar so we need only consider the first

one. Since inside the integral s < Ty < T, |V (s,Tn)| < SUDyels 7] | (s,t)| and we have

TN 1 T R -
[ <1 [ (@2 s TG0 ) ds.
0 2 0 tels,T]

Taking the expectation on both sides, we get

d

ZE), Ra(w, TR)eN (5, Tn) ) ds

|<

T R— F—
IE” ] / <E (ZF)2] . sup |soN<s,t>|>ds
0 tels,T)

DN =

Tn
@ e TP T s

1 Ks [T
<1 [ | s [0 s
rN JO te[s,T) 1
1 K
Z\EF" 2.80
< 5 1E Vi (2.80)

where the second line follows by Lemma 2.4.4 and the third line follows by Lemma 2.4.9. Recall
that we assumed in (2.48) that 7 /gn = o (r3?); hence the first term on the right-hand-side of (2.79)

converges to zero in L'. By Lemma 2.4.10, we have, almost surely,

Vit = Vi < Yuoi"
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Taking the expectation of the square of both sides, we write
2 1/2
B[V, — VALI] < O

Hence the third term converges to zero in L? and in probability as N — co. Finally, since Ty is a

TN+pN 5
/ 16|12 ds
Tn

2
< Kqll9ll5 pN-

stopping time, we can apply Lemma 2.4.3 to the fourth term,

2
TNn+pnN
E ( ¢(x)MN(d:cds)> < K4E
TN ]Rd

This concludes the proof of Proposition 2.4.7. O

2.4.5 Convergence of the martingale measure MV

The next step is to show that the martingale measure M* converges weakly in D ([0,77],S’(R))
as N — oo to M, where My = +/f:(1 — fi) - Wy is a stochastic integral (as defined in [Wal86,
Chapter 2|) against the space-time white noise W and f is the solution of (2.47). We will naturally
use Theorem 2.6, along with the following result on convergence to Gaussian martingales (which is a
consequence of Lévy’s characterisation of Brownian motion).

For any R%valued cadlag process (Y1), define AY; =Y; —Y,-.

Theorem 2.7 ([JS03, Theorem VIII 3.11]). Fiz T' > 0 and suppose (X¢);>q = (XE ., X0 is a
continuous d-dimensional Gaussian martingale and for each n > 1, (th)tzo = (Xt”’l, e ,th’d)tzo

18 a cadlag, locally square-integrable martingale such that

(i) |[AX]| is bounded uniformly in n for all t, and sup,<p [AX]| H%O 0.

(ii) For eacht € QN [0,T], (X™, Xx™7) 5 (X' X7) .

n—oo

Then X™ converges in distribution to X in D([0,T], R?).

In our setting, the limiting process (M¢(¢)), is a continuous martingale with quadratic variation

@), = [ [ owPh) - fw)dads.

(See [Wal86, Theorem 2.5].) Since this quantity is deterministic, (M¢(¢));>, is Gaussian, and we can

apply the result above. The following lemma is then enough to conclude that MY converges to M.

Lemma 2.4.11. For any ¢ € S(R?),

i) For allt >0, ‘AMtN(qﬁ)| < K for some constant K, and supg<,<p |[AMN (¢)] 0.

N —o0

ii) For cach t € [0,T], (MN(9)), 2+ (M(¢)),.

N—oc0

Indeed, by polarisation, we can recover (M™ (¢;), MN(¢j)>t from (MM (¢; + ¢j)>t and (M (¢;
—¢i))t, and (ii) of Theorem 2.7 is satisfied by vectors of the form (MY (¢1),.. ..M (¢p))t>0-
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As a result, for any ¢1,...,¢, in S(R?), (MM (¢1),.. .,MtN(¢>p))t>O converges in distribution to
(My(¢1), ..., Mi(¢p)),5o in D ([0, T],R?). In particular, for any ¢ € S(R?), (MN(¢))N>1 is tight,
and MY satisfies the assumptions of Theorem 2.6, hence MY converges in distribution to M as
N — o0 in D ([O,T],S’(Rd)).

Proof of Lemma 2.4.11. By the definition of M (¢),
M (¢) = MY (¢) = (2", 6) — (27, )
= (/)" (s 0) = (0 1 0))

The bound on the jumps of (wy, ¢) in (2.49) implies

sup [AMYN (¢)] < (/)2 sup [(wl — w,Y, ¢)|
t>0 >0

<an(nn/mn)72 9l -

But we have assumed that a3, = o (7 /nn), so (i) is satisfied. To prove (ii), recall from (2.57) that

t
(@)= [ [ ool edeads +0 (s¢1015).

The rationale here is to show that the main contribution to this term comes from the diagonal

{(21,22) : 21 = 29} when ry — 0. From the definition of o("¥) in (2.34), letting r = ry,

21)(22)0 )., (Wl )= ZQ:L 21) (22 wN_ (2)(1 — w) 21 —wl (29
/(Rd)2¢< Do) 10, ordzs = /(Rd)3¢< (e ()1 — w ()L — 0 (22)

+(1- wi\'/n(x))wsj\;n(zl)wév/n(zg)]]l{|Zl_$‘<r}dxdzldz2.

|zo—z|<r

Changing the order of integration gives

2 N
/(Rd)2 d(21)p(22)0l) (wh), )dz1dz = <wS’\}n7 <¢(1 - wé\’/n)) > + <1 —wl,, (qb wév/n> > . (2.81)
We are left with showing that the right-hand-side of (2.81) converges in probability to

<fS7 (¢(1 - f‘?))2> + <1 - fsa (¢fs)2> = <f9(1 - f$)7¢2> .

To do this, we first justify that ¢ can be let out of the average, we use Lemma 2.4.4 to argue that we

N
s/n
know from Proposition 2.4.5 that f¥ converges to f. First note that

can replace w™, by fN, then the regularity of fIV allows us to remove the averages and finally we
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Since 0 < w(y) <1 a.e., we have

[Fu(z) - pla)m()| < —

d
1
6(y) — 6(z) | dy < — / 106l Iy — ] dy.
Vr B(z,r) Ve B(x,r) ;

Hence
6w — 6w, < dry max]26]l..

As a consequence,
<17@a (%)2> - <17w7¢2@2> <17 (,ZS"UJ ¢w)(¢w+¢w)>

(1=, (pw)?) = (1 —w,¢"w")| <
< 2d |9, v max 96|l

By the same argument (replacing w by 1 — w), we can also let ¢ out of the average in the first term

on the right-hand-side of (2.81), and the problem reduces to showing the convergence of

(0l 0?1 = wl )+ (1-wl,, ¢2wsfv/n2> = (w, (1= wl ). 6%).

We now see that it is enough to show that uniformly for s € [0, T7,

supEst/n x) — fb(x)H — 0.

z€ERd N—oc0

But, by the triangle inequality,
wh, 1/2m | 7N ()2 1/2 N
é/n( z) = fs(x )H < (r~n/nn)"/“E {Zs (x) ] +‘fs _

(v /nn)?

v,

B [

Sl PR A
o0

d
< K5? o+ 5Ky + Kord.

(We have used Lemma 2.4.4, Proposition 2.7.2 in Section 2.7 and Proposition 2.4.5.) Note that this

bound is uniform for s € [0, 7]. The right-hand-side converges to zero as N — oo (due to assumption

(2.48)), providing the desired result. From all this we conclude

Rd

/(Rd)2 ¢(21)¢(22)Ugfvz)2( s/n)dmdzz —>OO ()2 fo(2) (1 — fo(z))dz

uniformly for s € [0, T], which gives us (ii). O

2.4.6 Conclusion of the proof

We are almost done. We have proved that the sequence of processes (Z N ) N> Is tight, and we need

only characterise its potential limit points. Recall the following expression for <ng , ¢> from (2.67):

(ZN.¢) = TN/T,N)W/O <(@)2,Rg(w§/n,@)w(s,t)>ds+/0 /R PN (@, 5,0) MY (dwds).

RAPHAEL FORIEN 95



STRUCTURE SPATIALE DE LA DIVERSITE GENETIQUE

The first term converges to zero in L' from (2.80). Also,

t t
/ / oM (x, s, t)MN (dzds) — / / o(x, s, t) MY (dzds) LN 0,
o Jrd o Jre N—roo

since, from Lemma 2.4.3 and Lemma 2.4.2,

(/ /R (z:2.1) “D(x’s’t>)MN(dIds)ﬂ = K /OtHsoN<s,t)—¢<s,t)H§ds

< KiTKyry.

For ¢1,...,¢, in S(RY), let ¢1,...,p, be the corresponding solutions of (2.68) with ¢ = ¢;. Since
we showed in Section 2.4.5 that MY converges weakly to M, by [Wal86, Proposition 7.12|, for
tl,...,tp (S [O,T],

t1 tr
(/ / o1(x, 8, t1)MN (dzds), / / or(z, s, tr) MN(dxds)>
0 Rd Rd
t1 th
(/ / v1(x, s,t1)M(dzds), / / or(z, s, tg) (dxds))
N—)OO Rd R

)N>1. By Theorem 2.6, (ZtN)

converges in distribution to a distribution-valued process (z;),~, given by

(zt, ¢ / / (z,s,t)M(dzds), (2.82)
Rd

where ¢ satisfies the backwards heat equation (2.68) with terminal condition ¢,

This uniquely characterises the potential limit points of (ZN >0

Duoli,5,6) + 58l 5,0) — F'(f()p(zy,1) =,
@(xvtvt) = ¢($)

It is an easy exercise to prove that z; satisfies
t 1 t
o) = [ (sugho-riraoydst [ [ otwnasas (2.83)
0 0o JR4

(See the proof of [Wal86, Theorem 5.2|.) In other words, (2¢), is the (mild) solution of (2.51) (recall
that My = /f:(1 — f;) - W;) and Theorem 2.4 is proved.

2.5 The stable case - proof of Theorem 2.5

Turning to the proof of the central limit theorem in the stable case, we warn that its overall structure
is the same as that in the Brownian case. Whenever the details of the argument are exactly the same
as previously, we simply mention intermediate results without detailing their proof. Some steps need

a different treatment however, and we explain those in more detail. To simplify our formulas, we use
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the following notation:
an by IdK >0:Yn>1, 0<a, < Kb,. (2.84)

The specific constants can always be retrieved from Section 2.4 or from a trivial calculation. Also as
in Section 2.4 we set the constants v and (sV1)/a to 1 in the martingale problem (M2) defined in
Definition 2.3.5. Let us write (M2) as

dw =y (D@ wl — O ()] dt + 7/ 2anay.

Recall that ZN = (nN/TN)l/Q( Wy p — JY). Setting M} (¢) = 7711\//2MN

t/ny (@) and using the definition
of FOON) in (2.18), we have, by the same argument as for (2.52),

dzlN = {D""‘;NZtN —alny/mn)? /loo (F(@) - F(F))(am) dr } dt +dM}N. (2.85)

Using the definition of Ry in (2.55) as for (2.56), one obtains (in mild form)
t S [ — dr
<ZtN,¢>>:/ <ZSN7Da,6N¢_a/ F'(fN)p(dnT) CY+1>ds

() [

and the covariation measure of M is given by

N (oxr))?, Bafl TVB(0nm) ) o ds + MY (6), (286)

QN (dz1dzods) = (oL70N) (wl),)) + |21 — 22| O (8%))dz1dzads. (2.87)

Zl z2

2.5.1 Time dependent test functions

Note that the analogue of (2.65) holds in the stable setting, that is, for any time dependent test
function ¢, by (2.86) and the same argument as for (2.65),

(2" (t,1)) /<Z Bsp(s,t) + DN (s, 1) /:OF/( N)o(s, ) (6x7) g:1>d8
(& )é [ @ Gy maary, T )

' N
+/0 /]Rdgo(x,s,t)M (dzds). (2.88)

For ¢ € S(R?), suppose " solves

0.6 (@5.) 4 D" N (ws.t) — o [ PP 0, br) oty =
1 re

(pN(:E7t,t) = (;5(1')

(2.89)
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By (2.88), we have

<Z§,¢>=—(g)l/2a/0t/1°°<(

Zév((SNr))27RZ(wé\;naﬁ)@N(S,t)(éN’r)> %ds
+/t/ oM (z, s, t)MN (dzds). (2.90)
0 JR4

We are thus left with finding a suitable way to bound the first term above and showing the convergence
of the stochastic integral against M. The convergence of the martingale measure M* is going to
involve slightly different calculations compared to the previous case as the limiting noise is not a
space-time white noise. The convergence of ¢, however, is proved in a similar way to before. For
¢ € S(R?), define ¢ as the solution to the following

{ Osp(a, 8, t) + Dp(w,8,t) — F'(fs(2))p(z,5,t) =0 (2.91)

oz, t,t) = ¢(x).
Lemma 2.5.1. Fiz T > 0 and take ¢ € S(RY). There exists a unique solution N to (2.89) in

L>®(R? x {(s,t) : 0 < s <t < T}) which admits spatial derivatives of order up to two. Moreover, for
any multi-index 8 with 0 < || < 2,

sup H@ggpN(s,t)Hq < 0o and sup |le(s, )|, < oo (2.92)
0<s<t<T 0<s<t<T
for q € {1,00}.

The proof of Lemma 2.5.1 is a straightforward adaptation of that of Lemma 2.4.1. The following

lemma, whose proof is given in Section 2.9, provides the convergence of ¢ to .

Lemma 2.5.2. For T >0, ¢ € S(R?) and for q € {1,00},

sup H(pN(s,t) — gp(s,t)Hq < 5?\‘,/\(270‘).
0<s<t<T
In addition, for 0 < |8] < 2,
s [lo™ (s, < ol and swp_[|059¥ (5,0)]|, S 1.
0<s<t<T 0<s<t<T

2.5.2 Regularity estimate
Let us first state the following L? bound for the stochastic integral.

Lemma 2.5.3. For 0 <t <T and o < d, suppose ¢; : R — R is in L1 (R%); then

E t b5 (x)MN (dzds) 2 < t . |ds(21)] \¢5(22)|(5N\/@)*adzldzzds (2.93)
[(/0 Rd )1 /(3/(Rd)

t
S [ 161l + loxl1)ds. (299
0

The proof uses the following lemma, which is proved in Section 2.9.
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Lemma 2.5.4. For a < d, then for f,g € LV (R?)

A%

< £l (= llglloe + llgll)-

/(]R")2 f(21)g(22) |21 — 22| “ dz1dz

Proof of Lemma 2.5.3. From the expression for the covariation measure in (2.87),

E[( I @(x)MN(dxds))Q] —=|[ JRC Nt 6/n>dz1szds]

t
+ O (0%) / / Ds(21)0s(22)|21 — 22|~ ¥dz1dzads.
0 J(Rd)?

But, by the definition of ¢(®%) in (2.61),

s °° dr
|JZ1’722 (w)| < s VT(Zla 22) pdt+a+l

[21—22]
VT

<V o dr
~ 1 |z1—22| patl
oV

21 — 20|\ ¢
<[V —
(vlsal)”

yielding (2.93). Since (6y v 21522y~ < (222221)~a Hipequality (2.94) is obtained from (2.93) and

Lemma 2.5.4. O

Let G (resp. g(aﬁ)) denote the fundamental solution to the fractional heat equation with
the operator D (resp. the fractional heat equation with the truncated operator D*?). Then the

centering term f% as defined in (2.22) can be written as
@) =G s nlo) ~ [ G s O . (295)
Likewise, using the definition of f; in (2.62),
folx) = G wwo(x / Qt (z)ds.

We now prove the following counterpart of the regularity estimate (Lemma 2.4.4), which allows

us to bound the quadratic error term in (2.90).

Lemma 2.5.5. FixT > 0; for0 <t <T,

E[ﬁ 6 2} <
[ s [E o] i 5 g

Proof. From (2.85) and the definition of Ry in (2.54), we have

t adn X dr t
20y = [ (28000 —a [T R e Yas+ [ [ o s
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By the same argument as for (2.65), for a time dependent test function ¢,

t [e’e] — d
(2 oit.0) = [ <z;v7asgo<s,t>+Da»%<s,t>—a / Rﬂwﬁwﬂv)w(s,w(w)?&@ds

+ /Ot /Rd o(x, s,t)MN (dzds).

Applying this with p(z, s, t) = t(f’séN) x ¢(x) yields

aN dr
t
[ G o) dyas).
0 JRre

Now we take ¢(y) = VLR]I{\x—yKR} to obtain

— d
75 (0. R) ﬂ// OV R) « ZN Ryl T (0wr)) (2) -5 ds

t
[ 6w = g my Y )
0 R4

Repeating the same steps as in the proof of Lemma 2.4.4 and using Jensen’s inequality, we get

aon) — 2 dr
(ZN x, R) <a/ / - Qt gl (r —y,R,0NnT) (Zév(yﬁNr)) dyTHds

+(/0 G y7R>MN(dyds>)2-

Using the first inequality of Lemma 2.5.3 and bounding (61\7 \% @) by dy“, we have, for
0<t<T,

EK /Ot G (a y,R>MN(dyds>ﬂ < o5 / ( / G )dy)st

<63

As a result

N( (aé ) N 2, dr —a
E {(Z x, R ] / / ]Rdg "z —y,R,onT)E |:(Z§N(y,5]\]7’)) }dyraﬂderc;N )

Taking the supremum of E [@(y,éz\ﬂ‘)ﬂ over y inside the integral on the right-hand-side, the

function G(@:9) integrates to 1, yielding

sup E {(ZN (7, R) } / / sup E{ ZN(z, 5Nr))2] ilds—i—&](,”‘.
z€R4 z€R4 rot
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Integrating over R, we get

/00 sup E {(Z (, 5N7’ ] 1 N/ / sup E { ZN(x, 51\/7'))2} %dsqtéx,a.
1 rERI o zERA ro

Moreover, for each N > 1 and for all ¢ € [0, 77,

[eS) 2 d
[ sw s | (7 wan) | < 2 s 7))

z€ER QTN t€[0,T]

which is bounded on [0,T] by Lemma 2.2.2. Hence, by Gronwall’s inequality, for 0 < ¢ < T,

> 2] dr o
/1 sup E {(Z (z, (5N7")) } e SOyt

reRd

2.5.3 Convergence to the deterministic limit

The following result is proved in Section 2.8.

Proposition 2.5.6. For T > 0,

N < an(2—a)
OE?ET”ft fill o S o7,

and for 0 < |B] < 2,
sup 195" |

0<t<

By the same argument as in Section 2.4.3, choosing a separating family (¢n)n21 of compactly
supported smooth functions satisfying ||¢, |, < 1 and max|g/—2 [|9s¢n ||, < 1 for g € {1, 00} and using

the corresponding metric d on =,

1
| s dtudl, )] < 3 g {owsm 26 | s (2 on)l| + s 1Y Al el -

0<t<T n>1

The convergence of wf\//n to f; in L' follows from Proposition 2.5.6 and Lemma 2.5.7 below.

Lemma 2.5.7. For any function ¢ satisfying ||¢||, <1 and maxg—2 [0s¢|, < 1 for ¢ € {1,00},

E[ sup ’<ZtN,¢>@ <1

0<t<T

As a result,

E[ sup._d(w)), )] ()2 + 3500,
0<t<T

From (2.63), it can be seen that the leading term on the right-hand-side is 5@/\(

zero as N — oo, yielding the convergence of (wt /77) o The following lemma is needed for the proof
t

, which goes to

of Lemma 2.5.7 and is proved in the same manner as (2.74) in Section 2.4.3.
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Lemma 2.5.8. For ¢ € LV"*°(R%) and t € [0, 7],

E[[{ZN,$)|] S ¢l + I1¢lls

Proof. Taking expectations on both sides of (2.90),
N 1/2 e ey v dr
E[[(ZY,0)]] S (rn/nw) ZF(onm) | TN Bl(0wr) ) s

+E </0t /Rd o™ (, s,t)MN(dxds)) 21 - . (2.96)

In the first integral, we have
— 21 — 2
<E |:(Z§V((SNT)) ] ,|<pN(s7t)|((5Nr)> < ||<,0N(s7t)H1 sup E [(Zév(sc,ém")) } .
zER

Hence, applying Lemma 2.5.5 to the first term and Lemma 2.5.3 to the second term on the right-
hand-side of (2.96) yields

t 1/2
B (42 ) £ PLEEE [ oo, ds+ ([ e ol Qs 01+ o 6.0], )

< M 6, + (el Ul + ll,))M

O

S Mgl + 9l

We have used the fact that (by Lemma 2.5.2) ||¢™ (s, t)||q < [[¢ll, to pass from the first line to the
second. The third line follows since 7n /ny = o0 (63%) by (2.63). O

Proof of Lemma 2.5.7. The proof of Lemma 2.5.7 is similar to the proof of Lemma 2.4.6. Setting
hy = DN — o floo F’(@)a(&vr)% and using (2.86),

T
N <
s [(20)| 5 [ (2 v ds
— dr
+ (e /nn) 2 [l / / < ZN (5Nr) | |(6N7°)> —ds+ sup ‘M ‘

0<t<T

Taking the expectation on both sides, Lemma 2.5.8 can be used in the first term, and Lemma 2.5.5

in the second one, to yield

T 1/2 1/2
B | sw [(250)] < [ Qo+ lodods+ DI g ol 8 | swp o]
0 0<t<T

0<t<T 0%

But [[s]l, < 1P|, + 1F" ]l 121,

LS loll, +
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max|g|—2 ||35¢||q. In addition, by Doob’s inequality, and using Lemma 2.5.3,

]E[ sup ‘MN !2] SE [M%V(@ﬂ

0<t<T

S llelly (1l + 18llo)-

As a result, if [[¢|, <1 and maxg—2 [|[0¢||, < 1 for ¢ € {1,00},

E[ sup |<ZtN,¢>|} <1

0<t<T

2.5.4 Tightness

The overall argument for the tightness of the sequence (ng ) ¢>0 18 the same as in Section 2.4.4.

Proposition 2.5.9. For any ¢ € S(RY) and for any sequence (T, pn) y>, such that T is a stopping
time with values in [0,T] for every N > 1 and py L 0 as N — oo,

(ZD s prr®) — (27, 0) NL 0. (2.97)

— 00

Tightness of (ZV) ., in D([0,T],8'(R?)) then follows from Aldous’ criterion [Ald78] and
Mitoma’s theorem [Wal86, Theorem 6.13].

Extend ¢ to R? x [0,7T)? as in (2.77); we need estimates on ¢V as in Lemmas 2.4.8 and 2.4.9.

The proof of the following lemma is in Section 2.9.
Lemma 2.5.10. For T >0, ¢ € {1,00} and for all s,t,t' € [0,T],

[N (s,) = N (s, )], St —1].

In addition, for all s € [0,T],

<1
1

sup | (s,1)]
tels,T)

Proof of Proposition 2.5.9. We only detail how the quadratic part of (2.90) can be bounded using
Lemma 2.5.5, and refer to Section 2.4.4 for the rest of the proof of Proposition 2.5.9. For Ty a

stopping time with values in [0, T, write

[ e

— dr
N (o) Ba(wl, TN (5. Tn)(0nm) ) —pds

y —_— dr
SNIF|o / / < N(5n7))?, sup |¢N(5,t)|(5Nr)> —i1ds
tels,T] r
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Taking the expectation on both sides and the supremum inside the spatial integral against oV, we get

|

TN

- dr
ZV (657))%, Ra(w), f§)¢N(s,TN)(5Nr)> s

< ||F”|| / / supdE (z,0nT) }
r€R

SON”

sup |<p s,t)] ds

te(s,T)

dr
Ta+1

N »

by Lemma 2.5.5 and Lemma 2.5.10. The other terms in (2.97) are bounded as in the proof of
Proposition 2.4.7 in Section 2.4.4, using Lemmas 2.5.10 and 2.5.3. O

2.5.5 Convergence of the martingale measure M"

The convergence of M relies on applying Theorem 2.7 to vectors of the form (MtN(d)l), ceey
MY (¢p)) s, although the details differ from the proof in the Brownian case (in Section 2.4.5).
Indeed, M no longer converges to a stochastic integral against a space-time white noise, but to W,

a coloured Gaussian noise such that

t
¢ >t = /0 /(Rd)z ¢(Zl)¢(22)azal,Z2 (fs)dzlest

with
e d
05,2 (f) = /Zl;z2 rd+7f:+1 /B(ZI,T)QB(Z”) [F(z,m)(1 = f(21) = f(22)) + f(21) f(22)] da.

Hence the weak convergence of MY to W in D ([0, T], S'(R?%)) will follow (as in Section 2.4.5) from

the following lemma.
Lemma 2.5.11. For any ¢ € S(R?),

i) For allt >0, |AMFN(¢)| <1, and SUPg<¢<T |AMY (9)] 0.

N —o0

it) For eacht € [0,T], (MY (¢)) £, (W (),

t N—oo

Proof. The proof of the first part is the same as for Lemma 2.4.11:

?‘iﬁ’AM (®)] < anlon/m5) 2 16l ,

which tends to zero since a3 = o (7y/nn). For the second part of the statement, we first show that

/( )¢<z1>¢<zQ>o£?;§;v>(wsfv/n)dzld@— / G(21)p(22) 02 (fN)dz1dzs —> 0.  (2.98)
R4)?2

(Re)?
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From the definition of ai?;fN) in (2.61),

2

sesw = [ {a-uta) - u) | (e, r)d

Nv\21g22\ B(z1,mr)NB(z2,r)

dr

+ Vi(21, 22)w(21)w(22)}m~

Subtracting the corresponding expressions with wi\; . and fV and reordering terms, we write

ol (wh, ) — ol (£N)

= ,/(st'zlzzg' {(1 — ws]:\;n(zl) - w?}n(m)) /B(zhr)mB(zQJ) (@(w,r) — fSN($,T)) dz
+ (fSN(Zl) - wé\;n(zl) + fSN(ZQ) o wé\;n(ZZ)) /B(z1,r)ﬁB(z2,r) fév(x’ T)dx
+ Vi(z1, 22) (wé\;n(zl)(wé\;n(ZQ) — [ () + £ (22) (W), (21) = fSN(Z1))) }% (2.99)

We shall deal with the terms from each of the three lines separately, so let us call them A(z1, 22),
B(z1,22) and C(z1, 22) (they are in fact defined for a.e. z; and 22, and so is all that follows, but this

is not a problem since what we really show is (2.98)). For the first term write

o0 dr
E[lA < 1/2 / / E||ZN de——-
141, 22)1) < (/) v IiE22l JB () r)nB(22,r) [ @) ] ot

s
" dr

< (TN/nN)1/2/ Vi(z1,22) sup E H@(w,r) Y

5NV\Z1522\ zERA

‘2- 2 ar

,raJrl
_ 21 dr \ /2
Zév(:n,r)’ ] 7~Oé+1) .

(We have used the Cauchy-Schwartz inequality in the last line.) In addition, by Lemma 2.5.5,

o0
< (TN/nN)1/2V1/ Tg2r>)2y 200y sSup E [ ZN (z,r)
N zER4

12 Vi 21— 2|\ P [
< (78 /nN) iz 5NVT /5 sup E

~N xERC

/00 sup E || ZN (z ’I")‘Q ﬂ—éf"‘/m sup E ||ZN(z,6 r)‘z dr
oN xe]lgd ° ’ rotl N 1 weﬂgd * N rotl
S, 5;}2(1
Hence
E[|A(z1,2)]] S (rw/mw) 205" |21 — 2272,
and, using Lemma 2.5.4 and (2.63),
1
/ B(21)p(22)A(21, 22)dz1dzy = 0. (2.100)
(]Rd)Q N—oo

RAPHAEL FORIEN 105



STRUCTURE SPATIALE DE LA DIVERSITE GENETIQUE

For the second term, by symmetry,

/ P(21)P(22) B(21, 22)dz1d 2
(R4)?

< 2w /)2 [ 10(2)l (22 02| dea

where

00 dr
N (1) = d(z1) / / TN () dz—
2 SNV@ B(z1,r)NB(z2,r) TdJraJrl

In particular, by Proposition 2.5.6 ngnq SO ¢l for g € {1, 00} and, since ¢2 is deterministic,
by Lemma 2.5.8

d

Hence, by (2.63),

/ &(21)¢(z2) B(z1, z2)dz1dz
(R4)?

1 S (/) 285 19 (I8l + 119]o)-

1
/ 6(21)6(22) Bl21, 20)dzadza L 0. (2.101)
(Rd)2 N —oc0
The third term is controlled in a similar way, this time setting

o dr
Vr(Zl,ZQ)ma

() = o) [

5NV\Z1;Z2\

which satisfies the same inequalities as the previous ¢ . The bound on || V|| _ from Proposition 2.5.6

yields
KRdV ¢(Z1)¢(2’2)C(21, Zg)dzleQ N%o 0. (2102)

The convergence (2.98) follows from (2.100), (2.101), (2.102) and (2.99).

Recall the definition of o(®?9) in (2.61) and write

o dr

5 N N
U,(z?,zZN)(fs )—U?I,ZZ(fs ) §]l{lz'er|§25N}/ Vr(21722)m

|z1—22]
pl

—
STz —za)<2sn} |21 — 22| 7

Hence

/( LI =,
Rd)?

< / 16()] [S(2)] L (12s—sal <26} 21 — 22| 21z
(R)?

o 2.103
Slol [ lotel [ et tars (2:103)

S Iélle 191l 35 = 0.
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Finally, proceeding as in (2.99) with f, instead of wsj\;n and o® instead of o(*9~) we write

0-?1,22 (fs) - Ugl,zz (fsN)
- /212z2 {(1 B fS(Zl) B fS(ZQ)) /B(zl,r)ﬂB(er) (ﬁ<x’r) B fSN(x’ ’I“)) dz
(N () = fulm) + Y (22) — ul2) /B e T rds

+ V(21 22) (fs(21) (fs(22) = FN (22)) + fN (22) (fs(21) — fN (21))) }rdfi;l

Therefore

d
21722(fN) ?1722(f5)| S (4+3s€SE3pT] HfSNH HfN fs” /21 | ‘/;(21,22)7%%

aA(2—a)

Slar— 22| %6y

by Proposition 2.5.6. It follows from Lemma 2.5.4 that

o ORI ) = () 0 2,104
By (2.98), (2.103) and (2.104), we have shown that for all ¢ € [0, T1,
(MY (@), =5 e,
O

2.5.6 Conclusion of the proof

We can now conclude the proof of Theorem 2.5. We have proved that the sequence (ZV) _ is tight
and we can characterise its potential limit points using the convergence of M”™. Recall the following
expression for (Z}, ¢) from (2.90) :

(z),¢) =— ( ) / / ZN(0n1))? ,Rz(ws?v/wﬁ)w]\’(s,t)(%rw rf%ds

t
—I—// o (z,5,t)MN (dzds).
0o Jre

In Section 2.5.4, we showed that the first term converges to zero in L*. In addition, by Lemmas 2.5.2

and 2.5.3,
t t
/ / (pN(l',&t)MN(d:L'dS)—/ / o(x,s,t)MN (dxds) 5,
0o Jrd o Jrd N—o0
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For ¢1,...,¢p in S(RY), let ¢, ..., ©p be the corresponding solutions of (2.91) with ¢ = ¢;. Since
MP converges weakly to W<, by [Wal86, Proposition 7.12], for t1,...,t, € [0, 7]

t1
(/ / o1(2, 8, t1)MN (dxds), / / or(z, s, tr) N(dxds))
0 R4 Rd
d h tk
— (/ / v1(x, s,t1)W(dzds), / / ok, 8, tx) W“(dmds))
N—oo \Jg Jrd Rd

Hence the same convergence holds (in distribution) for (<Zg¥ , ¢1> Sy <Z{Z , ¢p>) and this charac-
N
N1 By Theorem 2.6, (Zt

a distribution-valued process (2;),~, which satisfies

(2t,0 / / (x, s, t)W(dxds).
Rd

By the same argument as in Section 2.4.6, (2¢),5 solves the stochastic PDE (2.64), which concludes

terises the potential limit points of (Z) converges in distribution to

)tZO

the proof.

2.6 Drift load - proof of Theorem 2.3

Recall the definition of F' and p(Z:fVZ)Q in (2.26) and (2.41) respectively.

Definition 2.6.1 (Martingale Problem (M3)). Given (en)y>;, (On)y>; and F' @ R — R, let

NN =en0%, TN = s?\,é?\, and ry = Oy R. Then for N > 1, we say that a Z-valued process (wiv)tzo

satisfies the martingale problem (M3) if for all ¢ in LV>°(R?),

<w,fv7 d)> — (wo, @) — nyuVp /075 {;fz <wév,£(”v)¢> —s <F(w§v)(rN), ¢>} ds (2.105)

defines a (mean zero) square-integrable martingale with (predictable) variation process
¢
- / / L 8z)0(2)p0) (w) )z dzads + O (tTNaN |12 ) (2.106)
0 J(®

(Again, uniqueness does not hold for this martingale problem, but we will not require it.)

Let ¢V denote the SLFVS with overdominance defined in Definition 2.1.4 with parameters
as defined in (2.25) in Section 2.2.3. As in Subsection 2.3.2, we consider the rescaled process
w] (z) = ¢¥ (x/dx). By Proposition 2.3.2, using the same rescaling argument as in Proposition 2.3.4,

we have the following result.

N

Proposition 2.6.2. The process (wt satisfies the martingale problem (M3).

)tZO

As in Theorem 2.1, we define the process of rescaled fluctuations by
zN = (qn jw) (wt/n - A) (2.107)

(Recall that since wg = A, the centering term is constant and equals A.) Then by the definition of
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AN in (2.30),

AN@Jﬁ:5%@1+SQQM%4E[Zﬁﬂ®NLrNV]

Let us define the following notation for any ¢ € L1:>°(R%),

1
¢r(z) = 0(z/r). (2.108)
Theorem 2.3 is then a direct consequence of the following theorem.

Theorem 2.8. Suppose that T /ny = 0 (r?\,ﬁ). Then for all ¢ € LY (RY), there exists a constant
C > 0 - depending on the dimension d - such that, as N — oo with t — oo for d < 2 and té;ﬁ — 00
ford >3,

E (2, 0n )|~ Co%ten.

N,t—oc0

Proof of Theorem 2.3. Setting ¢ = 1y),<1) gives the result for AN(t,0); the general result follows

by translation invariance. O

Note that the only difference between the martingale problems (M1) and (M3) in Definitions 2.3.3
and 2.6.1 is that JZNZ)Q is replaced by P(quzl Hence it is easy to see that Lemma 2.4.3 and Lemma
2.4.4 also hold in this case (with different constants). It is also possible to adapt the proofs in Section

2.4.5 to show that on compact time intervals, (ZtN ) >0 converges to the solution of the following

SPDE,
1 1
dzt E |:2A2’t — F/()\)Zt:| dt + 5)\(1 — )\)th

This process admits a stationary distribution, under which (z, ¢) is a Gaussian random variable with

variance

1)‘(1 - )\)/ / e 2V G, « o(z)?dzdt.
2 0 Rd

1> to the whole real line (as in [Nor77]), and

use the above expression to estimate the second moment of <ZtN , ¢TN> for large times. Some care is

We can thus hope to extend the convergence of (Z}V)

needed though, as we are letting the support of the test function vanish as N — oc.

Proof of Theorem 2.8. Since g}’ = ), by the same argument as for (2.56),

azp [ﬁwzzv — (/) 2 (F(w ) - F(A))(rm] dt + M (2:109)

= £ ZY — F'ONZY () = (/) (272 Ry, N )| e+ dMY, - (2.110)

where MY is a martingale measure with covariation measure Q% given by

QN (dz1dzods) = pg’;Nz)? (wsj\;n)dzld@ds + O (0%) 62122, (dz1dz2)ds. (2.111)

Consider a time dependent test function ¢ which solves

asapN(:m s,t) + K(TN)(pN(J;, s,t) — F' (V)N (s, t)(z,ry) =0,

(2.112)
@N(xvta t) = ¢(I)
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Then, by (2.110), by the same argument as for (2.65),

t t
<ZtN,¢> =— (TN/nN)l/Z/ <( N2 Ro(w s/n,/\)<pN(s,t)(7‘N)>ds+/ /d oM (x, s, t)MN (dzds).
’ oo (2.113)
The remainder of the proof now consists of proving that the main contribution to the variance of
<ZtN , ¢TN> is made by the last term on the right-hand-side and then estimating this contribution.
Note that ¢ is given explicitly by

@N(l‘vS)t) _F ()\)(t S)GDN(t s)*¢( ) (2114)

2
with Dy =1— F'()\) 3112 To see this, differentiate with respect to s and write

2 2
DspN (z,5,1) = F'(N N (2, 5,) — (1 - F’()\)d:N?) LOVEN (25, 1).
Since by (2.14), 3 27"” L'(’"N) w:N(TN) — @™, we have a solution to (2.112). In particular,
o™ (s, )|, < lll, e M=), (2.115)

The following lemma extends the result of Lemma 2.4.4 to arbitrarily large times, and will be proved
in Subsection 2.6.1.

Lemma 2.6.3. There exist constants K| and K} such that, for all z € R? and all t > 0,

_ K/ — K}
E [ng(:c,rN)Q} < le’ and E {ZtN(x,rN)ﬂ < 23.
N N

Using the expression for ¢V in (2.114) and then the Cauchy-Schwartz inequality,

([ (@ mate é/mws,wsﬂ
(/Ote—F/(n(t—s)/z (e—F'm(t—s)/z <( 2,

Lyprye, Lo [ erove-
2 17 TR e FNE-s)
I oy E | (@7,

Another use of the Cauchy-Schwartz inequality yields

E

IN

1
1% E

e e)e) |

T w;fds} |

IN

(G5 ) < 05 e, (7

(rv)
) Dg(t—s)*¢‘>'

Hence, using Lemma 2.6.3 and the fact that HG@ * qﬁHl <9l

- Kl
r 2
By < o)) ] <ol 7

N
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As a result,

E

</ot<(z 7 Balwyy, ’A)N(S’t)>d‘9ﬂ S Il i, (2.116)

uniformly in ¢ € R;. We now move on to estimating the contribution of the second term in (2.113).

The following lemma will be proved in Subsection 2.6.1.

Lemma 2.6.4. As N — oo,

(/ /Rd acstMN(dxds)>] A(l—/\)/ot

As we shall see in Subsection 2.6.1, this is a consequence of the fact that in the expression for

QY in (2.111), w" can be replaced by \. As a result, using (2.114) and (2.116) in (2.113) and since

™~ /nn = o (r%?), we have

@N(s,t)(TN)Hz ds+o(ry) /Ot HcpN(s,t)Hi ds.

E {(ng,gsmﬂ - %m N /Ot —28' s | GG *(brN(T'N)HQdS

+ O(TN)/ —2F'(\)s
0

G(TN)*(;STNH ds+o(ry®) . (2.117)

To study the asymptotic behaviour of the first integral, we use the scaling properties of the function
G). Recall that (5,5")) is a Lévy process with infinitesimal generator £); it is not difficult to
>0

show that it satisfies the following scaling property:

ve>0, E, [6(6")] = Eae [0legl))] - (2.118)

(Simply look at the infinitesimal generator of both processes.) Hence

G % Gpy () = "G % (/).

—_ 2
Set f(t) = HGgl) * ¢(1)H2; it follows that

2
Hngi % Dy TN)H2 = rg,df(DNs/rJQV). (2.119)
We shall show that, as N, — oo, there is a constant C' > 0 such that
t , _
/ e N3 (D s/r3)ds ~ Crien. (2.120)
0

Theorem 2.8 then follows from (2.120) and (2.117). To prove (2.120) we need the following estimate
of f(t) when t — occ.

Lemma 2.6.5. For ¢ >0, ast — oo,

F(t) ~ (4mt) =2 g7 (2.121)
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For the proof of this estimate we will use the following properties of the semigroup G("), which

will be proved in Section 2.10.
Lemma 2.6.6. For any r > 0 and t > 0, the law of ft(r) takes the form
GET) (d;p) —e (i:;) t(so (dl’) =+ gt(r) (ﬁ[)dl’

Furthermore, gt(T) is continuous on R?, is invariant under rotations which fix the origin and gtT) (y)

is a decreasing function of |yl.

Proof of Lemma 2.6.5. By the semigroup property of ¢ > GET) * ¢, f(t) can also be written
<G$) * 5(1),5(1)> In addition, by the scaling property of ( ,gT)) . in (2.118) and using Lemma 2.6.6,
t>

G * 0(2) = Bo [o(o + VEES)]
— pe)e @D 4 / oz + Vig) g VP (y)dy
R4

= ¢(a)e (@D 4 y=d/2 / Sz + )98V (y/ VD) dy.
Rd

By Proposition 2.7.2.ii and Theorem 4.8.2 in [EK86], the finite dimensional distributions of ( t(r))

>0
converge to those of standard Brownian motion as r — 0. In particular, ér) ig N(0,2), and
r—

gér)(m) — Go(z) as r — 0 for almost every x € R? (the probability that §tr) = 0 vanishes as r — 0

for any ¢ > 0). Since G is continuous on R? and gér) is decreasing as a function of the modulus, this

convergence takes place uniformly on compact sets by Dini’s second theorem. So, fixing € > 0, for
any R > 0, for r small enough,

sup |98 (@) — Ga(a)| < .
|lz|<R

As a result, using the continuity of Gs, for any y, for ¢ large enough,
|98/ VD) — Ga2(0)| < 2¢.

Hence, since gt(r) (y) < gtT) (0), by dominated convergence,

/R oo+ )oYy = (4m 2 [ o). (2122)

From the above expression for f,

F(t) = e 20 [ Gz 1)2de + 12 / gV (VDB + y, 1) b(x, 1)dyda.
R¢ (RY)?

Replacing ¢ with ¢(1) in (2.122) and letting ¢t — oo yields the result. O
Furthermore, 0 < f(t) < ||¢||g for all t > 0, and thus f is integrable on (0, c0) if and only if d > 3.

Remark. This is in fact a consequence of the fact that ( £1)> N is transient if and only if d > 3
>0
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(as with Brownian motion). The function f can be expressed in terms of the probability of fg) being

in a ball of radius 1, which is integrable on (0,00) if and only if (ft(l)> - is transient.
t>
We now prove (2.120) separately for each regime.

High dimension If d > 3, change the variable of integration to write

t , Dnt/r% , 1
/ e 2F (A)Sf(DNs/T]QV)ds :7“12\,/ e 2N Dy NS f(s)ds.
0 0

Since f is integrable, by dominated convergence, and since t51f[2 — 00,

DNt/r']zV , 1 o'
/ e 2PN TN £(§)ds  — / f(s)ds.
0 0

N, t—o0

(Also recall that Dy =14 O (r%).)

Dimension 1 If d = 1, however, from (2.121), we see that, as N — oo, %f(s/r?v) —

(4ms)~1/2 ||¢||?7 so, by dominated convergence,

..
~ _rvlelie,

)

t
/ 672F’(>\)Sf(DNS/T]2V)dS
0 N

for some constant C' > 0.

Dimension 2 1If d = 2, let T} and T, be two positive constants. For ¢ > T5 and N large enough
such that 73,71 < Ty, we split the integral as follows :

t , T?le ,
/ e 2F ()‘)sf(DNs/r]QV)ds:/ e 2F (’\)Sf(DNs/r]QV)ds
0 0

T2 t
+ / e 2" N3 f(Dys /13 )ds + / e 2" N3 f(Dys /13 )ds.
TZZVTI T2

We first show that the first and last terms are of order r%. Since 0 < f(t) < H¢>||§ for all ¢t > 0,

r?le ,
| e O Dy ds| < AT 61,
0

and by (2.121)

t
/ e 2N f(Dys/r)ds
Ts

oo d

o s
57"12\// e 2N 22
Ty s
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For the middle term, by (2.121), = f(s/r%) e (4ms)~! H(b”?, and Dy =1+0 (r}) soas N — oo,
N — 00

by dominated convergence,

T2 —2F'(N)s ¢ 2\d 2 ()L 2 [ —2F"(\)s ds
. f(Dns/ry)ds ~ry(4m) " ||l e —.
TNvi1

’I”?\,Tl s
Further
Ts Ts T>
/ e 2F WS@—/ ds §2F’(A)/ 53 < 2F'(\)Ty,
T1T12\, S TlTIQV S T1’I“12\, S
and -
2 ds Tg 2
¥ ~ 1 .
/]‘1T12V s Og <T1,r,12v> | Ong’
As a result . )
e s ris ~ L fog .
0 T
as N,t — oco. We have thus proved (2.120), and the result. O

2.6.1 Proofs of Lemmas 2.6.3 and 2.6.4

The proof of Lemma 2.6.3 requires the following two technical lemmas, which are proved in Section 2.10.

Lemma 2.6.7. Let ¢ : R — R, r > 0 and suppose that g : R — R satisfies 0 < v < g(z) < 1 for
all z € RY. Then

N 7,.2
26(2)£6(a) — 26(2)5ate.7) < £06(0) 2 (- 75 ) ote)*

Further, for some constant ¢ > 0, for r small enough,
16(2)* L0 ¢(x) — 49(2)* b g(x,r) < LI (@) — (v - er)o(a)*.

Lemma 2.6.8. Suppose h : R; x R? = R is a function that is continuously differentiable with respect

to the time variable t and which satisfies the following differential inequality for some positive « :
Ophe () < Lh(x) — ahy(x) + gi(x).
Then for all 0 < s <t and for any 1 < q < 00,

—a(t— 1
helly < e lhslly + — sup gull,-

u€|s,t]

Proof of Lemma 2.6.5. Set
Wt,w) =E |2 (@,rn)?] .

We are going to make use of Lemma 2.6.8, so we want to obtain a differential inequality for h. To

this end, average (2.109) on B(z,ry) and use the expression for Ry in (2.54) to get

1
Vin

dMéJ,V(B(J;, TN)).

A7 o) = |V (5,1) = 2N Rall) )| ds +
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(From now on all averages will be over radius ry.) By the generalised It6 formula, noting AY, =
Y:e - Y:s* i

d (ZgV(m))2 = 375 (2)dZ] (x) + d [ 27 (2)]

_ _ 2 S 2 _ _ 2
+ (ZSN, (z) + Azg(x)) - (Z;V, (x)) — 27N (2)AZN (z) — (Azg(x)) .
Expanding the brackets, the terms on the second line cancel and, integrating for s € [0, ], we have

Z¥ Gy = | ) L E @) - 2 R, N (w)]

e | 2@ B ) + g (B

Taking expectations on both sides, since the second term is a martingale,

LR (MY (B, )] -

TN

h(t,z) = 2/ot]E [ng(x)c(rng(x) — ZN(2)ZN Ry (w¥, W/ )\)(x)] ds +

Differentiating yields

oh - =N N o N .
E(t’x) =2E [ZgV(x)L(rN)ZtN(x) — ZN(2)ZN Ry (w lt/n,A)(:c)]
+ LIE / PN (wl Vdzydzs | + O o
‘/72]\7 B(z,rn)? 22t/ ' ‘/7"1\7 .

The second term is bounded by —, and the first one has the same form as the left-hand-side of the
first statement of Lemma 2.6.7. In [Nor74b| (at the beginning of the proof of Theorem 3.2), it is
proved that the conditions on F' in (2.27)-(2.28) imply

inf Ry(z,\) =:v>0. (2.123)
z€[0,1]

Then, taking ¢ = ZN and g = Rl( A), Lemma 2.6.7 implies that, for all ¢ > 0,

s/’

Oh 1+0 (512\,)
< _ . VNS
t(t x) < Lh(t,z) — anh(t,z) + Vi ,

with ay =v+ 0O (7"]2\,) Using Lemma 2.6.8 (with s = 0 and ¢ = co) we can now write, since Z¥ = 0,

— 1+ 0 (63 1
E [ng(:c)z} < aNV(N) <= (2.124)
TN N

The second inequality is proved in essentially the same way, although the computations become more
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involved. We compute the fourth moment of ﬁ with Itd’s formula, as before:

4 (ZF @) = AZF @) dZ7 () + 34 % 37 () [77]

+(ZF @)+ A7 @)~ (ZF @)~ AT @) DZF (2) — 53 x A(ZT (@) (AZ) (2)"

Hence, taking expectations, the martingale terms can be dropped and we write:

B|(ZF@) ] =4 [ g TP LT () - T P2 (g V(@) ds

1 ¢ —
_ N (\2,("N) (0N 2
+ 6Vr2N /0 /B(.r,mv)2 E [ZS (l‘) P21z <ws/n)} dadzds + O (6N)

—_
O\“
=
L—
5

=2
—
&
Ny
QU
VA

Vex

+E |3 {4ZF @)(AZF @) + (AZF @)} |

s<t

where the sum is over jump times for the process (ﬁ(m))tzo. We can bound the size of the jumps
AZN (z) by a deterministic constant. By the definition of the SLFVS with overdominance in Definition
2.1.4,

sup ’<qg\f’¢> - <qt]\£7¢>| S UEN H¢||1 :
t>0

Hence ‘A@(m)‘ <wuen(nn/Tn)Y? = us%zé}vfd/z. As a result

E |3 {42) @)(AZN (0))* + (AZF (2))*}

s<t

<E Z {4(u5}v/2§]1v_d/2)3

s<t

7V (@)| + (wey sy )}

where the sum is still over the jump times of @(x) These jumps occur according to a Poisson
process with rate Vo', so, using (2.124) to bound E HZSAE (z)

} , we obtain

E | > {428 (0)(AZF (@) + (AZF (@)}

s<t
t PR
< Vi {atuelf2a 28 | [ |2 @) s 4 a0 )1 = 0 r52).
0
Now note that

TN - 1 Vin (21, 22)
E [Zév(m)gpg)z (w )} dzidzy S — N T dzd s
/B(aw'z\r)2 pE e/ rfl\, B(z,rn)2 Va,

<1
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Hence, setting h(t,z) = E [(ZtN(x))ﬂ,

oh . — gi(x)
G t:0) = 4B | 28 @ £ Z o) ZF @ 2 gy, 0| + e,
where |g:(x)] < 1. Now the second statement of Lemma 2.6.7 yields :
h
) < £hit,2) — 40 — erdh(t, ) + 902,
ot 3
and by Lemma 2.6.8, we have
1
h(ta (E) S @7
uniformly in ¢ > 0. O
The following lemma is needed in the proof of Lemma 2.6.4.
Lemma 2.6.9. The following holds uniformly for all t > 0:
d 2,.1/2 /2
E[[(ZY,0)[] Sy e (ol +ry* 9l,)-

Proof. Recall the expression for <ZtN,¢> in (2.113) and the expression for oV in (2.114); using

Lemma 2.6.3 and Lemma 2.4.3, we can write

N (v /nw)? [ F'(A "o (rn) 2 2
— t—s — t—¢ T
E[|(2 9] £ = — /0||<z>u1e e >ds+(/0e = \Gpjz(t_s)wHst) .

Replacing ¢ by (¢1/ry )ry - as defined in (2.108) - to use (2.119) and then looking at the proof of
(2.120) in the proof of Theorem 2.8, we see that

t
/ o~ 2F (A)(t—s)
0
d/2

But H¢1/TN||1 = [|¢[l, and H¢1/rN||2 =1y ||#l,, hence

2
Gy o], ds S o ewsymall} + 1/ma)

/2
E (2 )] 5 loll, T o2l o), 4142 o),
N

and we have the required result since 75 /9y = 0 (vaﬁ). O

Proof of Lemma 2.6.4. We drop the superscript N from (¥ throughout the proof and take averages
over the radius r := ry. Recall from the expressions for Q" in (2.111) and p(") in (2.41) that the
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variance of the stochastic integral fot Jga (x,5,t) M™N (dzds) is given by

/ /V (i<} olzr. 5 0p(z2, s DB (. rx)2(1 — 0l (21)(1 — wl (22))
T—2zo|<r

+ 20, (z,rn) (1= wl, (2,78)) (5 = wl, (20))(5 = wl, (22))

t
+(1- s/n(m,rN))2w£V/n(z1)w§V/,,(zQ)]dxdzlest+0(5?V) / (s, )| ds,
0

which can also be written

= [ (A=empan)”) + (et - (@ w3 0960) )

+ <(1 —wl, ), (wé\f/ng@(s7t))2> +O (5% |<p(s7t)§)] ds.  (2.125)

We want to show that in this expression, wﬁ,v/n can (asymptotically) be replaced by A, hence we write

(@ (Tae) ) - (2 0= 2e)
= (@ -t (@) )+ (o (=)o) - =),

Since (wi\/[n)2 -\ = (TN/nN)l/QZgV( t/n T A); using Lemma 2.6.3,

e (|G -, (A= wlfe) )| < 2w (R @) T

(7’N/7}N)1/2 2 2
S TR llgll3 = o (v llell3)
N

In addition,

(o (T=age) - a -0
(

= / Ry Vlzﬂ{u_zla}s@(znw(@){(l = wiypy(21)) (1 = wyy, (22)) = (1= A)?

|z—za|<r

+ (1= N1 =], (1)) = (1= A)(1 - wg\/]n(ZQ))}dxdzld,zQ

1
=\ /(]Rd)3 Wl{\z—zlkr}90(21)90(22)((1 - wi\/[n(zl)) —1-=-M)1- wi\/'n(zg) + 1 — N)dzdzdzs.
r |z—z2| <P

(The last two terms inside the curly braces cancel out by permuting z; and z5.) Thus,

K N (e e A)2¢2>‘ < 222 (v /) /R o) (28, v2)] dza,
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where ¥ (21) = VT(‘Z/}Q’Q) ©(z1). In particular,

: 1 —
[0, = lel(z2,mn), and WXl < el (22, 7n). (2.126)

By Lemma 2.6.9, we get
B [ a0 vl as] 2 [ o (o2, o)

1-d/2 1/2 e
Sy ([ 215+ 13 )

using the Cauchy-Schwartz inequality in the second line. By (2.126),

1/2 — 1= 1/2<
(L e+ rtozoaes) < ([ (10 Gara) + P Garm) ) daa) - < livl

Since 7n /NN = 0 (le\;rz)

)

B {|( (T=ale) - -0 || =0 (el I6l5).

We use a similar argument for the other terms in (2.125) to show that replacing wsj\;n by A makes a

difference of o (7"]2\,0%2 HapHg) We have thus shown that, since 7"1\70}\,/2 N—> 0,
—00

N \2 N 2 1 N 2
E <<ws/77) ? ((1 - U}S/n)@) > + <2w5/77<1 B 5/77) ((5 - w3/77>90) >
2
+ <<1 —wl )% (Wl ) ﬂ = A1 =N 715 + o (rallll3) -
uniformly in s > 0. The result follows from the bound on HcpNH (2.115). O

2.7 Approximating the (fractional) Laplacian

We start by stating some basic properties of averaged functions which are used throughout the

chapter.

Proposition 2.7.1. Let ¢ : R? — R and ¢ : R? — R be in LY>(R%). Then
i) pxp = =0x1,
i) (¢,9) = (¢,9).

i) If in addition ¢ € L1(RY), by Jensen’s inequality,

all, < lell,-

w) If B is a multi-index in N3, and ¢ is differentiable enough that Oz is well defined on R?, then
0pp = Dp¢.
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v) Also, 05(¥ * ¢) = ¥ % Dp¢.
We use here the notation < defined in (2.84).

Proposition 2.7.2. Let ¢ : R? — R be twice continuously differentiable and suppose that ||85¢Hq < 00
for0<|B] <2 and1<qg<oo. Then

i) ||é(r) — ¢||,, < §7° max|g—s 95|,
If in addition, ¢ admits ||-Hq—b0unded derivatives of up to the fourth order,

*7”4 max| g4 [|0p] -

ii) |[8(r) = 6 — 13
Proof of Proposition 2.7.2. By Taylor’s theorem,
d
2)+ Y 0ip(x)(y — )i + > Rij(y)(y — x)ij,
i=1 4,3

where R;;(y fo t)0;j¢(x +t(y — x))dt (we use the notation z;, ;, = x;, ...x;, ). By symmetry,

the average of the first sum over a ball of centre x and radius r vanishes, and
) o0 < X / )y — al,; dy. (2.127)
If ¢ = oo, then |R;;(y)| < 1 [10;;¢|, and we write
|¢(r) — 0| < L dmas 1059l i/ ly|? dy = er max [|0s9||
o =2 a2z PV fpom 2(d +2) |giza e

If instead 1 < ¢ < oo, write

q 1/q
_ 1
Jo(r) — o], < (/Rd <V /B(O )|Rij($+y)||y|z‘j dy) dw)
irj " u
1/q

q—1
1/ 1
< o ylij dy */ Rij(z + o)l lyl; dydz |,
> /(V ol ) 7 L Rl

by Hélder’s inequality. But, by the definition of R;;

/|Rma:+y|qu§2q 1/ l—t/ 1013 6(x + ty)|? dadt

24 103117 -

120 RAPHAEL FORIEN



CHAPTER 2. A CENTRAL LIMIT THEOREM FOR THE SLFVS

Plugging this into the previous inequality, we get

1/q

q—1
— 1 1 1
— < — |85 d — o d
H(b(r) ¢Hq— J 2” ]¢||q (Vr A(O7T) |y‘z] y) Vr /B(()J«) |y|1,] y

dmax 15) / 24
< gmaslosol, o [ Py

d 5
< =r? max [|9s4)], -
< o7 max 1954l

The second inequality is proved in essentially the same way. We expand ¢ according to Taylor’s

theorem to the fourth order:
1
@)+ Y 0id(@)y — )i + 5 D 0@y — )y
i ij

|§:@M¢ ) = @)ijr + Y Rijra(y)(y — @),

1,5,k ijkl

where Riju(y) = 3 fol(l — )30 j1d(x + t(y — x))dt. Integrating, all the antisymmetric terms vanish

and we obtain

g( Z 9 (x / )2(9 - x)iiﬂ{\;c—z|<r}d2dy

ly—z|<r

zgkl _x)ijkl]l Tzl < dzdy.
i o ot~

zyk:l ly—z|<r

We begin by calculating the first term before bounding the second one. Note that, by symmetry, the

integral of (y — x);; does not depend on i, so the first sum above can be written as

1 1 2
A — —z|°1 N dzdy.
320w g [ vl (e

ly—z|<r

By the parallelogram identity, |y — z|> = 2(|z — z|* + |y — 2|*) — |22 — (# 4 y)|*. Integrating, we see
that

1 2
— —z|°1 dd —4— d
S Gl AL

ly—z|<r
|(2Z—y) _m‘z]]' |lz—z|<r dZdy
‘/72 ‘/(Rd)z {|(22—y)—z\<r}

Setting ¥’ = 2z — y in the rightmost integral and moving this term to the left-hand side, we obtain

1t/ 2 2 2
— y—z| L dzdy:—/ y|” dy
V2 (B2 | | {I |< } Vi I [yl

ly—zl<r
2d
= 7’2.

d+2
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Replacing this term in the equation above, we can write

r2
d+

‘qs(x, ") - o(z) -

Z V2 / l]kl | |y xlijkl ]l{|g;7z‘<r}d2'dy.

ijkl ly—z|<r

Proceeding exactly as before and writing [yl,;,,, < (il * + lys* + lyel* + lw] "), one shows that

HQ%H‘ ¢H < 4| max || /3¢|| ZV2/ \y2| 1 |- Z‘<T}dzdy.

Iy z|<r

Note that )", lyi|* < |y|*, and by the parallelogram identity, |y|* + |2z — y|* < 8(|z|* + |z — y|*). As

before, we can integrate on both sides:

1 / 4 1 4 1 4
— lyl" L _Ljer Y d2dy + — / |2z —y|" 1 al<r dzdy < 16— ly|™ dy.
VE ey {1 V2 Jigay? {0 ) Ve JB(o,r)

ly—z|<r

Hence,

1 / 4 1 4 8d 4
— lyI" L s dody < 8 ly|" dy = .
V,r? (Rd)Q {IL*Z“?TT} Vr B(O,T) d + 4

O

Proposition 2.7.3. Take ¢ : R — R to be twice continuously differentiable and suppose that
1059, < oo for 0 < |B] <2 and g € {1,00}. Then

i) [|D%6]|, S ll6ll, + maxisi=s 959l
ii) [P0 — Dg|, S 62~ maxiaia 959,
Further if 0 < ¢ <1,
iii) |[FO(9) = F@)||, S 6 (1+ maxiz1 95912, + maxiai—z 195611, )-

Proof of Proposition 2.7.3. From the definition of D*? and ®©) in (2.19), and then changing the
order of integration,

o, CUy dr
o) = [ [ s 00~ 00 ey

7"

[ [ teen i [ {|zz|<r}<¢<y>—¢<x>>dzdy7j;

lz—yl<r
Vi [ (Bl - o))

The last line follows by noting that 1y,—y<2ryLfje—z|<r ly—z/<r} = L{je—z|<r, |y—z|<r}, and then
changing the order of integration again to integrate first with respect to y and then with respect
to z. Assume that 6 < 1 (otherwise simply ignore the first term below). Then for ¢ € {1, 00}, by
Proposition 2.7.1.iii,

[D*?4]|, < V2 /;Hm — ||, o+ 20 el /
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By the triangular inequality and Proposition 2.7.1.iii,
[6-0| <[e-9| +l2-0l,
q q
<2l -9l -

Hence by Proposition 2.7.2,

1 e’}
dr dr
,6 2
[D%¢]|, < IIéllEf;”aﬂ@ﬁ”q/& e +||¢>Hq/1 sy

< P .
S max 9s¢ll, + oIl

Likewise, we have
s
= dr
D¢(z) — DO p(z) = V1/ <¢($»7") - ¢(9U)) g
0
By Proposition 2.7.2, we then write

o256l < a [ [ o], 2

5
dr
< ) 2
< max ool [ 1

< 527 max ||0 .
< 6% max 001,

The third statement is a rewording of the first one in a slightly different setting. Indeed by (2.18),

FO@)(o) - F(o(e) =a0® [ (F@)(ar) - Flola) .

Hence as in the proof of ()

|F ) - Fo)|_ s (F<¢>>||oo + 1 |03 F @), + 1 mmacs ||aﬁ¢||w) .

The last term appears because there is an average inside the function F. The result then follows
from the fact that 8L]F(¢) = aZ]QﬁF/((Zs) + 0;¢ 8J¢ F"(9). 0

2.8 The centering term

2.8.1 The Brownian case

Proof of Lemma 2.2.1. Fix N > 1 and let 7 = ry. Define an operator S : L>([0,7] x RY) —
L>=([0,T] x R?) by

S(g)(t,z) = G\") ¥ wo(x) — /O G\" « F(g(s))(z,r)ds.
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Define the norm ||g[|;y 7j = Supejo,r) SUPgera |9(t, 2)|; then S is Lipschitz on L*([0, T x R?) with
G\« qb‘ < ||¢]l. and by Proposition 2.7.1.iii)
(o)

respect to this norm, since (as

15() = S$@llory < TNl 17 = glio - (2.128)

Let us choose for now T' > 0 small enough that k = T ||[F'||, < 1. The results can be extended to
arbitrarily large time intervals by iterating the argument on [T, 2T, [27, 37| and so on. The operator
S is then a contraction in L>([0, 7] x R?) and admits a unique fixed point in this space. This fixed
point is precisely fVV (see (2.71)). Define a sequence (g,),,~, of functions in L>([0,T] x RY) by

{ In+1 = S(gn),

go(t, ) = wo(x).

Note that since wg admits spatial derivatives of order up to four, so does g, for each n. A Picard
iteration argument then yields the convergence of g, to f in L>°([0,T] x R%). More precisely,

lgn — fNH[o,T] < k|lgn—1— fNH[o,T] <SR g - fNH[O,T] : (2.129)

Fix 1 <4 < d and set, for g, h in L>([0,T],R%),

t
' (g, h)(t,x) = Gi” * Do (w) — / Gi7, # F'(g(s))h(s)(x)ds.
0
Then by Proposition 2.7.1.v, 9;gn+1 = S*(gn, 0ign). In addition, for hy, he, hg in L>=([0,T] x R?),

[ (h1, ha) = 8% (has ha)l gy < TIF o h2 = hallig 2y (2.130)
181 (ha. 1) = 8 s, o)y < T I g ol = sl (2.131)
Hence S'(g,-) is a contraction in L>([0,7] x RY) for any g in L>°([0,T] x R?). Let us call § the
unique fixed point of S*(fV,.) in this space. We shall now show that 9; f" exists and is equal to

g € L*(]0,T) x R?). Adapting the argument of the Picard iteration and using the inequalities (2.130)

and (2.131) above, we write for n > 1,
Hazgn - g”[(),T] = Hsl(gnflvaignfl) - Sl(vag)H[QT]
< TP 10491 — dlloizy + T 1" o 13l 01 9t = 7]
< k1091 = Gl 11 + T I o 1021 K™ o = £ .

where k =T ||F'|| . < 1 and the last term is bounded using (2.129). Iterating yields

10:9n — ll0ry < K" 105200 = llip 2y + 28" T IF” | oy o — £Vl -

Hence 0;g,, converges to § uniformly on [0, 7] x R (recall that we assumed d;wg € L= (R?)). Since
we already showed in (2.129) that g,, converges uniformly to fV, this implies that 0, = g €
L>=([0,T] x R?). The proof for higher order derivatives of fV is similar and we omit the details. [
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Proof of Proposition 2.4.5. Recall the following expression for fV from (2.71),

(@) = G s wola / G, % () (x)ds. (2.132)

Since HGET) * quH < |¢]l o, it follows that || fV]| < [lwolloe + T [|Fll o for t <T. We can now prove
the second part of the statement by induction on |B|. (Recall that § is a multi-index (81, ..., 8q) in
N¢ and that |8| = 31 + ... + B4.) Suppose that for every 8’ with 0 < |8’| < k < 4, there exists a
constant K g < oo independent of N such that supg<;<p Haﬁ’ftNHoo < Kpgr; take § such that |8| = k.
(From now on we omit the superscript N in the induction proof.) Note that for some constants
Cay,.vai €N,
= ZFW)( > Ca. aiamf...amf>
i>1 ar+..+a;=p

where the second sum is over all possible multisets with i elements of non-zero multi-indices (1, . .., o)
in N9\ {(0,...,0)} such that a; + ...+ a; = B (computing the sum coordinate by coordinate). Also,
wy is assumed to have uniformly bounded derivatives of up to the fourth order. Using Proposition 2.7.1

(iv and v), we can differentiate on both sides of (2.132) and we obtain

A fi(x) = GI") % Dgwo ()

/G(” (c F(f)dsfs+ Y. Ca..., aiF(i)(fs)amfs...8aifs>(x)ds.

ar+..+a;=p
i>2

The sum is uniformly bounded by a constant K by the induction hypothesis, and so, using the fact
that ||GI"” « 6| <ol

t
108 fill oo < 110pwoll, +TK +Cp HF’IIOO/0 108 fsl o ds-

The function t — [|0p f¢|| . is bounded on [0,7] by Lemma 2.2.1. We can therefore apply Gronwall’s
inequality to conclude
195 7l e < (I85w0l +TK) e IFIT,

where the right hand side is independent of both ¢ € [0,7] and N > 1. We can now prove the first
statement using Gronwall’s inequality again, together with Proposition 2.7.2 and the first part of the

proof.

Recall that G; denotes the fundamental solution to the heat equation. Recalling that we set the
constants uVg, 2R%/(d + 2) and s to 1, equations (2.15) and (2.47) can be written as

FN (@) = Gy (e / Giowr (L1 = AR - FUD)) ()

and

Fi(@) = Gr o+ wola /Gts*Ffs

RAPHAEL FORIEN 125



STRUCTURE SPATIALE DE LA DIVERSITE GENETIQUE

Recall the definition of £(") in (2.14); by Proposition 2.7.2,

3
< PO 2 s 02| < 7%

1
LN — ZAfN Ty

oo

since max|g|—4 H@g N HOO is uniformly bounded from the previous argument. Also by Proposition 2.7.2,

[P - P, < g4 (s Josr GO+ 1m0 ) & 72

(The term within brackets is uniformly bounded from the first part of the proof.) Finally, we also

have

[FFY) = F(f)ll o < IF Nl 177 = foll

Hence, using the fact that |Gy * ¢||, < [|¢]| . there exists a constant C' > 0 such that, for ¢ € [0,T],

t
57 = ll < O+ 1P [ 18 = Fol s
Applying Gronwall’s inequality (the function ¢ — H JrA ft”oo is bounded on [0, 7] by Lemma 2.2.1),

N_f < C’eHFHTT2 .
1 = el %

2.8.2 The stable case

Proof of Lemma 2.2.2. Lemma 2.2.2 is proved exactly as Lemma 2.2.1 in the Brownian case. The
corresponding operator S : L*°([0, 7] x R%) — L>([0,T] x R%) is given by

S(g)(t,z) = G / GO 4 FOX) (£3) (2)ds

It satisfies the same contraction property as (2.128), yielding the existence of a solution to (2.22) in
L>(]0,T] x R%). The argument for the existence of spatial derivatives in L>([0, 7] x R?) is the same

as in the Brownian case, with S* given by

S (g, h) (¢, z) = G\ x wo(z) —oz// GlooN) « (())h(s)(x,am)%ds.

Proof of Proposition 2.5.6. The proof of the convergence of the centering term in the stable case

goes along the same lines as in the Brownian case of Proposition 2.4.5. Differentiating (2.95) yields
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(dropping superscripts N)

+ Y Coran FO ()00, fo - - Oar fs(ér)) (2) —rds.

ar+...fap=p4
k>2

One can then proceed by induction as previously to show

t
195 fill o < 119pwoll oo +T + IIF'HOO/0 195 fsll o s,

and Gronwall’s inequality (using Lemma 2.2.2) yields the second part of the statement. For the first
part, the proof is identical to that in the Brownian case, one simply has to replace the operators %A
and £(") by D and D*?, respectively, and likewise replace F(f;) by F(®)(f;). Proposition 2.7.3 then

yields the correct estimates on the corresponding error terms. O

2.9 Time dependent test functions

2.9.1 The Brownian case

Proof of Lemma 2.4.1. In the spirit of the proof of Lemma 2.2.1, we characterize ¢V as the fixed
point of a contraction in L>®(R? x {(s,t) : 0 < s <t < T}). By the definition of ¢~ in (2.66),

oN(z,5,t) = G x p(z) — G F'(fN)oN (u, t)(z)du. (2.133)

t—s
s

In other words, ¢ is a fixed point of the following operator,
t -
S(g)(w,5,t) = G2 o) — | G+ F/(FN)g(u, 1) (@) du.

For g € [1,00], define the norm ||g[|, 1, 77 = supg<s<e<r l9(s; t)l|4; then since fo_)s is a contraction

lq
in L9 and by Proposition 2.7.1.iii,

15(h) = Sl g 007 < T IF oo 1B = 9llg 10,77

so for T small enough, S is a contraction. Note that the space of (equivalence classes of) measurable
functions g : {(s,t) : 0 < s <t < T} — LI(R?) such that 9]l 40,77 < o0 is a Bochner space (and
therefore a Banach space). Hence for each ¢ € [1, 00], there exists a unique fixed point of S which is

uniformly bounded in L4(R?), obtained as the limit of the sequence

{gn-i-l = S(gn)v
go(z, s,t) = o(x).
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Since this sequence does not depend on g, the fixed point is the same for all g. This fixed point is ™.
Proceeding as in the proof of Lemma 2.2.1, one shows that the spatial derivatives of g, (of order up
to four) converge uniformly to some function which is uniformly bounded in L4(R%) for all ¢ € [1, oc].
As a result ¢V admits spatial derivatives of order up to four which are uniformly bounded in L4(R%)
for g € [1,00]. O

Proof of Lemma 2.4.2. The proof of Lemma 2.4.2 is similar in spirit to that of Proposition 2.4.5. We
start by proving the bound on the derivatives of ©V. Using the fact that Ggr) is a contraction in L9,

we have, using (2.133), for ¢ = 1,2,

q
du

q

N q q—1 q _ q—1 ¢
o™ .02 < 25 ol + 2t — sy

)N ()

t
<2 oy + At =) IFL [ e ) du,

by Proposition 2.7.1.iii. In addition, by Lemma 2.4.1, the function s — ||¢™ (s, t)“q is bounded on
[0,t]. By Gronwall’s inequality, we conclude that

H‘PN(Svt)|‘q < 9(a=1/q ||¢Hq62q;1TqHF/||q,

Thus the statement holds for 8 = 0. We can then proceed by induction on |3| as in the proof of
Proposition 2.4.5 to show that the same holds for every 0 < |3] < 4 (making use of the fact that by
Proposition 2.4.5, f¥ has uniformly bounded derivatives). We omit the details.

We are left with proving the convergence estimate for oV which is again a Gronwall estimate. As
in the proof of Proposition 2.4.5, write (2.66) and (2.68) as

P50 = Gerole) + [ oo (L0965 w0 = 06" (0t) = IS (00)) (2)d
(2.134)

and

Pl ) = Gioax 8(0) = [ Gumsx (F/(Ru)plust) ()i (2.135)

By Proposition 2.7.2 and the bound on the spatial derivatives of ¢,

2
STne

1
e ) - 8w
q

Still by Proposition 2.7.2, (omitting superscripts N and time variables)

T / d !\ — /
|7 - ], < 57 (mas o PP, + 17 0,

+ F"|| _max||0 )
lell, I ||oo|6|=2|| 5.l oo

The last term inside the brackets is uniformly bounded by Proposition 2.4.5 and the second to last is

bounded as a consequence of the first part of the proof. Also, 9;;(F'(f)®) is dominated by a linear

combination of (averages of) derivatives of both f and ¢. The latter are bounded in L? while the
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former are bounded in L, hence the first term within the brackets is also uniformly bounded. To

sum up,

HW—F’(&VMN(% t)Hq S (2.136)

Finally, by Proposition 2.4.5,
1P = F ()], S 7

Hence, subtracting (2.135) from (2.134) and using Jensen’s inequality as above with the L?-contraction

property of Gy, we have, for t € [0, T,

[N (s,6) = (s, )| S 7 + /Hs@ (u,t) — p(u, )| du.

Also, by Lemma 2.4.1, the function s — H(pN(s, t) — (s, t)Hq is bounded on [0, ¢]. We conclude with
Gronwall’s inequality, yielding the first statement of Lemma 2.4.2. O

Proof of Lemma 2.4.8. We can assume that ¢ >t > s (if ' > s > ¢, then ¢V (s,t) = ¢ = ¢V (s, )
and the problem reduces to bounding ¢ (s,#') — ™V (s, s)). Using (2.133), we write

.,
N (@, 5,8) — N (2, 5,1) = GUN) % p(x) — G % o() — / GUN) % F'(FN) N (u, ) (x)du

t—s
t

G (B (N () = 9N (u,1) ) (2)du.

S

From the way we extended ¢ in (2.77), we see that for u > ¢/, ™ (u,t') — ¢~ (u,t) = 0 and for
t<u<t, oN(u,t') — N (u,t) = ™ (u,t') — ¢, so (omitting superscripts V)

.
p(x,5,t) — pa,5,t) = GU) | x p(x) — G, * d(x) — / G« F'(Fu)p(x)du

[ e (PG 0))
Again, we use the L9-contraction property of G,ET) to write
lis.#) = ol )l < 377 |GE2 0 = G | 43070 1 — o 1 ol
+ BT =) F% /T lo(u, t') = o(u, ) du.  (2.137)

We need a bound on the first term; recalling the definition of G(") in Subsection 2.4.2, we have

G\ pla) — G % ¢ / ¢ s £0) () du.
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By Jensen’s inequality,

t/
|6 vo-ci,« ¢HZ < |t - t|q_1/t HL(T)QZ)HZdu

S -t

)

by Proposition 2.7.2. Hence, returning to (2.137),

T
lp(s,t") — (s, t)llg S 1t — " + / l(u, t') = o(u, )l du.

S

Noting that from Lemma 2.4.1, we know that s — [[¢(s,t') — ¢ (s, ?)]|,, is bounded on [0, 7], Gronwall’s
inequality yields the result. O

Proof of Lemma 2.4.9. By the definition of G("),

t
Gi™) s (z) = p(x) + / GUN) w £0N) () du.
Hence

max [|059||, (2.138)

d(d +2)
2 |pl=2

sup G w0l < ol + (T —9)|£g]| <ol +T
te[s,T) 1 1

we have used Proposition 2.7.2.i to bound ||£"~)¢||, independently of N). Recall from (2.133) that
1
t - e ————
N (wsit) =G woo) — [ GO PN ) (w)du.

Within the second integral, u < ¢, so we can write | (u,t)| < SUPy [u,7] | (u,t')|. Thus (omitting

superscripts and subscripts) by Proposition 2.7.1.i,

o
sup [p(z,5,8)| < sup |GV, % o(a)| + || F' o / G0 sup Jo(u,t)| (x)du.
te(s, T te(s,T) s telu,T]

Integrating with respect to the variable z € R? yields

d(d+2)
2

du.
1

<llol, +T
1

sup |p(u, t)]
teu,T)

sup |¢(s, )]

T
macx [958, + | ], /
te[s,T] |B]=2 s

Consider the space X of functions g : R x [0,T]? — R such that g(x,s,t) = g(x,t,t) for s >t

and the norm

sup |g(s,t)]
t€[0,T]

sup
s€[0,T]

1
is finite. (As a closed subspace of a Bochner space, X is complete with respect to this norm.) Looking
at the proof of Lemma 2.4.1, extend S to an operator on X by setting S(g)(z, s,t) = ¢(z) for s > t.
Then S : X — X (using (2.138)) and by the same argument as in the proof of Lemma 2.4.1, for T'
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sufficiently small, S is a contraction on X. As a result we obtain that s — Hsupte[s 71 lp(s,1)] H is
: 1

bounded on [0,7]. Hence, by Gronwall’s inequality,

d(d+2
sup [(s. 1) dd+2)
te(s, T

< (10, + 742 s oo, ) 17,

1

2.9.2 The stable case

Proof of Lemma 2.5.2. By the definition of ¢V in (2.89),

t [e%s) -
¢W%&w=§ﬁm*mm—a/ / %ﬁ”*PG?WNmﬁme@igﬂw (2.139)
s 1

Note that since we are only considering ¢ € {1,00}, we have || [~ f(-,r)dr”q <[ 1£Com)ll, dr.
Hence the bound on the derivatives of ¢V can be proved following the same argument as in the proof
of Lemma 2.4.2 in the Brownian case, using Lemma 2.5.1 in place of Lemma 2.4.1. By the definition

of ¢,
p(a,s,8) =G x o) — [ G, % (F'(fu)olu, 1)) (z)du.

By Proposition 2.7.3 and by the bound on the spatial derivatives of ',
079%™ (u,0) = D™ (w0, < 85

Using (2.136) (which is still true in this case by the bound on the derivatives of pV), we have

N dr st dr S dr
N\ N _ o/ (fNy N o 2 2 e
[P - rane e s [ [

Finally, by Proposition 2.5.6,
1F/(f) = F'(fu)]|, S o3
As a result, by the same argument as in the proof of Lemma 2.4.2, by Gronwall’s inequality,

N (5,1) = (s, )], S 03/

~

Proof of Lemma 2.5.10. The argument for the continuity estimate is the same as in the proof of
Lemma 2.4.8, using Proposition 2.7.3. For the second bound, we use the same argument as in

Lemma 2.4.9, again using Proposition 2.7.3. O
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Proof of Lemma 2.5.4. Splitting the integral with respect to zo, we have

/ £ lg(z2)] |21 — 2]~ dzrdz < |lglleo / ()] / |21 — 2| O dzadzy
(R)? R4 B(

Zl,l)

+ / Fa)] l9(z2)|dz2dzy
Rd RA\B(z1,1)

But IB(O 1) ™" dy = ;Yi, and we have :

. dv;
| MGollgta)l 1 = 2l diadze < ol 5 [ 1fGldor + gl [ 1G] o
(Rd)Q — O JRd R

2.10 Estimates for drift load proofs

Proof of Lemma 2.6.6. For all t > 0, fy) can be written as fy) = Z,ivil Yy, where (Vi) is

(d+2)
272

a Poisson process with intensity and (Y%),>, is a sequence of independent and identically

distributed random variables with density ¥ (y) = % As a result, the law of fy) can be written
d+2 )\ "
r _dy2 _d+2 - t N
G\ (dx) = e~ 27t 5o(da) + e~ 22! Z (2;! ) ™" (x)dx
n>1

Since v is continuous on R%, so is 1)*™ for any n > 1. In addition, v (y) is decreasing as a function of

ly|, and ¢ x(x) = g(a:, ) so, by induction it follows that ¢*"(y) is also decreasing as a function of
ly|. Since the above sum converges uniformly, we can conclude that gy) is continuous on R% and that

ggr) (y) is rotation invariant and is a decreasing function of |y|. O

Proof of Lemma 2.6.7. By some elementary algebra,

,',.2
B = 00 — 20()(8(y) — 9(a)) + 21— 0() (Bly) — 9(@)g(v)
= (600~ o)+ T5001t)) - (F5) HaPa?

212 \? 9

since g(y)? < 1. Averaging the above inequality in y twice around z and multiplying by ‘1;22 yields
) 2 ) = 9= 2r? 2
L0162 (z) — 20(0)LV6(2) + 20(2)09(w.7) — 20(2) () >~ b(a)”

The first result then follows from the fact that v < g. For the second inequality, set a = ¢(y),

€= 31229@) and b= (1 — 6)1/3¢(33); then

2r2
d+2

o(y)*— d(x) 4 (1 - g<y>) O (B(y)—6(x)) = a*—b* 46 (a—b) +b* — g(x)* — 45 (b—(x)).
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By convexity of the function x + x4, a* — b* — 4b3(a — b) > 0, so the above expression is greater than

B [(1- 9% —1 40— (1 =2 = 1)] ~ ~2o(a)e”

Hence there exists ¢ such that, for r small enough,

2r2
d—+2

¢@f—¢uf—4@—- mm)aw%ww—¢u»z—@#wm?

Averaging in y twice around z as above yields the second statement. O

Proof of Lemma 2.6.8. We define the following :
H(z,u,t) = e G s hy(z).

Differentiating with respect to u yields

%(Iv u,t) = eia(tiu)GgTu * (Ouhu — Lhy + ahy,) ()

< emelt= g g (z). (2.140)

Integrating (2.140) over u € [s,t], we have

t
hi(x) < e_o‘(t_s)Ggi)s * hs(z) + / e_a(t_“)Ggi)u * gy (z)du. (2.141)
By Jensen’s inequality,

t q
(/ e G, gu(x)du)
S

1

IN

¢ =1 ’
(/ e_a(t_")du> / e~ ot (Gl(ti)u * gu(x)) du

I .
/ e_“(t_“)GL)u * g1 (z)du.
S

= Oéq71

The result follows by taking [-[|, norms on each side of (2.141). O
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Chapter

Dispersal heterogeneity in the spatial
A-Fleming-Viot process

Introduction

Landscape genetics studies the influence of geographical features of the environment on evolutionary
processes and on the genetic composition of populations. Habitat fragmentation and ecological
interfaces play a significant role in this field [MH13]. Scientists strive to detect, map and quantify
the long term effects on genetic diversity of spatial heterogeneities by observing the genetic patterns
that they have produced through evolution [Sla87|. For example, genetic differentiation between two
subpopulations separated by a physical obstacle can be used to measure the reduction in gene flow
caused by the obstacle [Su+03; Ril+06; Gay+07].

Our focus in this chapter is the special case in which individuals spread their offspring farther
from themselves in some parts of space than in others. By comparing the genomes of individuals
and the frequencies of different genetic types at different locations, one tries to infer the strength of

dispersal in these regions and to measure the effect of the interface.

Simple models for the evolution of gene frequencies are then required which can be fitted to field
data with reasonable computational power. That is why mathematicians in the field of population
genetics establish large scale approximations of microscopic models which take into account the

interaction between geographical features and evolutionary forces [Mald8; KW64; BDE02].
Nagylaki [Nag76]| studied the effect of a discontinuity in the migration rate in the linear stepping

stone model. He considered colonies located at the points k/+/n, k € Z, which evolve in discrete
generations spanning 1/n units of time. At each generation, adjacent colonies to the left of the origin
exchange a proportion m/2 of migrants while adjacent colonies to the right exchange a proportion
v?m/2, as depicted in Figure 3.1.

Letting n — oo and considering that the number of individuals in each colony is so large that
genetic drift (i.e. fluctuations due to random sampling of individuals at each generation) can be

ignored, Nagylaki showed that the proportion of individuals of a given type at location x € R at time
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Figure 3.1: Discrete model with a discontinuity in the migration rate

t > 0, denoted by p(t, z), is well approximated by the solution to the following equation

Op ~ md®p )
a(t,x) =3 92 (t,z) ifx <0
dp B v2m &%p .
and, for t > 0,
_ dp _ Op
+y gp _,29P +
p(t,0%) = p(t,07), “L(1,07) = v el (1,0%).

In words, allele frequencies must be continuous at zero but their first spatial derivative has a
discontinuity which is given as a simple function of the ratio of the migration rates on each side of
the habitat (see Figure 3.3). He extended this result [NB88] to the probability of identity by descent,
i.e. the probability that two uniformly sampled individuals have inherited the same allele from a
common ancestor without mutation as a function of the distance between the sampling locations.
Nagylaki found similar conditions for the first derivative of the probability of identity as for the allele
frequencies. Along with Ayati and Dupont [ADN99], he further investigated the qualitative properties

of the probability of identity in this setting and provided numerical approximations.

In parallel to these developments, a diffusion process has been introduced [IM63; Wal78; HS81]
and used to study diffusion in physical systems presenting an interface between different media
[App+11]. The so-called skew Brownian motion with parameter « € [0, 1] can be described as an
R-valued stochastic process which performs Brownian excursions from the origin, on the positive half
line with probability o and on the negative half line with probability 1 — a.. See [Lej06] for a review

of the definition and properties of skew Brownian motion.

In this chapter, we study the genealogy of a sample of individuals in the presence of heterogeneous
dispersal. This genealogy is described by a system of ancestral lineages which at time ¢ correspond to
the positions of the ancestors of the sample ¢ generations in the past. We find that, in the diffusion
limit, those ancestral lineages follow skew Brownian motions with different diffusion coefficients on
each side of the interface (Proposition 3.3.3 below). The genealogy of a sample of individuals is
then given by a system of skew Brownian motions which coalesce upon meeting in one dimension
but never coalesce in higher dimensions (Theorem 3.2). As a consequence, allele frequencies follow
a deterministic partial differential equation in dimensions two and higher while in one dimension,
patches of different types form and evolve randomly (Theorem 3.1). Our method allows for more
general assumptions on the microscopic model than [Nag76; Nag88] (e.g. continuous spatial structure

and non-nearest neighbour migration).

We use the spatial A-Fleming-Viot process framework introduced in [BEV10a| and [Eth08] to

model the evolution of allele frequencies in a continuous space (see [BEV13a| for a review on this
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process). In this model, reproduction events occur according to a Poisson point process on Ry x R?

which specifies their time and location. During these reproduction events, a proportion u - called

the impact parameter - of individuals in a ball of radius r is replaced by the offspring of a uniformly

sampled individual in this ball. To model heterogeneous dispersal, we assume that the radius of the

reproduction event depends on the halfspace in which its centre falls, as illustrated in Figure 3.2.

We study the large scale behaviour of the spatial A-Fleming-Viot process (SLFV) under a diffusive

rescaling similar to the one considered in the homogeneous setting in [BEV13b]. In particular, the
impact parameter is kept constant as we rescale space and time.

Our results and their proofs are similar in spirit to

those in [BEV13b|. We use the fact that the SLFV has

a dual in the form of a system of coalescing particles

moving in R? (interpreted as the locations in the past

of the ancestors of a random sample of individuals). We

show (Theorem 3.2) that the rescaled dual converges to a

system of skew Brownian motions which evolve indepen-

dently of each other until they meet, and then coalesce

+ instantaneously upon meeting. In particular, when d > 2,

the particles never meet and evolve independently of each

other. Our approach improves on [BEV13b] as our proof
i . ) covers any configuration where ancetral lineages converge

Figure 3.2: Size of reproduction events ] )

. . to Markov processes with continuous paths.

The size of the region affected by a reproduc- ] . L

. . . As a consequence, we obtain a scaling limit of the pro-
tion event depends on the halfspace in which . ) .
cess describing the evolution of allele frequencies across

its centre falls (1 > 0 or z1 < 0).

space (Theorem 3.1). The limit is deterministic as soon

as d > 2 and solves a heat equation on each halfspace.
The fact that ancestral lineages follow skew Brownian motions translates into a discontinuity of
the first spatial derivative along the normal of the interface, in agreement with Nagylaki’s result.
When d = 1, each site is occupied by only one type of individuals at any positive time, and the
boundaries between patches of different types evolve according to a system of annihilating skew
Brownian motions.

The proof of the convergence of the motion of lineages to skew Brownian motion is adapted
from the work of A. Tksanov and A. Pilipenko [IP16], where skew Brownian motion is obtained as
a scaling limit of a Markov chain on Z which behaves like simple random walk outside a bounded
region around the origin. The difficulty in proving convergence to skew Brownian motion comes
from the fact that martingale problem characterizations of the limiting process are ill suited to this
setting. (In particular, scale functions of the limiting process do not turn the random walk into a
martingale.) Following [IP16], we circumvent this by studying the positive and negative parts of
the process separately, and then linking the two by their respective local times at the origin. This
method turns out to be readily applicable to more general migration patterns than originally studied
in [Nag76], as we show here by dealing with a continuous spatial structure.

The chapter is laid out as follows. We define the SLFV with heterogeneous dispersal in Section 3.1
and we state our main result (Theorem 3.1) in Section 3.2. Section 3.3 gives a description of the dual

of the SLFV and states its convergence under the diffusive rescaling (Theorem 3.2). The latter is
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proved in Section 3.4 and implies Theorem 3.1. Finally, the convergence of the motion of an ancestral

lineage to skew Brownian motion is proved in Section 3.5, following the arguments of [IP16].

3.1 Definition of the model

Consider a model where individuals are scattered in a continuous space of dimension d and can be
of two types, denoted by 0 or 1. We suppose that the density of individuals is constant in space.
The population is represented by a random function {w(t,z),t > 0,z € R?}, where w(t,z) € [0,1] is
interpreted as the proportion of type 1 individuals at location = at time ¢. Define the two halfspaces
HT, H™ by

iz{xe]Rd::&:x1>0}.

Take u € (0,1] and 0 < 7_ < r} < 4+00. We denote the volume of the ball of radius r in R? by V..
The SLFV with heterogeneous dispersal is defined as follows.

Definition 3.1.1 (SLFV with heterogeneous dispersal). Let II* be a Poisson point process on

H* x R, with intensity Vidxdt. For each point (x,t) in I, a reproduction event takes place in
T+

B(x,ry) at time t:

1) Pick a location y uniformly at random in B(x,r+) and sample a type k € {0,1} from the types
. _ . .. L
present at y (i.e. k =1 with probability V. fB(Iﬂ“i) w(t—,y)dy).

2) Update w(t, z) for z € B(z,r1) as follows:

w(t,z) = (1 —w)w(t_,2) +ulz_1y.

In other words, a proportion u of individuals in the ball of centre x and radius r4 dies and is

replaced by the offspring of an individual sampled uniformly from this ball.

Remark. The factor % in the rate of the Poisson point process ensures that the mean lifetime of
T+

individuals is the same in both halfspaces (far enough from the interface).

Theorem 4.2 in [BEV10a] can be adapted without difficulty to show that there exists a unique
cadlag Markov process (w(t,-)),~, satisfying this definition and taking values in the quotient space
E of Lebesgue-measurable mapg from R? to [0,1] that are identified when they coincide up to a
Lebesgue-null set. This space can be identified with (a subset of) the space of measures on R that
are absolutely continuous with respect to Lebesgue measure. It is endowed with the following metric
d which induces the topology of vague convergence of measures on R?. Let ( fn)p>1 be a separating

family of uniformly bounded and compactly supported real-valued functions on R?, then

[ee] 1 _
)= gelwf) = f)l, wow €=

n=1
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3.2 Large scale behaviour of the SLFV with
heterogeneous dispersal

Fix wp : R* — [0,1]. For n > 1, set w™(t,z) = w(nt,/nz) and assume that w"(0,x) = wo(z) for
all n > 1. For 8 € (—1,1), let D denote the set of all continuous functions ¢ : R* — R, twice
continuously differentiable on each halfspace H*, such that
0
1+6) 22| =(a-p)

axl =01

9¢

8x1 £1=0—

Theorem 3.1. Asn — oo, the sequence of Z-valued processes {w™(t,-),t > 0} converges in the sense
of finite dimensional distributions in the vague topology to a process {p(t,-),t > 0}. In dimension one,
p(t,x) is a Bernoulli random variable with parameter p(t,x) and the correlations between the values
of p(t,-) at distinct sites are non trivial and are given in (3.8) (see also Figure 8.4). In dimensions
two and higher, p(t,x) is deterministic and equals p(t,x). In both cases, there exists 8 € (0,1) such
that t — p(t,-) is the D? wvalued solution to the following equation

dp _ ur . +

E(t’x)id—FZAp(t’x) foEH ) 3.1
(3.1)

p(0,2) = wo(x) r € R

Finding solutions to (3.1) in D” can be reduced to finding classical solutions to the heat equation
with discontinuous coefficients by a change of variables as shown in [Nag76]. Existence and uniqueness
of the solution in D” to (3.1) was also proved in [Por79a] and [Por79b], see also Proposition 1 in
[Lej06]. We prove Theorem 3.1 by studying the dual of the SLFV with heterogeneous dispersal.

The fact that the solution to (3.1) has to be found in D? with 8 > 0 agrees with the findings of
Nagylaki [Nag76] (equations 8 and 9). This transmission condition reflects the fact that individuals
living near the frontier between the two halfspaces are more likely to have ancestors coming from H™*

than from H~ (recall that we take r_ < ry), see Figure 3.3.

0.75 1

frequency
o
a
o

0.25 -

0.00 -

-10 -5 0 5 10
position

Figure 3.3: Diffusion of an allele with heterogeneous dispersal
Graphical representation of « +— p(t, ) started from a Heavyside initial condition 1{,<0} at time ¢t = 12 with
parameters: oy = 0.5, o_ =1, f = —0.6. Note the discontinuity in the first spatial derivative at x = 0.
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As already noted by Nagylaki [Nag76|, 8 depends on the microscopic model in a rather intricate
way. We give an expression for 8 in (3.26) when the microscopic model is the SLFV. This dependence
on the choice of the model is a potential issue when trying to infer demographic parameters from
genetic data. Inferring 5 as an independent parameter would reduce the power of such an inference
scheme, so one would like to choose a particular model and make 8 a function of the other parameters
in the model. However it isn’t clear how one should choose among the great variety of possible

microscopic models.

3.3 Duality
3.3.1 The dual of the SLFV with heterogeneous dispersal

We now define a system of coalescing particles whose displacements are driven by the same Poisson
point process of reproduction events as the SLFV. The particles at time ¢ describe the positions of
the set of ancestors at time —t of a sample of individuals alive at time 0. Since the Poisson point
processes II* are reversible with respect to time, the reproduction events which took place in the

past have the same distribution as those which occur forwards in time.

Definition 3.3.1 (Dual of the SLFV with heterogeneous dispersal). Let II* be Poisson point processes
in HE x Ry with intensity %dmdt. Let (A¢),~( be a system of finitely many particles whose dynamics
- >

are as follows. For each point (x,t) in I, a reproduction event takes place in B(x,r+) at time t:
1) Pick a location y uniformly at random in B(x,ry).

2) Each particle sitting inside B(x,ry) at time t_ is marked with probability u, independently of

each other.

3) All marked particles coalesce and move to y.

We denote the number of particles present at time ¢ by Ny and their spatial locations by &}, .. ., gN t

so that A; = {&},..., &M}
Let B*(x,r) denote the intersection of B(z,r) and H*. The motion of one particle is a Markov

process on R? with infinitesimal generator

£i@) =u [ Bn)(0) - Sy (3.2

with . . 3 _
‘B (:E,T+)ﬁB (y7r+)|+|B (:L‘ﬂ‘,)ﬂB (va*)‘

O(x,y) =
% V2

(3.3)

This is seen by noting that a particle located at x finds itself in the region of a reproduction event of

II£ at rate N
|B= (2, r4)|

Vis
It is further affected by such an event with probability v and moves to a location y chosen uniformly
in the ball of radius 4 affected by the event. See [BEV13a] (paragraph 3.5) for a more detailed
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justification in the homogeneous case. The law of (A;),-, started from j lineages at locations
z = (x1,...,x;) is denoted by P, (-). B

Let us now give the (weak) duality relation between (w:),~, and (A:),~,. Let C.(R?) be the
space of compactly supported real valued functions on R<. For P (RF)I . Ry in C.((R?)7) and

w € =, set
I(w w(x)Y(z, ..., x;)dxy ... dz;.
w /Rd)JH 7 1 _7) 1 i
Also set

wAt Hﬂ)gt

Then, for any j € N, for 1 € C.((R%)7), [BEV10a]

Eoy [ (wr, )] = / E, [(wo, Ad)] (&) . (3.4)

GO

Since the linear span of functions of the form I(-,4) and constant functions is dense in C(E)

(Lemma 4.1 in [BEV10a]), one can prove Theorem 3.1 by showing that, for any 0 <t < ... < t; and
¢1, e ;¢k in CC((Rd)])7

k
=1

We shall do this using the duality relation (3.4) above. For n > 1, define the rescaled dual process
(Af)s0 b
E£ [f(-A?)] = ]E\/ﬁg |:f (%gitv ceey fgn m):| .

Then (A}),5, is dual to (w}'),5 in the sense that

Eug (18] = [ B [, A1) p(ae:

In Section 3.4, we prove the convergence of (A}'),~, to a system of coalescing skew Brownian motions.
Note that in dimensions two and higher, skew Brownian motions never meet and the dual of the SLFV
with heterogeneous dispersal thus converges to a system of independent skew Brownian motions. This

is the reason why the SLFV converges to a deterministic process when d > 2 in Theorem 3.1.

3.3.2 Skew Brownian motion

In [HS81] (see also [Wal78], [LG84b]| and [Lej06]) it is shown that for 8 € [—1, 1], there exists a unique
solution to the equation
X; = By + BLY(X),

where B is standard Brownian motion and L?(X) is the local time at 0 of X. This process is called
skew Brownian motion with parameter oo = % (For 8 =1, (X),> is reflected Brownian motion.)

This result can be extended to the d-dimensional case where the first coordinate of the process follows
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skew Brownian motion.

Proposition 3.3.2. Let B = (Btl, cee Btd)t>0 be standard (d dimensional) Brownian motion. Let
o : R? — (0,00) be defined by o?(x) = U:Qt]l{IeHi} with 0% > 0 and take Tg = (x},...,2d) € RL

Then, for B € [—1,1], there exists a unique R%-valued Markov process (Xt)tZO satisfying

t
X! =a} +/ o(X,)dBL + BLY(X1)
| | 0 | (3.6)
X; =z —|—/ o0(Xs)dBs; for2 <i<d.
0

Furthermore, the law of (X),~, 45 the unique solution to the (hence well posed) martingale problem

associated with the generator L, defined on the domain D® by
1 2 3
Lo(x) = 5 (2)Ad(x), Vo € D”.

This result is proved in [Lej06] (Proposition 10) in the case d = 1 and o4 = o_. The extension to
higher dimensions is straightforward and the case o4 # o_ can be treated with the help of [BP87].
In [Por79al, [Por79b], it is proved that L generates a Feller semigroup. Part of the work in showing
Theorem 3.1 is the proof that the motion of particles in A™ converges to a solution to (3.6), as stated

in the following Proposition. Its proof is given in Section 3.5.

Proposition 3.3.3 (Convergence to skew Brownian motion). Let (&),-, be an R%-valued Markov
process with infinitesimal generator L given in (3.2). Forn > 1, set 5} = ﬁgm and suppose &Y
s deterministic and converges to xg € R asn — oo. Fiz T > 0. Then, as n — oo, (th)te[o,T]
converges in distribution in the Skorokhod space D ([0,T],R?) to (Xt)ejo,r)s @ solution to (3.6) with

2
o3 = u%, and B € (0,1).

The parameter f3 is given as a (complicated) function of the law of (&), in (3.26). Note however

that 8 > 0 as soon as rp > r_.

3.3.3 Large scale behaviour of the dual process

Let (A$°),~, be a system of particles moving in R? according to independent skew Brownian motions
(i.e. solutions to (3.6)) with 03 = uflTT% and with the same parameter 8 which coalesce instantaneously
upon meeting. In particular, in dimension 2 and higher, the particles never meet and (Ag°),~ is a
system of independent skew Brownian motions. We denote the locations of the particles at time ¢ by
(xk ..., xNy.

From [Eva97], we know that there exists a =-valued process {p(t,z),t > 0,z € R?} which is dual
to A in the sense that, for 1 € C.((R%)%),

B (100 ] = [ B [(AF o)) o) (3.7

Furthermore, by Lemma 3.2 in [BEV13b|, in dimension one, p(t, z) is a Bernoulli random variable

with parameter p(t,z) = E, [wo(Z;)] while in dimensions two and higher, p(¢, z) is deterministic and

RAPHAEL FORIEN 141



STRUCTURE SPATIALE DE LA DIVERSITE GENETIQUE

equals p(t,z). The fact that p can be characterized as the solution to (3.1) is a direct consequence
of operator semigroup theory (see [EK86, Proposition 1.1.5] and recall that L generates a Feller
semigroup). In [BEV13Db], it is shown that the following theorem implies (3.5) and hence Theorem 3.1
(see their proof of Theorem 1.1).

Theorem 3.2. Asn — oo, (A}),~, converges in the sense of finite dimensional distributions to
(A?O)QO'

Moreover, for k € N and 0 < t; < ... < tg, suppose that we start A™ with jo particles at locations
T, let the process evolve until time t1, add 71 lineages at locations x,, let the process evolve until
time to and so on. Call the resulting process A™ and define A= analogously. Then for any t > 0, A?

converges in distribution to A° as n — oo.

From (3.7), we obtain that for Lebesgue almost every (z1,...,z;) € (R%)7,

J

Hp(t7mi)

i=1

E.,

Ny
=Euy..a, lH wO(XZ)] (3.8)

yielding the correlations between the values of p(t,-) at different sites.

In dimensions two and higher, lineages never coalesce and evolve independently of each other. As
a result, one can show (see [BEV13b])

Eu, [p(t,2)?] = (B [wo(X:)])* = (Bu, [p(t,2)])?,

which is only possible if p is deterministic.

In dimension one, since lineages coalesce when they meet, at any positive time each location is
occupied by only one type of individuals. Small patches of type 1 and type 0 individuals then form,
whose borders can be shown to follow anihilating skew Brownian motions. Neighbouring patches of

the same type thus merge whenever their borders meet, as illustrated in Figure 3.4.

Remark. Lineages coalesce instantaneously upon meeting because the impact parameter u (which
should be interpreted as the inverse of the effective population size) is kept constant as we rescale
time and space. Other scalings would result in different limiting behaviours. If u is of order 1//n,
then we expect that, in the limit, lineages coalesce when they accumulate a local time together equal
to an independent exponential random variable, as in [DRO8]. The evolution of allele frequencies
is then described by a stochastic partial differential equation in one spatial dimension (but remains
deterministic in higher dimensions as skew Brownian motions never meet), as in [EVY14]. Moreover,
if u=o0(1/y/n), lineages never coalesce in the limit, even in one dimension, and the evolution of

allele frequencies is deterministic (and equal to p).

3.4 Proof of Theorem 3.2

Proposition 3.3.3 gives the convergence of the law of the motion of each particle in A™ to skew
Brownian motion. To show Theorem 3.2, we thus need to control the coalescence of the particles.

The following proposition helps fulfill this goal.
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p(t.x)

o5} { t=10
0 | |
-100 -80 -60 -40  -20 0 20 40 60 80 100
X
1+
<
£ 05F { t=100
L 1 L L L | 1 | |
-100 -80 -60 -40 -20 0 20 40 60 80 100
X
1 -
<
S o5f t=250
L L L L L | L L |
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Figure 3.4: The limiting process in dimension one

Numerical simulation of (p(¢,-)),>, in a one dimensional space of length 220 with o2 = 0.2, o3 = 0.06
and 8 = 7/13, started from the initial condition wy(z) = 0.5, shown at time ¢ = 10, ¢ = 100 and
t = 250. Notice how the number of patches decreases with time as their interfaces meet and annihilate
each other. Patches on the right are smaller and more numerous than patches on the left because
diffusion is stronger on the left than on the right of the origin.

Proposition 3.4.1. Let O C R? be an open set and let F C R? be a closed set. Suppose that a
sequence of functions (or processes) fn : Ry — R converges uniformly on every compact interval
to a continuous function f : Ry — R Define Th = inf{t > 0: f,(t) € O} and TR, To and Tr
accordingly. Then

Tr < hnrr_1> i£f 1%, lirrln%sotcl)p T5 < Tp.

This Proposition is proved in Section 3.6. An immediate consequence is that if a sequence of
processes {(X]'),~,,n > 1} converges in distribution in D ([0, 7], R?) to a continuous process (X;),~,
and if Tp =Tp a.s. when F is the closure of O (defining Tr, Tp, TF and T as the hitting times of
these sets by the processes (X¢),~, and (X}*),~, respectively), then, by the Skorokhod representation
theorem, both T} and 17 Conve;ge in diStI‘ibl_ltiOIl toTp =1Tk.

Proof of Theorem 3.2. We prove the first part of the result when starting from two particles; the proof
is easily extended to a larger sample (see [BEV13b]). The two particles in A™ evolve independently

of each other until they come within a distance 2r, /4/n of each other (since r_ < r). Let us then
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define T, as the first time at which the two particles come close to each other in the rescaled setting

n " 2r
nl_ ﬁ’g\/%}. (3.9)

When d > 2, we show that Py, », (T, <t) — 0 as n — oo for all £ > 0. For € > 0, define

Tninf{tZO:

Tﬁ:inf{tzoz

1 2
=& ’ < 2r+5}.
This is the hitting time of the closed set {(x,y) : |z — y| < 2rye} by the process (€]"",£"%)i>0. Since
¢! and €™? are independent up to time T}, and, for n large enough, T;, > T<, by Proposition 3.3.3
and Proposition 3.4.1, T¢ converges in distribution to 7°, defined as the hitting time of {(z,y) :
|z —y| < 2rye} by two independent solutions to (3.6) started from z; and xz2. As a result, since

T, > T: a.s. for n large enough,

limsup Py, o, (T <1t) <Py, (T° < 1)
n—oo
The right-hand-side vanishes as € | 0 when d > 2, yielding the result in this case.

We treat the case d = 1 in two steps. First we prove that the trajectory of the two particles up to
time T,, converges in distribution to the motion of two independent skew Brownian motions up to
their meeting time. Then we argue that the coalescence happens soon enough once the two particles
are close to each other that the delay between T}, and the coalescence time (denoted by T)¢) vanishes
in the limit.

By the Skorokhod representation theorem and by Proposition 3.3.3, there exist sequences of

processes (£;",€1?);>0 and (X}, X2);>0 defined on some probability space such that

i) (€M");50 and (£/"%);>¢ are independent Markov processes with infinitesimal generator £,
ii) (X})i>0 and (X?);>0 are independent solutions to (3.6),

iii) (£/"")¢>0 converges uniformly on compact time intervals to (X?);>o almost surely for i € {1,2}.

n,l +n,2

el ~”’2)t§7:n has the same distribution as (§;"", & )<, - Suppose

Defining T}, analogously to (3.9), (£, &
that X} > X2 and define the hitting time of the diagonal by (X}, X?)i>o as

T2 =inf{t >0: X} < X?}.

Let us show that T, — T2 almost surely. Set

n—oo
TA =inf{t >0: " < &%)

and note that since the jumps of £ are of size at most 27, /+/n, the two lineages cannot jump over

one another without coming within a distance 2r /\/n of each other, i.e. T, < TTLA almost surely.

Moreover, define T¢ and T< as the hitting times of {(z,y) : |# —y| < 2rie} by (€', £?);>0 and

(X}, X2)i>0 respectively. By Proposition 3.4.1, T2 — T a.s. and T° — T° a.s. As a result,
- n—oo n—oo

for all € > 0,

T¢ < liminf T, < lim sup T, <T? a.s.

n—00 n—oo
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By the continuity of ¢ — (X'tl,f(f% T¢ — T2 almost surely as € | 0, yielding the almost sure
convergence of T,, to T®. As a result, (5?*1,5?2)t<fn converges almost surely to (X}, X?),c7a.
In other words, (£;"",€/%)<r, converges in distribution to (X}, X})i<7a, the trajectory of two
independent skew Brownian motions stopped at the time when they hit each other.

We now show that the two particles coalesce quickly once they come within a distance 2r; //n
of each other. This is a consequence of the following result, which is proved as in [BEV10a],

Proposition 6.4.

Lemma 3.4.2. Let T° denote the coalescence time of the two particles &, & in (Ay),q (i-e. in the
original time scale). Then

lim sup Py, (T°>1)=0.
o0 ly1—ya|<2r s Y1,Y2

By the strong Markov property,
Pry iy (TS = T > 1) = By 0y [P ent en (T° > nt)} . (3.10)

The term inside the expectation on the right-hand-side is bounded by supy,, _,,|<a,, Py, 4, (T > nt),
which converges to zero as n — oo by Lemma 3.4.2. In addition, the distance covered by £™? between

T, and T¢ vanishes as n — oco. Indeed, in Section 3.5, we prove the following.

Lemma 3.4.3. For anye >0 and T > 0,

limlim sup P sup & —&| >evn | =0.
00 n—oo s,t€[0,nT]
[s—t|<dén

Write

B

i~ !

> 6) < P( sup  [§s — & > 5\/ﬁ>
s,t€[0,nT]
[s—t|<dén

+P (T —T,| > 96) +P(T,, > nT) +P (T >nT).

Letting n — oo, the second term on the right-hand-side converges to zero by (3.10). So do the last
two terms since both 7, and T converge in distribution as n — co. Then letting § | 0, the first
term vanishes by Lemma 3.4.3. As a consequence, ({%’;, T¢) converges in distribution (and even in
probability) to (X%A ,T?). Since the remaining particle after the coalescence event follows a Markov
process with infinitesimal generator £, we know by Proposition 3.3.3 that (f;;?lth)tZO converges in

distribution to skew Brownian motion started at X%A.

This proves the convergence in distribution of A} to Ag° when started from two particles. For
larger samples, it is enough to note that three particles (or more) almost never simultaneously come
within a distance 2r;//n of each other. The proof of the convergence of the finite dimensional
distributions and that of the second part of the statement follow the same lines, using the Markov
property at suitable times. Details can be found in [BEV13b]. O
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3.5 Convergence to skew Brownian motion

We now give the proof of Proposition 3.3.3. The arguments are adapted from the work of Iksanov and
Pilipenko [IP16]. We limit ourselves to the one dimensional case for the proof, but the generalisation
to higher dimensions is straightforward. Iksanov and Pilipenko treat the case of a discrete time
Markov chain on Z which behaves like a simple random walk outside a bounded region centered at
the origin. We extend their proof to continuous time jump Markov processes with continuous state

space.

3.5.1 Proof of Proposition 3.3.3

Recall that (&), is a Markov process with generator £ given by (3.2) and " (t) = ﬁgm. As

announced above, we restrict ourselves to d = 1 and we follow the lines of [IP16]. Set
XE(t) = +6 L jze,ory)
and

= mf{t >0: ‘£t| < ’I’+},
ak inf {t > Tk P > 7°+} k>0,

T,irl = inf {t > ak cx&G <yt

One can then write the decomposition (see formula 2.1 in [IP16])

XE(t) = X5(0) + ME () + L) F Y&t R (3.11)
>0
with
t
Mi(t) = i/ 1{i§(s’)>r+}d587
0
=+ (E(0) — €))Lz oy
i>0
Also set
+y i + +y L +
M (t) = \/HM (nt), L>(t) = \/ﬁL (nt).

Let & =& v 0 and & = (—&) V0. The following now holds.

Lemma 3.5.1. For any fized T > 0, the sequence of random variables (¢, MF, Lf)nzl is tight in
D ([O,T},RG). Furthermore, any limit point (XX, ML, LE) of the sequence is a continuous process
satisfying

T
A ]l{Xoic(t):O}dt =0, a.s. (3.12)

Lemma 3.5.2. Let (XL, ML, LE) be the limit point of a converging subsequence of (&5, MF, Lt)
in D ([0,T],R®). Then
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i) the processes LE, are non-decreasing almost surely and satisfy
! +
/0 Loy s dlac() =0 as

ii) the processes ML are continuous Fy-martingales with F; = o(XE(s), LE(s), MZE(s), s € [0,1])

with predictable quadratic variation

t
+ 2
<Moo>t = O':t/o :U'{Xoio(s)>0}d8

2
2 2ry

where 03 = u ;.

Lemma 3.5.3. There exists 8 € [—1,1] such that, for t >0,

148,
LL(t) = mLm(t)

almost surely.

Proposition 3.3.3 follows from the above lemmas and Proposition 2.1 in [IP16]. Lemma 3.5.1
is proved in Subsection 3.5.3. The proof of Lemma 3.5.2 does not differ from the one given for

Lemma 2.2 in [IP16] and we omit the details. The proof of Lemma 3.5.3 is given in Subsection 3.5.4.

3.5.2 Occupation time of the boundary

We begin with the following result controlling the time spent by (515)@0 in the region [—r4,ry].
Lemma 3.5.4. Fort >0, define v(t) = fot Lyje.|<ryyds. Then

i) limy_y00 v(t) = +00 almost surely,

i) sup,ep Eq V(1)) = O (V1) a.s. ast — oo.
Proof. The fact that v(t) — oo as t — oo is well known. Set (o = 0 and

G =inf{t > G_1:[§| <ry}, i >1,

G=inf{t >q :|&| >y}, i>1.
Then v(t) can be written as the sum of the lengths of the excursions inside [—r4,r4] up to time ¢,

v(t) = (GAt—gAt).

Hence

Eo [v(t)] < Bo | Y B[ —ai| Folli<y

i>1
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Noting that there exists £ > 0 such that P(|£(t 4+ dt)| > ry | & = ) > edt for all |x| < ry, we see

that (; — ; is stochastically dominated by an exponential random variable with parameter €. Hence

1
E. [v(t)] < E]Ex Z]l{qﬁt}
i>1

In addition, the number of visits to [—r,r;] before time ¢ is less than the number of visits to this

set before the first excursion longer than ¢, i.e.

Z ]l{qigt} < m(t) = mf{z >1: Git1 — Cz > t}.
i>1

Let (W), be a continuous time random walk on R with jump rate u and independent increments

distributed according to
[B(0,1) N B(y,1)]
‘/'12

dy.

Then for any r > Ty,
:I:a:(§1 CO> )7 “(és<t s Z >

(Notice that the right-hand-side isn’t changed if W is replaced by r+W.) As a result m(¢) is

stochastically dominated by a geometric random variable with parameter

= i >0).
p(t) =P <Og;f<th > 0)

Furthermore, there exists 7 > 0 such that, for all ¢t > 0, p(t) >
equations (3.4) and (3.5) in [IP16]). As a result,

%, (see pp. 381-382 in [BGT8Y| or

3.5.3 Tightness of (¢5, MF, L),

Let us now give the proof of Lemma 3.5.1. To prove that the sequence (£, ME, L¥),>; is tight in
D ([0, T],R®), we use the following criterion proved by Aldous [Ald78].

Theorem 3.3 (Aldous [Ald78]). Suppose (X,,n > 0) is a sequence of random variables taking values
in D ([0,T],R) such that

i) (Xn(0),n > 0) and (supysq | Xn(t) = Xn(t7)[,n > 0) are tight in R,
i) for any sequence {7, 0} such that T, is a stopping time with respect to the natural filtration of

X, and &, € [0,1] is a constant such that 6, — 0 as n — oo,

X7 + 6n) — Xp(m) 2> 0.

n—00

Then (X,,n > 0) is tight in D ([0, T],R).
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Proof of Lemma 3.5.1. From (3.11), and the fact that

Z f(Tz'i)]l{q—f:St<a-3:} S T+,

i>0

it is enough to prove the tightness of & and M. We use Aldous’ criterion to prove that M7T is
tight and then we use the fact that the increments of £ are bounded by those of M := M+ — M~
(equation (3.13) below) to show that &, is tight.

From the definition of &, we have M (0) = 0 and

2r
sup [ME(t) — MF_)| < ==,
tzlg‘ () (t-)| Vn

Moreover, for any stopping time 7" and § > 0, since outside [—ry, 7], £ behaves as a simple random
walk,
E[(MET +8) - MET))] < 2o,

The assumptions of Theorem 3.3 are thus satisfied, proving the tightness of (MF)

n*

Now take 0 < s < t. If £ does not visit [—ry,r;] between time s and time ¢, then & — & =
M(t) — M(s). If it does visit this set, then let « be the first time & enters [—r, 7] after time s and

0 the last time £ leaves this set before time ¢. Then
1€ — &l < & — ol + 160 — Eal + 16a — &
< 2ryp + |M(t) — M(0)| + |M(a) — M(s)].

As a result, for § > 0,

Sup € — & <2re 12 sup |M(s)— M(@)]. (3.13)
[s—t|<dén |s—t|<dén

This bound is proved in [IP16] (equation (3.10)).

The tightness of (¢,), then follows from that of (M), by writing

limlimsupIP< sup  |&s — & > 5\/5)
010 n—oo |s—t|<én
s,t€[0,nT
< limlim supP(2r+ 12 sup  |M(s) - M(t)] > 5\/71) 0. (3.14)
610 n—oo |s—t|<on
s,t€[0,nT]

It remains to prove (3.12). Note that any limit point (XX, ML, LL) satisfies
Noo(t) = XL (t) = X (t) = ML (8) = M (t) + LEL(8) — Lo (t) = Moo (t) + Loo (t)-

From the definition of M and Lemma 3.5.4, one shows, as in [[P16], that M, is a stochastic integral
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with respect to standard Brownian motion (By),~

Moo(t) = /0 0 (Xoo(5))dBs.

In addition, LZ is a continuous process with locally bounded variation. As a result (X)), = (M),

and (3.12) follows from the occupation density formula. O

Note that (3.14) proves Lemma 3.4.3.

3.5.4 The left and right local time at zero of (&)

t>0

The proof of Lemma 3.5.3 is adapted from that of Lemma 2.3 in [IP16]. Recall the expression for the
left and right local time of (&),

LE(@t) = :N:Z(E(Jii) - 5(Tii))]l{aiigt}'

i>0

For any particular visit of £ to [—r4,r4], the value of 5(0?) — f(Tii) depends on the value of £ when
it enters this set. However, over many visits to [—r,,7,], L*(t) only records an average of these

values. The "typical" value of £(of) — £(7:5) can thus be expressed with the help of the stationary

K3
distribution of the process describing the visits of £ to [—r4,r4] (Y below). The left and right local
time of £ then become asymptotically proportional to the occupation time of the boundary v(t), with
different coefficients whose expressions can be found below.

Recall from Lemma 3.5.4 that v(t) = fot Lyje.<r, yds and set, for ¢t > 0,
a(t) = inf{a > 0:v(a) > t}.

Define Y (t) = &(a(t)) for t > 0. The process (Y (t)),~, is a jump Markov process taking values in
[—74,74], describing the values taken by ¢ inside this r_egion. Let & denote the left-continuous version
of o, i.e. fort > 0,

a(t) =sup{a > 0:v(a) < t}.

If ¢ > 0 is such that &(t) # a(t), then £ makes an excursion outside [—r4, 7] between time &(t) and
time «(t).
Let V* be defined by

VED) =% > (Y(s) = Y(s) £ Y (Eals)) = &) Lizetas)sr -

0<s<t 0<s<t

Lemma 3.5.5. There exist C > 0 and § € [—1,1] such that, as t — oo,
1 +
ZV (t) - C(1+p)

almost surely.

To prove Lemma 3.5.5, we use the Nummelin splitting technique [Num?78| to turn Y into a renewal

process. We can then build its stationary probability distribution (see Subsection 3.5.5), following
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Chapter 6.8 in [Durl0]. Lemma 3.5.5 is then reduced to the strong law of large numbers for renewal

processes. The detailed argument is given in Subsection 3.5.6.

Proof of Lemma 3.5.3. We first show that V*(v(t)) provides a good approximation of L*(¢) and
then conclude with the help of Lemma 3.5.5. Note that +£(a(s)) > r4 with s > 0 if and only if
a(s) = o for some i > 1, and in this case, a(s) = TfH. In addition, s < v(t) if and only if a(s) < ¢,
as a result

VE@W(t) = (Y (u(t) = Y(0) £ ) ((0]) — ETE O ot <1y

i>1

Hence

[VEW (L) — LE@)| < [Y @)+ Y (0)] + [€(05)] + [6670)] + 660 + D [665)] Lige <icot)
i>2

Since |Y (¢)| < rg, |§(Tii)| <r, and |§(of)’ < 3ry,
[V=(w(t) — L=(t)] < 8ry.

From this, Lemma 3.5.5, and using Lemma 3.5.4.i, we obtain

. LT(t) 148
ML T T 18

(3.15)

3.5.5 The Stationary distribution of Y

Let ®Y : [-r;,r;]? — R, be such that
Cp@=uf @@~ e

is the infinitesimal generator of (Y'(t)),,. Clearly, from (3.3), for z,y € [-ry,r¢],

Y (z,y) > ®(z,y).

Note that ® is continuous on the compact set [—7,,7.]? and that it stays strictly positive on sets
of the form U, = [—74,74+] X [a,b] with —ry < a <b < —ry 4 2r_. Fix one such set U, ; and set

®,in = infy, , ® > 0. As a result

e

CI)E(‘T7y) = cby(xvy) - mﬂ{[a,b]}(y) >0

for e = (b — a)®in > 0.
We now follow Chapter 6.8 of [Durl0] to build the (unique) stationary probability measure of Y.
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Define an operator £Z on real-valued functions f on [—7,,r,] U {9} by

£7 f(a) = u 1[_r+,z+] °(z,y)(f(y) — f(2))dy +ue(f(9) — f(x)) ifze€[-ry,ry], (3.16)
" a 1, (fly) = £(9))dy if z =0,

and let (Z(t)),5, be a Markov process on [—r,, 7] U {9} with generator £7. Let

A
)\(t) = inf {)\ >0: / ﬂ{z(s)¢a}d3 > t} R (317)
0

then

4

(Z(A®)),t = 0) = (Y(t),t = 0).

Set Ey = 0 and, for k > 0,

Rk == inf{t Z Ek : Z(t) = 8},
Ek+1 = inf{t Z Rk : Z(t) 75 8}

Then Ry — Ej is an exponential random variable with parameter ue for all £ > 1 and 0 is a positive
recurrent state for Z. We can then use this fact to build a stationary probability measure for Y. Let
Es denote the expectation with respect to P(-| Z(0) = 9).

Lemma 3.5.6. The measure w defined by

Ry
/[ | f(x)ﬂ(da:):uelEal f(Z(s))ds] (3.18)

Ey
is an invariant probability measure for (Y (t));>-

Since Y is irreducible with respect to the Lebesgue measure on [—ry, 7], i.e. any two sets of

positive Lebesgue measure communicate with each other (see [Dob40] or [Num04|), 7 is unique.

Proof. Let f:[-ry,7.]U{0} — R be bounded and measurable. Since £Z is the generator of Z, by

the optional stopping time theorem,

R,
Eo | f(Z(R1)) — f(Z(Er)) — ﬁZf(Z(S))dsl =0.

E;

By the definition of R; and Fj,

b
F(2(R) = ), B [f(Z(E)] = — [ Iy,
And by the definition of £Z in (3.16),
b
£7f(x) = £ f(2) +us <f<a> - f(y)dy> .
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1
Combining these equalities with the fact that Ey [R1 — E1] = —, we obtain
ue

/ LY f dr = ueEy
[—r4 4]

Ry
/ oY f(Z(s))ds] ~0.

Ey
O
Furthermore, using the fact that ®(x,y) = ®(y, ), we are able to identify 7.
Lemma 3.5.7. The measure m is the uniform probability distribution on [—ry,r4].
Proof. For f and g two bounded and measurable functions on [—r4,74], let
T+
(f.9), = f(x)g(z)dz.
ry
We want to show
(LY f.9) = (f,LYg)_. (3.19)
For f:[-ry,r+] > Rand z € R, let
Ef(x) :=E [f(Y(0))] (3.20)
and note that £Y f(z) = LEf(z). In addition, since ®(x,y) = ®(y, z), for any f,g € L?(R),
(Lf 9l =}, Lg)g -
However, Ef ¢ L*(R). For n > 1, define
T =inf{t > 0: (@) < ry or [E(t)] > n}
and, for f: [—ry,r;] = R bounded,
E"f(x) = Eu [f(E(T")qjecrm)<ryy] -
Then
x if |[z| <r
0 if |z| > n,
LE"f(z) =0 if ry <lz| <n. (3.22)
In particular, E"f € L?(R). As a result,
(CE"f,E"g)p = (E"f,LE"g)g . (3.23)
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In addition, from (3.21) and (3.22),

(LE"f,E"g)p = (LE"f,E"g) ..
=(LE"f,q), .

Finally, for any © € R, 7" — Y(0) = inf{t > 0 : |{(¢)| < r4+} almost surely. By dominated
n— 00

convergence, for ¢ € R, E™f(z) — Ef(z) and, using dominated convergence once more, we obtain
n—oo

Applying the same argument to the right-hand-side of (3.23), we obtain (3.19). As a result the
uniform measure on [—r, 7] is invariant for Y. Since Y is irreducible with respect to the Lebesgue
measure and 7 defined in (3.18) is absolutely continuous with respect to the Lebesgue measure, 7 is

the uniform probability measure on [—r4,ry]. O

3.5.6 Proof of Lemma 3.5.5

Now that we have built the stationary probability measure for Y, we can prove Lemma 3.5.5, adapting
the arguments of [IP16, Lemma 2.3]. The proof is an application of the law of large numbers to the

renewal process (Z(t)),-

Recall that Y (t) = Z(A(t)) with X\ defined in (3.17). From the definition of A, for ¢ > 0,

i
A_l(t):/ ]l{ZS?ga}dS.
0

For k > 0, set
R = XY (Ry) = A Y(Epp1),

and
VE=VE(Ri1) — VE(R).

Then Vit, V£, ... are independent and for all k& > 1, VkjE is distributed as V= under Eg. Recall the
definition of the operator E in (3.20) and set ¢(z) = x for z € R. We prove the following lemma at

the end of this subsection.

Lemma 3.5.8. 1

2T+E

B [Vi] =5 [ [ ¥t - Bt *du

where (1) (resp (-)~) denotes the positive (resp. negative) part.

Proof of Lemma 3.5.5. Setting N(t) = max{k > 0: Rji1 < t}, by the strong law of large numbers

for renewal processes, we have

N(#)

li ! (t)vi—l' N 1 VE = ueEy [V 3.24
B g LW =t T g W e I e 521
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Moreover,

N(t)
VE@) = Y Vi =VERL) - VE(Ryy+1)
k=0

=+(V(t) =Y Rywe) £ D> (€(a(s) = &(al)ize(a(s)>ry }-

RN(t)+1 <s<t
Taking absolute values on both sides, we have

N(t)
VER) - D ViF| < ’Y(t) + Y(RN(t)H)‘ + > als) = €(es)| Diseqasy ey
k=0

Ry(41<s<t

Since when ££(a(s)) > 4, £(&(a(s))—&(a(s))) > 0, we can add the terms for which ¢ < s < RN(t)+2
on the right-hand-side,

N(t)
VED - SO VE SO+ Y Rvar)|+| X (E@0) — S e
k=0

Rn(oy+1<s<Rn(t)+2
Adding and subtracting Y(RN(t)+2) — Y(RN(t)+1) inside the absolute value, we obtain,

N(®)

VE) - Y VE < dry + ‘Vﬁ(tm‘ :
k=0

Hence, since the Vki are identically distributed for k > 1,

1 1Y@ Ar. 1

+ + + +

V (t)_ikzv’“ =7 +¥‘VN<t>+1"
=0

The right-hand-side converges to zero almost surely as t — oo since the Vki are identically distributed
for kK > 1. As a result, from (3.24)

lim ~V*(t) = ueEo \GilE (3.25)

t—oo ¢

The statement of Lemma 3.5.5 now follows from Lemma 3.5.8 by taking

5 @)y — Euy))dydz

B

We now prove Lemma 3.5.8.
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Proof of Lemma 3.5.8. Define
W) = | Sy (Buly) ~ )y £ [ a)lpor -2y (320
Writing

VEG) =+ Y (V(5) = Y(s Nlise@aenry £ D, (€(@(s) = Y (s ) reae)sr )

0<s<t 0<s<t

it follows that

VE®L) — /0 hE(Y (s))ds

is a martingale with respect to the filtration associated with (Y (t)),~,. As a result,

A7H(Ry)
ueEy [ViF] = ueky [ / hi(Y(s))ds]
A=H(Er)

Ry
= ucEy l/E hi(Z(s))ds]

= (h*,7), (3.28)

by (3.18). Note that since Eu(y) =y when |y| < r,, h* can be written as

B () = +u / B(z, ) (Euly) — Eolz))dy
R

+ / B, y) 1 ayorsy (y — Eoly))dy
R

= LBa) + u [ D)= Bly)*dy

Besides, we noted above that LEf = LY f, hence (LE., ) = 0. Furthermore, from Lemma 3.5.7,
u T+
(wemy = oo [ [ @)y - Bulw)*dyda,
27'_1'_ —T4+ R

This, together with (3.28) concludes the proof of Lemma 3.5.8. O

3.6 Inequalities for hitting times

Proof of Proposition 3.4.1. We first prove the inequality for 75. Suppose that limsup 75 > To and
fix € > 0 such that Tp + ¢ < limsup 7. There exists a subsequence (ny), such that for all k € N,
T5F > To + €. By the definition of T, there exists t € [To,To + ¢) such that f(t) € O. By the
convergence of f,, to f, fn,(t) converges to f(t) as k — oo. Since f(t) € O which is open, for k large
enough, fy, (t) € O and T5*F < t, leading to a contradiction.

For the second inequality, suppose that liminf T < Tr and take € > 0 such that liminf T <
Tr — 2e. There exists a subsequence (ng), such that for all k € N, Tp* < Tp — 2e. Since f is

continuous, the image of [0,Tr — €] by f is a compact set which does not intersect F', hence there
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exists 7 > 0 such that its n-neighbourhood is in R?\ F. By the locally uniform convergence of f,, to
£y sup{| fn,(t) — f(t)| : t € [0,TF — €]} converges to zero as k — oco. Taking k large enough that this
quantity is smaller that 7, we have that f,, (¢) ¢ F for ¢t € [0,TF — ¢]. Hence Tp* > Tr — ¢, which is

a contradiction. O
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Chapter

Gene flow accross geographical barriers -
scaling limits of random walks with

obstacles

Introduction

Barriers to gene flow are physical obstacles to migration. Examples include mountain ranges, highways,
political borders and the Great Wall of China [Su+03]. All these geographical features leave traces
in the genetic composition of populations living on both sides of the barrier. Geneticists try to use
these traces to detect barriers to gene flow and to quantify their effect on migration.

A naive approach to this problem would be to compute a measure of genetic differentiation (e.g.
FsT) between the two populations on each side of the candidate barrier, and to say that the latter
acts as a barrier to gene flow if two individuals living on the same side are more related to each other
on average than two indivudals living on different sides of the barrier.

This method assumes that the two subpopulations on each side of the obstacle are well mixed.
This may not always be a reasonable assumption and in some cases it is preferable to take into
account the finer scale geographic structure of the sampled population.

Mathematical models for spatially extended populations with barriers to gene flow already exist in
the literature [Nag76; Sla73], but most assume a discrete space and finding analytical formulae in this
framework is challenging at best. Such formulae are particularly useful for inference purposes, where
computational power is limiting. This chapter is a step towards a rigorous mathematical framework

to model genetic isolation by distance with barriers to gene flow in a continuous space.

Stepping stone model with a cline Nagylaki and his co-authors proposed the following
model [Nag76; Nagl2a; NZ16]. Consider a population living in a discrete linear space, with colonies (or
demes) at locations {...,—2,—1,1,2,...}. Each deme contains N individuals, and at each generation,
those individuals are replaced by the offspring of the previous generation. Migration takes place

between nearest neighbours and demes sitting at {... —3,—-2,2,3,...} exchange a proportion m/2 of

158 RAPHAEL FORIEN



CHAPTER 4. GENE FLOW ACCROSS GEOGRAPHICAL BARRIERS

individuals with each of their neighbours at each generation, for some m € (0,1). The two demes
sitting at {—1, 1} exchange a proportion ¢m/2 of their individuals with each other at each generation,
with ¢ € (0,1). Migration probabilities are depicted in Figure 4.1. Properties of this model and
applications to various settings were studied in a sequence of papers [Nag76; NB88; NKD93; Nagl2b;
Nagl6|.

am am Yacm Yam am

-2 -1 1 2

Figure 4.1: Stepping stone model with a barrier to gene flow

In this model, two individuals sampled at a given distance from each other will be more related if
they are sampled on the same side of the origin than if they are not. This can be seen by assuming that
each new individual mutates to a type never seen before with some probability p € (0,1). Relatedness
between individuals can then be measured by the probability that two sampled individuals are of the
same type. This probability is called the probability of identity by descent, and it is given by the
probability generating function of the age of the most recent common ancestor of these individuals.
Properties of this function were studied in this setting in [Bar08].

Also of interest is the evolution of the frequency of a given type (or allele) in the population.
Ignoring mutations and assuming that N is large enough, this frequency solves a simple difference
equation. Nagylaki [Nag76]| showed that, over large spatial and temporal scales, it can be approximated

by the solution to the following equation

Oip(t, ) = % Dyupl(t, ) for z € R\ {0},

(4.1)
83:p(t7 07) = axp(t’ O+) = 7(p(ta 0+) - p(t, 07))

where o2

=m and v = ¢/e, € being the distance between neighbouring colonies, see Figure 4.2. In
[NBS8S| (see also [Bar08]), Nagylaki showed a similar approximation for the probability of identity by

descent.

Duality An alternative way to study this model from the forwards in time evolution of types is to
look back in time for the position of one’s ancestor some number of generations in the past. If £
denotes the position of the ancestor ¢ generations ago of an individual sampled at z € Z \ {0}, then
(&F,t > 0) is a random walk with transition probabilities given by the migration rates in Figure 4.1.
In the absence of mutations, the proportion of individuals carrying a given allele at location x is the
proportion of those individuals whose ancestor ¢ generations ago carried the same allele. As a result,

for N large enough,
p(t,z) =E[p(0,£7)] .

Likewise, the probability of identity by descent can be expressed with the help of the coalescence

time of two random walks £%,£Y, i.e. the first time that the two ancestors have the same parent.
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Figure 4.2: Evolution of allele frequency
Frequency of a type initially present at the right of the origin after a few generations.

Scaling limits of random walks with obstacles In this chapter, we present a result on
the scaling limits of a class of random walks with obstacles which includes (£F,t > 0). For n > 1, if

we set
_ 1

\/ﬁfnta

, we show that X, converges in distribution to a continuous stochastic

Xn(t)

and if ¢ is of order n—1/2

process. This process resembles Brownian motion everywhere except near the origin where it has
a singular behaviour. More precisely, this process behaves like reflected Brownian motion until its
local time at the origin reaches an exponential random variable, after which it becomes reflected
Brownian motion on the other side of the origin, until its local time reaches another exponential
variable, and so on. We call this process partially reflected Brownian motion. It generalises elastic

Brownian motion considered for example in [Gre06].

The same process was obtained as a limit of one dimensional diffusions in [MP16]. For ¢ > 0, they
consider (X, (t),t > 0), solution to

1

dX.(t) = —a (X,Jt)) dt + dBt,
€ €

where B is standard Brownian motion and sign(x)a(z) > 0, supp(a) C [—1, 1], and they give conditions

under which X, converges to partially reflected Brownian motion (which they call Brownian motion

with a hard membrane).

In addition, we give a different construction of partially reflected Brownian motion inspired by
the speed and scale construction of one dimensional diffusions. Starting with standard Brownian
motion, we glue together its excursions above level z > 0 and below level —x and we show that the

result is the same process as the one described above.

Moreover, we provide a martingale problem characterisation of partially reflected Brownian motion,
where equation (4.1) can be seen as the action of the semigroup of partially reflected Brownian motion
on the initial allele frequency. In particular, the domain of the infinitesimal generator associated

to partially reflected Brownian motion is precisely the space of twice continuously differentiable
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functions on R\ {0} satisfying
0zp(07) = 92p(07) = v(p(0™) = p(07))

for some v > 0.

We also provide an explicit formula for the transition density of partially reflected Brownian
motion in Corollary 4.1.6 below. It turns out that this transition density has already been in use in
the field of diffusion in porous media [Nov+11; GVNL14|, but without mention of the underlying
stochastic process.

This chapter is laid out as follows. In Section 4.1, we present our main results: partially reflected
Brownian motion is defined as the solution to a martingale problem and two constructions of this
process are given, we also state the convergence of a class of random walks to partially reflected
Brownian motion. In Section 4.2, we prove that the martingale problem which charaterizes partially
reflected Brownian motion is well posed and we show that the two constructions in Section 4.1 provide
solutions to this martingale problem. Finally in Section 4.3, we prove the convergence in distribution

of a sequence of random walks to partially reflected Brownian motion.

4.1 Main results

4.1.1 Definition and constructions of partially reflected
Brownian motion

We first give a definition of partially reflected Brownian motion as a solution to a martingale problem
on a space consisting of the disjoint union of the positive and negative half lines. We will show in

Section 4.2 that this martingale problem is well posed. We then give two constructions of this process.

Definition Let R be the disjoint union of the positive and negative half lines,
R = (—00,07]U[0T, +00).
It is endowed with the metric d defined by
Vz,y € R, d(x,y) = |z — y| + Lizy<oy-

Let C (R) be the set of continuous real-valued functions on R which vanish at infinity. For v € [0, +00],
let D7 be the subspace of functions f € C (R) which are twice continuously differentiable on each half

line and satisfy

02f(07) = 0,f(07) = 4(f(07) = f(07)). (4.2)
(For v = 400, (4.2) becomes 9, f(07) = 9, f(07) and f(07) = f(0T).) Fix o > 0 and let us define a

linear operator LY on D” by

2
Lf = %%f, VfeD. (4.3)
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The operator L7 is the generator of partially reflected Brownian motion. Let D(R;,R) denote the

space of cadlag functions from R, to IR.

Definition 4.1.1 (partially reflected Brownian motion). Let (X¢),~, be a cadlag, R-valued Markov
process on a probability space (Q, A,P), and call PX its law on D(R4,R). The process (Xt)tZO (resp.
its law PX ) is said to be (the law of) partially reflected Brownian motion if it is a solution to the

martingale problem associated with LY for some «y € [0, +00], i.e. if for any f € D7, the process

F(X0) — / L7 F(X,)ds (4.4)

is a martingale with respect to the filtration generated by (Xt)tZO' We call v the permeability of the

barrier.

Naturally, we say that (X;),- is partially reflected Brownian motion with initial distribution s if
it is a solution to the martingalg problem associated with (L7, u), i.e. if (4.4) is a martingale for all
f €D and if PX (Xg € ) = u().

This definition does not seem to give much information about possible solutions to this martingale
problem. It does not even tell us if such solutions exist or if they are unique (in distribution). This
is the object of the next proposition. Below, we also give two ways to construct solutions to this
martingale problem.

It should be noted that for v = 0 (impermeable barrier), the operator L7 is the generator of
reflected Brownian motion (see for example Exercice VII.1.23 in [RY13] in the case @ = 1), while for

v = 400 (completely permeable barrier), L” is the generator of Brownian motion.

Proposition 4.1.2. For any v € [0, +00], the martingale problem associated with L7 has at most

one D(Ry,R) valued solution.

Proof. The operator L7 satisfies the positive maximum principle on D7, i.e. whenever f € DY and
sup, ¢ f(z) = f(xo) > 0, we have L7 f(zo) < 0. By Lemma 4.2.1 of [EK86], L is thus dissipative on
D7 (recall that we ask the functions in D7 to vanish at infinity).

Let us now show that for any positive A, the range of A — L” contains the space C (R) of continuous
functions vanishing at infinity. We do it in the case 02 = 2, but the general case is similar. Let
f € C(R) be such a function and define

z _VAy +oo —v Ay

—V 2z € )\a:/ € —Vz . —+

e —_— dy + e dy + Ae ifx>0",
/0 2ﬁf(y) Y W) f(y)dy

z Ay 0 —Vxy

-z e )\x/ € Vz : -

e —_— dy + e —_— dy + Be ifz <07,
,/_oo 2\/Xf(y) 4 c 2V f<y) Y

g(x) =

for some A, B € R. Then g is twice continuously differentiable on R, vanishes at infinity and satisfies

Ozzg(z) = Ag(x) — f(2)

for all z € R. The constants A and B can then be chosen so that g also satisfies (4.2). As a result we
have found a function g in D7 such that A\g — L7g = f for any f € C’(R)
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Figure 4.3: Spe

Construction of partially

ed and scale construction of partially reflected Brownian motion
reflected Brownian motion as a time-changed Brownian motion, with ¢ = 400,
z = 20 and v = 0.05.

In particular, since D7 is a subset of C'(RR), it is in the range of A — L for any A > 0. Furthermore

C(R) is separating in the sense of Section 3.4 in [EK86]. Proposition 4.1.2 then follows from

Corollary 4.4.4 in [EK86|

"Speed and scale"

O

construction of partially reflected Brownian motion We

now present a way to construct partially reflected Brownian motion from Brownian motion, via an

analogy with the speed and scale construction of one dimensional diffusions. This will give us a better

sense of what "typical" trajectories of this process look like. Indeed, we show that the excursions of

partially reflected Brownian motion outside the origin are given by the sequence of excursions of a

Brownian motion outside a macroscopic region of length %, as illustrated in Figure 4.3.

Fix v € (0,400) and suppose for simplicity that ¢> = 1. Define r : R — R by

x—i—% ifw<—%,
(r) = | 1

ot if0<az <y,

— . 1

0 lf—ﬂ§$<07
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(see Figure 4.4). Further define r~! : R — R by
r i) =z + Sign(x)i.
2y

(Note that ! is only the right inverse of 7, i.e. 707~ = Idg but 7~ or # Idg.) Now fix z € R

and let (Bt)tZO be standard Brownian motion started from r~!(z). Also set, for t > 0,

T(t):inf{T>0:/0T]1{|le>zlv}ds>t}. (4.5)

Finally, let Xy = r(Br@)).

Proposition 4.1.3. The process (X;),~, is partially reflected Brownian motion started from x, i.e.

it is a solution to the martingale problem associated with (L7, ;).

We prove this result in Subsection 4.2.1. The construc-

tion is illustrated in Figure 4.3. In words, we map the 2]

1
T2y
[0T, +00), and we change time in order to drop the time

two intervals (—oo, ] and [%, +00) onto (—o0,07] and

intervals where |B,| < %

Remark. From this construction, we recover the property

stated by Nagylaki [Nag88, Equation 56] that, for 0 < x < i - . T
Y, X
_ y—z
P, (Xt reaches 0~ before y) =—7.
y+5 Figure 4.4: Graph of the function r :

Corollary 4.1.4. For any v € [0,+00|, the martingale R — R for v = 0.5.

problem associated to L7 is well posed, i.e. it has a unique solution.

Let # : R — R be the natural projection of R onto R (i.e. mapping both 0% and 0~ onto 0). We
sometimes also call the projection (7(X;)),s, partially reflected Brownian motion, even though the
latter isn’t a Markov process. (For example, as we shall see below, the sequence of random walks

considered in Subsection 4.1.2 converges to the projection of partially reflected Brownian motion.)

Construction involving the local time at the origin From the previous construction,
one is led to think that (|X;|),~, has the law of reflected Brownian motion. It is then natural to ask
if partially reflected Brownian motion can be constructed by randomly "flipping" the excursions of
reflected Brownian motion. The next proposition provides such a construction. It turns out that the
crossing times of the origin are the times at which the local time at the origin of the process reaches
the levels of an independent Poisson process with parameter v, see Figure 4.5.

Fix # € R and let (W;),-, be reflected Brownian motion on R started from |z|. Let (N(t),t > 0)
be a Poisson process with rate v € (0,00), independent of (W;),~,. Let L?(W) denote the local time
accumulated at the origin up to time ¢ by W. Set -

X, = sign(x)(—l)N(L?(W))Wt,

where £1 x 0 = 0F (see Figure 4.5).
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Figure 4.5: Construction of partially reflected Brownian motion involving the local time at the origin
Top graphic shows a realisation of reflected Brownian motion W;. Bottom graphic shows its local time
accumulated at the origin L(t). The heights of horizontal red lines are drawn according to a Poisson process
on the y axis. The graphic in the middle is obtained by "flipping" W; at the times when L(¢) reaches the red
lines, and is distributed as the projection of partially reflected Brownian motion.

Proposition 4.1.5. The process (X;),~, s partially reflected Brownian motion started from x.

We prove this result in Subsection 4.2.2 using the previous construction and a Ray-Knight theorem
[SK91, Theorem 6.4.7], which states that the local time accumulated by Brownian motion at %

before reaching —% is an exponential random variable with parameter ~.

Proposition 4.1.5 yields an explicit formula for the transition density of partially reflected Brownian

motion. For ¢ > 0 and = € R, set

6= o (-2).

Corollary 4.1.6. If (Xt)tzo is partially reflected Brownian motion with permeability v € (0, 00)
started from x € R, then P, (X € dy) = g¢(x,y)dy with

Gilz —y) + Gilz+y) — 27 [ e Gy (|z| + [y + Dl if xy > 07,

gi(z,y) = o
2'yf0+ e NGy (2| + |y| + D)dl ifry <0

We derive this formula in Subsection 4.2.4.
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4.1.2 Scaling limits of a class of random walks

Let us now state the main convergence result, namely that partially reflected Brownian motion is
the scaling limit of a class of random walks with an obstacle. We consider a more general case than
[Nag76], where the barrier to gene flow has width K € N* (K being the number of edges with reduced
migration rate). The cases K = 1 (the one considered in [Nag76]) and K = 2 are illustrated in

Figure 4.6. We define the process describing the motion of an ancestral lineage as follows.

am Yam Yacm Yam am
a) - —— -— - -— - — - - -
-2 -1 1 2
Yam am Yacm Yacm Yam am
b) - - -— - — - -
-2 -1 0 1 2

Figure 4.6: Jump rates of random walks with an obstacle
Transition rates of the random walk (£,(¢),t > 0) in a) case K =1 and b) case K = 2.

Definition 4.1.7 (Random walk with an obstacle). Let (cn)n21 be a sequence of positive real numbers,

and fix m > 0. Suppose that (xg)n21 is a sequence of elements of N*.

If K is even, let E =17 and define, fori,j € E,

m i fi-jl=1 and li|V]j| > £,
@n(i:7) =S en i [i—jl=1and |i|V|j| <&, (4.6)
0 otherwise.
If K is odd, let E=7\{0} and set
3 ifli—jl=1and [i| v]j| > £,
. @ if li—jl =1 and |i| v |j] < EH,
(i, j) =4 " ° 2 (4.7)
or Zf {17]} = {+17 71}7
0 otherwise.

Then let (€,(t),t > 0) be a continuous time random walk on E started from x° with jump rates q, (-, -).

For n > 1, set X,,(¢t) = ﬁgn (nt). We now state conditions under which the rescaled random

walk X,, converges to partially reflected Brownian motion. We equip D (R4, R) with the topology

of Skorokhod convergence on compact time intervals.

If d7,

sko

(+,+) is a metric for the Skorokhod
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convergence on D ([0, T],R) for T > 0, then

+oo
d(f.g) = / e (dlyo (f.9) A 1)t (4.8)

is a metric for Skorokhod convergence on compact time intervals.

Theorem 4.1. Suppose ﬁx% — T

n—oo
n — 00, the sequence of real-valued processes (X (t),t > 0) converges in distribution in (D (Ry,R),d)

O with 2° # 0 and lim,_ s %cn = v € [0,400]. Then as

to a continuous real-valued process (Xy),~, which is (a projection of ) a solution to the martingale

problem associated with (L7, d,0), with 0% = m.

In other words, if \/ne, — +oo, X,, converges to Brownian motion, if v/nc, — 0, X,, converges to
reflected Brownian motion, while if %cn — v € (0,00), X,, converges to (the projection of) partially

reflected Brownian motion.

Remark. In the case 2° = 0, the convergence still holds provided the probability of first exiting the set
[-K/2,K/2] on the right converges as n — oo. The initial distribution is then a convex combination

of dg+ and dg-, given by the exit probabilities.

Theorem 4.1 is proved in Section 4.3 in the case K = 2. The generalisation to other values of K
is straighforward, and the case K = 1 introduces some simplifications, which makes the case K = 2
more representative of the general case.

Note that in Nagylaki’s model presented in Figure 4.1, ancestral lineages are distributed as the
random walk of Definition 4.1.7 with K = 1.

4.2 Constructions of partially reflected Brownian
motion

4.2.1 Speed and scale construction

Here we prove that the process X; = r(B;)) defined in Subsection 4.1.1 is a solution to the martingale

problem associated with LY. This proof will require the following lemma, proved in Subsection 4.2.3.
Lemma 4.2.1. Set W, = |X,|. Then (W), is distributed as reflected Brownian motion.

Proof of Proposition 4.1.3. Recall that B is standard Brownian motion started at r~!(x), hence

Xo = x almost surely. Let (]:tB)t>o denote the natural filtration of (Bi),s, and let F; = }"f(t).

Then (]:t)tZO is a filtration, (Xt)tZO is (]:t)tzo adapted and, for s,t > 0 and f : R — R bounded and

continuous,

E [f(XtJrs) | ]:t] = Er—l(Xt) [f(r(B'r(e)))] .

Now let (F;¥),., be the filtration generated by (X;),,. Since F;* C F; for t >0,

E[f(Xits) | FX] =E[E[f(Xira) | Fi] | F¥]
=E[E—(x,) [f(r(Bro)] | F]
=E,1(x,) [f(r(Brs))] -
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In other words, (X;),~, is a Markov process.

Suppose now that for any z € R and f € D7,
li *1E [f(X¢) — f(Xo)] *18 f(z) (4.9)
tlﬁ)l ¢ T t 0)] — 2 zxJ\T). .

(Recall that we assumed o2 = 1 for simplicity.) Then, by Proposition 4.1.7 in [EK86], (4.4) is an
FX-martingale for all f € DY (X is progressive since it is right-continuous). It follows that (Xt)i>0

is a solution to the martingale problem associated with L.

Let us now show (4.9). Since X behaves as standard Brownian motion until the first time it hits
the origin, (4.9) clearly holds for all z € R\ {07,07}. By symmetry, we can restrict the proof to
x =0%. For any t > 0,

Eo+ [f(Xe)] = Eor [(F(X2) = F(07)) Tyx, >0ty + (F(Xi) = F(07)) Tyx,<0-3)
+ Eo+ [f(0N)Lix,50+} + (07 ) Lix,<0-1}] -
Subtracting f(0%) on both sides we obtain
Eo+ [f(X¢) = f(07)] = Eo+ [(f(Xe) = £(0M)) Lx, 5043 + (f(Xe) = £(07)) Lix,<0-1]

Since f is twice continuously differentiable on [0, +00), for any y in [0F, +-00), there exists h(y) €
[0F, y] such that

Fl) ~ FO07) = 0uf (07 )y + 500 f (1))

Replacing y by X;, we write, for any r > 0,

(f(Xt) - f(0+))]l{xt20+} - <amf(0+)Xt + ;azzf(h(Xt))Xt2> 1{0+§Xt§r}

+ (f(Xe) = FO)N) x50

By the Markov inequality and Lemma 4.2.1,

2

t
P(| X >r) < 374. (4.11)
As a result, since f is bounded,
t2
Eo+ [(f(X0) = FODNL x5 ] < 6 fllec - (4.12)

In addition,

Eo+ [02f(07) X Do+ <x, <] = 0o f(0T)Eor [Xelx,50+1] — 0o f(07)Eg+ [Xil(x,5ry],  (4.13)
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and by Cauchy-Schwartz inequality, Lemma 4.2.1 and (4.11),

1/2

[Eo+ [Xelx,sr]| < Eor [X2]7 Bos (X, > 1)/

t
<t'/2V/3-. (4.14)
T

Moreover, since O, f is continuous on [0F, +00), it is uniformly continuous on compact sets and there
exists C,. > 0 such that

Vr,y € [0+ar]7 |8wa:f(y) - 8wwf($)| <Crlz— yl .

As a result,
[Eot [0ra S (MX) XN 0 <x, 1] — Bor [00af(01) XL osx, ]| < CBor [IXf], (415)

and by Lemma 4.2.1, Eq+ [|Xt|3} = O (t*/?). Proceeding as for (4.14), we also have

1 1

Eq+ [anzf(0+>Xt2]l{0+SXtSr}:| = 30uaf(09)Eos [XPL(x,200] + O (£72). (4.16)

Putting together (4.13), (4.15) and (4.16), we obtain
1
Eo+ [(f(X¢) = F(0)Lix,50+}] = 0uf(0F)Eg+ [Xt]l{xtzw}]+§5mf(0+)]Eo+ (X7 x,50+3] +o(t).
Likewise, we have
_ _ 1 _

Eo+ [(f(Xe) = FOT)ix,<0-}] = 02 f (07 )Eq+ [Xt]I{XtSO*}}"*'éazzf(o JEo+ [X71ix,<0-3] 4o (t).
Plugging these two equations in (4.10) and using the fact that 9, f(07) = 9, f(0T), we obtain

Eoe [F(X0) ~ F(Xo0)] = 00 f(0*)Eqs [X,] + 5 00 F07)Er [X7]

45 (e f(07) = 00 FOF) B [XP1x,0-1]

+ (f(07) = f(0M) Po+ (Xe <07) +o0(t). (4.17)
Moreover, by the construction of X3,

Eo+ [Xe] =E o [r(Br)]

2

2

1 1
“E4 [(Bﬂﬂ - 27> Mooz} * (Bfw " 27) 1{37“5_;}]
1
=E1 Bl + 3B [Lpoe 2}~ Upoza)) (4.18)

Note that 7(t) is an FP-stopping time. Furthermore, for any given ¢ > 0, the martingale (Bsar(t), s >
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0) is uniformly integrable. To see this, write

1
sup }BS/\T(t)| < 27 + sup W97
$>0 Y 0<s<t

and note that the right-hand-side is integrable by Lemma 4.2.1 and Doob’s maximal inequality. Hence,
by the Optional Stopping Theorem, E% [BT(t)] = % As a result, returning to (4.18),
Y

Eg+ [Xi] = %P()Jr (Xt < O_) .

Since f € D7, the first term in (4.17) cancels with the last one. By Lemma 4.2.1, Eg+ [X?] =t. Also
note that by the Cauchy-Schwarz inequality,

Eo+ [X?1(x,<0] < V3tPy: (X, <07)"7.
(We have used Lemma 4.2.1 to compute the fourth moment of X;.) Furthermore, Py+ (X; <07) =
1
Py (Bro <—3) 530
Coming back to (4.17), dividing both sides by ¢ and letting ¢ | 0, we obtain

tin §Boe [£(X0) — F(Xo)] = 5000,

The proof of Proposition 4.1.3 is now complete. [

4.2.2 Construction involving the local time at the origin

Proof of Proposition 4.1.5. Let (By),, be standard Brownian motion and let X; = r(B,)) be

partially reflected Brownian motion constructed as before. Set W; = | X;| and
T() = 0, /IIH,] == 1nf{t > /,Tz : XTiXt < 0}, ) 2 0.

For i > 1 set
E; =LY, (X) - LY,

i—1

(X)
and for ¢ > 0,
n
N(t) zmax{nEN:ZEi < t}.
i=0
Then, for all t > 0,
Xy = Sign(XO)(_l)N(L?(W))Wp

We know from Lemma 4.2.1 that (;), is distributed as reflected Brownian motion. Proposition 4.1.5
will be proven if we show that N(t) is a Poisson process with rate v and that it is independent of
(Wt)tzo'

Note that the left (resp. right) local time accumulated by X at the origin up to time ¢ is the local
time accumulated by B at f% (resp. %) up to time 7(t). Indeed, by the Tanaka formula [RY13,
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Theorem VI.1.2] (see also (1.51)), letting 2™ = max(z, 0),

1 ot t
L0 = X7 = X5 = [ Lx X,
0
and “
1,129y _ 1y 1., [
512 (B) = (Bry 27) (Bo 27) L ydBe

(For Brownian motion, considering the right, the left or the symmetric local time makes no difference.)

By the construction of X, X;" = (B,«) — %)‘*‘ and, since IL{B Sa) = 0 when s € (7(t7),7(t)),
>

7(t) t
/0 1{BS>%}dBS:/O 1(x. 503X,

As a result,
LY (X) = LY (B) (4.19)
and likewise, L9 (X) = L_/*"(B).
For a € R, set T, = inf{¢t > 0 : By = a}. Assuming without loss of generality that Xy > 0,

T(Tl) = T_1/2"/' Then,

1 + -
By = 13,(X) = 5 (L (X) + L§, (X))
1 1/24
- iLT—l/QW (B)

By the Ray-Knight theorem [SK91, Theorem 6.4.7],

1/2~
Ly (B
is an exponential random variable with parameter 7. Hence E; is exponential with parameter +.

Further, the strong Markov property of (B;),~, and its symmetry imply that the £; are independent
and identically distributed. As a result (N(t),t > 0) is a Poisson process with rate . It remains to

show that it is independent of (Wy),-
Set

0
0(t) _inf{9 >0 :/ ]l{\BsKi}dS >t}
0 -2

and define

—1)¢
So =0, S; = inf {t > Si_1: Bg(t) = ( 27) } .

By the same argument as above,
L3,(W) = L (Bo) + L "* (Bo).

As a result, the E;, and (N(t),t > 0), are measurable with respect to the sigma field generated by
(By(t),t > 0). We prove the following in Subsection 4.2.3.
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Lemma 4.2.2. The processes (‘BT(t)| ,t > 0) and (By),t > 0) are independent.

Since W, = |Br(t)| - %, this concludes the proof of Proposition 4.1.5.

4.2.3 The absolute value of partially reflected Brownian
motion

For ¢t > 0, set

t t
1 = —
PO= [ 1o mytBe [ 15,8
1
I*(t :/ 1 1 dB.
O =, Himis)

Both I! and I? are continuous 7 martingales with

<Il>t:/0 1{|le>;7}d5

t
<12>t:/0 1{|BS|§%}d8
(I',1?), =0.

By F. B. Knight’s theorem [Kni71] (also Theorem 3.4.13 in [SK91]), the processes
By = Wo +I'(7(t)), B} = Bo) + I*(0(t)),
are independent standard Brownian motions.

Proof of Lemma 4.2.1. By the Tanaka formula [RY13, Theorem VI.1.2],

%Ltl/zv(g) _ (Bt — %Y - (BO — %f — /Ot]l{B»za}st’
%Lt—l/Q'y(B) - (Bt + %)_ - (Bo + %)_ + /Ot Lip, o 1ydB.

On the other hand, from the construction of X,

1 1
Wi = |X¢| = (Br) — Z)Jr + (Br) + ﬂ)

and from (4.19),

1 .
LYW) = LY(X) = 5 (Li{f)”(B) + LT(X?”(B)) .

Adding (4.20) and (4.21) and replacing ¢ by 7(t), we obtain
Bl =W, — LY(W).

Since B! is standard Brownian motion, W is reflected Brownian motion [RY13, p. VI.2].

(4.20)

(4.21)

O
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Proof of Lemma 4.2.2. Since B} = W, — LY(W), t — LY(W) is a solution of the Skorokhod problem
for t — B} (sce [SK91, Lemma 3.6.14] and Lemma 1.5.2), and

W, = Bf + g(l?i)’

On the other hand, By is a function of (Bt?, t > 0). To see this, note that since By(y) € [-1/27,1/27],

B, = [ B + L i B, N !
o(t) — 0(t) 2y o(t) 2y 2’}/.

By the Tanaka formula,

1\t 1\ 7" t L
J— — - 2l
(Bt+ 27) <B0+ 2v) +/O Lip p1dBs + Ly 7 (B),

1\t 1\t t L
B, — =By — — + 1 Bs+L;”(B).
( ' 27) < ’ 27) /o {B.>}1Bs + L7 (B)

Subtracting these equations with ¢ replaced by 6(t), and noting that 1(5 >_1/291 — I{B,>1/2¢} =
1B, |<1/2+}, We obtain

~ J 1
Byty = BY + Lyqy (B) — Ly,

o(t) 0(t) (B).

From this equation, we see that (Le_(% (B), Li)(B)) is a solution of the two-sided Skorokhod equation
for B2 with reflection at £1/2y. As a result, (By,t > 0) is determined by (B2t > 0) [Har85,
p. 2.4.6] (the pair (La_(% (B), Lf(”_)(B)) is called the two-sided regulator of B2 in this book).

Since ’BT(t)‘ =W;+ % is a function of B!, By(y) is a function of B2, and B! is independent of

B2, (’BT(t)| st > 0) and (Bg(t), t> 0) are independent. O

4.2.4 Transition density of partially reflected Brownian
motion

Proof of Corollary 4.1.6. Recall that X; was defined as
X, = sign(z)(—)NE W,

where W is reflected Brownian motion started from |x| and (INV;),~ is an independent Poisson process

with rate 7. Hence, summing over all possible values of L?(W),
P, (X; € dy) = / P (N(l) 2 sign(z) — Sign(y)) Ppo) (We € dlyl, LY (W) € dl)
0

where z = y means that x and y have the same parity. Since N(I) is a Poisson random variable with

parameter I,

14e 1—e 2!

P (N(l) 2 o) — P (N(l) 2 1) -—
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In addition [SK91, Problem 6.3.4], for z,y > 0,

As a result, if zy > 07T,

] 42
P, (X; € dy) = (Gi(z —y) — Gi(x +y)) dy — 2/ ———0:G(|z| + |y[ + )dldy.

0 2
Integrating by parts yields

]P)x (Xt S dy)

=W Gylo =)+ Gulo+9) =2y [ Gl + Iyl + Dl
0

Likewise if zy < 07,

P, (X; € d Tl
P (Xi€dy) _ / —5—0:Gu(la] + |y| + Dl
dy 0 2

:27/ e~ Gy(|z| + ly| + 1)dl.
0

The proof of Corollary 4.1.6 is now complete. O

4.3 Scaling limit of random walks with a barrier

Here, we prove the convergence of the sequence of random walks defined in Subsection 4.1.2 to
partially reflected Brownian motion (Theorem 4.1), in the case K =2 and v € (0, 00) (the general

case is treated similarly).

Yam am Yacm Yacm Yam Yam

Figure 4.7: Jump rates of the random walk with an obstacle for K = 2

Proof of Theorem 4.1. Recall that (£,(t),t > 0) is a random walk on E with jump rates given in
(4.6), (4.7) (Figure 4.7) and that X,,(t) = —=¢,(nt). Also recall that d is a metric for Skorokhod

convergence on compact time intervals (4.8).
Lemma 4.3.1. The sequence {(Xn(t));>q,n > 1} is tight in (D (R4, R),d).

Let (Xoo(t)),~o be an arbitrary limit point of this sequence (i.e. the limit of a converging

subsequence).

Lemma 4.3.2. | X | is distributed as reflected Brownian motion with diffusion coefficient m.
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Let Top = 0 and for ¢ > 0, Ty = inf{t > T} : Xoo(T;) X oo (t) < 0}.

Lemma 4.3.3. (LOTi+1 (Xoo) =LY, (Xoo))iz0 is a sequence of independent exponential random variables

with parameter . This sequence is independent of (| Xoo(t)]);>0-

By Proposition 4.1.5, X, is characterized as (the projection on R of) partially reflected Brownian
motion. Since the sequence X, is tight and has only one possible limit point in D (R, R), it converges

in distribution to partially reflected Brownian motion. O

The rest of this section is devoted to the proof of Lemmas 4.3.2, 4.3.3 and 4.3.1, in that order. In
what follows, we assume, with a slight abuse of notation, that (X,,,n > 1) is a subsequence of the

original sequence of processes which converges in distribution to X.

4.3.1 The absolute value of X,

Proof of Lemma 4.3.2. To prove that the absolute value of any possible limit point of X, is reflected
Brownian motion, we write |X,| as the sum of a martingale term and a non-decreasing term. We
then show that the martingale term converges to Brownian motion while the non-decreasing term
converges to the opposite of the running minimum of this Brownian motion. The conclusion follows
from a classical result on reflected Brownian motion [RY13, p. VI.2].

Set

Xn() = 1Xn Ol 1, 221

and, for ¢ > 0,

a5 =0, = inf{t > o : [ X,(0)] < J=1,
ol =inf{t > 7" [Xn ()] > J= 1

The process X,, can then be decomposed as follows [IP16]

Xn(t) = Mn(t) + Ln(t) - Z |Xn(7—zn)| ]l{‘['ingt<g'?+1}’ (4'22)
i>0
with .
M) = X1+ [ Xl ()
and

La(t) = Y (IXa(0f42)] = 1Xa(m)) Lior, <y

i>0

_ % ; Ui < (4.23)

The term M, is a martingale, while L,, counts the number of visits (in fact of exits) of [*ﬁv ﬁ]
Define the running minimum V,,(¢) of the martingale part as
) +

Via(t) = sup (ﬁ - M,,L(s)) (4.24)

s<t
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and note that V,, first becomes positive when M, first reaches ﬁ, i.e.

inf{t > 0:V,(t) > = inf{t > 0: Ma(t) < 1.

1

&)

Since up to that time the other terms on the right-hand-side of (4.22) are zero, we get
inf{t >0:V,(t) > ﬁ} =2

The next time V,, increases is

inf{t >0:V,(¢t) > =inf{t > 0: M, (¢) <O0}.

2}

By (4.22), this is also 7{". By induction,

Vo(t) = % ; Linen- (4.25)

This translates the fact that the excursions of M, above its running minimum are given by the

excursions of | X,,| above ﬁ, see also Figure 4.8. Returning to (4.22), we have shown

Xn(t) = Mn(t) + Vn(t) (4'26)

10- /_/

0 50 100 150
time

Figure 4.8: Decomposition of X,
The black line shows a sample path of X,, for k =2, m = 0.4 and ¢, = 0.1. The blue line is M,, while the
green (resp. red) lines show L, (resp. V5). We see that the excursions of M, above its running minimum are
given by the excursions of X, outside {—1,1}.
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We show below that M,, converges in distribution in (D (R, R) , d) to M, a Brownian motion with
variance parameter m (started from | X (0)|). Recall that we are already considering a subsequence

along which X,, converges to X.,. Passing to the limit in (4.26), we obtain

[Xoo (0)] = Moo(t) + sup (—Mso(s)) "
This equation implies [RY13, p. VI.2] that | X | is reflected Brownian motion (with variance parameter
m) and that
LY(X o) = sup(—Muo(s)) . (4.27)

s<t
To show that M,, converges to Brownian motion, we note that M, is a square integrable martingale

with predictable variation
(Mp)e = m(t —v"(t))

where

t
V"(t)z/o ]1{|Xn(s)|§ﬁ}ds'

We prove the following in Subsection 4.3.4.

Lemma 4.3.4. For anyt >0, E"(t)] = O (ﬁ)

As a result (M,,), — mt in probability as n — co. Moreover,

1
sup [Mp(t) — M,(t7)| < —
up 11,(0) - M(17)| < =
almost surely. Hence, for example from [Reb80, Proposition II.1], M,, converges to Brownian motion
in distribution in D ([0, T],R) for all T > 0. The proof of Lemma 4.3.2 is now complete. O

In passing, we have proved the following lemma.

Lemma 4.3.5. (X, L) <

n—oQ

()(O07 LO(XOO))
Proof. From (4.25) and (4.23), we have for ¢ > 0

1

Nk

Passing to limit n — oo in (4.24), L,, converges in D ([0, T],R) to Lo, where

[ Ln(t) = Vo (2)]

IA

Loo(t) = igrt)(—Moo(S))+-

We conclude the proof with (4.27). O

4.3.2 Local time accumulated between crossings

Proof of Lemma 4.3.3. To prove that the local time accumulated by X., at the origin between
crossings is a sequence of exponential variables, we show that the number of visits of the random

walk X, to [—ﬁ, %J before the first time it reaches —% is a geometric random variable.
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Let (T7*,i > 0) be the sequence of crossing times of [—1/+4/n,1/y/n| by X, i.e. for n > 0, set
Tr =0 and
T/, = inf{t > T : sign(X, (T7")) Xn(t) < —ﬁ}.

Let Y,, be the number of visits to [_%’ %] up to the first crossing time,

Vo= Liery

i>1

By the Markov property, Y,, is a geometric random variable with parameter

P = IP% (Xn(a?) - —%) .

For K =2, pn = 54 (and in the general case, p, ~ % as n — 00). Since 4071 — v € (0,00),

1
NG

converges in distribution to an exponential random variable with parameter v. Set E}' = L, (T} ;) —

Lo (T]") = —=Y,

L, (T}). The random variables Ef, ET, ... are independent and identically distributed by the strong
Markov property and by symmetry. As a result, (E}'),, converges in distribution as n tends to
infinity to a sequence (E;), of independent and identical_ly distributed exponential random variables
with parameter . To show that this limit coincides with (LOT,-,+1 (Xoo) — LY, (Xoo))iz0, consider the

following lemma.

Lemma 4.3.6. As n tends to infinity,

(X Lo (T7)0) =5 (Xoos LOXoo), (T3) 50 )

n—oo

in D ([0,T]%,R?) x RY.

Since t — LY(X,,) is continuous almost surely, it follows that

mn mn d
(L(TP1) = La(T)iz0 ~5 (L, (Xao) = L, (Xoc) )iz

The proof of Lemma 4.3.6 is given in Subsection 4.3.5.

K2

We would like to show that the sequence (E}'), is independent of X,,, but this fails when K > 2.
To circumvent this issue, we tweak X,, so that it “forgets” the amount of time X, spends in [—ﬁ, ﬁ]

We do this via a time change. Set
or =inf{t > 7' : X,,(t) # X,,(t7)}

and

0
0"(t)=inf< 6 >0: /0 Zﬂ{sez[é;‘,a{;l[}ds >t

i>0
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Then (X,,(0"(t)),t > 0) and (L, (T7% 1) — Ln(T}"))i>0 are independent. Furthermore, for ¢ > 0,

t
/O 2 Uagisp o, (pds =t S V(0.
i>0

Hence by Lemma 4.3.4, §"(t) — t as n — oo uniformly on compact sets. As a result, X, 06"
converges in the Skorokhod topolgy to |Xs|. We can thus conclude that (LOTi+1 (Xoo) = LY, (Xoo))iz0
is independent of | X O

4.3.3 Tightness

Proof of Lemma 4.3.1. Tightness of the sequence X, follows from the convergence in distribution of
M, (recall the decomposition (4.22)). Reasoning as in [IP16] (Proof of Lemma 2.1), we show below
that for any § > 0,

SUp X (6) = Xo(s)| € =42 sup [M(t) — Ma(s)]. (4.28)

|[s—t|<d |s—t|<d

We can thus write, for "> 0 and ¢ > 0

limlimsupP| sup [|X,(s)— X,(t)] > ¢
30 n—oo |[t—s|<d
s,t€[0,T)

<limlimsupP| 2= +2 sup |M,(t) — M,(s)| > ¢ |.
i lim su (W S M (6) = Mos)
s,t€[0,T]

The right-hand-side is zero because the sequence M,, converges in distribution in D ([0, 7], R), and
tightness of X, in D ([0, T],R) follows [Bil99, Theorem 7.3]. Since X, is tight in D ([0, 7], R) for all
T > 0, it is tight in (D (R4, R), d).

Let us now prove (4.28). Fix 0 < s < t. If | X, (u)| > ﬁ for all u € [s,t], then
Xn(t) — X, (s) = M, (t) — M,(s).
Otherwise, let

a=inf{u > s:|X,(u)] < %},
2

B

B =sup{u <t:|X,(u)| <
and note that

[ X () — X (s)]|

IN

| X0 (t) = Xn(B)| + 1 X0 (8) — Xn(@)] + | Xp (@) — Xn(s)]

AN

Inequality (4.28) thus holds and the proof of Lemma 4.3.1 is complete. O
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4.3.4 Occupation time of the barrier

Proof of Lemma 4.3.4. The bound on the expected time spent inside [— f f] follows after showing
that the expected length of a visit in this set is of order i - while the expected number of those visits
is of order y/n. By the definition of v"(t),

v (t) = Z (ol At —T]"At)

i>0
< Z o — IL{7-"<t}
>0
By the strong Markov property,

E[p"(t) <E Zhn<Xn(Tin>)]l{Tf§t}

i>0
where h"(x) = E, {inf{t >0: | X,(0)| > %}} By the Markov property, for ¢ € {—1,0,1},

1" ulisg) (W (/) — B (/) = —

JEE

Also h™(z) = 0 when |z > 7 —. Solving these equations for K = 2 yields

B (iﬁ) -3 h(0) = — +

mn mn  cpymn’

(In the general case, h™ (| £FL]/\/n) = B£L)) For i > 1, X,,(7]*) = :I:ﬁ, hence

’HL n

B0 ——+ B |1,
i>0

But the number of visits of X,, to [— \lf f} before time t is less than the number of excursions
outside [—ﬁ, ﬁ] before the first excursion of length longer than ¢. By the Markov property, the

latter is a geometric random variable with parameter

]P’l(’rél>t).
Tn

But, for ¢ > 0, there exists ¢ € (0,00) such that [LL10, Proposition 4.2.4]

lim /nP

n —
A viP 2 (1> 1) = e
Hence, since y/nc, — K~ € (0,000),

Bl (0] < ——+ -2 (f 5 >t>)_1=0(\}5).
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This concludes the proof of Lemma 4.3.4. O

4.3.5 Convergence of the crossing times

Proof of Lemma 4.83.6. From Lemma 4.3.5, we already know that

(X, L) -5 (Xoo, L2(X o))

n—oo

Furthermore, for all i > 0,
-t (Yo).
k=1

where ¢ — L, *(t) is the right continuous inverse of L,. Since (E!"),, converges in distribution to

(E;i);>o and L, converges in distribution to L°(X«), the sequence (17*), -, is tight in R for all i > 0.

3

As a result the sequence of random variables (X, Ly, (T]"),~,) is tight in D ([0, 7]% R?) x RN,
where this space is endowed with the product topology. Let ()Em, LX), (Ti)izo) be a possible
limit point of this subsequence. By the Skorokhod embedding theorem, we can assume that there
exists (a version of) a subsequence which converges to (a version of) this limit point almost surely.
For ease of notation we denote this subsequence by (X, Ly, (17"),~()-

Let A C Q be the negligible set on which this convergence fails, and suppose that there exists
w € Q\ N such that Ty (w) < T (w). We show that for this to happen, one of two very improbable
things must occur: either T} (w) = Th(w) (but remember that L, (T%) — L, (T7) is asymptotically
exponentially distributed) or X, must remain equal to zero for a positive amount of time after Ty.

Assume without loss of generality that X,,(0) > 0 and that X,,(0) > 0 for all n > 1. Then take
e > 0 such that Ty + ¢ < T} (w is kept fixed in the remainder of the proof). Since X,, = X,

inf{X,(s), T < s <TP +¢e} — inf{Xoo(s),T1 <s<T, +e}.
n— oo

Since X (s) > 0 for s < Ty, the right-hand-side is non-negative while the left-hand-side is non-positive
because X, (T7") = —%. As a result

lim inf{X,(s), 7' <s <71y +¢} =0.

n—oo

Also note that
sup{|Xn(s)[, 1" <5 <T3' A(TT" +€)} < [inf{ X0 (s), T7" < s <TT" + e}
Moreover the left-hand-side converges to
sup{|Xoo(s)|, T1 <5 <To A (T} +¢)}.

The latter must then be zero. Hence either Ty = Ty or there exists 7 > 0 such that |X.(s)| = 0
for all Ty < s < Ty + 7. Since L, (T") — L, (Ty") converges to an exponential random variable with
parameter v € (0,00) and |X | is distributed as reflected Brownian motion, both these events have

probability zero.
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Suppose now that 71 (w) > T1(w) for some w € Q\ N. By the definition of T}, there exists
t € (Ty,T1) such that X (t) < 0. Since Ty — T} > t, there exists ng large enough that T7* > ¢ for all
n > ng. Then for all n > ng, X, (¢) > —%1, but at the same time X,,(t) — X (t) < 0, leading to a
contradiction.

We have thus shown that Tl = T} almost surely. By induction one shows that TZ = T, al-
most surely for all ¢ > 0. It follows that (X, Ly, (T}),s,) is the only possible limit point of the
sequence (X, Ly, (T7"),~,)- Together with the tightness of this sequence, this concludes the proof of

Lemma 4.3.6. O
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Chapter

Inference of demographic parameters in
heterogeneous environment using long

shared sequence blocks

Work in progress with Harald Ringbauer (IST Austria) and Gra-
ham Coop (UC Davis, California).

Introduction

The genetic composition of a population is the result of a long history but also reflects its more recent
structure. Assuming that the population follows a simple dynamics, one can sum up this structure
by a handful of parameters. Demographic inference aims to recover these parameters from a genetic
sample in the present population. But for example in human populations, large scale migration events
can only be neglected for up to a few hundred generations at most. Hence for such an inference
method to make sense, one should rely on a signal arising from the recent history of the sampled
population.

Recently, the use of long shared sequences of genome has emerged as a fruitful tool to study recent
ancestry in human populations [Pal+12; Bah+16]. Since recombination breaks up the genome at each
generation, thus decoupling the genealogies at different locii, long (i.e. > 2-4 ¢M) continuous blocks
of genome shared identical by descent between individuals are the result of very recent coancestry
(typically less than 60 generations ago). Hence the geographic structure of these long bocks (called
IBD blocks) carries information about the recent demography of the sample.

Detecting IBD blocks is by no means an easy task. One often has to guess their length and
position from relatively dense SNP data. This was done by Ralph and Coop [RC13| on the European
POPRES dataset using the fastIBD method implemented in BEAGLE v3.3 [BB11]. The POPRES
dataset contains language and country of origin for several thousand Europeans genotyped at 500,000
SNPs [Nel+08]. Ralph and Coop found a total of 1.9 million IBD segments in a sample of 2,257

individuals. They were also able to estimate the rate of false positives (detected segments which
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are not true IBD blocks) and the bias in the inferred length of the blocks. They found that most
Europeans, even separated by several thousand kilometers, share genetic and genealogic ancestors
who lived less than 3,000 years ago. More importantly, they found that the number of shared IBD
blocks between individuals decreases with the geographic distance between them.

One can thus hope to use this decrease to infer the strength of dispersal in Europe, i.e. the mean
distance individuals travel between birth and reproduction. This was done in the Eastern European
subregion by Ringbauer et al. [RCB16]. They computed the expected number of IBD blocks of
a given length in a pair of individuals as a function of their geographic separation under a simple
isolation by distance model. Assuming independence between different blocks along the genome
and between different pairs of individuals, they obtained an approximate likelihood function for the
three parameters of their model: strength of dispersal (o) and local effective population density ¢
generations ago (N(t) = Dt~ 7). Numerically maximising the likelihood of the observed data, they
obtained the following estimates for these parameters in Eastern Europe: ¢ = 63 £ 6.8 km/,/gen,
D =213+0.735 and v = 1.05 £ 0.075.

The reason they limited their study to Eastern Europe is that the whole European sample presents
significant heterogeneities in the decrease in the number of IBD blocks with geographic distance.
This heterogeneity might be due to various factors but one possible explanation is that Western and
Eastern Europe have different dispersal rates and / or population densities. In order to test this
hypothesis and to infer the corresponding parameters, one must change the underlying model to
compute the expected number of IBD blocks under dispersal heterogeneity.

This is the aim of the work presented in this chapter. According to Theorem 3.2 in Chapter 3,
the genealogy of a sample can be approximated by a system of coalescing skew Brownian motions.
The discrepancy in the population density (which was not studied in Chapter 3) impacts the rate of
coalescence in each halfspace and the transmission parameter 5 € (—1, 1) in equation (3.6). We then
adapt the formulas used by Ringbauer et al. to our setting.

The main difficulty when doing this is finding an expression for the transition density of skew
Brownian motion in a two dimensional space with different diffusion coefficients in each halfspace.
We achieve this using previous work by Appuhamillage et al. [App+11]. Unfortunately, the resulting
formula isn’t suited to numerical computations (see Section 5.7 below). Instead, we develop an
alternative approach where we replace the model in continuous space by a stepping stone model with
variable migration proposed by Nagylaki [NB88|. The coalescence probabilities in this model can be
computed efficiently and they agree with those of the model in continuous space.

Before applying our inference scheme to the POPRES dataset, we tested it on simulated data.
We simulated structured coalescents with recombination on a large grid (see Definition 5.1.1 below)
with 9 different sets of parameters and used the resulting IBD blocks as an input for our inference
method. In most runs, it was able to estimate the original parameters used for the simulations with
satisfying accuracy (see Figure 5.2).

This chapter is laid out as follows. We start with a definition of the model for isolation by distance
with recombination in Section 5.1, and we give a definition of IBD blocks in this model. We then
explain how to compute the expected number of such blocks in a pair of individuals as a function of
their separation. We give the fulll expression for the transition density of skew Brownian motion
in two dimensions in Section 5.2. In Section 5.3, we explain how we replace the continuous model

by a stepping stone model for numerical computations. Section 5.4 details how one passes from the
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expected number of IBD blocks to the full likelihood function, and how one can account for block
detection errors in the computations. In Section 5.5, we present the tests of the inference scheme on

simulated datasets. These results and their limits are discussed in Section 5.6.

5.1 The ancestral recombination graph

The models discussed in the previous chapters of this thesis all kept track of a single locus and ignored
the effects of recombination. Here, we wish to study long blocks of genome which share the same
ancestry at several close by locii, we thus need to extend the spatial coalescent to keep track of the
genealogy of the whole genome of a set of individuals. This is done with the help of the ancestral

recombination graph.

Definition of the model We define a system of moving and coalescing marked particles, where
the markers are subsets of [0, G] (G is the length of the genome, in Morgan units).

Definition 5.1.1 (Ancestral recombination graph with spatial structure). Fiz zo = (x},23,...,20)
in (RO™. We let (Ag,t > 0) be a process such that, at time t, its state is given by

{7, @ TH, (€ T

where Ny € N is the number of particles in Ay at time t, {£},..., tNt} are their spatial locations in
R? and T C [0,G] is the marker of the i-th particle. The process is started from

Ao = {(2,[0,G)),..., (z3,[0,G])} .

FEach particle undergoes a recombination event at rate G, independently of each other. When a
particle (€, T,') recombines, a location on the genome v is sampled uniformly in [0, G]. The particle
then splits into two particles with spatial location £ and markers T;' N [0,v], T N[v, G]. If the marker
of a particle is (), we remove this particle.

Between recombination events, A; evolves according to the spatial A-coalescent (Definition 1.3.4)
and when particles coalesce, the marker of the parent particle is the union of those of all the daughter

particles.
We also define the ancestral recombination graph (ARG) in the presence of heterogeneous dispersal.

Definition 5.1.2 (Ancestral recombination graph with heterogeneous dispersal). The ARG with
heterogeneous dispersal is defined as the ARG in Definition 5.1.1, but between recombination events,

A; evolves according to the SLFV with heterogeneous dispersal (Definition 8.1.1).

For v € [0, G], we define the genealogy at the locus v, noted (A}, ¢t > 0), as the subset of (A, ¢ > 0)

of all particles whose marker contains v:
Ap={&ve T}

Note that (AY,¢ > 0) is a spatial A-coalescent (with heteregeneous dispersal in the case of Defini-
tion 5.1.2).
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IBD blocs If we start from two individuals, the genealogy at each locus is always a system of two
random walks which coalesce after some time. The two individuals thus share a common ancestor at
every locus. For v € [0, G|, let T, denote the coalescence time of the two particles in A”. Following
[RC13], we then define a block of identity by descent (IBD block) as a maximal continuous segment

of genome where the two individuals share the same ancestry.

Definition 5.1.3 (IBD block [RC13]). A segment [a,b[C [0, G] belongs to an IBD block if for all
0 <t < mazyelaply, there evist i(t) # j(t) in {1,..., Nt} such that [a,b[C 7f(t) and [a, b[C ﬁj(t).
In words, the segment [a, b] is not broken up by recombination in either lineage before they coalesce.

A segment [a,b[C [0, G] is called an IBD block if it belongs to an IBD block and if it is maximal,

i.e. any segment strictly containing |a,b| does not belong to an IBD block.

Note that our model doesn’t include any mutation mechanism, so that, given the usual definition
of identity by descent (see Section 1.3.2), everyone is identical by descent everywhere on their genome.
IBD blocks are simply continuous streches of genome which are identical by descent through the same
ancestry. On the other hand, one needs to consider mutations when trying to observe those blocks:
long streches of genome with very few mutations between two individuals will stand out as good
candidates for IBD blocks [BB11].

With this definition, any locus belongs to an IBD block, but some blocks are longer than others.
IBD blocks inherited from very ancient common ancestors will be much shorter than blocks arising
from very recent coalescence events. We can thus hope to learn about the recent demography of
populations from the distribution of long IBD blocks in a sample of individuals.

For L € [0,G], let Nz be the number of IBD blocks of length at least L in (A, ¢t > 0). We can
then express the expected number of IBD blocks longer that L as a function of the distribution of

the coalescence time at a single locus.

Proposition 5.1.4. For L € [0, G,
E[N.] =E [2(G — L)Tye 27°].

Proof. Let R C [0,G] be the set of locii delimiting IBD blocs, i.e. r € R if and only if either
r € {0,G} or their exists & > 0 such that [r — ¢,r[ and [r,7 + £[ both belong to IBD blocks but
[r — e, + €] does not (it is not hard to show that the points in R are isolated). Then Ny can be

expressed as

Ny, = Z ﬂ{]r,rJrL[mR:@}]l{rSG*L}'
reER

Define a filtration (Fy),c(0.c) PY
Fo=0 (A, t>0,u <wv)

and note that {r € R} € F,. Let
RZ{T1 <rg < ... <’I"‘73‘}

and for ¢ > |R|, set r; = +00. Then r; is a stopping time for the filtration (FU)UE[O,G] for all 4 > 1,
and we define the filtration F,, in the usual way. The number of IBD blocks of length at least L can
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then be written

Ny = U <o-3 L r4L(rR=0}-
i>1

Taking expectations, we write

E[NL] =Y E[E[Lp<crylgnrsinm=oy | Frl]-
i>1

But {r; <G—-L} € F,, so

E[NL] =Y E[Lp,<c-r3E [Ugr, rrLinr=oy | Fr.]]-

i>1

Note that T;, is F,,-measurable, and that recombination events fall in |r;, r; + L[ at rate L on each
lineage, so the probability that none of the lineages recombines in this region before time 7)., is

e 2LTr; - Ag a result

E[N,]=E

—2LT,
Z Tio<r<c-r}€ 1 .
reR

Setting rma. = inf{r € R : 7 > G — L}, this is also

E[N]=E [Z 1{0<r§rm}€2LT*] :

rER

2L

Since recombination events fall on [r, + dr| at rate 27,— and r — e~2LT— is predictable,

t
Zﬂ{o<r$t}€_2LTT7 —/ 6_2LT’"7 2Trfd’l"
reER 0

is an J;-martingale. Since 7,4, is @ bounded F;-stopping time, we have
G-L
E[N] = / E [2T,-e *""~ ] dr.
0

Since the (T7.),¢[o,i) are identically distributed, the term inside the integral is constant and

E[NL] =E [2(G — L)Tpe *F7] .

To compute E [Ny], we thus need to find the probability density function of Ty. Since T} is the
coalescence time at a single locus, we can use the same approximation as in the Wright-Malécot
formula (see also [BDE02|). Let 02 be the variance of the motion of a single lineage and denote the
local population density ¢ generations in the past by N(t) (recall that the population we consider
is diploid). In the homogeneous case, following [RCB16, Equation 5| (see also [BDE02]), we can
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approximate the density of T} if the two lineages are started at positions z and y by

11 o =y
P(Tpedt) ¥ ——= — dt.
(To € dt) 2N(t) dwo?2t P < 402t

This approximation is valid when t is not too large and N is large enough. In the following, we assume
N(t) = Dt~ (v = 0 corresponds to a constant population density). Combined with Proposition 5.1.4,
this yields the following approximation [RCB16]| (where we assume G > L)

1+

G |!L‘—y| |$—y‘
_ (54+3v)/2 /

where K, is the modified Bessel function of the second kind of degree a.

In the case of the ARG with heterogeneous dispersal, we let g;(x,y) denote the transition density
of skew Brownian motion. The probability density of the coalescence time can then be approximated
by

P (1) € dt) ~ #(t) /]Rd gi(z, 2)g9:(y, 2)dzdt. (5.1)

We are now left with finding an expression for g:(z, y).

5.2 'Transition density of skew Brownian motion

The transition density of standard skew Brownian motion (i.e. with unit diffusion coefficient on both
sides of the origin) is well known [LejO6]. For ¢ > 0 and x € R let

Gi(z) = \/;Hexp (-i) .

If (X¢,t > 0) solves
X, =2+ By + BLY(X) (5.2)

for 8 € [-1,1] and (By,t > 0) standard Brownian motion, then

Py (X € dy) = (Gi(x —y) + Bsign(y) G (|| + [y]))dy.

This is easily extended to solutions to
t
X =z +/ 0(Xs)dBs + BLY(X),
0

with o(2) = 041 {1450} In this case,

P(X, € dy) = —— (Gt (”““ y ) + ~ysign(y)Gi (“”' + Iyl)> dy,

a(y) o(z)  oly) o(z)  a(y)

with o_(1+8) —or(1-f)
o_(1+8)+or(1-75)

’y:
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However, we are interested in applications to populations living in a two dimensional space. The

corresponding stochastic differential equation is (3.6)

t
Xt =+ [ o(xX}dBL+ BLIXY)
0 (5.3)
X2 =, +/ o(XhHdB2.
0

The transition density for two dimensional skew Brownian motion turns out to be considerably more
intricate than in one dimension. The difficulty comes from the fact that the distribution of the
position of the second coordinate depends on the amount of time that the first coordinate spends on

either side of the origin.

Let O (t) (resp. O_(t)) denote the occupation time of the positive (resp. negative) half line by

X' up to time ¢, i.e.
t
O(t) = / Litx1>01ds.
0
Conditional on (X1,0 < s <t), X? is then a Gaussian random variable

X7 ~ N (22,04 (t)0% + O_(t)o?). (5.4)

Determining the joint distribution of X} and O (t) is then enough to obtain that of (X}, X?). This

is done in the following proposition.

Fort > 0 and x € R let )

] x
h(t,xz) = 532 P | 757 ) -

Also set 27 = max(z,0) and 2~ = max(—z,0).

Proposition 5.2.1. Forye R, 1 >0 and 0 <71 <t

P, (X} € dy, LY(X") € dl, 04 (t) € dr)

. W/ o
L (g DY T ) L i

+2
a(y)? o ot

This proposition is a generalisation of a previous result [SK91] on the joint density of standard
Brownian motion, its local time at the origin and the occupation time of the positive half line.
This result was generalised to solutions of (5.2) in [App-+11], using similar arguments. We give a

self-contained proof of Proposition 5.2.1 in Section 5.7.

Using Proposition 5.2.1 and (5.4), we obtain the transition density for two dimensional skew
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Brownian motion:

P, (th S dylaXE S dyg) =

(Goyy2e (@1 — 11) = Gogze (T1 + 1)) Gog2e(Y2 — 22)Liayy, >01dy1dya

+21+Slgnylﬁ// ( xlﬂh (1+,6’)l>
0+

z
h (t 7 Tty +(1-8)— ) Go2 1402 (1—r) (Y2 — @2) dldTdy1dys.

o_ o_

—2Lt e obtain

Plugging this formula into (5.1), and integrating this density against 2(G — L)te
an analytical formula for the expected number of IBD blocks of length at least L in the ARG with
heterogeneous dispersal. Unfortunately, this expression contains too many integrals to be computed

numerically in a reasonably short time and cannot be used in a maximum likelihood approach.

5.3 Numerical approximation

To approximate the probability density function of the coalescence time of two lineages, we approximate
skew Brownian motion with a random walk on a large grid. We choose the transition probabilities
of the random walk following a stepping stone model with heterogeneous dispersal proposed by
Nagylaki [NB88|. (Nagylaki’s model is one dimensional but its extension to a two dimensional grid is
straightforward.) Over large spatial and temporal scales, ancestral lineages in this model approach
skew Brownian motions (i.e. solutions to (5.3)). Numerically computing the distribution of the

coalescence time of two lineages in this discrete model provides a way to approximate (5.1).

Stepping stone model with heterogeneous dispersal Fix m,,m_ € (0,1/2) and

N4, N_ > 0 such that

3 1N
—m4 + = —_=

1. 5.9
2 2N, ~ M < ( )

Consider a population living in discrete demes at the vertices of Z2. Each deme left (resp. right)
of the origin contains N_ (resp. N;) individuals. At each generation, each deme on the left (resp.
on the right) sends 2N_m_ (resp $N.m,) migrants to each of its neighbours. This corresponds to
the discrete stepping-stone model described in Definition 1.3.1 with forwards migration rates as in
Figure 5.1.

The probability that an individual in deme ¢ has an ancestor in a neighbouring deme j in the

previous generation is then given by
1 N

M=o N
where N; = Ny, m; = m4 on the right of the origin and N; = m_, m; = m_ on the left. Condition
(5.5) ensures that the sum of these probabilities is less than one, so that lineages have a positive
probability of having an ancestor in the same deme in the previous generation. Let M = (m;); jez2
be the (backwards) migration matrix. Ancestral lineages in this model follow discrete time random

walks on Z? with transition matrix M.
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Figure 5.1: Stepping stone model with heterogeneous dispersal in two dimensions
Islands left of the origin send %N_m_ migrants per generation along blue arrows while islands right of the
origin send %N+m+ migrants per generation along red arrows.

Theorem 5.1. Let (&, k € N) be a random walk on Z? with transition matriz M* for some fized

k>1. Forn>1andt >0, set
1

Then, as n — oo, (&,t > 0) converges in distribution to skew Brownian motion (i.e. to a solution of
(5.3)) with

&

o2 =kmy, B= : (5.6)

Theorem 5.1 is a particular case of Theorem 1.1 in [IP16], and (5.6) can be seen from equation 19a
in [NB8§|. The exponent k is introduced because m. cannot be too large in order to satisfy (5.5),

but we want to compute the distribution of skew Brownian motion for any o1 € (0, 00).

Let C be a diagonal matrix with coefficients

1

5
2N,

i, 4,J €72
If Ny is large enough and ¢ isn’t too large, one can then approximate the probability density function

of the coalescence time of a pair of lineages started at (i, j) € (Z?)? by

)

P(Ty € [t,t + 1[) ~ ((MUJ)TCMUJ) . (5.7)

(This is the analogue of (5.1) in discrete time and discrete space.) In view of Proposition 5.1.4, if we
sum this against 2(G — L)te~2%*, we obtain the expected number of IBD blocks of length at least L
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shared between two individuals. For numerical computations, we replace Z? by a large finite grid
and we impose reflecting boundary conditions at the edges of the grid. In order to include varying

population size, we replace C in (5.7) by C(t) where
Nj:(t) =Dyt .

Since the migration matrix M only depends on the ratio Ny /N_, it isn’t affected by this assumption,
however the parameter v needs to be identical in both halfspaces otherwise migration isn’t homogeneous
in time and the above formulas break down.

In fact, we are more interested in the expected number of IBD blocks whose length falls in a
particular interval [L, L + AL[, which we denote by A(L, z,y), where  and y are the positions of the
sampled individuals. Using the fact that L < G, this quantity is approximated by

A(L7x7y) =~ E [4GLTO2€72LTO] AL

~ Y 4GLe AL ((MUJ )Tc(t)MM)

o =)Ly

Each successive term in the sum can be computed from the previous one in a reasonable number of
steps, making this approximation scheme available for numerical computations. In the following, we
say that a block is of length L if its length falls in [L, L + AL[, where AL is kept fixed throughout
(in [RCB16], AL = 0.1 cM).

Remark. By choosing to approximate skew Brownian motion with this particular random walk,
we have constrained our model somewhat. Indeed, the parameter B is now a function of the other
parameters of the model, given by (5.6). Different microscopic models would have resulted in different
functions, as pointed out by Nagylaki [NB88]. Further analysis would require to investigate if the

estimates obtained with this method are robust to changes in the microscopic model.

5.4 Composite Likelihood estimation

We are now able to compute the expected number of IBD blocks of length L shared by two individuals
sampled at locations x and y. Let us see how we can use it to compute the approximate likelihood of
a set of parameters. To compute a real likelihood, one would need to know the whole distribution
of the number of IBD blocks of different lengths shared between different pairs of individuals. This
distribution is quite complex and possibly untractable without further assumptions. However, since
inheriting one block from a recent common ancester is a rare event, inheriting two blocks from the
same ancestor is even more unlikely. Different IBD blocks should thus mostly arise from distinct
coalescence events, and we expect the corresponding genealogies to be almost independent.
Following [RCB16] and [RC13], we assume that block-sharing is not correlated along the chro-
mosome or among different pairs of individuals. This is equivalent to assuming that the number of
IBD blocks of a given length shared between pairs of individuals are independent Poisson variables.
The expected value of the number of IBD blocks shared between two individuals is then enough
to compute the corresponding likelihood. This procedure of assuming independent observations to

compute the likelihood is called a composite likelihood approach.
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Let N be the number of sampled populations and {z1,..., 2y} their spatial locations in R2. Let
IL be the set of block lengths used for inference, i.e. for every pair of populations, we suppose that
we know how many pairs of individuals share IBD blocks of length L for all L € I.. Let N(L,4,j) be
the number of blocks of length L shared among pairs of individuals in populations ¢ and j, and let
{D1,...,Dn} be the number of sampled individuals in each population.

The likelihood of a set of parameters (o4,0_, N1, N_,~v) is then given by

L=C H H AL, x5, ;)N B0 g=DiDiALowie;) (5.8)
LeL i<j

where C' is a constant which doesn’t depend on the parameters of the model.

Detection errors Detecting IBD blocks from SNP data is prone to errors. Some segments of
genome might be called as an IBD block without having been inherited from a common ancestor, and
some true IBD blocks might go unnoticed by the detection algorithm. In addition there is a relative
uncertainty concerning the length of IBD blocks, especially in portions of the genome where there are
too few SNPs.

Fortunately, Ralph and Coop [RC13] were able to estimate the rate of these errors by running the
IBD detection scheme on a modified dataset. The expected number of observed IBD blocks \(L, z, )
given the expected number of true IBD blocks A(L, z,y) takes the form

G
ML z.y) = F(I) + /0 R(L, L) e(L)A(L, 2, y)dL, (5.9)

where f(L) is the false positive rate, ¢(L) is the power to detect a block of length L and R(L, L')dL’
is the probability of detecting a block of true length L’ as a block of length L. These three functions
were estimated in [RC13].

To account for these detection errors in our inference scheme, we replace A by A in (5.8). The

corrected likelihood becomes

L=0C H H X(L, z;, mj)N(Lvivj)e_DiDjS\(Lv-'Eiaxj). (5.10)
LELi<j

Uncertainty of estimates We obtain confidence intervals around our estimates with the help
of the curvature of the likelihood surface at its maximum, using the asymptotic normality of the
maximum likelihood estimate [Lin88|. Let (64,6, N,, N_,4) be the maximum likelihood estimate

of the parameters of the model. The 95% confidence interval around &, is then given by

) 0log(L) . . R
O'+:|:196 <M(O’+,O’_,...,’y))

(5.11)
and the confidence intervals around the other estimates are obtained in the same way. This is based on
a number of asumptions, namely that the maximum likelihood estimator is asymptotically Gaussian
with variance given by the Fisher-Information matrix and that the curvature of the log-likelihood
approaches this matrix. This will be the case if all observations are independent replicates, when

observations are correlated, these confidence intervals will be too tight [Lin88; Cof+15] and they can
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be adjusted by bootstrapping over the data (see [RCB16]). Since we believe that the correlations
between IBD blocks are weak, we use this methode as a first guess for the uncertainety of our

estimates and we plan to use bootstrapping to compute more accurate confidence intervals.

5.5 Tests on simulated data

To test our inference method, we simulated the ancestral recombination graph on a square grid of size
200, with 6 populations on each side of the interface (starting with 10 lineages in each population).
We used 9 different sets of parameters (see Table 5.1) and each of these scenarii was simulated 20
times. We only recorded IBD blocks longer than 2cM in our simulations, and the migration scheme
was chosen to fit the one used in the numerical approximation of skew Brownian motion in Section 5.3.
The output of the simulation gives the number of IBD blocks of each length shared between different
populations.

We ran the maximum likelihood estimation on this data (without including the error model from
Ralph and Coop [RC13]) and it was able to correctly estimate the parameters used for each scenario
in most cases (see Figure 5.2), even without knowing the exact spatial discretisation used in the
simulation. Some systematic deviations seem to occur (e.g. in scenarii 1 and 2), but at this stage
we cannot say if this is due to the low spatial discretisation used in the inference scheme or to the
fact that our confidence intervals are too tight because of the lack of independence between different
oberved blocks. One can also note that errors on the estimation of the population densities are almost
always accompanied by errors on the growth parameter ~, which seems to indicates that the inference
schemes is able to infer the population densities at some point in the past, from which most IBD
blocks arise.

The code used for the simulations and the inference methode is available freely at https:

//github.com/hringbauer/IBD-Analysis.

5.6 Discussion

The demographic history of real populations is likely to be much more complex than we seem to
assume in our model. Local heterogeneities and ancient population structure both affect the genetic

composition of populations and can potentially confound or bias our estimates. Ringbauer et al.

Scenario 1 2 3 4 5 6 7 8 9

o_ 0.8 04 05 05 04 04 04 04 038
fo 0.4 08 05 05 08 08 08 08 0.8
D_ 500 1000 40 2000 40 1500 20 100 100
D, 1000 500 20 1000 20 1000 40 200 100
~ 1 1 0 1 0 1 0 05 05

Table 5.1: Parameters used in the simulations

For each scenario we simulated the ARG with the parameters shown above (with N(t) = Dt™").
Scenarii 1 and 2 mirror each other and are used to spot potential bugs in our implementation;
scenarii 3 and 4 test the ability to detect a change in the population density when v = 0 and v = 1;
scenarii 5, 6, 7 and 8 test various combinations of high vs. low population density and high wvs.
low dispersal rate; finally scenario 9 tests the inference method when space is homogeneous.
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Figure 5.2: First results on simulated data

Results of the inference method on the data simulated for the 9 scenarii described in Table 5.1.
For each run, the solid lines give the parameters used in the simulation while the dots with error
bars represent the maximum likelihood estimators with 95% confidence interval computed with
(5.11). Blue lines and dots stand for parameters and estimates on the right while red lines and
dots are used for the parameters on the left (see Figure 5.1).

[RCB16| have already shown that using long IBD blocks is robust to confounding by ancestral
structure as most of those blocks result from very recent common ancestry (typically less than 50

generations ago for blocks longer than 4cM).

The geography of the European continent is also more complex than in our model, for example
some countries are separated from each other by seas, rivers or mountain ranges. Moreover, current
population densities clearly do not fit our hypotheses. Nevertheless our method allows one to
test whether current levels of genetic relatedness accross Europe can roughly be explained by a
discontinuity in both dispersal rate and population density. More complex scenarii can readily be
implemented in our framework (one only needs to specify where an individual’s potential ancestors
come from at each generation), but given the spatial resolution of the POPRES dataset (either
country of origin or spoken language), testing this crude scenario is probably the best one can hope
for at this stage. More intensive sampling would open the way for more tailored inference methods

and better constrain our estimates.

Our inference scheme also assumes that we are able to accurately observe recombination events
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along the genome. This shortcoming is partly addressed by the error model of Ralph and Coop [RC13].
Lineages that have recently recombined can potentially coalesce back too quickly to accumulate
enough mutations, leading to so-called ineffective recombinations (and overestimation of the length of
IBD blocks). Barton et al. [Bar+13| show that this can be accounted for by replacing the theoretical
recombination rate by an effective recombination rate. In practice, if the population density is large
enough, ineffective recombinations are unlikely and one can use the true recombination rate for

demographic inference.

Likewise, correlations between the lengths of different blocks are very weak if population densities
are reasonably large. Moreover, as already noted in [RCB16], we seldom find more than one IBD
block in any given pair of individuals in the European POPRES dataset. Consequently, ignoring
correlations along the genome should not significantly affect our estimates.

The fact that the inference scheme is able to correctly estimate the parameters from simulated
datasets gives further credit to this approximation. It also provides a practical justification for our
use of the approximation (5.7). In particular, since the spatial discretisation used in the inference
scheme is different from the one used in the simulations, we conclude that the diffusion approximation
for the motion of lineages is valid in this range of parameters.

From the results in Chapter 3 and the remarks made by Nagylaki [NB88|, we note that the
parameter 8 € (—1,1) depends on the details of the microscopic model. As a result it cannot be
deduced from the other parameters of the model and should be estimated alongside them. However,
our method prevents this since by approximating skew Brownian motion with the random walk with
transition rates m;;, we force 8 to be a function of the dispersal rates and populations sizes (see
(5.6)). Hence we plan to simulate the ARG with one migration scheme and to run the inference
method assuming a different microscopic model. If it is still able to recover the other parameters of
the model, we shall conclude that the choice of the microscopic migration model does not affect our

estimates.

5.7 Joint density of skew Brownian motion, its
local time at the origin and the occupation
time of the positive half line

In this section, we prove Proposition 5.2.1. Let (B;,t > 0) be standard Brownian motion, o(z) =
0+li4,50y and B € (—1,1). Suppose that (Xy,t > 0) solves

t
X, = Xo+ / o(X,)dB, + BLY(X).
0
We begin by proving the formula when Xy = 0. In this case, Proposition 5.2.1 reduces to
Py (X; € dy, LY(X) € dl, O, (t) € dr)

1+ sign(y)B
o(y)?

i

04

=2 h\1,=—+(1+75) hit—7,"—+ 1 - 8)— | dydldr, (5.12)
(o o o
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fory e R, 1 >0and 0 <7 <t To prove this, we adapt the arguments of Chapter 6.3 in [SK91]. The
main idea is to construct two reflected Brownian motions, one from the positive excursions of X, and
one from its negative excursions. These two reflected Brownian motions are independent, but one can
recover the value of X; from them if the occupation time of the positive half line is known, because

the left and right local time at the origin of X; satisfy a linear relation (see Lemma 3.5.3).

Two independent reflected Brownian motion We start by decomposing X into two

independent reflected Brownian motions. For ¢ > 0, set

t
Ie(t) = ?/ Tiix,>0ydXs
0

and ,
Li(t) = (Ix), = Ui/ Liix,>0yds.
0

Define the right-continuous inverse of I':
3N (7) = inf{t >0:T4(t) > 7}.

Lemma 5.7.1. There exist two independent standard Brownian motions (By(7),7 > 0) and
(B_(1),7 > 0) such that, for T >0,

Bi(r)=1.(7'(7)).

Proof. Let (F);>, denote the filtration associated to (X¢),s,. Since

t
/ Ly, >0pdL(X) =0 as., (5.13)
0

we can write

t
I (t) = :F/ Liix,>010(Xs)dBs.
0

The process (I+(t)),~ is thus an Fi-martingale with quadratic variation

t
(Ie), = Ui/ Liix,>0yds =Te(t).
0

Furthermore

t
<I+’I_>t = O'+O'_/ ]1{X3>0}]1{X3<0}d8 =0.
0

By F. B. Knight’s theorem [Kni71] (also Theorem 3.4.13 in [SK91]), there exists two independent
Brownian motions (B4 (7),7 > 0) and (B_(7),7 > 0) such that, for 7 > 0,

Bi(r)=1+(z'(7)).
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For 7 > 0, set
Xi(1) = £Xp 2100y, Li(r) = L%, (X).

Lemma 5.7.2. For all T > 0,

X(7) = max By(u) - Bi(7), (5.14)
) = g B (o). (519

As a consequence, (X (7),7 > 0) and (X_(7),7 > 0) are two independent reflected Brownian

motions.
Proof. By the definition of left and right local time (see Section 1.5.3),

1
X = ~La(t) + S LY (X).

Together with (5.13), this implies that 2 L9%(X) is a solution of the Skorokhod problem for Iy. It
follows from Lemma 1.5.2 (see [SK91, Lemma 3.6.14]) that

1
L% (X) = max I.(s)

2 0<s<t
+ _ _
X = max, I (s) = L (t).
Lemma 5.7.2 follows by replacing ¢ with T (7). O

Williams formula for skew Brownian motion The following Lemma is a generalisation
of the first formula of D. Williams [SK91, Theorem 6.3.6].

Lemma 5.7.3. For >0,

Proof. By the definition of L=*(t), for 7 > 0,

1-— 1-
L' (1 +§L+(7)> = inf{t >0:L(t) > 7 +§L+(7—)}.
By the definition of Ly,
1-— 1—
L_(t) > = gL+(T) & Lg}@) (X) > %Lgf(T)(X)

But (see Lemma 3.5.3), for all ¢ > 0,

1 —
LY () = 1 5L (),
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In addition,
LIN(X)> LM (X) & t>sand3Juc(s,t): X, =0.

Since X (I'3'(t)) > 0 and X(I'='(¢)) < 0, for all ¢,7 > 0, there exists u in the open interval delimited
by I'7'(¢) and I'Z'(7) such that X,, = 0. As a result,

L_(t) > 1;§L+(7) & IZYt) > T30,
But

inf{t >0:T2'(t) > (n)} =T_ (I'7(7)) .
Furthermore,

1 1
+ —

replacing ¢ by FII(T), we obtain

L7t (1 ; §L+(T)) =T (r) - (;)2 T.

This concludes the proof of Lemma 5.7.3. O

Note that (5.15) implies, for b > 0,
L7 (b) :=inf{t > 0: Li(t) > b} = inf{t > 0: B(t) > b} = T;".

From this and Lemma 5.7.3, we have

From the independence of BT and B~ and the Laplace transform of the hiting time of Brownian

motion, we have

E |:€704F;1(T)

This is equivalent to

P(F__i_l(T) c dt| X, (r)=a,Li (1) = l) =h (t 771601) dt.

Joint density started from the origin In addition, since (X, (7),7 > 0) is reflected
Brownian motion [SK91, Problem 6.3.4],

Po (X4 (7) € da, Ly (7) € dl) = 2h(7,1 + a)dadl.
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As a result,

B

Py (X1 (7) € da, Ly (1) € dl,T7 (1) € dt) = 2h(r,l + a)h <t - % 5) dadldt.
o o

Recall that X, (1) = Xrll(_r) and L, (1) = LOJr i )( ). Reasonning as in [SK91, Proposition 6.3.9],
we obtain, for y > 0and 0 < 7 < ¢,

2
Py (X, € dy, L0 (X) € dI, T (t) € dr) = —h(r,1 + y)h (t - lz ﬁl) dydldr.
(ot oL B

Furthermore, LY (X) = 1+ﬂ LIT(X) and O, (t) = 4T (t), hence for y > 0,
T

Py (X, € dy, LY(X) € dl, 04 (t) € dr)

_o! fh <T,y +(1 +5)l) h (t—T,(l —B)l> dydldr.
+ 04 (o o_

Yielding (5.12) when y > 0. The corresponding formula for y < 0 is obtained by replacing 3 by —23,

exchanging o, and o_ and replacing 7 by ¢t — 7.

Joint density with arbitrary initial condition Now start X; from an arbitrary point
z € R and set

We assume for now that x > 0, the same arguments apply for < 0. Then, since up to time Ty, X is

Brownian motion with diffusion coefficient o, [App+11],

P, (Tp € ds) = h <s m) ds.
0+
By the strong Markov property,

P, (Xi € dy, LY(X) € dl, O (t) € dr)
=E, [1{n,<tyPo (Xi—1, € dy, L{_1,(X) € dl, O (t — Tpy) € dT — Ty)]
+ 00(d) 6 (dT)P, (X; € dy, To > t). (5.16)

Using the reflection principle, we obtain
P, (Xt € dy, To > t) = Lpys0y (G (r—y) — Gait (x+ y)) . (5.17)

On the other hand,
Ex [1{1,<yPo (Xi—1, € dy, L_7,(X) € dl, O (t — Ty) € dr — Tp)]

 14sign(y)B [T z = l - ,
_QW/O h<s’0+)h<7—_8’a+(1+ﬁ)a+>h(t_T’g_+(1_B)g_> dsdydldr.
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Since h(:,x) * h(-,y)(t) = h(t,x + y), the right-hand-side becomes

p +
21+51gn2(y)ﬁh <T’x+y i
a(y)

Combined with (5.16) and (5.17), this yields Proposition 5.2.1 for > 0. The case x < 0 is similar.

(1+ ﬁ)l> h (t Y a- ﬁ)l) dydldr.

o4 (o o_ o_
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