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Abstract

We are interested in populations in which the fitness of different genetic types fluctuates
in time and space, driven by temporal and spatial fluctuations in the environment.
For simplicity, our population is assumed to be composed of just two genetic types.
Short bursts of selection acting in opposing directions drive to maintain both types at
intermediate frequencies, while the fluctuations due to ‘genetic drift’ work to eliminate
variation in the population. We consider first a population with no spatial structure,
modelled by an adaptation of the Lambda (or generalised) Fleming-Viot process, and
derive a stochastic differential equation as a scaling limit. This amounts to a limit result
for a Lambda-Fleming-Viot process in a rapidly fluctuating random environment. We
then extend to a population that is distributed across a spatial continuum, which we
model through a modification of the spatial Lambda-Fleming-Viot process with selection.
In this setting we show that the scaling limit is a stochastic partial differential equation.
As is usual with spatially distributed populations, in dimensions greater than one, the
‘genetic drift’ disappears in the scaling limit, but here we retain some stochasticity
due to the fluctuations in the environment, resulting in a stochastic partial differential
equation driven by a noise that is white in time but coloured in space. We discuss the
(rather limited) situations under which there is a duality with a system of branching
and annihilating particles. We also write down a system of equations that captures
the frequency of descendants of particular subsets of the population and use this same
idea of ‘tracers’, which we learned from Hallatschek and Nelson (2008) and Durrett
and Fan (2016), in numerical experiments with a closely related model based on the
classical Moran model. We also investigate the behaviour of an establishing mutation
which is subject to rapidly fluctuating selection under the Lambda-Fleming-Viot model

and show that under a suitable scaling it converges to the Feller diffusion in a random
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environment. We then extend to a population that is distributed across a spatial
continuum. In this setting the scaling limit is the SuperBrownian motion in a random
environment. The scaling results for the behaviour of the rare allele are achieved via

particle representations which belong to the family of ‘lookdown constructions’
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Chapter 1

Introduction

A fundamental challenge in population genetics is to understand the balance between
adaptive processes (selection) and random neutral processes (genetic drift). The most
studied example of adaptation is directional selection acting on a single genetic locus.
In the simplest model, each individual is either of type a or type A at the locus under
selection, and the relative fitnesses of individuals carrying the two types is 1+ sg : 1, for
some small parameter sg. At least provided that random fluctuations don’t eliminate
the favoured type before it can become established, natural selection will act to remove
variability from the population until, in the absence of mutation, everyone is of the
favoured type. However, there are other forms of selection that act to maintain genetic
variation. In this thesis we are concerned with populations that are subject to changing
environmental conditions, that cause relative fitnesses of different genotypes to fluctuate
in time and space. To quote Gillespie (2004), “If fitnesses do depend on the state of the
environment, as they surely must, then they must just as assuredly change in both time
and space, driven by temporal and spatial fluctuations in the environment.”

We shall suppose that our population occurs in just two types (alleles), {a, A} and
that the environment fluctuates between two states, in the first of which a, and in the
second of which A, is favoured. We suppose that selection is sufficiently strong that if
the environment did not fluctuate, the favoured type would rapidly fix in the population,
but that there is a ‘balance’ between the two environments so that both types can be
maintained at nontrivial frequencies for long periods of time. If the population has no

spatial structure, then over large timescales (thousands of generations) the frequency
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of a-alleles can be modelled (see, i.e. Kimura (1954), Gillespie (1977), Huerta-Sanchez

et al. (2008)) by a stochastic differential equation:

dp = sp(1 — p)(1 — 2p)dt + /p(1 — p)dB* + v2sp(1 — p)d B2, (1.1)

where B! and B? are independent Brownian motions, the first (as we shall explain in
Section 3.1) capturing the randomness due to genetic drift (that is the randomness due
to reproduction in a finite population), the second encoding the random fluctuations in
the environment (which are assumed to happen quickly on evolutionary timescales). The
constant s is a scaled selection coefficient (see Section 3.1). For a population distributed
across a one-dimensional spatial continuum, one can write down an analogous Stochastic

Partial Differential Equation (SPDE):

dw(t,z) = %Aw(t,x)dt +s?w(t,z)(1 — w(t,z))(1 — 2w(t, z))dt

+ \/w(t, 2)(1 — w(t, z))W(dt, dz) + vV2sw(t, z)(1 — w(t,z))W(dt,dz), (1.2)

where W is space-time white noise (capturing genetic drift) and the independent noise
W is white in time, but may be coloured in space reflecting spatial correlations in the
environmental fluctuations. In the biologically most relevant case of two dimensions,
this equation has no solution (see discussion at the beginning of Chapter 2), and we
must find a different approach.

The difficulties with modeling genetic drift in populations evolving in higher dimen-
sional spatial continua, often referred to as ‘the pain in the torus’, are well known; see
Barton et al. (2013) for a review. They can be overcome using the spatial Lambda-
Fleming-Viot process, introduced in Etheridge (2008) and rigorously constructed in
Barton et al. (2010), and here we adapt that approach to incorporate fluctuating
selection.

Our first result deals with the non-spatial case. We take a scaling limit of the
Lambda-Fleming-Viot process and recover (1.1), which coincides with that obtained by
Gillespie (2004) as a scaling limit of a Wright-Fisher type model. We then turn to the

scaling limit of the spatial Lambda-Fleming-Viot process with fluctuating selection. In



dimension one, the limiting process coincides (up to constants) with the SPDE (1.2). In
higher dimensions, the term corresponding to genetic drift vanishes in the limit, but
the effects of the fluctuations in the environment can still persist, resulting in an SPDE
driven by (spatially) coloured noise.

Our ultimate aim is to find ways to distinguish the effects of spatial and temporal
environmental fluctuations on genetic data. This would involve understanding the
genealogical trees relating individuals in a sample from the population. Although for
our prelimiting model we can write down an analogue of the ancestral selection graph of
Krone and Neuhauser (1997); Neuhauser and Krone (1997), which tracks all ‘potential
ancestors’ of individuals in a sample from the population, this process seems to be rather
unwieldy. Moreover, when we apply our rescaling, the scaled ancestral selection graphs
do not converge and we have not found a satisfactory way to extract genealogies for
the limiting model. When selection does not fluctuate, the original ancestral selection
graph can be thought of as a moment dual to the forwards in time diffusion describing
allele frequencies in the population. It is natural to ask whether there are other dual
processes that we could exploit when selection fluctuates. Our attempts to find a useful
dual for the equation (1.2) have met with limited success, but in Section 3.3 we show
that (after an affine transformation) there are circumstances in which a branching and
annihilating dual exists.

In the absence of a useful dual process, instead we take a first step towards under-
standing ancestry in the population by following an interesting approach of Hallatschek
and Nelson (2008) and, more recently, Durrett and Fan (2016) which uses the idea
of ‘tracers’ to explore the way in which descendants of a subpopulation of the type a
individuals evolve forwards in time. This idea is exploited in our numerical experiments
of Section 1.4.

In a different line of investigation we address another question of some biological
interest: how does the frequency of a rare mutation evolve in a spatially distributed
population? What if the direction of selection fluctuates in time?

Consider for a moment a model without selection. Suppose that the proportion of
the population carrying allele a is small. In the absence of spatial structure, the absolute

number of such individuals evolves approximately according to a branching process,
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which, under appropriate scaling, converges to the Feller diffusion. We may ask whether
a similar phenomenon occurs in the presence of selection, especially when its direction
fluctuates in time. We expect that in the latter case the evolution follows a branching
process in a random environment, and, under suitable scaling, converges to the Feller
diffusion in a random environment. We investigate that question in Chapter 4.

It is natural to try to establish an analogous result for a spatially distributed
population. This question has been already addressed for the neutral spatial Lambda-
Fleming-Viot model. In Chetwynd-Diggle and Etheridge (2018) it is shown that the
suitably scaled model converges to a SuperBrownian motion. Their proof is based on
a duality argument. Since such a technique is not available to us, we use a different
approach, which belongs to the family of lookdown constructions, discussed in Chapter 4.

We show that a suitably rescaled version of a Spatial Lambda-Fleming-Viot with
selection in a fluctuating environment converges to a SuperBrownian motion in a
random environment. The original construction and study of this process is based on
approximate duality (see Mytnik (1996a)). We provide a new construction based on the

lookdown approach in Section 4.2. The scaling result can be found in Section 4.5.

1.1 Biological background

Suppose that a gene occurs in just two forms that, because of environmental fluctuations,
finds itself subject to short alternating bursts of positive and negative selection. Even if
these changes are happening on a much faster scale than neutral evolution, they may
influence gene frequencies. For example, in diploid individuals (carrying two copies
of the gene), a heterozygote (carrying one allele of each type) may have higher mean
fitness, when we take account of different environments, than either homozygote, and
so allelic variation can be maintained for long periods, even though at any given time
the population is subject to directional selection. This marginal overdominance is
an example of balancing selection. In equation (1.1) we see this in the deterministic
term (sp(1 — p)(1 — 2p)dt) on the right hand side. Wright (1969) observed that spatial

heterogeneity in the direction of selection combined with density dependent reproduction
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can also lead to balanced polymorphism, that is adaptive alleles are held at intermediate
frequencies for long periods (see also Delph and Kelly (2014) and references therein).

One of the recurring arguments in evolutionary biology is whether evolution occurs
principally through natural selection or through neutral processes, in which no particular
genetic type is favoured, such as genetic drift. A data set that has sat at the heart of
this debate for the last 70 years is a time series of changes in the genotype frequency of
a polymorphism of the Scarlet Tiger Moth, Callimporpha (Panazia) dominula, in an
isolated population at Cothill Fen near Oxford, UK. Fisher and Ford (1947) found that
the proportion of a certain medionigra allele in the population increased significantly
between 1929 and 1941 from 1.2% to 11.1%, and decreased to 5.2% between 1941 and
1946. They concluded, “... the observed fluctuations in generations are much greater
than could be ascribed to random survival only. Fluctuations in natural selection must
therefore be responsible for them.”. Fisher (a strong proponent of the importance of
selection) was challenged by Wright (a champion of genetic drift) who argued that
multiple factors could be at play and, moreover, Fisher may have underestimated the
strength of genetic drift. O’Hara (2005) analysed the, by then 60 year long, time series of
data from Cothill and concluded that most of the pattern of variation in the population
should be attributed to genetic drift. Moreover, although selection is acting, mean
fitness barely increased. This conclusion is consistent with the ‘Court Jester hypothesis’
, that long term improvements in fitness may not occur, because populations have to
‘run to stand still’ in order to keep pace with changes in the environment, see Barnosky
(2001), Benton (2009).

It is unusual to have such a long time series of data, especially in conjunction with
information about the environment. In general it will also be far from clear which genes
are undergoing selection, rather one tries to infer the action of selecion through studying
neutral diversity. For most populations, it may be very difficult to distinguish fluctuating
selection from genetic drift. To see why, we recall a model due to Gillespie that captures
the effect of a series of ‘selective sweeps’ through a population. Suppose that a selectively
favoured mutation arises at some point on the genome and rapidly increases in frequency
(until the whole population carries it). Because genes are arranged on chromosomes,

different genes do not evolve independently of one another. As a result of a process
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called recombination, correlations between genes decrease as a function of the distance
between them on the chromosome. Nonetheless, a neutral allele fortunate enough to
be on the same chromosome as the selectively favoured mutation will itself receive a
boost in its frequency (even if as a result of recombination it doesn’t exhaust the whole
population). This boost to the type at the neutral locus is known as ‘genetic hitchhiking’,
a term introduced by Maynard Smith and Haigh (1974). Of course, correspondingly, a
neutral allele associated with an unfavoured type will decrease in frequency. Gillespie
(2000, 2001) investigated a model in which strongly selected mutations which give rise
to hitchhiking events occur at the points of a Poisson process. He assumes that selection
is strong enough that the duration of the sweeps causing the hitchhiking events that
affect a given locus is small compared to the time between them so that we can ignore
the possibility that a locus will be subject to two simultaneous hitchhiking events. He
establishes that the first two moments of the change in allele frequency at the neutral
locus over the course of a hitchhiking event take exactly the same form as if they had
been produced by genetic drift over a single generation of reproduction. It is not hard
to see that we will see the same hitchhiking effects under ‘partial sweeps’ driven by
environmental fluctuations. This process of ‘genetic draft’ induced by selection, strongly
resembles genetic drift and it may be hard to distinguish the two. Barton (2000) also
considers the ‘genetic drift’ induced by hitchhiking.

Not surprisingly, the impact of environmental fluctuations on genetic variation has
been extensively studied. Nonetheless, even in the absence of spatial structure, it remains
an open question to characterise situations under which fluctuating environmental
conditions can maintain genetic variation; see e.g. Novak and Barton (2017). Moreover,
the effects of genetic drift have been largely ignored. This is perhaps because acting
in isolation, genetic drift typically impacts gene frequencies over periods of (tens of)
thousands of generations, much longer than the time scales of climatic fluctuation.
However, once a particular genotype becomes rare, perhaps as a result of a run of
unfavourable environments, stochastic fluctuations will be dominated by genetic drift,
through which the genotype can be lost.

A further challenge in identifying genes that are subject to fluctuating selection is

that, even if we can disentangle the effects of drift, numerous selection schemes lead
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to forms of balancing selection. For example, in the absence of spatial structure, allele
frequency dynamics under fluctuating selection are identical to those under within-
generation fecundity variance polymorphism. In this setting, Taylor (2013) shows that
the effects on the genealogy at a linked neutral locus will differ. Fijarczyk and Babik
(2015) and the references therein provide an overview of theoretical and empirical
evidence for various forms of balancing selection and methods for their detection.

Recently, Bergland et al. (2014) reported hundreds of polymorphisms in Drosophila
melanogaster whose frequencies oscillate among seasons and they attribute this to strong,
temporally variable selection. They also cite evidence that genetic (and phenotypic)
variation is maintained by temporally fluctuating selection for a variety of other or-
ganisms. Gompert (2016) proposes an approach to quantifying variable selection in
populations experiencing both spatial and temporal variations in selection pressure. In
spite of this combination of theoretical and empirical evidence for the importance of
fluctuating selection, we have only a limited understanding of some basic questions: how
many loci are subject to temporally fluctuating selection? How strong is that selection?
What is the relationship between temporally and spatially varying selection?

Since natural environments are never truly constant, it is clearly important to
understand the implication of temporally and spatially varying selection pressures.
Cvijovic et al. (2015) examines some of the implications of temporal fluctuations. Our
work here is a step towards a tractable framework in which to consider the combined

effects of spatial and temporal fluctuations.

1.2 Description of the models

We begin with a non-spatial version of model which is most important in the thesis.
The following version of the Lambda-Fleming-Viot model is a simple extension of the

model introduced in Donnelly and Kurtz (1999a), Bertoin and Le Gall (2003).

Definition 1.1 (Lambda-Fleming-Viot process with fluctuating selection). The Lambda-
Fleming-Viot process with fluctuating selection, {p(t)}+>0 is a cadlag process taking its
values in [0, 1], with p(t) to be interpreted as the proportion of type a individuals in the

population at time t.
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Let 11 be a Poisson process defined on R x (0,1) x (0,1) with intensity measure
dt @ v(du) ® o(ds), where v and o are some probability measures. Moreover, let TI¢™" be

a rate 7™

Poisson process, independent of I1 (where 7¢™ € (0,00)). The state of the
environment is a random variable ((t) € {—1,1}. At the times of the Poisson process
1™, ¢ is resampled uniformly from {—1,1}.

The dynamics of {p(t) }+>0 can be described as follows. If (t,u,s) € II, a reproduction

event occurs. Then:

1. select a parental type k € {a, A} according to

P[ﬁ:a]:m if (=-1,
— ol = p - _
P[ﬂ—a]—m if ¢=1.

2. A proportion u of the population immediately before the event dies and is replaced

by offspring of the chosen type, that is
p(t) = (1 - u)p(t_) + 1{f£:a}u'

This model is discussed in detail in Section 3.1. The next model is a spatial
counterpart of the Lambda-Fleming-Viot model with fluctuating selection. It is an
extension of the Spatial Lambda-Fleming-Viot model with selection introduced and

studied in Etheridge et al. (2014).

Definition 1.2 (Spatial Lambda-Fleming-Viot process with fluctuating selection). Let
w be a o-finite measure on (0,00) and for each r € (0,00), let v, be a probability measure

on [0,1], such that the mapping r — v, is measurable and

/ rd/ u vp(du)p(dr) < oo. (1.3)
(0,00) [0,1]

Further, fixs € [0,1] and let TI"®*, TIf*¢! | be independent Poisson point processes on
R, x R? x (0,00) x [0,1] with intensity measures (1 — s)dt ® dz @ pu(dr)v,.(du) and

sdt @ dz @ p(dr)v,(du) respectively.
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Let TI¢™ be a Poisson process, independent of II"%, TIf%€l  with intensity 7€,
dictating the times of the changes in the environment. Let q(x,y) be a covariance
function which is an element of Cy (]Rd X Rd) (space of bounded continous functions on
R? x R?) and let {f(m)(-)}mzo be a family of identically distributed random fields such

that

Set 7o = 0 and write {7 }m>1 for the points in II°™ and define

C(t,) = D €M) ) (D)

m=0

In other words, the environment &(t,-) is resampled, independently, at the times of the
Poisson process T1°™.

The Spatial Lambda-Fleming-Viot process with fluctuating selection (SLEVFES)
with driving noises TI"®*, TIfsel TI°™ s the process My, taking values in My (the space
of measures on R x {a, A} with first component being equal to Lebesgue measure),
with dynamics described as follows. Let w(t—,-) be a representative of the density of
M;_ immediately before an event (t,x,r,u) from II"** or TI/%¢'. Then the measure M;

immediately after the event has density w(t,-) determined by:

1. If (t,z,7r,u) € TI™™, a neutral event occurs at time t within the closed ball B(x,r).

Then

(a) Choose a parental location | according to the uniform distribution on B(x,r).

(b) Choose the parental type k € {a, A} according to distribution

Plk =a]l =w(t—,1), Pkrk=A4=1—-w(t-,I).
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(¢) A proportion u of the population within B(x,r) dies and is replaced by

offspring with type . Therefore, for each pointy € B(x,r),
w(tv y) = w(t_7 y)(l - u) + U]-{/{:a}‘

2. If (t,x,r,u) € TI/*¢! g selective event occurs at time t within the closed ball B(x, ).

Then

(a) Choose the two parental locations ly, 1 independently, according to the uniform
distribution on B(z,T).

(b) Choose the two parental types, ko, k1, according to
Plk; = a] = w(t—,1;), Plri=A4]=1—w(t—,1).

(¢c) A proportion u of the population within B(x,r) dies and is replaced by
offspring with type chosen as follows:
i. If ((t,z) =1, their type is set to be a if kKo = kK1 = a, and A otherwise.
Thus for each y € B(x,r)

w(t, y) = (1 - u)w(t_7 y) + U1{I€0=I€1=a}'

. If ((t,x) = —1, their type is set to be a if kg = kK1 = a or kg # K1 and A

otherwise, so that for each y € B(x,r),

w(t7 y) - (1 - u)w<t_7 y) + u(l{mozfﬂ:a} + 1{&()76&1})'

This model is discussed in detail in Section 3.2.

The next model that plays an important role is SuperBrownian motion in a random
environment, introduced and studied in Mytnik (1996b). In Section 4.2 we provide a
new description of this model in terms of a lookdown construction. In Section 4.5 we
show that this model captures the behaviour of an establishing mutation which is subject
to rapidly fluctuating selection under suitably rescaled Spatial Lambda-Fleming-Viot

model with fluctuating selection. Let us introduce some notation. For a measure X,
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defined on R?, we define X (f) as

X(1) = [ f@)X(da).

Definition 1.3 (SuperBrownian motion in a random environment (SBMRE)). Let
q(z,y) € Co(R? x R?) be a symmetric function. The superBrownian motion in a random
environment is the (unique) process, taking values in M¢(R?) (that is, the space of finite

measures on R?), for which, for all ¢ € D(A),

Xl6) = X6) — Xo(0) — [ 3,00

s a square-integrable martingale with quadratic variation given by
t ) ¢
X = [ X(dst [ [ ala.y)o@)oy)X.(de) X (dy)ds.
0 0 JRIxR4

1.3 Statement of main results

In this section we state the main results of this thesis. We begin with a result which
describes the diffusion approximation of the Spatial Lambda Fleming Viot model with
fluctuating selection.

Definition 1.2 is rather general. We include it to underline the possibility of extending
our results. In the interest of avoiding overly complicated notation, from now on we

shall specialise to fix the radius and impact of reproduction events.

Assumption 1.4. From now on, fir R € (0,00) and u € (0,1) and take
wu(dr) = dr(dr), vp(du) = dg(du).

Just as in Etheridge et al. (2014), we shall prove convergence, not of the sequence of
densities of the process, but of a sequence of local averages. We require some notation.

Let R be the fixed radius of events. Set

R,=n"3R Bu(z)= B(z,R,)
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and define the sequence of rescaled processes

wp(t, z) = w(nt,néx), Wy (t,x) = ][ wy(t,y)dy, (1.4)
By ()

where {5 () denotes an average integral over ball By, (z). We write Vg for the volume

of a ball of radius R.

Theorem 1.5. Write (M} )¢>q for the measure-valued process with density (W (t))i>0-
Suppose that (M) n>1 converges weakly in My to the measure with density limy, oo W, (0, x).
Further, fix o € (0,1/6), set s, = sn®/n*/3, u, = 4/n'/? and suppose that the environ-
ment is resampled at the times of a Poisson process of rate n*®. We assume that the

correlation function q(x,y) that determines the environment satisfies
|Q($7x) _Q(I',y)| < C’|x—y| fOT all T,y eRd' (15)

Then the sequence (M. )n>1 is tight in D([0,00),My) (the space of cidldg functions on
[0, 00) taking values in My ). Moreover, for any weak limit point (M°)>o, writing w™

for a representative of the density of M,

1. for dimension d = 1, w™ is the continous in space process for which, for every
F € C(R) (continous, compactly supported function) and for every f € C2(R)

(continous, twice differentiable function with compact support),

F((w™(t), f)) — F({(w>(0), f))
t , 0o ul'r
- [ s m{w SEar)
+ V222w () (1 — w™(s))(1 — 20 (s)), f>}ds
- [ .01
/Rd /Rd [Vlgﬂ252q(x,y)w°°(s,x)(1 —w™(s,x))
< (s,9)(1 = 0 (5.9)) )1 (0) | dody

F2u2 R0 (s) (1 — w™(s)), f2>}ds (1.6)

is a martingale;
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2. for dimension d > 2, for every F € C*(R) and for every f € C? (]Rd>,

F({w™ (), f)) = F((w™(0), f))
t s ul’
- [ Pt ] (w 5Ear)
+ VEu2s* (w™ (s) (1 — w™(s))(1 — 2w™(s)), f>}ds
- [ s, mi
/Rd /Rd [VI%EQqu(x,y)woo(s,x)(l —w™(s,x))

x 0 (s,y) (1 - w°°<s,y>>f<x>f<y>]dxdy}ds (L.7)

1s a martingale. Moreover, the solution to this martingale problem is unique and

50 {M"}p>1 actually converges.
The constant I'r depends only on R and is defined in (3.37).

We also show that every solution to the martingale problem in d > 2 is a weak
solution to the corresponding SPDE:
oo __ QTLFR 00 —277242,,,00 [e'¢) 00
dw™ = TAw + u*Vias“w™ (1 — w™)(1 — 2w™) |dt
+V2uVrsw™® (1 — w™)W (dt, dz), (1.8)

where the noise W is white in time and coloured in space, with quadratic variation
given by
W=t [, [ alwp)sl)o(y)dady. (19)
Rd JRd

The corresponding equation for dimension d = 1 is
ull
dw™ = <u2RAw°° + 4R%*u*s*w™ (1 — w™)(1 — 2w°°)>dt
+ V22Rusw™® (1 — w™®)W (dt, dz) + 2Ry /w (1 — w>)W(dt,dz), (1.10)
where W is white in time and coloured in space as above, and W is a space-time white

noise. However, our proof does not guarantee that the solutions to martingale problem

are equivalent to solutions to the SPDE in that case.
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The proof of this Theorem is the content of Section 3.5. An analogous result for the
non-spatial version of the model can be found in Section 3.1. In Section 4.4 we show

the following;:

Theorem 1.6. Let XN (t) denote the total intensity of individuals of rare type at time
t. Suppose that X(])V converges to Xg. Then, under a scaling specified in Section 4.4, the

sequence X n(t) converges weakly to the Feller diffusion in a random environment.

A spatial analogue of this Theorem is the subject of Section 4.5. The limiting object

is a superBrownian motion in a random environment with a drift.

1.4 Numerical results

In order to gain a little more intuition about the effects of fluctuating selection on allele
frequencies, in this section we present the results of a simple numerical experiment. It
is certainly not an exhaustive study, but it points to some of the challenges that face us
in distinguishing causes of patterns of allele frequencies. Our simulations are not of the
spatial Lambda-Fleming-Viot models, but of natural extensions of the classical Moran

model (Moran (1958)) to incorporate spatial structure and fluctuating selection.

Definition 1.7 (Spatial Moran model with fluctuating selection). The population,
which consists of two genetic types, {a, A}, lives at the vertices of a discrete lattice L.
There are Ny individuals at each vertex (or deme). The state of the environment at
time t in deme x is denoted by ((t,x).

The dynamics of the process are described as follows:
1. Reproduction events

(a) Neutral events: For each deme, independently, at rate (]gd) a pair of
individuals is chosen (uniformly at random), one of the pair (picked at

random) dies and the other splits in two;

(b) Selective events: For each deme x, independently, at rate sNy a pair of
individuals is chosen (uniformly at random), one individual splits in two and

the other one dies, if ((t,z) = —1 and at least one of the pair is type a, then
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it is a type a individual that is chosen to split, whereas if ((t,x) =1 and at

least one of the pair is type A, then a type A individual is chosen to split.

2. Migration events: For each pair of demes x1, x2, we associate a nonnegative
parameter My, .,. Independently for each pair, at rate mg, 4,Nq, an individual
s chosen uniformly at random from each of the demes x1, xo and they exchange

places.

3. Environmental events: At the times of a Poisson process of rate o, which
is independent of those driving reproduction and migration, the environment is
resampled. The value of the environment variable at each deme is uniformly

distributed on {—1,+1} and E[C(t,z)((t,y)] = q(z,y) for a correlation function q.

Remark 1.8. As our lattice contains only finetly many points any correlation function

can be chosen.

We take the lattice L to be a circle of 100 demes with nearest neighbour migration
at rate 1. We set Ny = 400, s = 0.1 and o = 10. The environment variables in demes
0 — 50 all take the same value, as do those in demes 51 — 100. We consider four different

scenarios:

1. Demes 0 — 50 and 51 — 100 are perfectly anticorrelated, that is, the environment
fluctuates in time and the direction of selection is always different in demes 0 — 50

and 51 — 100;
2. The direction of selection fluctuates in time but is the same in every deme;

3. Constant selection (the environment is fixed), with direction of selection in demes

0 — 50 opposite to that in demes 51 — 100;

4. The neutral case.

To ensure comparability of experiments, the same events are used for all the scenarios,
with the only difference lying in the value of the environment variable. Thus, in the
neutral case, either individual is equally likely to be the parent in ‘selective events’,
irrespective of type. A precise description of the code used for simulations can be found

in Appendix B.
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As a first comparison, Figure 1.1 shows the proportion of type a individuals across
the whole population. This is just a single realisation of the experiment. There is
certainly no dramatic divergence from neutrality. However, as we illustrate below, this

can mask some more interesting effects at the local level.

Global proportion of type a

2
B
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0 10 20 30 40 50

time

Fig. 1.1 Global proportions of type a individuals; one realisation, four different scenarios: blue
anticorrelated environments, green correlated environments, black constant selection, and yellow
neutral. See the main text for a full explanation.

In Figure 1.2, we have used a greyscale to record the proportion of type a individuals
in each deme - the darker the colour, the greater the proportion of type a. In the
top left, selection is fixed, and we clearly see the effect of type a being favoured in
demes 50 — 100. In the next two frames (top right and bottom left), the environment
fluctuates, but whereas on the top left demes 0 — 50 always favour the opposite type
to demes 51 — 100, on the bottom left all demes always favour the same type. The
neutral model is the bottom right. When we repeat over many realisations, we see a
greater concentration of types than for the neutral model, but it is certainly not easy to
distinguish between the two frames.

The overall proportion in a deme is throwing away a lot of information, which may

be available in genetic data, about the distribution of families. To explore this we used
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Proportion of type a Proportion of type a
fixed environment anticorrelated fluctuating environment

, ——

Demes
Demes

Time Time
Proportion of fype a Proportion of type a
perfectly correlated fluctuating environment neutral model

Demes
Demes

Time Time

Fig. 1.2 Map of the proportion of type a individuals in each deme; the darker the colour the
higher the proportion of type a. Top left, constant selection; top right, fluctuating selection
with demes 0 — 50 and 51 — 100 perfectly anticorrelated; bottom left, fluctuating selection with
all demes perfectly correlated; bottom right, the neutral case.
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Invasion from deme 54 Invasion from deme 84
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Fig. 1.3 Tracer map of individuals descended from ancestors located in particular demes at time
zero; the darker the colour, the higher the proportion of such individuals. Fixed environment.

‘tracers’, further explored in the context of Spatial Lambda-Fleming-Viot process in
Chapter 3, Section 3.4. In Figure 1.3 we mark individuals descended from the population
in particular demes at time zero. The darker the colour, the higher the proportion of
marked individuals. In a constant environment, left panel, the surviving family is well
adapted to the environment in demes 50 — 100, but has difficulty invading demes 1 — 50,
where it is not favoured. It also struggles to expand beyond deme 80. This turns out to
be because of competition with the equally well adapted family that is descended from
individuals that were in deme 84 at time zero (right hand panel).

In left panel of Figure 1.4, we see a successful family in a fluctuating environment
(with demes 0 — 50 and 51 — 100 perfectly anticorrelated). The family is on the brink of
extinction several times and is rescued by a change in the environment. In the right
panel, we see a family that begins life right on the boundary between the two regions.
The environments are perfectly anticorrelated and the family is able to survive and
spread much more readily.

The right hand panel of Figure 1.4 can be contrasted with the left hand panel of
Figure 1.5. The descendants of ancestors in deme 1 find it harder to spread in a perfectly
correlated environment than in the perfectly anticorrelated environment of the previous

figure. The trace of descendants of ancestors in deme 78 in the right hand panel of
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Fig. 1.4 Tracer map of individuals descended from ancestors located in particular demes at time
zero; the darker the colour, the higher the proportion of such individuals. The environment is
fluctuating, with its value in demes 0 — 50 perfectly anticorrelated with that in demes 51 — 100.

Figure 1.5 shows the ‘thinning’ of the family resulting from the periods of time when it
is not favoured.

Finally, Figure 1.6, shows the trace of descendants of ancestors in demes 12 and 16
for the neutral model. There appears to be a barrier between the two families, which
could easily be mistaken for a change in the environment somewhere between demes 12
and 16, on the lower side of which the family descended from deme 12 is better adapted
and on the upper side of which the family from deme 16 is better adapted. In fact this

is due to competition between two equally fit families.

1.5 Markov Mapping Theorem

A crucial technical tool used in several points of the thesis is the Markov Mapping
Theorem, introduced in Kurtz (1998) (see Theorem 2.7 for the original statement). The

following version of the theorem is used extensively in this thesis.

Theorem 1.9 (Kurtz and Rodrigues (2011), Theorem A.15). Let (E,d) and (Ey, dp)
be a pair of complete, separable metric spaces. Let A C C(E) x C(E) and let ¢ be a

continuous function taking values in R such that 1» > 1. Suppose that for each f € D(A)
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Fig. 1.5 Tracer map of individuals descended from ancestors located in particular demes at time
zero; the darker the colour, the higher the proportion of such individuals. The environment is
fluctuating, with its value in demes 0 — 50 perfectly correlated with that in demes 51 — 100.

Demes

100

80

60

40

20

Invasion from deme 12 Invasion from deme 16
neutral mode! neutral model

=]
T T — S

80
1

60
1

Demes

Time Time

Fig. 1.6 Tracer map of individuals descended from ancestors located in particular demes at time

zero; the darker the colour, the higher the proportion of such individuals. Neutral model.
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there exists a constant c; > 0 such that

|Af(2)] < cpp().

Let Ay be defined as

Aof(z) =

Suppose that Ay is a graph-separable pre-generator (see Definition A.2) and suppose
that D(A) = D(Ay) is closed under multiplication and separating. Let v : E — Ey be
Borel measurable, and let o be a transition function from Ey into E (that is, Ey 3> y —
a(y,-) € P(E) is Borel measurable) satisfying a(y,v (y)) = 1. Assume that for each

y € ko

o) = [ . 2)a.dz) < o,

and define

C— {(/E f(z)a(-,dz),/EBf(z)a(-,dz)) . fe @(B)}.

Let po € P(Ey), and define vo(y) = [y, )po(dy).

1. LetY be the solution of a martingale problem for (C, o). Assume that it satisfies

the moment condition
t ~ ~
/ E[ (Y (s))ds| < o0 vt >0. (1.11)
0

Then there ezists a solution X of the martingale problem (A,vy) such that Y has
the same distribution on the space of Borel measurable functions from R to E as

Y =v0X.

2. 1If, in addition, uniqueness holds for the martingale problem for (A,vy), then

uniqueness holds for the martingale problem (C, po).
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The original proof of the theorem was inspired by the proofs of generalisations of
Burke’s Output Theorem appearing in Kliemann et al. (1990) and the proof of equivalence
of martingale problems for the Moran model and its lookdown representation in Donnelly
and Kurtz (1996). We briefly discuss the proof of the latter which uses an application
of the Markov Mapping Theorem at the begining of Chapter 4.

Since then the Markov Mapping Theorem has been a useful tool in mathematical
population genetics (Etheridge and Kurtz (2018), Kurtz and Rodrigues (2011)), mathe-
matical biology (Gupta (2012)), mathematical finance (Stockbridge (2002)) and analysis
of infinite dimensional stochastic differential equations, Kurtz (2010).

The main power of the Markov Mapping Theorem comes in simplifications of proofs
of equivalence of seemingly different martingale problems. The main source of the
power is in exploitation of properties of exchangeable process and conditionally Poisson
systems.

In this thesis we use the Markov Mapping Theorem to extend the proof of equivalence
of martingale problems for infinite dimensional stochastic differential equations and It6
diffusions to SPDEs. The Markov Mapping Theorem is also the fundamental tool in
Chapter 4, since it allows us to show that the lookdown representations we discuss do

describe the processes we intended.

1.6 Structure of the thesis

The rest of the thesis is laid out as follows. In Chapter 2 we discuss some of the
background material on SPDE. In Section 2.1 we recall some basic facts from Functional
Analysis. In Section 2.2 we sketch the construction of infinite dimensional noises and
integrals with respect to them. Section 2.3 is devoted to the classical Yamada-Watanbe
Theorem and Section 2.4 to a generalisation of this theorem due to Kurtz (2007, 2014).
In particular we prove a lemma which allows us to apply this theory to SPDEs. In
Section 2.5 we state useful results on the Stochastic Heat Equation. This section contains
an extension to SPDE of a result due to Kurtz (2010), which shows that weak solutions
to Stochastic Differential Equations are equivalent to solutions to martingale problems

for corresponding It6 diffusions.
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Chapter 3 is devoted to the Spatial Lambda-Fleming-Viot process with fluctuating
selection. We begin by investigating the model in the absence of spatial structure in
Section 3.1. Section 3.2 describes the model, scaling and main results. Section 3.3 is
devoted to the rather limited cases in which a duality argument is available. Section 3.4
contains a description of the ‘tracer dynamics’ (dynamics of a marked subpopulation).
Section 3.5 is devoted to the proof of the main result.

Chapter 4 is devoted to lookdown constructions. We begin by explaining the main
ideas for the Moran model and for a pure death process. In Section 4.2 we present a
new lookdown construction of SuperBrownian motion in a random environment. In
Section 4.3 we recall two constructions of the neutral Spatial Lambda-Fleming-Viot
model. In Section 4.5 we present a scaling result for the Spatial Lambda-Fleming-Viot
model with fluctuating selection, using its lookdown representation. The limiting object
is SuperBrownian motion in a random environment.

A detailed descrition of the numerical simulations and the code can be found in
Appendix B. Several versions of the Markov Mapping Theorem used in the thesis are

stated in Appendix A.






Chapter 2

Mathematical Prerequisites

In this chapter we discuss some background material on stochastic processes. First, we
discuss stochastic differential equations in infinite dimensional spaces. In particular,
we include the material which allows us to make sense of a Stochastic Heat Equation
(SHE) driven by white noise and an SHE driven by noise which is white in time and
coloured in space. We also describe some basic properties of Poissson random measures,
which are later used in Chapter 4.

We present two basic approaches to understanding stochastic integrals - one based
on martingale measures, discussed extensively by Walsh (1986), and one based on the
interpretation of an SPDE as an infinite dimensional system of SDEs, in the spirit of
Da Prato and Zabczyk (2008). Dependent on the point of view, it is convenient to write

the SHE in the form
du = Au+ b(t, z,u)dt + o(t, z,w)W(dt,dz), (2.1)
when considering the martingale measure solutions, and
dX(t) = [AX(t) + B(t, X (t))]dt + o(t, X (t))dW (¢), (2.2)

where A is the generator of a semigroup (for most of our applications it will be a
Lapalacian), B is a measurable map between Hilbert spaces and o is a bounded map

on Hilbert space, in the context of Hilbert spaces. The main difference between the two
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is the fact that for (2.1), we interpret the solution as a random field, whereas for (2.2),
we interpret the solution as a random element of a Hilbert space (or, in a more general
setup, a Banach space).

The main difficulty, in comparison to the deterministic versions of equations (2.1),
(2.2), comes from the random perturbation . In this thesis we mostly remain in the
realm where the random term is a centred Gaussian random variable. We distinguish
between two basic cases. The first one, which represents the situation where the random
perturbation is completely uncorrelated in time and space, is the so-called white noise
case. The white noise can be (not entirely rigorously) described as a centred Gaussian

random variable with correlation function

E[W (t,2)W (s,x)] = (t A 5)050y,

where 0, denotes the Dirac delta (a point measure) at point z and (¢ A s) is the minimum
of t and s. The other class of noises we consider are the coloured noises - these are still
completely uncorrelated (white) in time, but they have a correlation structure in space.

We may write their correlation function (again, not entirely rigorously) as

E[W (L, 2)W (s, )] = (t A s)q(z,y),

where ¢(z,y) : R? x R? — R is a sufficiently regular function (for most of our purposes,
a bounded continuous function, or a square integrable function). The function ¢(x,y) is
often referred to as the covariance function.

To illustrate some of the problems caused by the random perturbation let us focus

on the simplest case - the linear heat equation with additive noise on R?, that is

du = Au+ W (dt,dz). (2.3)

Our analysis is not entirely rigorous. Assume that the initial data is identically equal

to 0. If that is the case, the solution to SHE (2.3) is given by convolution with a
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fundamental solution. To be more explicit, if we define p;(z) as

o) = ()" e -L) 2

the solution to equation (2.3) is given by

u(t, x) / / pi—s(x —y)W(ds,dy). (2.5)

The first difficulty we face is giving meaning to the integral appearing in (2.5). For the
next few lines let us assume that we have succeeded. Then we would expect that u (¢, x)
given by (2.5) is a mean zero Gaussian process. Let us evaluate the variance of this

process. If W is white noise, the covariance is given by

Blutte)uls, ) =E[ [ [ [ ] ola ooy =y W@ @)Wt o)

( ) /SM /Rd<s—s’Ht /,> Xp(— ’f:yslf))eXp(—é&)dyds'

Sty |z —y|?
_ 2—(d+1)/ &) exp[ Y
‘Hl( ) ]

which is finite if and only if d = 1. So the solution of (2.3) has finite variance only
in dimension 1. We could still try to give a meaning to the solution in the sense of
distributions, but since we do not expect that the regularity of the solution improves
when the equation becomes more complicated (e.g. b and o are functions, possibly
nonlinear, of the solutions), if we were to study the nonlinear versions of SHE (2.1)
in dimensions d > 1, we would have to give a meaning to a nonlinear function of a
distribution. For this reason the analysis of SHE (2.1) is usually restricted to dimension
d=1.

An analogous computation could have been performed for noise which is coloured in
space and white in time. To ensure the finiteness of the variance, we need to impose
some conditions on the covariance kernel g(x,y). It turns out that it is enough to
assume that the g(x,y) is square integrable or that it satisfies the Dalang condition, see

Subsection 2.2.3 for some details.
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Another set of challenges comes into play when different notions of solution are
discussed. They are highlighted, and to a large extent addressed, by the Yamada-
Watanabe Theorem. For the sake of clarity, we discuss the notions of solution, different
notions of uniqueness and the basic statement of the Yamada-Watanbe Theorem for SDEs
in Section 2.3. The general importance of Yamada-Watanabe results can be highlighted
by an example of a typical application. The diffusion approximation of population
models is quite often obtained by construction of a sequence of approximations which
corresponds to a sequence of martingale problems. Then, after tightness of the sequence
is established, one concludes that the limit point of this sequence describes the diffusion
approximation. This strategy is used in, for example, Etheridge et al. (2014) and in
Chapter 3. However, this procedure leads to two important questions.

The first one is the question of uniqueness of solutions to the limiting martingale
problem. In many situations this question is addressed by the means of duality (e.g.
Etheridge et al. (2014)), or approximate duality (see Mytnik (1996b)). However,
sometimes the duality relation is not available. This is precisely the situation that we
encounter in the case of the Spatial Lambda-Fleming-Viot model with selection in a
fluctuating environment in Chapter 3. In this situation, one may infer the uniqueness
of solutions to the martingale problem from the weak uniqueness of the corresponding
SPDE (provided that these two are equivalent), which, in turn, can be deduced from
a pathwise uniqueness result for the SPDE, as the existence is guaranteed by the
approximation procedure.

The second question has a more universal nature. Even if the uniqueness of solutions
to the martingale problem can be established, this type of uniqueness guarantees only
weak uniqueness of solutions of the corresponding S(P)DE. This guarantees only that
there exists a probability space on which the processes are defined and they satisfy
the limiting equation. If pathwise uniqueness can be shown, the Yamada-Watanabe
Theorem allows us to deduce existence and uniqueness in the strong sense - this means
that the question of uniqueness can be answered affirmatively on every probability space
that can support the processes.

The rest of the chapter is organised as follows. In Section 2.1 we recall some basic

facts on trace class operators and Hilbert-Schmidt operators and we define Gaussian
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measures and Gaussian processes on Hilbert spaces. In Section 2.2 we define two
different stochastic integrals, which help to give a meaning to SHE (2.1) and SHE (2.2).
We begin by defining the integrators in Subsection 2.2.1, where we discuss the Q-Wiener
measure, cylindrical Brownian motion and martingale measures and some connections
between them. In Subsection 2.2.2 we sketch the constructions of integrals with respect
to the defined integrators. Subsection 2.2.3 contains information on some more recent
developments in extending the integrals we have defined. In Section 2.3 we discuss
the classical Yamada-Watanabe Theorem. In Section 2.4 we describe a more general
framework in which a Yamada-Watanabe-Theorem can be proved and use it to prove a
Yamada-Watanabe Theorem for solutions of SHE. In Section 2.5 we state useful results
on SHE, including an existence result and a pathwise uniqueness result. This section
also contains a proof that the solution of a martingale problem and a weak solution of
the related SPDE are equivalent. Section 2.7 contains some facts on Poisson random

measures and conditionally Poisson systems.

2.1 Some facts from functional analysis

In this subsection we recall some facts from functional analysis which form the backbone
of our constructions. We begin with a short description of trace class operators. This
class of operators allows us to define an integral with respect to infinite dimensional
noise. There are many natural norms for the trace class operators. Two of them are
particularly useful - the trace norm, || - ||, which is an analogue of the usual L' norm,
and the Hilbert-Schmidt norm, || - || s, which is an analogue of the L? norm. Both play
an important role in infinite dimensional stochastic analysis.

We briefly introduce the trace class in Subsection 2.1.1. Then, in Subsection 2.1.2,
we discuss the Hilbert-Schmidt class of operators. We conclude this section with a brief
description of Gaussian measures on Hilbert spaces in Subsection 2.1.3. The results

presented are standard and we point towards the relevant references along the way.
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2.1.1 Trace class operators

An excellent introductory treatment of this topic can be found in Lax (2002), Chapter
30.

Definition 2.1 (Trace class operator). Let T : H — H be a compact operator mapping
the Hilbert space H onto itself. Let )\;fp denote the set of its non-zero eigenvalues. We

say that the operator T is in the trace class if its trace norm, || - |7y, s finite, that is
IT|l7r = > A < oo
i

The trace class is closed under adjoints and the trace norm satisfies the triangle
inequality. We provide an alternative perspective on trace class operators, using an
analogue of the finite dimensional notion of trace. Every bounded operator T on a
Hilbert space H can be represented as an infinite dimensional matrix with respect to
any orthonormal basis f,. The mnth element of this matrix is (T'f,, fm). The trace of

this matrix is

Tr(T) = > (Tfi, fi)m, (2.6)

)

as long as this series converges. The importance of the trace is best explained by the

next two theorems.

Theorem 2.2 (Trace invariance). For every element of the trace class, the series (2.6)

converges. What is more, the limit is invariant under change of orthonormal basis.
The next Theorem, due to Lidskii (1959), links the trace norm and the trace.

Theorem 2.3 (Lidskil’s trace formula). For every trace class operator T, the trace is

given by the sum of its eigenvalues, that is

Tr(T) =>_A.

In other words, for an operator from the trace class, the trace and the trace norm are

equal.
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2.1.2 Hilbert-Schmidt operators

In the construction of integrals in infinite dimensional spaces, a Hilbert space of a class
of operators bearing a strong similarity to the trace class operators is particularly useful.
This subsection contains a definition of the nuclear operators and Hilbert-Schmidt
operators. For the proofs, and most of the background material from an analytic
perspective, we refer to Young (1988), Chapter 8. In this subsection, H; and Hs are
always Hilbert spaces, Hy, H5 denote their respective duals and L(Hy, H2) denotes the
space of the linear maps between Hy and Hs.

We begin by defining an analogue of trace class operators for maps defined between

two Hilbert spaces.

Definition 2.4 (Nuclear operators). Let T' € L(Hy, Hy). We say that T is a nuclear

operator if for each x € Hy, T can be represented as

Tx = Zaqul(x)a
i
where a; € Hy and ¢ € HY satisfy

Z Hai”%”@”]{; < 0.

We observe that if H; = Hs, the nuclear operators are just trace class operators.

Definition 2.5 (Hilbert-Schmidt operator). Let Hi, Hy be a pair of Hilbert spaces.
We say that a bounded linear operator T : Hy — Ho is Hilbert-Schmidt if for any

orthonormal basis of the space Hy, ey,

> I Teillz, < oo (2.7)
7

It turns out that the expression (2.7) (which is independent of the choice of the

basis) defines a square of a norm on the space of nuclear operators.

Definition 2.6 (Hilbert-Schmidt space). Let Lys(Hi, Ha) denote the space of all
operators for which expression (2.7) is finite. We call this space the space of Hilbert-

Schmidt operators. For every operator T, we define the Hilbert-Schmidt norm, || - ||ms
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as
1
2

1Tz = (Z \ITeiII?b) < oo, (2.8)

To see that || - ||z is independent of the choice of basis we note that

1T = Y ITeallys, = 523 (Teis f3) = Il
7 A 7

where f; is the basis of H3. This computation shows also that the adjoint of a Hilbert-
Schmidt operator is a Hilbert-Schmidt operator. The space of Hilbert-Schmidt operators
between H; and Ha, which we denote by Lo(Hj, H2) endowed with the norm | - || gg is

a Hilbert space with a scalar product given by

<T, S>HS = Z(Tei, S€i>H2

)

We draw further connections between Hilbert-Schmidt operators and trace class

operators.

Theorem 2.7. Let T and K be the trace class operators from Hilbert space H taking

values in H.

1. If T € Ly(H, H), the Hilbert Schmidt norm can be expressed as

IT%s = D ITeilli = D (N,

(2

where A is the collection of eigenvalues of the operator T,
2. Every trace class operator is Hilbert-Schmidt,

3. Every trace class operator is a product of two Hilbert-Schmidt operators.

2.1.3 Gaussian measures and processes on Hilbert spaces

This subsection is based on Da Prato and Zabczyk (2008), Chapter 2. In the finite

dimensional setup, the basic building block for the theory of stochastic integration is
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Brownian motion, which is a Gaussian process. Here we would like to define a Gaussian

process on a Hilbert space.

Definition 2.8. Let H be a Hilbert space. A probability measure u, defined on all Borel
sets B(H) of the space H, is a Gaussian measure if every linear functional h € H,
considered as a random variable on (H,B(E), ), is a Gaussian measure on (R, B(R)).
In other words, u is Gaussian if, for each h € H, there exists a pair of real numbers

a € R and b e Ry U{0} such that for every set AB(R)
p{z € H : (h,z) € A} = N(a, b)(A),

where N(a, b) denotes a normal distribution with mean a and variance b.

We specify the analogues of mean and variance for the Hilbert space-valued Gaussian
measures. The definition of a Gaussian measure on the Hilbert space H implies that for

every Gaussian measure p, there exists m € H such that

| (i) aptdo) = (hm).
H

We call m the mean value of . Analogously, there exists a linear operator ) such that

for any pair hy,hs € H

/H<h1, xr — m)H<h2,x — m>H,u(dx) = <Qh1, h2>H.

We call @ the covariance operator. It is clear from the definition that it is symmetric
and nonnegative. We know that in finite dimensions, the Gaussian measure is uniquely
determined by its mean and covariance. An analogous result holds for Gaussian measures

on Hilbert spaces.

Theorem 2.9. Let p be a Gaussian measure on a Hilbert space H. Then p is uniquely

determined by its mean m and covariance operator Q.

The following two statements highlight the importance of trace class operators for
the theory of Gaussian processes on Hilbert spaces. The first one states that the trace

class operators are the only possible covariance operators.
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Theorem 2.10 (Da Prato and Zabczyk (2008), Proposition 2.16). Let i be a Gaussian
measure on a Hilbert space H with mean m = 0 and covariance operator (). Then @

belongs to the trace class on H.

The second theorem states that every trace class operator corresponds to a Gaussian

measure on a Hilbert space.

Theorem 2.11 (Da Prato and Zabczyk (2008), Proposition 2.18). Let @ be a positive,
symmetric trace class operator on H. Let m € H. There exists a Gaussian measure

with covariance operator Q and mean m.

We close this section with a definition of a Gaussian process on a Hilbert space. It

is completely analogous to its finite dimensional counterpart.

Definition 2.12 (Gaussian process). We say that a stochastic process X, taking values
in a Hilbert space H, is Gaussian if for any finite collection (t1,...,t,) the random
variable (X (t1),...,X(tn)) is Gaussian; that is, if every finite dimensional distribution

of the process is Gaussian.

2.2 Stochastic integral

The main aim of this section is to provide a very brief sketch of two constructions of
stochastic integrals which allow us to give a meaning to solutions of SPDE. We begin
with a description of the stochastic processes which we use as integrators. This is the
main content of Subsection 2.2.1. We provide two different approaches to giving a
meaning to the integral with respect to an infinite dimensional stochastic process and
point to connections between them. This is the content of Subsection 2.2.2. Finally, in

Subsection 2.2.3, we discuss some extensions of the presented theory.

2.2.1 Integrators

In this subsection we provide a short description of the class of processes with respect
to which we would like to integrate. First, we describe the @-Wiener measure and
the cylindrical Brownian motion, which correspond to the coloured and white noise

respectively. These two objects are natural extensions of the usual Brownian motion
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in the context of Hilbert (and Banach) spaces, and correspond to the interpretation
of solutions to (2.2). The other class of integrators used in this thesis is the class of
worthy martingale measures. These objects are natural extensions of finite dimensional
martingales. Integrals with respect to martingale measures correspond to the random

field interpretation of a solution to equation (2.1).

2.2.1.1 (@-Wiener measure

We begin with a definition of Q-Wiener measure on a Hilbert space H. It is a direct
extension of the definition of the usual Brownian motion. The natural problems arising
from the infinite dimensional nature of the object are addressed by referring to properties

of trace class operators.

Definition 2.13 (Q-Wiener process). Let H be a Hilbert space and let (2, F,P) be a
complete (that is, containing all P-null sets) probability space. Let Q be a continuous,
linear, nonnegative, symmetric trace class operator. We say that an H-valued stochastic

process W is a QQ-Wiener process if
1. W(0) =0,
2. the trajectories of W are almost surely continuous,
3. the increments of W are independent, that is, for 0 <t} <to <--- <t, <T the
random variables

W(tl)v W(t2) - W(tl)a RS W(tn) - W(tn—l)

are independent,

4. the increments of W have Gaussian distribution with mean 0 and covariance Q,

that is

Theorem 2.14 (Real-valued representation of the Q-Wiener process, Da Prato and

Zabczyk (2008), Proposition 4.3 and Theorem 4.5). Let H be a Hilbert space. Let Q
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be a continuous, linear, nonnegative, symmetric operator with finite trace. Let ey be a
collection of eigenvectors of Q together with their eigenvalues \,. Then an H-valued

stochastic process W is a Q- Wiener process if and only if
W) = 3 VAWe, (29)
i=1

where {W®}$2, is a collection of independent standard Brownian motions, and the series

(2.9) converges in probability.

Since by Definition 2.13 a Q-Wiener process is continuous, so is the process from

Theorem 2.14.

2.2.1.2 Cylindrical Brownian motion

The processes of Definition 2.13 provide us with a broad class of processes which form
an infinite dimensional analogue of the standard Brownian motion. However, not all of
the natural extensions of the Brownian motion of interest are of this form. If we take
Q = Id, where Id is the identity operator, the resulting object leads to a noise that we
have intuitively described as white noise. The identity operator is, of course, not in the
trace class. It is therefore desirable to extend the definition of the infinite-dimensional
Wiener process to the case where the operator () does not belong to the trace class.
There is more than one approach which makes this extension possible. The first
one, described in detail in Da Prato and Zabczyk (2008) Section 4.1.2, is to consider a

generalised Wiener process, defined for every a € H as
Wa(t) = (a, W(t)u,

where (-, )y denotes the scalar product in H. We note that the definition makes sense
if the map a — W, is linear and valued in R. This is the case as long as we can find a

continuous, positive, self-adjoint operator () such that for any ¢,s > 0 and a,b € H

EWa(t)Wy(s)] = (t A s)(Qa, b) - (2.10)
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Definition 2.15. We say that W is a generalised Wiener process with covariance Q)
whenever W is a centred Gaussian process with covariance structure described by (2.10).
If Q) = Id, the identity operator, then we call this Wiener process a cylindrical Wiener

process.

Alternatively, we may follow Liu and Rockner (2015). Define a Hilbert-Schmidt

embedding J : H — H, mapping the Hilbert space H into itself, by

J(a) = Z a;{a, e;) gex,

where e; is an orthonormal basis of H and {«;}$2, is a square summable sequence of real
numbers. Observe that the map J is injective. Then, if W7 is a sequence of independent

standard one dimensional Brownian motions,

Wi(t) = Z W*(t)J (e;)

defines a (Q1-Wiener measure on H, where @)1 = JJ*. In this way we overcome the
main difficulty of dealing with a covariance operator which is not in the trace class - we
express it on a different Hilbert space (which we can choose to be a copy of the initial
one), but now due to the action of the Hilbert-Schmidt operator our object is in the
trace class. This approach simplifies the definition of the integral with respect to the
cylindrical Brownian motion which follows later. Notice that the same operation could
have been performed for the usual Q)-Wiener process, however there would be no gain in
doing so. For the details, we refer to Liu and Rockner (2015), Section 2.5.1, especially

Proposition 2.5.2.

2.2.1.3 Worthy martingale measures

In this subsection we make the first step towards defining the integral which allows us
to give meaning to solutions of equation (2.1) by defining the integrands. This approach
to constructing an infinite dimensional stochastic integral is closest in spirit to the
construction of the stochastic integral with respect to finite dimensional continuous

martingales. We are interested in objects which have both spatial and temporal
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components. This requires a construction of random measures. Ideally, we would like
the random measures to be countably additive, but for most examples of interest this
cannot be achieved. Fortunately, it is enough to demand the countable additivity only
in an L? sense, which could be expected from the fact that in the finite dimensional
setting one defines the integral for square integrable martingales. This subsection is

based mostly on Walsh (1986).

Definition 2.16 (o-finite L? measure). Consider a probability triple (2, F,P) and a
Polish space E, that is, a separable, completely metrizable, topological space. Let B(E)
denote the Borel algebra on E. Consider a random set function U : B(E) x Q@ — R

which satisfies the following conditions:

1. U is finitely additive, that is, for any two disjoint sets A, B € B(E)
UAUB)=U(A)+U(B),
2. U is bounded in L*(E x Q), that is, for each A € B(E)
E[U%(4)] < oo

3. for any collection of non-increasing Borel sets with empty intersection, that is

Aj+1 - Aj, and ﬂAj =0

lim E|U(4;)] = 0.

Jj—o00

If in addition U is a o-finite on E, we say that U is o-finite L?> measure.

This definition allows us to characterize the (worthy) martingale measures, which

will form our class of integrators.

Definition 2.17 (Martingale measure). Let (2, F,P) be a complete probability space
and Fr a complete right continuous filtration. Let E be a Polish space. Consider a

stochastic process My : E x (0,00) — R. We say that My is a martingale measure if

1. for each A € B(E), Mp(A) =0,
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2. for each A € B(E), Mi(A) is a martingale,
3. for every t >0, My is a o-finite L?> measure.

In analogy to the theory of finite dimensional martingales, we define the bracket

process for a martingale measure.

Definition 2.18 (Covariance functional). Let M be a martingale measure. Consider
Borel sets A, B € B(R?). We say that a biadditive, random, symmetric set function QM

is the covariance functional of M if

Q1" (A, B) = (M(A), M(B)):.

With a slight abuse of notation we observe that

QM(Ax B x (s,1]) = Q(A, B) — Q' (A, B)

defines an associated covariance measure.

Unfortunately, not all martingale measures give rise to well defined integrators.
A neat counterexample has been given by Bakry, see Section 3 of Walsh (1986), pp.
306-308 and Bakry (1982). We therefore restrict the class of integrators to worthy

martingale measures.

Definition 2.19 (Worthy martingale measure). Let My be a martingale measure. If
there exists a positive Radon measure (locally finite, inner regular measure) K on

E x E x [0,00) such that for every A, B € B(E) and each t,s € Ry

[(M(A), M(B))t1s — (M(A), M(B)):| < K[Ax B x (t,t + s]] < o0,

we say that the martingale measure My is worthy. We call the measure K a dominating

measure.

Before we provide some examples, let us describe a condition which allows to easily

verify existence of the dominating measure. We need one more definition.
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Definition 2.20 (Orthogonality). We say that a random measure M is orthogonal if

for each pair of disjoint sets A, B € E and each t >0
(M(A), M(B)), = 0.
Lemma 2.21. If a martingale measure M 1is orthogonal, it is a worthy martingale

measure.

Proof Let m : B(E) x [0,00) — R be defined as w(A4,[0,t)) = (M(A));. Let f :
E x [0,00 - E x E x [0,00) be defined as f(x,t) = (z,z,t). If for ' C E x E x [0, 00)

we set

K(T) =a(f~1(I)),

K is a dominating measure for M. Then, since M is a martingale measure, it is worthy.

O

We are now ready to provide some examples of worthy martingale measures. We
define a worthy martingale measure which corresponds to the object we have described
as white noise in the beginning of this chapter. Let A be standard Lebesgue measure.
White noise is a real valued random set function W on finite measure Borel sets which

satisfies
1. W(A) is a Gaussian random variable with mean 0 and variance A(A),
2. if A and B are disjoint, then W(A) and W(B) are independent.

3. for any Borel sets A, B the covariance function is given by

E[W(A)W(B)] = A(AN B).

It is easy to construct a worthy martingale measure from W. Observe that for A € B(R?)

of finite measure and ¢ > 0,

M(A,t) = W(A x [0,1])
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defines an orthogonal martingale measure. Therefore, by Lemma 2.20, it defines a
worthy martingale measure.

The second example corresponds to an object which we have intuitively described
as coloured noise. Here we briefly sketch the construction of a coloured noise with
correlation function ¢(z,y) : R? x R — R and show why it gives a rise to a worthy
martingale measure. We assume that the function g is symmetric, continuous and locally
integrable.

Consider the Schwartz space S(R%*!) of rapidly decaying functions on R%*! that is

the space
SRHY) = {f € C¥R") : |[fllajg <00 Vo, €N},
where «, § are multi-indices and the seminorm || - || g is defined as

/]

a3 = Ssup ‘a;aD*Bf(a;)‘.
zERI+L

It is well known that this space is dense in L? and its dual is the space of tempered
distributions. Let (-, ) ;2(g4) denote the scalar product on L?*(R%).
For any pair of functions ¢(s, ), %(s,z) € S(RYT!), we may now define a bilinear

form J; by

Ty(0.0) = [ (Quos ) v(s Naands = [ o(sa)a(ay)is,y)dadyds

xR4 xR

Our ¢(x,y) is chosen in a way that ensures that J, is symmetric, continuous and
positive definite.

Since J, is a Hilbert-Schmidt operator on C°(R¥*!), by Theorem 2.11 it uniquely
determines a mean zero Gaussian measure on the space of regular distributions. We may
further extend this Gaussian measure to a martingale measure on L%(R%*1) by a density
argument (as every function of the form 1 4(z), where 1 is the set indicator function,

can be approximated by C°(R%) functions). We define the martingale measure M,
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with covariance ¢ by
My(A,t) = W(A, x[0,1]),

where for any pair of Borel sets A, B, W satisfies
1. W(A) is a Gaussian random variable with mean 0 and variance [, [, ¢(x,y)dzdy,
2. if A and B are disjoint, then W (A) and W(B) are independent.

3. the covariance function is given by
EW.(AWB)] = (A1) [ [ a(e.y)dedy. (2.11)

For the details of the construction, we refer to Walsh (1986), Section 2.
To see that the constructed martingale measure is worthy, it is enough to observe

that the covariance measure

EIM.(A)M(B)) = (s71) [ [ ate,y)dady

gives rise to a well defined dominating measure.

To demonstrate that the notion of a worthy martingale measure is not limited to
Gaussians, we sketch the construction of a worthy martingale measure corresponding to
the Poisson random measure. For simplicity, we consider a Poisson random measure

defined on R.

Definition 2.22 (Poisson random measure). We say that N is a Poisson random
measure on R x [0, 00) with mean measure v X A (where A denotes a standard Lebesgue

measure) if for every pair of Borel sets A, B € B(R x [0,0)),
1. N(A) is a Poisson random variable with mean (v x A)(A),
2. if ANB =10, N(A) and N(B) are independent.

Definition 2.22 can be easily extended to any Polish space E instead of R.
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Consider a Poisson random measure with mean measure v x A, and a function
h € L*(R,v), that is a function on R that is square integrable with respect to the

measure v. Then, for every Borel set A € B(R x [0,00), we define M as
M(A, 1) = / h(x)[N(dz x [0,1)) — tr(da)].
A

Then M is an orthogonal martingale measure, and therefore a worthy martingale

measure. The dominating measure K can be chosen as follows:

K(Ax B x [0,t)) = (M(A), M(B)); = t/AﬂB h2(x)dz.

2.2.1.4 Gaussian coloured noise as a ()-Wiener measure

We would like to show a link between the ()-Wiener measure and coloured noise with
correlation function ¢(x,y). If the correlation kernel ¢(x,y) is a square integrable
function (i.e. q(x,y) € L2(R? x R?)), the coloured noise is a Q-Wiener measure with
the covariance functional @) determined by an orthogonal decomposition of ¢(z,y) in
L?*(R? x RY). Let us explain in a little bit more detail.

By Theorem 2.14, the covariance functional of the Q-Wiener measure can be repre-

sented as
E[(We, 6), (We, )] = DO EIW W1V A0/ (0, e0) (0, ¢5).
,J
Since W} and Wt] are independent, this can be simplified to

S Nbetie) = 30t [ Vho@ee) v Ab(y)ey)dady.

We observe that this expression is the same as (2.11), provided that

o(.) = 3 VRV A ly),

and the series is square summable.
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The set of conditions that guarantee existence of such a representation of the

correlation kernel is given in the following theorem, sometimes named after Mercer.

Theorem 2.23 (Mercer’s Theorem, Young (1988), Theorem 8.8). Let q(x,y) € L?(R% x
RY) be symmetric. Then there exists a collection of orthogonal functions f; € L?(RY)

such that
a(z,y) = >_ fi(z) fily)

and this series converges in L*(R? x RY).

In order to recover the Q-Wiener measure (or construct the correlation kernel) it is
enough to take f; = v/ \e;.

This discussion allows us to observe that the following representation is valid:

W(to) = [ o@Wdtds) = Y Wi [ fi@)e)ds. (2.12)
=1

We underline that application of Theorem 2.23 gives rise to a wide class of examples

of correlation kernels.

2.2.2 Stochastic integral

In this subsection, we sketch the construction of an integral with respect to ()-Wiener

measures, cylindrical Brownian motion and worthy martingale measures.

2.2.2.1 Integral with respect to Q)-cylindrical Wiener measure

The exposition in this subsection follows Da Prato and Zabczyk (2008), Chapter 4, and
Prévot and Rockner (2007).

In this subsection we work with a Hilbert space H. We also assume that the Q-
Wiener process under consideration is defined as in Definition 2.13. In particular, this
means that the process is measurable with respect to a complete filtration ;.

The construction of the stochastic integral follows the usual procedure. First we
define the integral for the set of elementary processes for which it is clear that the

integral makes sense. We later show that the closure of the set of elementary processes
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is large enough to give rise to a reasonably rich space of integrands. Unsurprisingly the
class of elementary processes is defined in a very similar way to the finite dimensional

setting.

Definition 2.24 (Elementary process). Fiz T > 0. We say that the process ®(t), taking
values in the space of bounded linear operators from H to H, is an elementary process
if there exists a sequence 0 =tg < t1--- <t,_1 <t, =T and a sequence of L'-valued

random variables {®;}1'_, such that ®; is F, measurable and
q)(t) =®, forte [ti;ti+1)~

It is easy to define the integral with respect to the elementary processes, which we

denote by & - W.

Definition 2.25 (Integral with respect to elementary process). Let ® be an elementary
process. The stochastic integral of ® with respect to a Q-Wiener measure W is defined

as

k—1

T
W= /0 D(s)dW(s) = Z i(Weipane = Wiina)-
i=1

This definition leads to an object which is an analogue of the integral of an elemen-
tary process with respect to a Brownian motion. This is illustrated by the following

proposition, where we make use of the theory of Hilbert-Schmidt operators, as described

in Subsection 2.1.2.

Theorem 2.26 (Da Prato and Zabczyk (2008), Proposition 4.20). Let & be an elemen-

tary process. Then ® - W 1is a continous square integrable martingale, and

E[(@- W)?] :E[/Ot !@H%s]- (2.13)

It turns out that the right choice of the class of integrands is the class of predictable
processes with values in the space of Hilbert-Schmidt operators. For the sake of

completeness, we recall the definition of predictability.
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Definition 2.27 (Predictable processes). Let (2, F,P) denote a complete probability
space and let F; be a complete filtration. Let Pr denote the o-field generated by sets of

the form
(s,t] x F, 0<s<t<T,F €5,
We say that P is the predictable o-field and its elements are predictable sets. The

process is called predictable if it is measurable with respect to Prp.

Remark 2.28. We would like to make a remark about the relationship between adapted

and predictable processes.
1. If a process is predictable, it is adapted.

2. If a process is adapted and continuous, there exists a modification of the process

which is predictable.
The following theorem allows us to extend the definition of the stochastic integral.

Theorem 2.29 (Da Prato and Zabczyk (2008), Proposition 4.22.). The following are

true:
1. The elementary processes taking values in the Hilbert-Schmidt class are predictable.

2. If ® is a predictable process such that

t
B[ l0ls] < oc,

then there exists a sequence of elementary functions ®, such that

Remark 2.30. [t is possible to further extend the definition of the integral to all

processes which satisfy

t
PU 19]%5ds < oo = 1.
0
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For the details, we refer to Da Prato and Zabczyk (2008), Lemma 4.2/

The integral defined in this subsection has all the properties we would expect - the
result of integration with respect to a martingale gives us a martingale, a stochastic
equivalent of Fubini Theorem is true and It6’s formula is available.

So far we have presented a theory of integration which applies to Q-Wiener processes.
We now describe the extension to Gaussian processes with covariance operator @ outside
of the trace class, as described in Subsection 2.2.1.2.

Recall that we have defined a Hilbert-Schmidt embedding J : H — H, leading to a

@Q1-Wiener process, with 1 = JJ*. Since the new process is given by
W/(t) =Y W'(t)Jes;,
i

and its covariance is in the trace class, our definition of integral applies. To recover the

integral with respect to the original process it is enough to evaluate

/t ®(s)dW (s) = /t ®(s) o J 1AW (s),
0 0

where o denotes composition of functions. For details, we refer to Liu and Rockner

(2015), Section 2.5.2.

2.2.2.2 Integral with respect to a worthy martingale measure

The exposition in this subsection follows Walsh (1986) and Dalang (1999).

In a similar way to the finite-dimensional It6 integral and the integral with respect to
a (Q-Wiener measure, the construction of an integral with respect to a worthy martingale
measure starts with a choice of a large enough class of elementary processes, for which the
definition of the integral is simple. Then one extends the construction by approximating
the larger class of processes with elementary processes, using an appropriate norm. We
briefly sketch the elements of this construction.

Consider a complete probability space (2, F,P) equipped with a complete filtration

F:. We say that a function f : [0,00) x R? x Q — R is an elementary function if for
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0 < s <t, a Borel set A and a bounded, F; measurable process X(¢,w), it can be

written as

f(s,x,w) = 1(a,b](8)1A(x)X(w)7

for some a,b € Ry We define the integral of such a function with respect to a worthy
martingale measure in the expected way, that is, we measure the increase of the value

of the martingale over a fixed Borel set over [s,t).

Definition 2.31 (Integral with respect to an elementary function). Let f be an elemen-
tary function. Let M be a worthy martingale measure. The integral of f with respect to

M over a Borel set B, which we denote by (f - M)(B), is defined as

(f - M)(B) = /Ot /B F(s,2, ) M(dsdz) = (Ma/\t(A A B) — Mys(AN B))X.

Definition 2.31 can be extended in an obvious way to the set of all linear combinations
of elementary functions. We denote this set by €.

Now we move to the second part of the procedure. We would like to find a norm
in which the closure of the set € is large enough to define a reasonably large class of

integrands. Such a norm, which we denote by || - ||+, can be defined as

e = (2 [ [, [ 1765000 R aoayas)] )

where Kj; denotes the dominating measure for a worthy martingale M. It is easy to
check that [ - ||+ does indeed define a norm. Let P4 denote the space of all predictable
functions f for which the norm ||- || is finite. This space is complete. This a consequence
of two observations. First, it is easy to see that boundedness in || - ||+ guarantees that

the map f defined by

f(s,ﬂc,y,w) = f(sa x7w)f(8a y7w) (2'14)

is integrable with respect to the measure Kjs(dzdyds)P(£2). It is therefore bounded in

L', which is complete. Then it is enough to observe that the limits of functions of the
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form (2.14) are also of the same form. Therefore the completeness of L' translates into
completeness of ‘P% .
We now state the theorem which allows us to extend the integral to all elements of

P

Theorem 2.32 (Walsh (1986), Proposition 2.3). The set of elementary functions € is

dense in PY with respect to the norm | - || 1.

It is now straightforward to extend the definition of the integral to the class of
predictable processes. By Theorem 2.32 for each f € ’PJ\_,_/[ we can find a sequence of
elementary functions f,, € € such that ||f — f,||+ — 0. Since for every Borel set A and

every f € &
E|f- M2(A)] < IIFIE

the sequence f,, - M;(A) is Cauchy in L?(Q2) and defines a unique limit. We define the
integral f - M;(A) to be equal to this limit.

The integral with respect to a worthy martingale measure as defined in this subsection
has many desirable properties. In complete analogy to the standard It6 integral, f - M
defines a worthy martingale measure (and therefore a new process with respect to
which we can integrate), with the expected covariance structure, see Walsh (1986),

Theorem 2.5. One can also prove an analogue of the classical Fubini Theorem, see

Walsh (1986), Theorem 2.6.

2.2.3 Further extensions of the stochastic integral

Our presentation has focused on the notion of infinite dimensional integral which is
most relevant to this thesis. However, we would like to mention some other classical
constructions and a few interesting developments from recent years, which are in a
similar spirit.

The construction of the integrals for worthy martingale measures has been extended
by Dalang (1999). In particular, this extension allows for treatment of spatially ho-
mogeneous noises, that is, the noises for which the correlation function is of the form

q(z,y) = f(x —y). We stress that this class of noises is not covered by Theorem 2.23 if
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the domain of integration is R?. The extension of the integral is valid as long as f is a

Fourier transform of a tempered non-negative measure p on R%. Such measures satisfy

1
/]Rd I ’§|2u(d§) < 0.

This condition is often referred to as the Dalang condition. In particular, this allows
one to treat noises with covariance measures given by Riesz kernels (possibly multiplied

by a smooth function ¢), that is kernels of the form

a(z,y) = ¢(2)f(z —y) = d(z)(z —y) ", B€(0,2).

The main difference in comparison to the construction presented in Subsection 2.2.2.2
comes in the choice of the quantity used for bounds giving the dominating mesaure.

Instead of the norm || - ||+ we choose a norm | - |g associated with the scalar product

(7)o (that is, |glo = <g,g>(1)/2)given by

o= (B[ [ [, ][, 5200600 Kartndyas)] ).

The rest of the construction is analogous. However, the result of the integration does
not lead to a process which is another integrator. For details we refer to Dalang (1999),
Section 2.

The integral with respect to a worthy martingale measure has been further extended
by Dalang and Mueller (2003) to a function-valued stochastic integral. The main aim of
this extension is to improve the theory for SPDEs which involve second order operators
in the time derivative, such as the nonlinear wave equation.

An interesting extension, which forms a mixture of the two approaches discussed so
far, has been proposed by Kurtz and Protter (1996). The definition of an integral with
respect to a worthy martingale measure is extended to H#-semimartingales. We say
that an adapted, R-valued process Y is an H#-semimartingale if for any element h of the
Hilbert space H, Y (h,-) is a semimartingale and Y is linear in the first variable. A good
example of a process which does not fit the description of Subsection 2.13 but fits the

setup of H#-semimartingales is the cylindrical Brownian motion (see Definition 2.15).
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The theory of integration with respect to cylindrical martingales in topological
vector spaces has also been developed, see Mikulevicius and Rozovskii (1998, 1999). The
theory of stochastic integration with respect to cylindrical Lévy measures, simliar in the
spirit to the theory presented in this chapter for the cylindrical Brownian motion, has
also been developed recently, see, for example, Applebaum and Riedle (2010); Riedle
(2014); Kumar and Riedle (2018).

An excellent comparison of the two classes of integrals introduced in this chapter,

for spatially homogenous noises, can be found in Dalang and Quer-Sardanyons (2011).

2.3 Yamada-Watanabe Theorem

In this section we describe different notions of solution and different concepts of unique-

ness for Stochastic Differential Equations (SDEs).

2.3.1 Yamada-Watanabe theorem for SDEs

In this section we consider the following stochastic differential equation
¢ t
X, = X(0) +/ b(t, X (s_))ds +/ o(t, X (s_))dBs, (2.15)
0 0

where we assume that b, o are Borel-measurable and X (0) is independent of the filtration
given by the Brownian motion B;. We provide a description of different notions of
solution and classical examples which illustrate the differences between them. Then we
state the Yamada-Watanabe Theorem and its ‘dual’ result, the so called Engelbert’s
Theorem. The results presented in this section are classical, see, for example, Karatzas
and Shreve (2012), Chapter 3 or Revuz and Yor (1999), Chapter IX .

All notions and results stated in this section are easily generalised to SDEs driven
by a Brownian motion on R%. An overview of early results for more general integrators

is given in Section 2.3.3.1.

2.3.1.1 Different notions of solution for SDEs

In this section we describe the various notions of solution to (2.15). We start with the

most naive one.
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Definition 2.33 (Solution to SDE). We call a pair of continuous (in time) stochastic
processes (X, B) taking values in R? a solution to equation (2.15) if the following two

conditions are satisfied
1. (X, B) satisfies (2.15),

2. The following inequality holds with probability one:
t
| bt (X )+ e, () s < oc.

We note that this definition does not take into account any adaptability conditions
for the underlying process. Taking them into account allow us to distinguish two
completely different situations. In the first one, for any given Brownian motion B
(input), we are able to construct a process X (output), which satisfies equation (2.15)
and is adapted to the filtration associated with B. In the second one, given an equation
of the form (2.15), we are able to construct a probability space, a process which is a
Brownian motion B with respect to a filtration F; on that probability space, and a
process X measurable with respect to F;. We provide a rigorous definition for both of
these notions of solution. We say that solutions of the first type are strong solutions,

and solutions of the second type are weak solutions.

Definition 2.34 (Strong solution). Let B; be a Brownian motion adapted to the filtration
Fi. A stochastic process {X (t)}e>0 is a strong solution of (2.15) with initial condition

X (0) and with respect to the Brownian motion B if
1. (X, B) solves (2.15),
2. X is adapted to F;.

Remark 2.35 (Alternative definition of strong solution). The definition of strong
solution that we provided is just the most popular of many choices which lead to equivalent
definitions in the context of equation (2.15). For example, equivalently we could have

required that
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1. There exists a Borel-measurable map F such that

X =F(B) a.s.,

2. X is adapted to Fy.

For the proof of equivalence of these two definitions we refer to Revuz and Yor (1999)

Chapter IX, Theorem 1.7 and the remark stated after that Theorem.

Definition 2.36 (Weak solution). A weak solution to (2.15) is a triple (X, B), (2, F,P),

Fi which satisfies the following:
1. (X, B) solves (2.15),
2. (Q,F,P) is a probability space with filtration, F; which satisfies the usual conditions,

3. By and X(t) are Fi-adapted.

2.3.1.2 Weak solutions and martingale problems

We would like to draw a connection between weak solutions and the martingale problem
for the solution of the SDE. We begin by recalling the definition of the solution to the

martingale problem.

Definition 2.37. Let A be a generator of a process taking values in metric space E.
We say that that a process X is a solution to a martingale problem for A if there exists

a filtration F; such that Xy is adapted to F; and for any choice of f from D(A)

FOE0) — X)) [ AFCEG)s

is a martingale with respect to the filtration F;. For any v € P(E), we say that X is a
solution to a martingale problem for (A,v) if X is a solution to martingale problem for

A and X(0) has distribution v.

Let A be a second order differential operator of the form

Af(@) = b(@)D. [ (x) + 50 (2)3,0uf (x).
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Consider a weak solution to the SDE (2.15). Let f € C2?(R), the space of compactly
supported, twice differentiable functions on R. A simple application of It6’s formula

yields

FOXW) = FOXO) ~ [ AFK()ds = [ o@)onf(X)aB.

Therefore, since

[ otwansixoas,

is a local martingale, so is

X)) — F(X(0)) - /Ot Af(X(s))ds. (2.16)

This motivates the following definition:

Definition 2.38 (Martingale solution). We say that X is a martingale solution to

(2.15) if the pair (X,v), where v =P o X(0)~1, solves the martingale problem for A.

The simple calculation which lead us to the definition of the martingale solution
combined with a striking observation of Stroock and Varadhan (1972), results in the

following theorem.

Theorem 2.39. Every weak solution of (2.15) is a martingale solution. Every mar-
tingale solution gives rise to a weak solution. In other words, being a solution to a
(C[0, 00) ) martingale problem given by (2.16) is equivalent to solving (2.15) in the weak

sense.

The usual proof of Theorem 2.39 involves an explicit construction of the driving
noise B. However, this proof technique provides a serious challenge in the infinite
dimensional setting. In Section 2.6, we present a different, more abstract, proof of the
same statement in the SPDE case, adapted from the ideas of Kurtz (2010), who proves
this result for infinite-dimensional SDEs. The crucial tool in this proof is the Markov

Mapping Theorem. Theorem 2.39 can also be proved in an entirely analogous way.
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2.3.1.3 Notions of uniqueness of solution for SDEs

In order to complete the question of well-posedness of our SDE, we need to define
what we mean by uniqueness of solutions. In the case of strong solutions the notion of
uniqueness is the most natural one - the solution is unique if two processes satisfying

(2.15) (with the same initial condition) are indistinguishable.

Definition 2.40 (Strong uniqueness). Strong uniqueness holds for (2.15) with initial
condition X (0), if for any pair of solutions X1(t), Xa(t) the paths of those solutions are

indistinguishable, namely

P[X1(t) = Xo(t) Vt>0]=1.

When we consider weak solutions, the picture is slightly more complicated - it is
sensible to consider two different notions of uniqueness. Weak uniqueness, often referred
to as uniqueness in law, requires that every two weak solutions (with the same initial

condition) have the same finite-dimensional distributions.

Definition 2.41 (Weak uniqueness (uniqueness in law)). Weak uniqueness holds for
(2.15) with initial condition X (0), if any pair of solutions (X1, B2), (Q1,P1, 1), I} and
(X2, Ba), (Q2,P2,F2), F? has the same law, namely for each finite collection of Borel

sets {B;}' and any finite collection of times {t;}I'_,, with t; > 0,

P1(X1(t1) € By, ..., X1(tn) € Bp) = Pa(X2(t1) € By,..., Xo(ln) € By).

Remark 2.42. As Theorem 2.89 does not assume uniqueness, and the uniqueness
of the martingale problem is determined by the finite dimensional distributions, weak
uniqueness is equivalent to uniqueness of the martingale problem related to the same

SDE.

It is also reasonable to ask whether weak solutions constructed from the same
Brownian motion are the same. If this is the case, we say that pathwise uniqueness
holds. Pathwise uniqueness requires that a pair of weak solutions with same initial data,

driven by the same Brownian motion, are indistinguishable.
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Definition 2.43 (Pathwise uniqueness). Pathwise uniqueness holds for (2.15) with
initial condition X (0), if any pair of solutions (X1,B), (2,P,F), Ft, and (X2, B),

(Q,P,F), F; is indistinguishable, namely,

P(X,(t) = Xo(t) Vt>0)=1.

2.3.2 Illustrative examples

In this subsection we give examples to illustrate the different possibilities we might
encounter, all are well known in the literature, see, for example, Revuz and Yor (1999),

Chapter IX.

Notation 2.44. By sgn(z) we mean a standard signum function, namely

-1 ifz <0,

sgn(z) =0  ifx =0,

1 if x > 0.

In the best possible scenario, the solution is strong and pathwise unique. A classical

result on existence guarantees that this holds for a very broad class of functions.
Example 2.45. Assume that functions b(t,x) and o(t,x) are Lipschitz in x and grow

at most linearly in t, namely that there exists a pair of constants C1,Co > 0 such that

[b(t, )| + |o(t,2)] < CL(1+[t]),
[b(t, x) = b(t,y)| + |o(t,z) — ot y)| < Colz —yl.
Then equation (2.15) has a unique strong solution.

A classical example which shows a situation where a unique weak solution exists,

but both strong existence and pathwise uniqueness fail is the so-called Tanaka example.

Example 2.46 (Tanaka equation).

X, = /0 ' san(X())dB..
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A straightforward modification of Tanaka’s example leads us to an equation for

which strong existence (and therefore weak existence) holds, but there is no uniqueness.

Example 2.47.

t
Xi = /O Lix(9#01dBs-

Finally, another modification of Tanaka’s example leads us to an equation for which

only weak existence can be proved.

Example 2.48.

t
X =Xo+ /0 1ix(s)20} sgn(X(s))dBs.

Remark 2.49. A large class of examples for which either strong or weak uniqueness

fails, even for continuous o and b, was given by Barlow (1982).

At first sight it seems that this list of examples is rather incomplete. However,
the results presented in the next section guarantee that for the SDE (2.15), this list is

exhaustive.

2.3.3 Classical Yamada-Watanabe Theorem

The Yamada-Watanabe Theorem, first proved for SDEs driven by Brownian motion
by Yamada and Watanabe (1971), explains the relations between different concepts of

uniqueness and existence.

Theorem 2.50 (Yamada-Watanabe Theorem). If a weak solution to (2.15) exists and is
pathwise unique, there exists a strong solution to (2.15). What is more, weak uniqueness

holds.

The following theorem, first proved in the context of SDEs driven by Brownian
motion by Gihman and Skorohod (1979), shows that a ‘dual’ of this statement is also

true.

Theorem 2.51 (Engelbert’s Theorem). If a strong solution to (2.15) exists and if weak
solutions to (2.15) are weakly unique, than all weak solutions of (2.15) are pathwise

unique.
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This theorem is known as Engelbert’s Theorem due to its useful generalisation by
Engelbert (1991), which will be discussed in the next section.

We conclude this subsection with a result by Cherny (2002), which gives a full
classification of the possible interplay between types of existence and types of uniqueness.
This result states that for the SDEs driven by Brownian motion, the list of examples in
Section 2.3.2 is exhaustive, namely that there are only four possible configurations of

existence and uniqueness:

1. there exists a unique, strong solution, which implies weak existence and uniqueness,

see Example 2.45;

2. there exists a non-unique strong solution, which implies weak existence, but this

solution is not unique in either the weak or the pathwise sense, see Example 2.46;

3. there exists a unique weak solution, but strong existence and pathwise uniqueness

fails, see Example 2.47;

4. there exists a weak solution, but the strong existence and every type of uniqueness

fails, see Example 2.48.

In the light of this result it may seem that the notion of the pathwise uniqueness
is not very useful. However, as argued before, this property might be easier to verify,
and the importance of the Yamada-Watanabe Theorem lies in the fact that just weak

existence and pathwise uniqueness guarantee all possible forms of uniqueness.

2.3.3.1 An overview of Yamada-Watanabe results for more general SDEs

So far our discussion has focused on a simple SDE driven by a Brownian motion.
However, one would like to extend the results to other SDEs driven by more complicated
integrators. In this section we point towards several results in that direction.

Here, we are interested in equations of the form
¢
X, = X(0) +/ o(s, X, )dZ,, (2.17)
0

where Zs is a semimartingale. To state a first result, due to Jacod (1980), we need one

more definition.
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Definition 2.52 (Joint uniqueness in law). We say that a solution to equation (2.17)

is jointly unique in law if for any pair of solutions (X1, Z1) and (Xa, Z2)
(X1(1), Z1(t):t > 0) £ (Xo(t), Zo(t);t > 0).

This definition is not, in general, equivalent to uniqueness in law of Definition 2.41,
see Brossard (2003). We may now state the Yamada-Watanabe Theorem for equations

of the form (2.17) and an analogue of Theorem 2.51.

Theorem 2.53 (Yamada-Watanabe Theorem for SDEs driven by semimartingales). If
a weak solution to (2.17) exists and is pathwise unique, than it is jointly unique in law

and strong.

Theorem 2.54 (Engelbert’s Theorem, Engelbert (1991), Theorem 2). If a strong
solution to (2.17) exists, and if the solution is jointly unique in law, every weak solution

1s pathwise unique and therefore the solutions are strong and unique.

Remark 2.55. The careful reader might have observed that the statements of Theo-
rems 2.50, 2.51 and Theorems 2.53, 2.5/ differ only in the type of uniqueness in law that
can be deduced. This difference is nicely explained by Theorem 3.1 of Cherny (2002),
which states that for SDEs driven by Brownian motion (possibly multidimensional) joint

uniqueness in law is equivalent to uniqueness in law.

The full analogue of the Yamada-Watanabe Theorem 2.50 (with uniqueness in law
instead of joint uniqueness in law) is available for one-dimensional SDEs with jumps,

see Barczy et al. (2014).

2.4 Solutions of general stochastic models

In this section a much more general approach to stochastic models is presented. We
treat models that might not necessarily be equations, but are composed from a set of
constraints, e.g. equations or inequalities. We also do not put any restrictions on the
dimensionality of the problems. In particular, this approach, which closely follows Kurtz

(2007, 2014), allows for treatment of SPDEs. The main aim of this subsection is to
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introduce the framework in which much more general versions of the Yamada-Watanabe
and Engelbert Theorems can be proved. As the terminology used throughout this
section is very different from the standard one, we discuss it in Subsection 2.4.1. We
state the General Yamada-Watanabe Theorem 2.66 at the end of this subsection. We
discuss the notions of solution to SPDE in Subsection 2.4.2. Finally, we prove the

Yamada-Watanbe Theorem for SPDEs in Subsection 2.4.3.

2.4.1 Framework and General Yamada-Watanabe Theorem

Consider a stochastic model composed of two random variables, Y (inputs) and X
(outputs), which are related by some constraints I'. These constraints could be, for
example equations or inequalities. We assume that the random variables take values in
the complete, separable metric spaces S1 and Ss.

Consider a space of probability measures on S; x Sy, P(S] x S3). For two random
variables X and Y, taking values in S and Sy respectively, let pxy € P(S; x S2) denote
their joint probability distribution. Let v be the marginal distribution of P(S; x Ss).

Now our stochastic model is specified by a pair (I', v). Let 8y, C P(S1 x S2) be a
set of joint solution measures, that is pxy € Sr, if (X,Y) is a solution to (T, v).

To demystify the rather abstract setup presented here, let us return to the example

of a simple one-dimensional SDE considered in Section 2.3.1.

Example 2.56 (SDE driven by Brownian motion in the general framework). Consider
equation (2.15). For this equation, the stochastic process which determines the inputs is
just a Brownian motion By, which takes values in S; = C[0,00). The output process,
X, is valued in Sy = (R x C[0,00)), (where the first component represent the initial
condition). Both S1 and Sy are complete, separable metric spaces. The marginal v is
given by the measure characterising the Brownian motion. Every weak solution gives an
example of a joint solution measure. However, it is not a priori true that every element

of 8t is a weak solution, since the adaptability is not a part of our set of constraints.
Let us rephrase some of the definitions of Subsection 2.3.1 in our new framework.

Definition 2.57 (Notions of uniqueness of solutions, Kurtz (2014), Definition 1.4).

Consider a stochastic model of the form (I',v).
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1. We say that pathwise (pointwise) uniqueness holds if for any pair of processes
X1, X defined on the same probability space and an input process Y such that

HX1,Y > Xsy € 81y, almost surely X1 = Xo.
2. We say that joint uniqueness in law holds if Sr, contains at most one measure.

3. We say that uniqueness in law holds if all measures pn € Sr, have the same

marginal distribution on Si.

Remark 2.58. Observe that it is immediately clear from Definition 2.57 that joint
uniqueness in law implies uniqueness in law. An example for the converse being false is

once again given by Brossard (2003).

Definition 2.59 (Strong solution in the sense of Kurtz). We say that a solution (X,Y)

of (T',v) is strong if there exists a Borel measurable function such that
X =F().

The following theorem relates two of the notions of solution.

Theorem 2.60 (Kurtz (2014), Theorem 1.5). If a joint solution measure exists and is

pathwise unique, the solution is jointly unique in law.

We observe that the notions of solution defined in Definition 2.57 and Definition 2.59
are significantly different from those in Subsection 2.3.1.3, as in Subsection 2.3.1.3 we
required the solution to be adapted to the filtration of the input process. In order to
make the connection between these two regimes we follow Kurtz (2007, 2014) and define

the notion of compatibility.

Definition 2.61 (Compatibility structure). Let A be a set of indices. For each o € A,

let B3 be a sub-algebra of all Borel sets on S;. We say that the collection of sets

e=|J{®s B2}

acA

s a compatibility structure.
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Definition 2.62 (Compatible solutions). Let X and Y be a pair of random variables
with values in S1 and Sa respectively and with complete filtrations S"f(, fr'?/ respectively.

We say that X and Y are C-compatible if for each index o € A and h € L'
Eh(Y)|F5 v T ] = E[R(Y)|Fy]

We will denote a set of C-compatible solutions by Sre .

Remark 2.63 (Temporal compatibility). If A = [0,00), and both FX and T} are
complete filtrations, the compatibility conditions reduce to the temporal compatibility,

which was already present in Jacod (1980). In this case
FXVFY = F5Y
and the compatibility criterion reduces to
E[n(Y)|F, ] = E[(Y)[F}],

which should hold for each h € L'.

Definition 2.64 (Partially compatible solutions). Let 3 C L'. We say that two random

variables are partially-C-9H compatible if for each h € H
E[h(Y)|Ty vV Ta] = E[R(Y)|T5].

We will denote a set of partially €, H-compatible solutions by Sr (e 3¢),.-

The major difficulty in applying Kurtz’s version of the Yamada-Watanabe Theorem
lies in the fact that it is not immediately clear whether the joint solution measures
which appear in the statements of the theorems correspond to the usual definitions of
weak solutions, as it is usually assumed that the solution is adapted to the filtration of
the input process. However, the following theorem from Kurtz (2014) clarifies that the

compatibility criterion guarantees the required adaptedness, at least for strong solutions.

Theorem 2.65 (Kurtz (2014), Proposition 2.13). Let X be a strong, compatible solution,

then .’fff C ffzf for each a € A. In particular, if X is temporally compatible, it is adapted
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to Y. Conversely, if FX C FY for each a € A and 0(X) C VaeaFX then X is a

strong, compatible solution.

We are now ready to state the general Yamada-Watanabe Theorem Kurtz (2007,
2014). This result does not require any specific structure of the stochastic model; instead

the constraints are applied via compatibility and partial compatibility conditions.

Theorem 2.66 (Kurtz (2014), Theorem 3.4). Suppose that the solution X, jointly
partially compatible with Y is pathwise unique, that is, whenever X1 and Xo are jointly
partially compatible with Y, and px, vy, px,y € Sr e, then X1 = Xo. In addition,
suppose that there exists a compatible solution, so that Spe, # 0. Then there exists a

unique partially compatible solution and it is compatible.

2.4.2 Notions of solutions for SPDE

In this subsection we use the theory of stochastic integration from Section 2.2 and ideas
from classical deterministic theory to specify what we mean by a solution to equations
(2.1) and (2.2). We begin with the concept of mild solutions.We then discuss analytical
solutions, clearly better suited to the Hilbert space formulation. Finally, we discuss
the probabilistic notion of weak and strong solution. The terminology, and some of the
statements, are borrowed from Prévot and Rockner (2007).

The mild solution is heavily based on semigroup theory. We represent the solution
using the variation of constants formula, first introduced in the context of infinite

dimensional analysis by Ball (1977).

Definition 2.67 (Mild solution). Let (2, F,P) be a complete probability space and let
F: be a complete, right continuous filtration. Let p,(x) be the standard heat kernel, as
defined in (2.4). Let M be a martingale measure. A mild solution to (2.1), if it exists,

is an F-adapted, jointly measurable process u(t,x) such that

u(t,z) = /Rd pe(x — y)u(0, z)dx + /Ot /Rd pr—s(x — y)b(s,y,u(s,y))dyds

+/Ot/det_s(:c—y)a(s,y,u(s,y))M(dt,dy), (2.18)

where the integral with respect to M is interpreted in the way defined in Subsection 2.2.2.2.
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Our definition of mild solution puts some conditions on the regularity of solutions.
We discuss these in Section 2.5.
In order to formulate an analogue of Definition 2.67 for the Hilbert space formulation

we define the heat semigroup as

5@ = [ e,y )y

whenever the integral makes sense.

Definition 2.68 (Mild solution, Hilbert space approach). Let H be a Hilbert space.
Let (2, F,P) be a complete probability space and let F; be a complete, right continuous
filtration. Let W be a Q-Wiener process or a cylindrical Brownanian motion. An H-

valued, predictable process X (t) is a mild solution to equation (2.2) with initial condition

X(0), if, for each t >0,
X(t) = 8,X(0) + /O 'S, B(s, X(s))ds + /O "y (s, X(s)) AW (s), (2.19)

where the integral with respect to W is interpreted in the way defined in the Subsec-

tion 2.2.2.1.

Let W be a Q — Wiener measure. Since by equation (2.12) it is possible to construct
a martingale measure from W, the Definitions 2.67, 2.68 are equivalent for equations
driven by Q-Wiener measures and a wide class of coloured noises. Using the argument
exploited in our construction of cylindrical Brownian motion we could extend this
equivalence to the white noise case, at least in spatial dimension one.

Analytically strong and analytically weak solutions bear the closest resemblance to
those present in the literature for deterministic partial differential equations. We use
the word ‘analytical’ (even though this terminology is not widespread) to distinguish
them from the probabilistic notions of weak and strong solutions. For simplicity, we
formulate these for equations driven by Q-Wiener processes and cylindrical Brownian

motions.

Definition 2.69 (Analytically strong solution). We say that a predictable H-valued

process X (t) with initial condition X (0) is an analytically strong solution to equation
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(2.2) if
X(t) = X(0) —I—/Ot[AX(s) +B(3,X(s))]ds—|—/Ota(s,X(s))dW(s),

where the integral with respect to W is interpreted in the way defined in Subsection 2.2.2.1

Definition 2.70 (Analytically weak solutions). We say that a predictable H-valued
process X (t) with initial condition X (0) is an analytically weak solution to equation

(2.2) if for every test function f in the domain D(A*) of the adjoint of A,

(X0, ) = (X)) + [ LX), A + B, XDds + [ (ols, XA (5)

Obviously each analytically strong solution is also analytically weak, but not the

other way round. The analytically weak formulation of equation (2.1) is given by

/Rd u(t,z) = /Rd o(x)u(0, z)dx + /Ot /Rd u(s, z)Ap(x)dx
t t
[ ] o@is g utsandeds + [ [ s@)ols.y.uls,m)Wdtdz), (2:20)
0 Jrd 0 Jrd
since the Laplace operator is self-adjoint.

The definitions of (stochastically) weak and strong solutions of SPDEs are completely

analogous to their SDE counterparts discussed in Subsection 2.3.1.1.

Definition 2.71 (Stochastically weak solution). We say that a stochastically weak
solution to SHE exists if one can find a complete probability space (2, F,P) and a right

continuous filtration Fy such that

1. almost surely the following is satisfied
t t
/ 1b(s, X (5))|ds +/ lo(s, X (5))2ds < oo.
0 0

2. An analytically weak solution to SHE (2.2) exists.

Definition 2.72 (Stochastically strong solution). We say that a stochastically weak

solution to SHE (2.2) is stochastically strong if for any given random noise supported



66 Mathematical Prerequisites

on a complete probability space (0, F,P) with complete, right continuous filtration Iy,

the solution is Fi-adapted.

To discuss uniqueness of solutions, we need to specify the state space of the process.

In what follows, H denotes a class of functions (e.g. continuous, smooth, cadlag).

Definition 2.73 (Weak uniqueness). We say that the weak uniqueness holds for the
solution of equation (2.2) if for every pair of weak solutions X1, Xo € H their finite

dimensional distributions are equal.

Definition 2.74 (Pathwise uniqueness). Pathwise uniqueness holds for the solution of
equation (2.2) if a pair of weak solutions X1, Xo € H is driven by the same noise, then

X1, X5 are indistinguishable.

Definition 2.75 (Strong uniqueness). We say that strong uniqueness holds if every
pair of strong solutions X1, Xo € H, driven by a noise defined on a common probability

space is indistinguishable.

We notice that the difference between strong and pathwise uniqueness is very subtle
- in the case of pathwise uniqueness we do not know whether the solution does exist for
any probability space (as we are allowed to choose the filtration, the probability space
and the noise), whereas in the case of strong uniqueness we require that the property
holds for every probability space. We also observe that our definitions of stochastically
weak and strong solutions imply that if the stochastically strong solution is unique, this

solution is also the unique stochastically weak solution.

Remark 2.76. We have formulated the notions of solution and uniqueness for the
SHE. If one considers a different equation, the definitions of analytical solutions are
completely analogous. A definition analogous to Definition 2.68 is valid when we replace
St with any Cy semigroup of linear operators. For more details we refer to Da Prato and
Zabezyk (2008), Appendix A. For a more analytical exposition of semigroup theory we
refer to Lunardi (2012, 2018). We also point out that for fully nonlinear equations (for
example those in which instead of the Laplacian ones consider a p-Laplacian, that is, for
1 <p<oo, Apu:=V - (|VulP~2Vu)) many results have been established in the regime

of variational solutions, see Prévét and Riockner (2007), Liu and Réckner (2015).
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2.4.3 General Yamada-Watanabe Theorem and SPDEs

In this subsection we focus on applications of the General Yamada Watanabe Theo-
rem 2.79 to SPDEs. We would like to point out that our approach, although it seems
to be the most robust, is not the only one available. In the variational framework, the
result has been proved by Réckner et al. (2008) for evolution equations and by Tappe
(2013) for semilinear SPDEs with path-dependent coefficients. In the setting of mild
solutions, the Yamada-Watanabe Theorem has been treated in impressive detail by
Ondrejat (2004).

The following lemma is the crucial tool in the application of Theorem 2.66 in the
context of SPDEs. The proof mimics Athreya et al. (2018), Lemma 5.7, which in turn, for
the crucial part, mimics the proof of Kurtz (2014), Lemma 2.4. For simplicity, we prove
the lemma under the assumptions of Theorem 2.81. However, the generalisations of the
proof are straightforward. A similar, but different statement appeared in Lemma 5.1
from Rippl (2012).

We shall need one more definition.

Definition 2.77 (Exponentially weighted LP space). Fiz A >0 and 1 < p < oo. We

say that a function f : R — R belongs to Li(Rd) if

1. for 1 <p < oo
171y = [ 17@)Pe s < oo,
2. forp= o0

I £llzse = sup [f(z)le ™ < oc.
zER4

The space L% is a Banach space with the norm ||- || L and the corresponding topology.
Lemma 2.78. If the solution to the SHE (2.1) is weak, it is compatible.

Proof Let W be either coloured or white noise. Let (X,WW) be a weak solution
to equation (2.1) adapted to a filtration F;. We now formulate the problem in the
terminology of Section 2.4. Define S; = C([O, o0, S'(Rd)) and Sy = C([O, o), Lio(Rd)).



68 Mathematical Prerequisites

We observe that our stochastic input, namely the noise W, can be defined on S; and
by Theorem 2.81, Sy is the solution space for SHE. Let P(S; x S2) be the space of
probability probability measures on (S; x S3). For a random variable X taking values
in S1 and a random variable Y taking values in So, let pxxy be the joint probability
distribution of (X,Y’). The set of constraints I, is given by the SHE (2.1). We want to
show that every weak solution of SHE (2.1) is compatible in the sense of Definition 2.62.

Define Y(s) = (X(0),W(s)). Consider a pair of processes Y <!, Y=! defined for

s €1[0,T] as
Y=(s) = (Wope)  YZ'(s) = (Wigs — Wa).

Obviously, F}¥ < FX v F}¥ C F,.Now we may observe that the processes Y=< is
measurable with respect to F}V. Since W is the white (or colored) noise with respect to
filtration F;, it is also white (or colored) with respect to F7* Vv F}V. Therefore Y=¢ is

independent of F7* v F}V.

Let X be a distribution of W on S;. Now we observe that, by continuity of W, for

each h € LI(S27 Y)) there exists a measurable function hy defined on S; x S, such that
h(W) = hy(Y=H Y20
We may now directly mimic the calculation from the proof of Kurtz (2014), Lemma 2.4.

E[h(Y)[F v 5] = E[h(Y <!, Y2 T v | =
E[ / he(Y= ) py=e (dy) | F5 A T } = / he(Y="y) py =1 (dy)

= B[ [ (= =)o | = B[],

where we have used tower property several times. Therefore, by Definition 2.62, Y is

compatible. O

Theorem 2.79 (Yamada-Watanabe Theorem for SPDE). Assume that a (stochastically)
weak solution to equation (2.2) exists. Assume that the weak solutions to (2.2) are

pathwise unique. Then the only solution to (2.2) is a unique strong solution.
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Proof The statement of Theorem 2.79 follows immediately from Theorem 2.66 and an
application of Lemma 2.78, as the weak solutions are compatible, and therefore partially
compatible. What is more, the pointwise uniqueness of Theorem 2.66 is, in our context,

just pathwise uniqueness. O

Remark 2.80. Observe that in the proof of Lemma 2.78 we only used the properties of
the noise, not the structure of the equation. Therefore, as long as the notion of solution
is well defined and the noise has independent increments, the proof of the Lemma 2.78
could remain unchanged and the conclusions of Lemma 2.78, and therefore Theorem 2.79

apply. This flexibility explains the relative complexity of our proof of Lemma 2.78.

2.5 Stochastic heat equation

In this section we apply the constructions of the noise and integral and various notions
of solution to give a meaning to SHE(2.1). In order to prove existence of solutions, we
need to impose some restrictions on the regularity of the coefficients. These conditions
are easily satisfied for our applications in later parts of the thesis. We also recall a
pathwise uniqueness result which will be useful in the later part of the thesis.

We begin by clarifying the regularity of solutions. In what follows it is convenient to
use the notation < to denote an inequality which holds up to a constant. The following
existence result can be found in Mytnik et al. (2006), Theorem 1.2 and Theorem 1.8;
Rippl and Sturm (2013), Theorem 1.1.

Theorem 2.81 (Existence of solutions for SHE). Consider the SHE (2.1) on R driven

by coloured noise with correlation kernel q(x,y), bounded by a Riesz potential, that is

gz, y) S(A+ |z —y|*), aec(0,2Ad). (2.21)

Let the initial condition ug belong to the weighted space LY. In addition, assume the

following set of conditions on the regularity of the coefficients of equation (2.1):

1. the functions b and o grow at most linearly at infinity, that is

lo(t,z,u)| + |b(t, z,u)| S ca(l + |ul]), (2.22)
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2. the function o satisfies
lo(t, @, u1) — o (t, @, up)| < ML+ uy| + ug])A2|uy — un?, (2.23)

where v € (0,1), c3, A1, Ag > 0,

3. the function b is Lipschitz, that is

|b(t, z,u1) — b(t, x,uz)| < |up — ual. (2.24)

Then there exists a solution to (2.1). This solution is continuous in time, and for any

T,p, A > 0, it satisfies the following bound:

E| sup sup |u(t,z)[Pe | < co.
0<t<T zeRd

Since for some of our proofs later on, especially the proof of Theorem 2.85, it is
more convenient to think of the analytically weak solutions, the following results turns

out to be useful.

Remark 2.82. Under assumptions of Theorem 2.81 the mild and analytically weak

formulations of (2.1) are equivalent, see discussion on p. 1917 of Mytnik et al. (2006).

The following result guarantees pathwise uniqueness for the SHE with coloured

noise.

Theorem 2.83 (Pathwise uniqueness for SHE, Rippl and Sturm (2013), Theorem 1.2).
Under the assumptions of Theorem 2.81, equation (2.1) with initial data in L has a

unique pathwise solution whenever a < 2(2y — 1).

An application of our Yamada-Watanabe Theorem, in combination with the weak
existence result and Theorem 2.83, guarantees that the only solutions to SHE (2.1) with
coloured noise satisfying the assumptions of Theorem 2.81 are strong and unique. In

particular, weak uniqueness holds. We record this observation as a corollary.

Corollary 2.84. Under the assumptions of Theorem 2.83, SHE (2.1) has a unique

strong solution. In particular, weak uniqueness holds.
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2.6 Equivalence of the martingale problem and SPDE

In this section we present a result that, under mild conditions, guarantees equivalence
between the solutions of a martingale problem and solutions of the related SPDE. This
result is an analogue of Theorem 2.39. We present a proof for the SHE, however, our

proof requires only minor modifications to be adapted to a wide class of SPDEs.

Theorem 2.85. Write w for a continuous representative of the density of the My -valued
process. Let b, o, g be functions satisfying the conditions of Theorem 2.81. Suppose that
for all f € C(RY),

(s £y = o, 1) = [0, 80) + 005,00, ) Jas (2.25)

is a martingale with quadratic variation

t

[ L gt ots,mw)ots,gw) f@)f (y)dadyds.

0 JRIxRI

Then w is a (analytically and stochastically) weak solution to the stochastic p.d.e.
1

dw = {2Aw + b(t, z, w)}dt +o(t,z,w)W(dt,dx), (2.26)

where the noise W is white in time and coloured in space with quadratic variation

W=t [ o@)oly)g(w.y)dady.

R4 xRd

The converse of Theorem 2.85 is a simple application of [t6’s formula.

We closely follow Kurtz (2010), who provides a powerful proof of the corresponding
result for stochastic (ordinary) differential equations, not through the classical approach
of explicitly constructing the driving noise, but via the Markov Mapping Theorem. The
proof of our case requires only very minor modifications of the proof from Kurtz (2010).
This proof can be adapted further without any major difficulties to cover a wider class
of equations, i.e. more singular coefficients b, o in (2.26) or more general parabolic or

hyperbolic equations, all under less restrictive conditions on the regularity of the density
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w. For convenience, we first recall the Markov Mapping Theorem in the form stated

there.

Theorem 2.86 (Markov Mapping Theorem, Kurtz (2010)), Theorem 1.4). Suppose
that E is a complete separable metric space and that the operator B C C(E) x C(E) is
separable and a pre-generator and that its domain D(B) is closed under multiplication
and separates points in E. Let (Ey,ro) be a complete, separable, metric space, v : E — Ej
be Borel measurable, and « be a transition function from Ey into E (y € Ey — a(y,-) €

P(E) is Borel measurable) satisfying a(y, v~ (y)) = 1. Define

C— {(/E f(z)a(-,dz),/EBf(z)a(-,dz)> fe D(B)}.

Let po € P(Ey), and define vo = [ oy, )uo(dy). If U is a solution of the martingale
problem for (C, up), then there exists a solution V' of the martingale problem for (B, )
such that U has the same distribution on Mg, [0,00) (space of measurable functions

mapping [0,00) to Ey, with topology given by convergence in Lebesque measure) as

U=~0oV and
P[V(t) € T|F}| = a(U(t),T), T e€B(E)teT?, (2.27)

where iU is the completion of the o-field o( [y h(U(s))ds :r <t) (for bounded and

measurable h) and TV is the set of times for which U is measurable.

The proof of Theorem 2.85 is based on the introduction of an auxiliary process Z,
whose generator plays the role of B in the statement of Theorem 2.86. This process
is introduced in such a way that we can evaluate the conditional distributions of the
driving noise given the state of the process X. Those conditional distributions are given
in terms of stationary processes.

First we describe the representation of the driving noise in terms of a countable
collection of stationary processes. By our assumptions, the noise can be realised as an
element of a Hilbert space W~1=42(R%) (see, i.e. Rippl (2012)), that is on a dual of a
Sobolev space W!T42(R9). Therefore there exists an orthonormal basis {¢;};>1 such

that the noise W is completely characterised by a countable sequence of independent,
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one-dimensional Brownian motions Wy(¢;) with

W) = [ [ oo s, i),

and, for any adapted process H, the integral with respect to the noise can be written in

the form

/0 | H (5=, @)W (ds, dx) :2/0 (H, ¢:)¢idW (7).

Define Y = {Y;}i>1 by
Y; =Yi(0) + (Wt(@-) mod 27r).

We can recover Wi(¢;) (and hence W) from Y;, by observing the increments. Indeed,

setting
Bilt) = <cos(Yi(t)) +3 0 cos(n(s))ds>
! sin(Y;(t)) + %fg sin(Y;(s))ds )’

we have

Wi(¢i) = /Ot(— sin(Y;(s)), cos(Yi(s)))dBi(s)- (2.28)

Remark 2.87. Our definition ensures that Y;(t) are independent. Identifying 0 and
27, we note that Y = {Y;}i>1 is a Markov process with compact state space [0,2m)>. If

Yi(0) is uniformly distributed on [0,27) and independent of W, then Y; is stationary.

We define an auxiliary process Z by

where M is a solution of the martingale problem (2.25) and Y = {Y;};>1,
Let A be the generator associated with the martingale problem (2.25). Its domain

is given by

D(A) = {wrs = F(fu)): £ € CX®Y, F e CUR)]. (2.29)
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Let A be the generator of the process Z. Let Dy([0,27)) be the collection of functions

for which

f0)=f@2r-), f(0)=f(2n-), f(0)=f"(2m).

The domain of A is given by
A) = {fo(f) I fi(wi)  fo € D(A), fi € Do}.
i=1
An application of It6’s formula guarantees that A can be written in the form

"Z{f = fo(xay) + Lyf + Lmyf(xay)v

where L, f = Af, L, is the generator of Y and
oo
nyf = Z Cikaa:iayif

ik=1

and the constants ¢;; are determined by the Meyer processes [M,Y;]. Their exact value
won’t concern us. To show that solutions to a martingale problem for A are weak
solutions to (2.26), we need a following Lemma, which we once again borrow from Kurtz

(2010).

Lemma 2.88 (Kurtz (2010), Lemma A.1). Let A C B(E) x B(E) be a generator, and

let X be a cadlag solution of the martingale problem for A. For each f € D(A), define

My = f(X;) - /0 CAF(X,)ds

Suppose D(A) is an algebra and that fo X is cadlag for each f € D(A). Let f1--- , fm €
D(A) and hy,--- ,hy, € B(E). Then

Z/ _)dMy,(s)

is a square integrable martingale with Meyer process
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a0y =3 [ a9, (X(5)

x [Afifj<x<s>> — F(X(8)AS(X) — f(X)Af(X,)|ds (2.30)

Lemma 2.89. FEwvery solution of the martingale problem defined by A is a solution

of (2.26), with W defined by (2.28).

Proof The statement follows by application of Lemma 2.88 with fi(z,y) = f(x),
fa(z,y) = cos(yi), fs(z,y) = sin(y:), h(z,y) = 1, hao(z,y) = f(z)sin(y), hs(z,y) =
—f'(x) cos(y;) and application of Itd formula, as the Meyer process is M (t) is equal to
0. See also Etheridge and Kurtz (2018), Appendix A.3, where a similar argument is

discussed for the systems of SDEs with jumps. O

-~

Proof] of Theorem 2.85] We begin by observing that D(A) is separable and closed
under multiplication. The next step is to construct the transition function « in the
Markov Mapping Theorem. Let P(€2) be the collection of probability measures on €.
Let n, € P([0,27)*°) be the product of independent uniform distributions on [0, 27).
We define

alz,) = by x 1y € P(Cy(RY) x [0,27)).

We observe that

aL,f(x,y) = Lyaf(z,y). (2.31)

Since 7, has been chosen in a way which guarantees that it is a stationary distribution
for Y, we have, by definition,
aLyf(x,y) =0. (2.32)

Since Dy is a collection of periodic functions, integration by parts shows that
aLgy f(z,y) = 0. (2.33)
Combining (2.31), (2.32), (2.33),

aAf(z,y) = Aaf(z,y).
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Applying the Markov Mapping Theorem with C = A and B = A, to every solution M to
the martingale problem (2.25) there corresponds a solution Z = (]\}ﬁ[ ) to the martingale
problem for A such that M has the same distribution as v o Z. Since Z corresponds to

a weak solution to (2.26), the result follows. O

2.7 Poisson random measures

In this section we would like to collect some facts about Poisson random measures. These
objects, and some of their properties, play a crucial role for the results in Chapter 4.
Most of the facts presented in this section have been recurrently stated in the papers on
lookdown constructions, see, for example Kurtz and Rodrigues (2011), Etheridge and
Kurtz (2018). For an excellent introductory presentation of the topic, which contains
most of the proofs of the results stated in this section, we refer to Cinlar (2011), Chapter
VI

The following two Lemmas provide us with a collection of identities for Poisson

random measures (see Definition 2.22).

Lemma 2.90. Let £ be a Poisson random measure with mean measure v. Let f €

L' (R4, v). Then

E{exp (/ f(z)&(dz))} = exp </(ef(x) - 1)V(dﬂ:)>

Similarly, the expected value and variance of the integral with respect to a Poisson

random measure is given by

2| [ 12600 = [ i) Var| [ Fa)¢)] = [ Pmian)

Definition 2.91 (Conditionally Poisson system). Consider a counting measure § on
R?. Let Z be a locally finite random measure on RE. We say that £ is conditionally
Poisson with Cox measure Z if, conditioned on =, £ is a Poisson random measure with

mean measure =.
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Conditionally Poisson systems are sometimes referred to as Cox processes. We notice
that to check that a Poisson random measure £ is actually a Cox process, it is enough

to check that

E{exp(— /Rd fdf)} :E{exp<— /Rd(l—ef)dEﬂ

for all positive Borel-measurable functions f. Our main application of the presented
theory is to show convergence of the particles systems to their high intensity limits. We
need some more definitions, as the convergence of sequences of conditionally Poisson
systems requires a rather exotic topology.

Consider a family of continuous functions hy, : R¢ — [0, 1] such that
U Sh, =RY,
k

where Sy denotes the support of f. Let My, (R9) be the collection of Borel measures on

R< such that

hipdr < oo.
Rd

Let dv* = hidv. The space My, (R?) endowed with the topology of weak convergence
of dv* is metrizable. We observe that checking convergence in My, (R?) is equivalent to

checking convergence of [pa fdv;, for all bounded and continuous functions which satisfy

/dfduk<ooforf§chk
R

for some constant ¢ > 0. The space My, (R? x [0,00)) can be defined in a similar way.

Theorem 2.92 (Kurtz and Rodrigues (2011), Theorem A.9). Let &, be a sequence of
conditionally Poisson random measures on R% x [0, 00) with Cox measures {=, x A}.
Then &, = & in My, (R? x [0,00)) if and only if Z,, = = in My, (R?) . If the limit exists,

& is a conditionally Poisson random measure with Cox measure Z X A.






Chapter 3

Spatial Lambda-Fleming-Viot
Model in a fluctuating

environment

In this chapter we are concerned with one of the main results of the thesis, that is
identification of the diffusion approximation for the Spatial Lambda-Fleming-Viot model
in a fluctuating environment.

We begin by investigating the model in the absence of spatial structure in Section 3.1.
The main aim of this investigation is an introduction of the main ideas of the proof, which
are harder to follow in the spatial case. Section 3.2 describes the model, scaling and main
results. Section 3.3 is devoted to the rather limited cases in which a duality argument
is available. Section 3.4 contains a description of the ‘tracer dynamics’ (dynamics of a

marked subpopulation). Section 3.5 is devoted to the proof of main result.

3.1 The non-spatial case

3.1.1 The (non-spatial) model

We first consider a population without spatial structure. Although we would obtain
exactly the same scaling limits if we were to use the classical Moran or Wright-Fisher

models as the basis of our approach, c.f. Gillespie (2004), for consistency with what



80 Spatial Lambda-Fleming-Viot Model in a fluctuating environment

follows, we shall work with the (non-spatial) Lambda-Fleming-Viot process. The key
ideas that will be required in the spatial setting already appear here, where they are
not obscured by notational complexity.

We shall restrict ourselves to the special case of the Lambda-Fleming-Viot process
in which reproduction events fall at a finite rate, determined by a Poisson process. We
shall also suppose that there are just two types of individual, {a, A}. In each event, a
parent is chosen from the population immediately before the event, and a portion u of
the population is replaced by offspring of the same type as the parent. In general the
quantity u, which we shall call the impact of the event, may be random. Selection (on
fecundity) can be incorporated by weighting the choice of parent, to favour one type or
the other, and we shall extend previous versions of the model to allow the direction of

selection to fluctuate. More precisely, we have the following definition.

Definition 3.1 (Lambda-Fleming-Viot process with fluctuating selection). The Lambda-
Fleming-Viot process with fluctuating selection, {p(t)}+>0 is a cadlag process taking its
values in [0, 1], with p(t) to be interpreted as the proportion of type a individuals in the
population at time t.

Let 11 be a Poisson process defined on R x (0,1) x (0,1) with intensity measure
dt @ v(du) ® o(ds), where v and o are some probability measures. Moreover, let TI*™" be
a rate T Poisson process, independent of II (where 7¢™" € (0,00)). The state of the
environment is a random variable ((t) € {—1,1}. At the times of the Poisson process
1™ ¢ is resampled uniformly from {—1,1}.

The dynamics of {p(t)}+>0 can be described as follows. If (t,u,s) € II, a reproduction

event occurs. Then:

1. select a parental type k € {a, A} according to

P[fi:a]:(ij:z)pp if ¢(=-1,
]P’[fé::a]:L if ¢(=1.

1+s(l—p)
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2. A proportion u of the population immediately before the event dies and is replaced

by offspring of the chosen type, that is
p(t) = (1 - u)p(t_) + 1{/{:(1}“‘

Remark 3.2. If, instead of resampling the environment according to an independent
Poisson process, we resampled it at each reproduction event, by choosing v to be dis-
tributed as the proportion of hitchhikers when a selective sweep occurs at a random
distance from our chosen locus, we would recover Gillespie’s model of genetic draft at a
neutral locus linked to loci undergoing a sequence of selective sweeps.

We shall see that the rate of resampling of the environment (relative to the strength
of selection in each event) plays a key role in the long term behaviour of the population.

We should also mention that the results in a spirit similar to ours have been obtained
for the Wright-Fisher model in a random environment in the recent paper Hutzenthaler

et al. (2018)

3.1.2 Scaling limits

In order to simplify the notation still further, we specialise to the case in which the
Poisson point process II of Definition 3.1 has intensity dt ® dz ® ds for some fixed ©
and s; in other words we fix the impact and the strength of selection in each event. A
general result can be obtained from our calculations below by integration.

In order to obtain a diffusion approximation, we shall speed up the rate of repro-
duction events by a factor n, but scale down both the impact and the strength of the
selection. We write u,, s, for the impact and strength of selection at the nth stage of
our rescaling. We shall also scale II**" to have rate n”, with v > 0 to be chosen. We
shall need the joint generator £ of the pair (p, ¢) at the nth stage of this rescaling. We
write 7 for the uniform measure on {—1,1} and E, for the corresponding expectation.

In an obvious notation, for suitable test functions f, we have

(1+ Sn)p

£ (9. €) = ey | o2

}ﬂa—%m+M¢>
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1—
e

T | = wn 0 - £0.0))

e[ [ = wp - 0n,)

Fl“zﬂ_—p)} £ = w)p.0) - 10.0))

1+s,(1—p)
+n"(Ex[f(p,-)] = f(p,())-

Expanding the ratios involving s, as geometric series, and using Taylor’s Theorem to

expand f (as a function of p), we obtain

£ f(p, Q) = n{p — suCp(1 — p) + O(s3)}
X {un(1 = D) (5,) + 531 = "5, C) + O}
+n{(1 - p) +s,(p(1 —p) + O(s2)}

X {—unpf (0,0) + 52 (0.) + O(u)

+ 17 (Ex[f(p, )] = f(, C))

:%”“ip(l —p)f" (9, ¢) — nspunlp(1l — p)f'(p. C)

+ 1 (Exlf (0, Q)] = f(2.O)) + O(n(Shun + unsn + u) ). (3.1)

In order to obtain a diffusion limit, we see that we should take nu2 to be O(1). If the
environment didn’t change, then we would require nu,s, to be O(1) and on passage to
the limit recover the classical Wright-Fisher diffusion with selection, whose generator, if

¢ = —1 say, takes the form
SVFS f(p) = Zp(1 — p) " (p) + sp(1 ~ p)f ().
Since we are modelling short bursts of strong selection, we set
s, (3.2)

for some « € (0,1/4). The restriction a < 1/4 ensures that the error term ns2u,, in the

expression (3.1) is negligible as n — oo.
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We can then write the rescaled generator in the form

L f(p,Q) = £ f(p, Q) + n®LI ¥ f(p, Q) + n L f(p, ) + O(n™22), (3.3)

where

L7 (p, ) = 57p(1 = )" (p,)
LI (p,¢) = —Cusp(1 — p)f'(p, )

L f(p, ¢) = Ex[f(p, Q)] — f(p, ).

To see how we should choose 7, we employ a ‘separation of timescales’ trick due to

citekurtz:1973. We apply the generator (3.3) to test functions of the form

9(p.C) = f(p) + 7 (L7 f) (9, €). (34)

For this choice, we obtain

Lg(p, ) = £ F(p) +n® (L7 F ) (p, ) + n=2Lm (L] £ ) (p, )

+ naféLfsel (Lfself) (p7 C) _ n'yfé (Lfself) (p’ C) +0 (nf%+2a>’ (35)

where we have used the fact that £ f(p) = 0 (since f does not depend on () and
Er[n=° (Ls‘df> (p,¢)] = 0, since E[(] = 0.

Evidently, to obtain a non-trivial limit we should take v = § + a. The most
interesting case is when § = a and so v = 2a. In that case, letting n — oo, in the limit

the equation (3.5) becomes

LF(p,C) = L f(p) + £ (L7 ) (9, ). (3:6)

To evaluate the right hand side,

LIl (LIl ) (p, Q) = £ (~Casp(1 - p) f'(p)) = CPu*s*p(1 — p)(Zg (p(l —p)

= Cu*s*p(1 —p)(1 = 2p) f'(p) + Cu’s*p*(1 — p) ' (p).
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Noting that ¢(? = 1, equation (3.6) then reads

Lf(p) =u*s’p(1—p)(1—2p)f'(p) + (;ﬂzp(l —p)+u’s’p*(1 - p)2>f”(p)-

Remark 3.3. There are other limits that can be obtained when v > 2a. For example
if « = 1/4 and we resample the environment at every reproduction event, corresponding
to v > 1, then Miller (2012) shows that, under the same scaling of uy,, the frequency of

type a alleles in the population converges weakly to the solution of

1, _
dp = §s2up(1 —p)(1 —2p)dt + uy/p(1 — p)dB;

for a standard Brownian motion {Byi}t>0. The deterministic drift here arises from the

term of order nu,s? that under our previous scaling we were able to neglect in (3.1).

Based on these calculations, the following proposition follows easily from Theorem 2.1
of Kurtz (1992), which we recall later as Theorem 3.16. In the interests of space, we
omit the details of the proof, which follows from exactly the same arguments as those

that we employ in the spatial setting.

Proposition 3.4. Let {p(™(t)};>0 denote the (non-spatial) Lambda-Fleming-Viot pro-

cess of Definition 3.1 in which II has intensity ndt ® du,, ® Js, , where

-1/2 2c

= n Vs and 7O = p2e,

Up =N U, Sp

for some a € (0,1/4). Suppose further that the sequence of initial conditions {p™ (0)}n>1
converges to pg as n — oo. Then as n tends to infinity, {p(”) (t) }+>0 converges weakly
in D([0,00),[0,1]) (the space of cadaldag functions taking values in [0,1]) to the one-

dimensional diffusion with drift
u?s’p(1 —p)(1 - 2p)

and quadratic variation

w’p(1 — p) + 2u°s*p*(1 — p)?,
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started from pg. In other words, the limiting process is the unique weak solution to the

equation

dp(t) = @’s*p(t)(1 — p(t))(1 — 2p(t))dt

+ay/p(t) (1 — p())dB} + V2asp(t)(1 - p(H)dB?, (3.7)

with p(0) = po, and {B}}i>0, {B?}i>0 independent standard Brownian Motions.

3.2 Definition and scaling of the Spatial Lambda-Fleming-

Viot process with fluctuating selection

In this section we first extend the Lambda-Fleming-Viot model with fluctuating selection
of Section 3.1 to the spatial setting. The idea is simple: reproduction events are still
driven by a Poisson point process, but now, in addition to specifying the strength of
selection and the impact associated with each event, we must also specify the spatial
region in which it takes place. As has become usual in this framework, we shall take
those regions to be closed balls (indeed for simplicity we shall take our events to be
of a fixed radius), but the same results will hold under much more general conditions,
subject to some symmetry and boundedness assumptions. Having defined the model,

we state our main scaling result for the spatial model.

3.2.1 Spatial Lambda-Fleming-Viot process with fluctuating selection

We suppose that the population, which is distributed across R?, is subdivided into two
genetic types {a, A}. As explained in detail in Etheridge et al. (2014), which in turn
borrows results from Véber and Wakolbinger (2015), formally, at each time the state of
the population is described by a measure M; on R? x K, where K = {a, A}, whose first
marginal is Lebesgue measure on R%. This space of measures, which we denote by M,
is equipped with the topology of vague convergence, under which it is compact. At any

fixed time there is a density w(t,-) : R? — [0, 1] such that

M(dz,dr) = (w(t, z)04(dr) + (1 —w(t,z))da(dr))dz.



86 Spatial Lambda-Fleming-Viot Model in a fluctuating environment

Of course w(t, z), which one should interpret as the proportion of the population at the
location z at time ¢ that is of type a, is only defined up to a Lebesgue null set. In what
follows, we shall consider a representative of the density of M;. It will be convenient to
fix a representative w(0,-) of My and then update it using the procedure described in
the definition below, but the reader should bear in mind that the fundamental object is
the measure-valued evolution. This becomes important when we talk about convergence
of our rescaled processes; tightness will be immediate in the space of measures, but we
will need to work harder to identify the dynamics of the density of the limit.

In what follows, for every f € C. (continuous functions of compact support on R?)

we shall use the notation

(w, f) = /]Rd w(x) f(z)de.

Recall that the limit that we obtained in Section 3.1 corresponded to our throwing
away the terms of order ns2u,, in (3.1). In other words we approximated (1-+s)p/(1+sp)
by p+sp(1—p) = p(1—s)+s(1 — (1 — p)?) and similarly p/(1+s(1—p)) was approximated
by p — sp(1 — p) = p(1 —s) + sp?. Under this approximation, since reproduction events
are based on a Poisson process of events, we can think of splitting those events into two
types: neutral events and selective events. In the non-spatial setting, neutral events
occur at rate (1 —s) and, for such an event, the chance that the parent is type a is
p. Selective events fall at rate s. One then selects two ‘potential’ parents. If ( = —1,
then the offspring are type a provided not both potential parents are type A, which has
probability 1 — (1 — p)?, whereas if ¢ = 1, the offspring are type a only if both potential
parents are type a (probability p?).

To avoid additional algebra, we shall define the spatial version of our model using
this approximation. In our main scaling result, we shall indeed choose our scaling in

such a way that ns2u, — 0 as n — oo.

Definition 3.5 (Spatial Lambda-Fleming-Viot process with fluctuating selection (SLFVFS)).

Let 11 be a measure on (0,00) and for each r € (0,00), let v, be a probability measure
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on [0,1], such that the mapping r — v, is measurable and

/ rd/ u vp(du)p(dr) < oo. (3.8)
(0,00) [0,1]

Further, fixs € [0,1] and let TI"*, TIf*¢! | be independent Poisson point processes on
R, x R? x (0,00) x [0,1] with intensity measures (1 — s)dt ® dz ® p(dr)v,.(du) and
sdt ® dz ® p(dr)v,(du) respectively.

Let TI¢™ be a Poisson process, independent of II"%, TIfs€l  with intensity 7€,
dictating the times of the changes in the environment. Let q(x,y) be an element of
Cy (Rd X Rd) and let {f(m)(-)}ng be a family of identically distributed random fields

such that

Set 10 = 0 and write {7y }m>1 for the points in II°" and define

C(t, ) = Z g(m)(')l[Tm,Tm+1)(t)'

m=0

In other words, the environment ((t,-) is resampled, independently, at the times of the
Poisson process T1°™.

The spatial Lambda-Fleming-Viot process with fluctuating selection (SLEVFES) with
driving noises TI"%, TI/$¢L TI¢™ s the My-valued process M; with dynamics described
as follows. Let w(t_,-) be a representative of the density of M;_ immediately before an
event (t,z,r,u) from II"" or I1/5¢l . Then the measure M; immediately after the event

has density w(t,-) determined by:

1. If (t,z,r,u) € I, a neutral event occurs at time t within the closed ball B(x,r).

Then

(a) Choose a parental location | according to the uniform distribution on B(z,r).
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(b) Choose the parental type k € {a, A} according to distribution
Pk =al =w(t_,l), Prk=A=1—-w(t_,1).

(c) A proportion u of the population within B(xz,r) dies and is replaced by

offspring with type k. Therefore, for each point y € B(z, 1),
w(tv y) = w(t*) y)(l - ’LL) + U]-{H:a}'
2. If (t,z,r,u) € I1/5¢l 4 selective event occurs at time t within the closed ball B(z,r).

Then

(a) Choose the two parental locations ly, 11 independently, according to the uniform

distribution on B(z,T).

(b) Choose the two parental types, ko, k1, independently, according to

(c) A proportion u of the population within B(xz,r) dies and is replaced by

offspring with type chosen as follows:

i. If ((t,z) =1, their type is set to be a if ko = kK1 = a, and A otherwise.

Thus for each y € B(x, )
w(tv y) = (1 - u)w(t—7 y) + U1{’€0=N1=a}'

. If ((t,x) = —1, their type is set to be a if kg = kK1 = a or kg # K1 and A

otherwise, so that for each y € B(x,r),

w(tv y) = (1 - u)w(t,, y) + ,U“(]‘{H():Hl:a} + l{noyéml}) :

We have tacitly assumed that w(t_,[;) is defined. It is, with probability one, so we

declare that if it is not defined, then we resample and try again. For a construction of a
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random field of Definition 3.5 we refer to Ma (2009), especially their Example 1. The
arguments presented there require only a minor adaptation.

Existence of the SLEFVFS is guaranteed by the methods of 2018, Etheridge et al.
(2014). Indeed, we could have taken different measures p and v, according to whether
events are selective or neutral. It was convenient also to take the strength of selection
to be constant in space and have its sign determined by the variable ¢ € {—1,+1}. We
could, of course, have defined a much more general model. For example, one could
allow s to vary in space, or even resample s from a suitable random field whenever
the environment is resampled. However, this would be at the expense of considerably
more complicated notation and it would become more involved to exploit the Poisson
structure of our model. See Remark 3.8 below for some comments on when our scaling
result would generalise.

One of the key tools in the study of the neutral SLFV is the dual process of coalescing
random walkers which traces out the genealogical trees relating individuals in a sample
from the population. An ancestral lineage doesn’t move until it is both in the region
affected by an event and is among the offspring of that event, at which time it jumps to
the location of the parent of the event (which is uniformly distributed on the affected
region). Things are more complicated in the presence of selection. Whereas in the
neutral case we can always identify the distribution of the location of the parent of each
event, now, at a selective event, even knowing the state of the environment, we are
unable to identify which of the ‘potential parents’ is the true parent of the event without
knowing their types. These can only be established by tracing further into the past. The
resolution is to follow all potential ancestral lineages backwards in time. This results in
a system of branching and coalescing walks in which branching and coalescence events
are ‘marked’ according to the state of the environment at the time at which they occur.

In analogy with the neutral case, the dynamics of the dual are driven by the time
reversals ﬁ"e“, ﬁsel, ﬁem’ of the Poisson point processes of events that drove the

forwards in time process, that is

ﬁi = {(—t,w,r, u) : (t,x,r,u) € Hi}, i € {neu,sel,env}.
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The distribution of these Poisson point processes is invariant under the time reversal.

We suppose that at time 0 (which we think of as ‘the present’), we sample k
individuals from locations x1,...,7; and we write x.,...,xYs for the locations of
the Ny potential ancestors that make up our dual at time s before the present. It is
convenient to consider this process in the space of finite point measures on R?, which

we denote by M,(R?).

Definition 3.6 (Ancestral selection graph). We first define a Markov process (Z¢)i>0
with cadldag paths, taking values in Mp(Rd), with the dynamics defined as follows. First,

let

Z0 = 0
(2
be a finite point measure. We update Z as follows:

1. At each T € ﬁe””, the environment is resampled;

2. (a) At each event (t,x,r,u) € ﬁ”‘f“,

i. for each Xi_ € B(z,r), independently mark the corresponding potential
ancestor with probability u;

it. if at least one lineage is marked, all marked lineages disappear (that is,
their point masses are removed from Z;) and are replaced by a single
potential ancestor, whose location is drawn uniformly at random from
within B(x,r).

(b) At each event (t,x,r,u) € {Tsel;

i. For each xi_ € B(x,r), independently mark the corresponding potential
ancestor with probability u;

7. if at least one lineage is marked, all marked lineages disappear and are
replaced by two potential ancestors, whose locations are drawn indepen-
dently and uniformly from within B(x,r). The type of the environment

s recorded.

In both cases, if no particles are marked, then nothing happens.
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To determine the distribution of types of a sample from locations X}, .. ., X%, knowing
the distribution of w(T,z) at time T, first evolve the process of branching and coalescing
lineages until time T. At time T' assign types to x+, . .. ,XQZYT using independent Bernoulli
random variables such that P[x% = a] = w(T,x%). Tracing back through the system of
branching and coalescing lineages (X};)Z]-V:tl, we define types recursively: at each neutral
event the lineages that coalesced during the event are assigned the type of the parent;
at a selective event, if ( =1 then all coalescing lineages are type a if and only if both
parents are type a, otherwise they are type A; if ( = —1, all coalescing lineages are type

A if and only if both parents are type A, otherwise they are type a. The distribution of

types at time zero is the desired quantity.

Since we only consider finitely many initial individuals in the sample, the jump rate
in this process is finite and so this description gives rise to a well-defined process.

This dual process is the analogue for the SLEVFES of the Ancestral Selection Graph
(ASG), introduced in the companion papers Krone and Neuhauser (1997), Neuhauser
and Krone (1997), which describes all the potential ancestors of a sample from a
population evolving according to the Wright-Fisher diffusion with selection. Indeed we
could be more careful and use this process to extract the genealogy of a sample from
the population. However, in this setting, this object seems to be rather unwieldy and,

under the scalings in which we are interested, it will not converge to a well-defined limit.

Remark 3.7. More formally, since the density of the SLFVFES is only defined Lebesque-
almost everywhere, the process of assigning types to the potential ancestral lineages at
time t is only defined for Lebesgue almost every choice of x},. .. ,Xivt and, just as in
FEtheridge et al. (2014) Section 1.2, this duality must be defined ‘weakly’, that is by
integrating against a test function. Since we do not use the duality in what follows, we

refer the reader to Etheridge et al. (2014) for details.

3.2.2 Scaling the SLFVFS

We are interested in the effects of fluctuating selection over large spatial and temporal
scales and so we shall consider a rescaling of our model. Etheridge et al. (2014) consider

the corresponding process in which selection does not fluctuate with time, but instead
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always favours type A (say). In that setting it is shown that if impact scales as

1/3 2/3

u, = u/n"/? and selection scales as s, = s/n/3, then as n — oo, w(nt,n'/3z) (or rather
a local average of this quantity) converges in d > 2 to the solution to the deterministic
Fisher-KPP equation, and to the corresponding SPDE in which a ‘Wright-Fisher noise’
term, corresponding to genetic drift, has been added in d = 1. Here we wish to consider
short periods of stronger selection and so, by analogy with what we did in Section 3.1,
we choose s, = sn® /n2/ 3 for some o > 0, but we change the favoured type at times
of mean 1/n%®. This is of course the scaling suggested by the Central Limit Theorem
(and is the natural analogue of our results in Section 3.1). In order to be able to ignore
terms of order ns2u,, we must now take o € (0,1/6).

We must also scale the environment in a consistent way. In the examples that we
have in mind, environmental correlations can be expected to extend over very large
scales and so we actually fix the correlations in the limiting environment by fixing

the distribution of a random field £ and at the nth stage of the scaling sampling the

environment according to &, determined by

(@) = &uln32).

At the nth stage of the rescaling, the environment will be resampled at points of a rate

n?® Poisson process.

Remark 3.8 (Extensions). We have taken selection to be constant in magnitude and
just to vary in sign. This is not necessary, even for our scaling result. As an obvious
extension, we could fix the distribution of s(x)&(x) and, at the nth stage of the scaling
define

Su(n32)60 (0 V30) = o s(2)e (@),

At the expense of introducing an additional truncation of s(x) at the nth stage, to ensure

that the |sp(x)&n(x)| < 1, it is enough to insist that

Pls(z)é(x) > 2] = P[s(x)é(x) < —z], Vz € R,
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and

E[|s(z)&(x)*T] < oo, for some € > 0,

plus some regularity to reflect equation (3.10) below. To avoid a proliferation of notation,

we omit this somewhat artificial generalisation of our results.

Our definition of the SLFVFS is still rather general. We include it to underline
the possibility of extending our results. However, in the interest of avoiding even more
complex expressions than those that follow, from now on we shall specialise to fix the

radius and impact of reproduction events.

Assumption 3.9. From now on, fir R € (0,00) and u € (0,1) and take
p(dr) = ég(dr), vy (du) = 6z (du).

Just as in Etheridge et al. (2014), we shall prove convergence, not of the sequence of
densities of the SLEVFES, but of a sequence of local averages. We require some notation.

Let R be the fixed radius of events. Set

and define the sequence of rescaled processes

walt,z) = wint,nde), watr) = £ wnlty)dy, (39)
By (z)

where fp (@) denotes an average integral over ball B,,(x). We write V for the volume

of a ball of radius R.

Theorem 3.10. Write (M )¢>q for the measure-valued process with density (W (t))i>0-
Suppose that (M{),>1 converges weakly in My to the measure MG® with density
w>(0, ) = limy, 00 Wy (0, ). Further, fix oo € (0,1/6), set s, = sn®/n?/3, u, = u/n'/3
and suppose that the environment is resampled at the times of a Poisson process of rate
n2®. We assume that the correlation function q(z,y) that determines the environment

satisfies

lq(z,2) —q(z,y)| < Cle—y|  for all z,y € R”. (3.10)
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Then the sequence (M. ),>1 is tight in D([0,00),My) (the space of cadlag functions on
[0,00) taking values in My ). Moreover, for any weak limit point (M{°)i>0, writing w™>

for a representative of the density of M,

1. for dimension d =1, w™ is the process for which, for every F' € C°(R) and for

every f € C’Z(]R),

@), 1)) = F({(w>(0), f))

F({w
_/OtF’(<w°°(s),f>){<w°°(5)’1LF2RM>

+ VEu?s* (w™(s) (1 — w™(s)) (1 — 2w™(s)), f>}ds
t
- [ e mi
/d d V2u s2q(z,y)w™(s,z)(1 — w™(s,z))
Rd JR

< (5,1~ ™ (5,9) f(2) (5) dady

—97 2
u“Vp

T3

(w™(s)(1 — fwoo(s)),f2>}ds (3.11)

s a martingale;

2. for dimension d > 2, for every F € C*(R) and for every f € C? (Rd),

F({w>(#), f)) = F((w™(0), f))

(
) /Otpf<<w°°<s>,f>>{<w°°<s>’UERM )

+VRTS w(5) (L= w(s)) (1~ 20 (), ) fds
- [ .04

/d/d U 2 y) (5,1’)(1 w (57-'17))
R R

is a martingale. Moreover, the solution to this martingale problem is unique and

50 {M"}>1 actually converges.

The constant T'r depends only on R and is defined in (3.37).
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The proof of uniqueness in d > 2 uses a pathwise uniqueness result of Rippl and
Sturm (2013) for the corresponding SPDE we apply Theorem 2.85 to show that any
solution to the martingale problem (3.12) is actually a weak solution to the corresponding
SPDE:

oo _ {LFR 00 —2717242,,,00 00 o0
dw™ = TAw + Vs w™ (1 — w™)(1 — 2w™) |dt
+V2uVesw™ (1 — w™)W (dt,dz), (3.13)

where the noise W is white in time and coloured in space, with quadratic variation
given by
W=t [ [ ao@owdedy. (3.14)

The corresponding equation for dimension d = 1 is

ul’
dw™® = <u2RAw°° + 4R*u?s?w™ (1 — w™)(1 — 2w°°)>dt

+ V22Rusw™ (1 — w>®)W (dt, dz) + 2R/ wo (1 — w>)W(dt,dz), (3.15)

where W is white in time and coloured in space as above and W is a space-time white
noise. Asin d > 2, any solution to the martingale problem (3.11) will be a weak solution
to this SPDE, but we only have a proof of uniqueness of (3.15) in the special case in
which W is also space-time white noise (in which case we can invoke the duality of

Section 3.3).

3.3 Duality

In general, we have been unable to identify a useful dual process for our limiting equation.
The exceptions are the non-spatial setting and the special case of one spatial dimension,
with both noises in the SPDE being white in space as well as time. In order to obtain

these duals, we transform the system in a way inspired by Blath et al. (2007).
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Consider first the non-spatial case. We rewrite equation (3.7) by making the

substitution X = 1 — 2p. The process X, which takes values in [—1, 1], satisfies
X, = S22 (X7 = X )dt + /1 — X2dB] + Qasu — X2)dB2 (3.16)
2 t t t 2 t to

for independent Brownian motions B!, B2.

Lemma 3.11. The solution to the transformed equation (3.16) is dual to a branching

annihilating process { Nt }+>0 with transitions

1. N— N+ 2 at rate

2. N— N —2 at rate

u?(1 +s?) (g) :

The duality relationship takes the form
£ [X1] = 10

where the expectation on the left is with respect to the law of { X }i>0 started from initial
condition Xo, and that on the right is with respect to the law of {Ni}i>0, started from
Ny.

The proof is an application of It6’s formula. It is easy to see that the dual process will
die out in finite time, (as it is essentially a subcritical birth-death process), corresponding
to the process {p:}+>0 of allele frequencies being absorbed in either zero or one. Of
course, this is also readily checked directly for the diffusion (1.1) using the theory
of speed and scale, but if we could find an analogous dual for a spatially extended
population, where the theory of one dimensional diffusions is no longer helpful, we might

be able to exploit it to study the behaviour of allele frequencies.
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In one spatial dimension, if the noises W and W are both white in space as well as

time, then we can extend this.

Lemma 3.12. Suppose that d =1 and w™ solves

ul’
dw™® = (quAwoo + AR?@?s?w™ (1 — w™)(1 — 2w°°)>dt+

V22Riusw™ (1 — w™)W (dt, dz) + 2R/ w> (1 — w>)W(dt, dz),

where W and W are independent space-time white noises. Then setting X(z) =
1 —2w™®(t,x), {X¢(z)}>0 is dual to a system of branching-annihilating Brownian
particles whose spatial locations at time t we denote by x1, ..., Xn,, and whose dynamics

are described as follows:

1. Each particle, independently, follows a Brownian motion in R, with diffusion

constant ul'r/2;

2. Each particle, independently, splits into three at rate us?;

3. Each pair of particles annihilates, at a rate u?(1+s2), measured by their intersection

local time;

4. Each pair of particles replicates (i.e. is replaced by two identical pairs) at rate

u?s?), also measured by their intersection local time.

The duality is expressed for points x1(0),...xn,(0) € R and any continuous function

w(0,-) : R — [0,1], through

, (3.17)

No
E [H Xi(xi(0)
i=1

Ny
=E ll‘[ Xo(xi(t)
i=1

where the expectation on the left is with respect to the law of the SPDE and that on the

right with respect to the law of the dual system of branching and annihilating lineages.

Tribe (1995) gives a construction of the analogous system of coalescing Brownian
motions, which is dual to the stochastic heat equation with Wright-Fisher noise, as

discussed in Shiga (1988), see also Liang (2009). We also note that Birkner (2003)
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considers a similar system of branching random walkers on Z¢, in which particles

reproduce at a rate that depends on the number of other particles within the same site.

Remark 3.13. If we consider subdivided populations (i.e. an analogous model on a
lattice), then the analogous system of stochastic (ordinary) differential equations satisfies
a duality of this form with a system of branching and annihilating random walks. Passing
with the size of the lattice to 0 leads directly to the equation of Lemma 5.12, see Doering
et al. (2003) for a version with a single white noise, which adapts to our case without
any stgnificant changes. Moreover, we can apply the analogous transformation to the
SPDE with coloured noise, but now, when we seek a branching annihilating dual process,
in addition to the branching annihilating term when dual particles meet, we obtain cross

terms of the form

4l y) Xo(@) Xo(y) (1 - Xe(2)?) (1 - X, (9)°)

We can rearrange the factors involving X as

(Xe(@)’Xu()* = Xe(@)Xi(y)) + (1 = Xo(2) Xi(y))

- (@) - Xu(@) X)) - (Xi(y) - Xe(@)Xi(y)). (3.18)

If q(z,y) > 0, then we can interpret the first two terms in (3.18) as branching and
annihilating terms in a putative dual; if q(x,y) < 0, then the last two terms can be
interpreted as one particle jumping to the location of another. However, we have not, in
either case, found a way to interpret both terms simultaneously. The obvious approach
is to follow Athreya and Tribe (2000) and introduce an additional ‘marker’ that switches
stgn every time we have an event of ‘the wrong sign’. This leads to a Feynman-Kac

correction term in the duality relation (3.17), which it turns out is infinite.

3.4 Tracer dynamics

On passing to a SPDE limit, we have lost sight of the way in which individuals in the

population were related to one another and the ancestral selection graphs which encoded
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that information in the prelimiting models do not converge. However, some information
about heredity can be recovered using the notion of ‘tracers’. The idea, which finds
its roots in the statistical physics literature, has more recently found application in
models of population genetics, notably in Hallatschek and Nelson (2008), or, for a more
mathematical approach, see Durrett and Fan (2016). The idea is simple: one labels
some portion of the population of type a individuals, say, at time zero not just according
to their type at the selected locus, but also with a ‘neutral marker’ that is passed down
from parent to offspring. Individuals in the population at time ¢ that carry the neutral
marker are precisely the descendants of our original marked individuals.

To introduce this in our setting, let us label a portion of the a population at time
zero by a neutral marker. We shall use v(t, z) to denote the proportion of the (total)
population that are both type a and labelled, and we shall use a* to denote that

combined type. Thus

{type a* individuals} C {type a individuals}

and v(t,z) < w(t,x).
The dynamics are driven by the same Poisson point processes of events as before,

but now we modify our description of inheritance to include the extra label.

Definition 3.14 (The SLFVFS with tracers). Let ¢, II"%, TI/%¢! TI°™ be exactly as in
Definition 3.5. The dynamics of the pair (v,w) can be described as follows. Write al to

denote individuals of type a, but not a*.

1. If (t,z,r,u) € I, a neutral event occurs at time t within the closed ball B(x,r).

Then

(a) Choose a parental location I according to the uniform distribution over B(z, ).

(b) Choose the parental type k € {0,1} according to distribution
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(c) For each y € B(x,r),

U(tv y) = (1 - ’l_L)U(t_, y) + al{n:a*}(y);

w(tv y) = (1 - "L_L)’LU(t_, y) + ﬂl{ﬁE{a*,aT}}(y)‘

2. If (t,x,r,u) € IF*¢, q selective event occurs at time t within the closed ball B(x,r).

Then

(a) Choose the two parental locations ly, 11 independently, according to the uniform

distribution on B(x,r).

(b) Choose the two parental types, ko, k1, according to

Plk; = a*] = v(t-,1;), ]P){fﬁi = aq =w(t_,lp) —v(t_,lp),

Plr; = Al = 1 — w(t_,1;).

(c) i If((t,x) =1, offspring inherit type ko if ko and k1 are both type a (with

or without the neutral marker), otherwise they are type A; so

’U(t, y) = (1 - ﬂ)’U(t_, y) =+ al{:‘m:a*ﬁle{a*,‘ff}}(y)

w(t,y) = (1 —w)wt—,y) + uly x cfaal}}-

. If ((t,x) = —1, offspring inherit type ko if ko is type a, and they inherit

type k1 if ko is type A. Thus

’U(t, y) = (1 - ﬂ)v(t,, y) + a(l{no:a*} + 1{/4,0:14,’61:&*});

w(ta y) = (1 - ﬂ)w(t,, y) + ﬂl{nozlﬂ:A}C'

Theorem 3.15. Applying our previous scalings, let the population evolve under the
assumptions of Theorem 3.10.

Assume that the sequence of measures of the initial states of the marked population
converges weakly in My to a measure with a density v>°(0,x) = limy, 00 T (0, ). Then

as n — 0o, the corresponding sequence of rescaled measure-valued processes is tight in
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D([0,00),M3), and any limit point is a weak solution to a system of SPDEs which in

d > 2 takes the form

ul

dw™ = (quAwOO+V}%u252w°°(l—w°°)(1—2w°°))dt+\@VRuswo"(l—wC’O)W(dt, dz),
al’

dv™® = <u2RAU°°+V]%u252v°°(1 - w°°)(1—2w°°)>dt+ﬂVRusv°°(1—wOO)W(dt, dz),

where the noise W is as before.
For dimension d = 1, the limiting process is a weak solution to the system of

stochastic partial differential equations

al
dw°°:<u2RAw°° + 4R%*u%s*w™ (1 — woo)(l—2w°°)>dt+\/§2Ruw°°(1—w°°)W(dt, dx)

+ 2R o (1—weYWO(dt, de) + 2Ra/ (w — v)*(1—w®)W (dt, dz),
ul’
de:<“23m°@ + 4R2u25%<>°(1—woo)(1—2w°°))dt+\/§2Rusu°°(1 — W)W (dt, da)

+2Riiy /v (1—w>)WP(dt, dz) 4+ 2Ry /v (w—v>°)W?(dt, dz),

where, as before, W is white in time and coloured in space and and W¥, i = 0,1,2, are

independent space-time white noises.

The proof of this result is an even longer version of the proof of Theorem 3.10, but
it follows exactly the same strategy. First we show that the limit points are solutions
to appropriate martingale problems, then we show that any solution to the martingale
problem provides a weak solution to the system of SPDE’s. Rather than providing
details of the proof, we indicate why this result is to be expected. We once again use
the trick of Kurtz (1973). In the case of one dimension and genic selection, Durrett and

Fan (2016) obtain a pair of SPDE’s of the form

dw = (eAw + sw(1 — w))dt + y/v(1 —w)WO(dt, dz) + /(w — v)(1 — w)W(dt, dz)
dv = (@Av 4 sv(1 — w))dt + /v(1 — w)WO(dt, dz) + \/v(w — v)W?3(dt, dz),

where WO, W' and W? are independent space-time white noises. Writing the corre-

sponding generator acting on test functions f(w,1) as L% + £5¢ as in Section 3.1, to
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identify the generator in the limit of (appropriately scaled) rapidly fluctuating selection

we must evaluate £5¢ (L5 f(-,-))(w, v) which, up to constants, is

(w(l — w)aaw + (1l — w)i}) {w(l _ w)gi ol — w)gi}

=w(l—-w)(1l- 2w)§1{) +u(l —w)(1-— 2w)g£
0* 0? 0?
+w?(1 - w)QG—wJ; + 2wo(1 — w)Qﬁ + v2(1 — w)26—UJ;

From this we see that the SPDEs in Theorem 3.15 are of precisely the form that we

should expect.

3.5 Proof of Theorem 3.10

The proof of Theorem 3.10 will rest on Theorem 2.1 of Kurtz (1992) (or rather his
Example 2.2). For a metric space E, let [,,,(E) be the space of measures on [0,00) x FE

such that p € [,,,(E) if u([0,t) x E) =t.

Theorem 3.16 (Kurtz (1992)). Let E1, Ey be complete separable metric spaces, and
set E = Ey x Ey. For each n, let {(X,,Yn)} be a stochastic process with sample paths
in Dg(]0,00)) adapted to a filtration {F}'}. Assume that {X,} satisfies the compact
containment condition, that is, for each ¢ > 0 and T > 0, there exists a compact K C E
such that

inf P[X,(t) € K,t <T] > 1—¢, (3.19)

and assume that {Y,(t) : t > 0,n = 1,2,...} is relatively compact (as a collection of
Es-valued random variables). Suppose that there is an operator A : D(A) C C(Ey) —

C(E; x Ey) such that for f € D(A) there is a process €}, for which

FOG0) = [ AT Yal))ds + (1) (3.20)

is an {F}}-martingale. Let D(A) be dense in C(E1) in the topology of uniform conver-

gence on compact sets. Suppose that for each f € D(A) and each T > 0, there exists
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p > 1 such that

T
supEV AL (X (t), Ya(£)Pdt] < oo (3.21)
n 0
and
lim E[sup\efb(t)]] = 0. (3.22)
n—00 t<T

Let T, be the M(Es)-valued random variable given by

I ([0,t] x B) = /Ot 15(Ya(s))ds.

Then {(X,,T'n)} is relatively compact in Dg, [0,00) X Uy, (E2), and for any limit point

(X,T) there exists a filration {G;} such that

SO0 - [ [ ARG rs x dy) (3.23)

Eo
is a {SG¢}-martingale for each f € D(A).
As a particular case, Kurtz (1992) provides the following example.

Example 3.17 (Kurtz (1992)). Suppose Y is stationary and ergodic, and Y, in The-
orem 3.16 is given by Y,(t) = Y(nt). Then I' = A x m where A denotes Lebesgue
measure and 7 is the marginal distribution for Y. Consequently, under the assumptions

of Theorem 3.16, X is a solution of the martingale problem for C given by

Ci@)= [Af@y)n(dy), | eD(A)

Let us briefly discuss how our setup fits that of Theorem 3.16. The sequence of

measure-valued evolutions (H?) corresponds to the process X,,, while the sequence

>0
of environments corresponds to the process Y;,. Notice that Y,, defined that way satisfies
the assumptions of Example 3.17, and therefore those of Theorem 3.16. The domain of

the generator A is given by the closure of

D(A) = {rs = P((sw) s f € CX®D. F e CI®)}. (3.24)
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Since the state space of (H?) is compact, the compact containment condition (3.19)

>0
is satisfied.

The key step towards the application of Theorem 3.16 is to identify the generator A,
which leads to decomposition (3.20). This consists of two steps, approximation of the
parts of the SLEVFS generator corresponding to neutral events and the second, which
deals with terms corresponding to fluctuating selection. These procedure is the subject
of Subsection 3.5.1.

We begin by transforming the generator of SLFVFS into a form which allows to
consider the process of averaged densities w}'. We then use approach of Kurtz (1973),
namely the ‘separation of timescales’ trick, which allows us to split the generator into
parts corresponding to neutral and selective events in the correct way. This formal limit
evaluation is achieved in (3.34). This step is analogous to the strategy of Section 3.1.
We then proceed with the analysis of the two parts of the generator. The first one,
which corresponds to the neutral events, will closely follow Etheridge et al. (2014);
the novel step is the second, which deals with the terms corresponding to fluctuating
selection. Our analysis not only identify the correct form of A and ¢/ (see (3.46) and
(3.47) respectively), but also provides a uniform bound on A, which shows that (3.21)
is satisfied.

Having identified A, and €/, we show that (3.22) holds. This bound relies on the
Lipschitz bound (3.10) on the correlation kernel g(x,y). We finish Subsection 3.5.1 with
discussion of the necessity of the estimates on the continuity of the densities of the
limiting process, which we state as Proposition 3.20, which we prove in Subsection 3.5.3.
This leads to a complete characterisation of limits of the sequence of averaged processes
Wy, as solutions to a martingale problem. We discuss the uniqueness of solutions to that

martingale problem in Subsection 3.5.2

3.5.1 Identifying the limit

In what follows C is a constant that depends only on f, but may vary from line to line.
Throughout this section we shall be manipulating expressions pertaining to a local

average of a version of the density of the SLFVFS. These manipulations are insensitive
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to changing that density on a set of Lebesgue measure zero and so should really be
thought of as results for the measure-valued evolution itself.

Our result concerns the locally averaged process w,. However, before passage to the
limit, this process is not Markov (in contrast to w itself). In order to overcome this, we

follow Etheridge et al. (2014) and define

bs(x) = ]i oy Ty

To alleviate notation, we have suppressed the dependence on n in this quantity. Notice

that

wnntr) = [ [ w0 FE eyt (s = (@0 ).

Using Taylor’s Theorem, we see that for f € C2,

o) = 10+ [ movs@aro(l [ ey
z) = f(z)+ — —x x — T — x
/ VR Br(z) Y Y VR n(iU)me Y
_2
= @)+ 0(n"3) 15, wpns, 20 (3.25)
where Sy denotes the support of f. Here, and throughout, we have used | - | to denote

the Euclidean norm. This yields the useful approximation

(@, f) = (wn, &f) = (wn, f) + O(n"5). (3.26)

It will be convenient to have some notation.

Notation 3.18. Suppose that immediately before a reproduction event the unscaled
process takes the value w, then immediately after the event, its state will be 61 , _(w),

z,Ru

if the parent of the event was of type a, and «9;}R’ﬁ(w) if the parent was of type A, where

03 ra(w) = Lra\pe,rpW + L{pr) (1 - Dw + 1),

0,.ra(W) = Lra\B,r)W + 1B, (1 — Ww. (3.27)
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Using this notation,

(OF Ry (W), Op) = (W, 05) = un<1Bn(x)(1 —w), ¢f>7 (3.28)

<0:;,Rn,un (w)7 ¢f> - <w’ d)f> = _un<1Bn(x)wa ¢f> (3.29)

The first step will be to evaluate the generator on test functions of the form

wF,f(wn) = F(<wmf>) = F(<wm¢f>)v (3'30)

where F' € C®(R), f € C°(R?). Notice that these are independent of the environment
(. Recall that the analogous functions were our starting point in Section 3.1. Since
the support Sy of f is compact, it is only overlapped by events at a finite rate and so,
writing LF((w, ¢y)), which will be a function of the state ((-) of the environment, for

the generator of the unscaled process acting on test functions of this form, we have

LF((w, ¢p)) = L"UF(w, ¢5)) + LI F((w, ¢5))

=9 [ O [P0 ra(w),00) — F(lw o) dda

H =9 [ f 0w [P (). 60)  F (G, 67 ayaz

+ S/]Rd ]és(m)? {w(yl)w(y2) + 1‘5(:”) [(w(yl)(l —w(y2))

+(1- w<y2>>w<y2>] } X [P0 pa(w). 65)) = F((w, 67))| dyrdyada

+ S/Rd ]é(x Ry {(1 —w(y1))(1 —w(y2)) + 1+2<(:C)(w(y1)(1 —w(y2))

+(1- w<y1>>w<y2>>} X |[F({6; r,a(w): 65) = F((w, 65)) | dyndysda.

We recognise the generator of the neutral spatial Lambda-Fleming-Viot process plus two
terms reflecting the selection events. If we set the environment to be identically equal
to 1, say, then the surviving selection term is precisely that considered in Etheridge

et al. (2014) in modelling selection in favour of type A individuals.
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After scaling (and a change of variables), the generator of w,, acting on test functions

of this form is

EnFlfum o) =n'*3(1 — ) (/ @) F U0y, 10),60) — F (00,67
+/ {1 = @n (@)} | F ({0 5, 0, (wn), 01)) — (<wn,¢f>>]d$>
tou [ @20+ 0= C@yma@) - ma(e))
< [Py w00):90) — FiGns 7)o
Sn /Rd{(l = W(2))? + (1 + ((2))Wa(2)(1 — W(x)) }
X [F U0z, 00): 35)) = Pl 641

By analogy with (3.6), we write this as
Lo ((wn, ¢5)) = (1= $2) L1 F ((wn, @) + n*LLVF ((wn, 6)), (3.31)

where

L2 ((wn, ¢)) = n' T ( /R (@) [FUOF 0 (0n)s 65)) = F((wn, 6)) | da
[ =T [P0, (0.0 — FlGam oo, (332

and, writing s, = n®§, = n%s/n*?,

S (wa, 7)) = 0458, [ {0(2) = ((@)Ta@)(1 = Tu(a)}
[ (03 R,y (Wn); D)) —F((wn,¢f>)}d;p
+nltis, /d{(l —Wp(z)) + ()W, (2) (1 — wp(z))}
R
X [F (07 g,y (wn), 67)) = F((wn, &) |da

Just as in the non-spatial case, in order to reduce the generator to the form (3.20),

we appeal to the approach of Kurtz (1973). Entirely analogously to our calculations of
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Section 3.1, we evaluate the generator on test functions of the form

G((wn, ¢5),¢) = F({wn, ¢5)) + 10" *(LLF (-, 64))) (wn, ), (3.33)

where F' € C®°(R) and f € C?(R%). The second term on the right hand side will form
part of e{; in (3.20). Evidently we must now account for the changing environment, but
this is just the generator of a pure jump process in which a new state is sampled from a
(mean zero) stationary distribution at the times of a Poisson process of rate n®.

Calculating exactly as in the non-spatial case, we find

£aG((wn; 65), €) + O(n™) = L3 F ({wn, &7)) + L1 (L1 F (- 65)) (wns €) )

= LPUF ((wn, 1), C) + G (F, (wn, 7Y, C). (3.34)

In this notation, for F € C*(R) and f € C>(R%)

F((wa(t), ¢5)) — /Ot[ﬁﬁe"F(Wn(S% ¢5)) + Gn(F, (wnls), o5))lds

is a martingale.

Neutral part

First we find an approximation to the part of the generator corresponding to neutral
events. This mirrors the proof of Theorem 1.8 of Etheridge et al. (2014) and so we recall
the strategy, but omit many of the details.

Taking the expression (3.32) for £]'**, we perform a Taylor expansion of F' about

(wn, @) to obtain

[ e (an(s), 67))ds = (1= ) [ [Aa(5) + Bals) + Cals))ds,
0 0

where A, (s), Bn(s), Cn(s) can be expressed as

Anls) = unn A (@a(5), ) [

R4

05,8 (L1~ 3]

—(1 — wy(s, x))<13n($)wn(s), gbfﬂdx
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Ch(s) < O(n24/3),

where we have used (3.28) and (3.29) and C,, corresponds to the third order term in
the Taylor expansion and the error coming from application of (3.26).
The key to controlling A, and B, is a Taylor expansion of ¢ . First we use Fubini’s

Theorem to write

An(S) :Unnl—i—gF/«wn(S)vf»/Rd{wn(S,l')<]—Bn(z)7¢f> <1Bn ( ) ¢f>}
:Unn1+gF/(<wn(t)af>)/Rd[V; /Rd [Rd {|z— y|<Rn}wn(s y)1{|$ Z|<Rn}¢f( )dydz
_/Rd 1{xy<Rn}wn(s,y)¢f(y)dy] dz

=Up n1+3F/ wn /Rd Va /Rd /]Rd {|z— y|<Rn}wn(5 y)l{‘x 2|<Rn}

(pr(2) — ¢y (y))dydzda.

Now Taylor-expand ¢ around y to obtain
d _
An(s) =unn1+3F'(<wn(8),f>)Ad[VR//1{x yl<Ra}Wn (8, Y) 1 ja—z<R,}
1
<[ Do)z =)+ 5~ HWOs =~ ) + 012~y yes, || dudada, (3.35)

where H denotes the Hessian. Using anti-symmetry of z — y, the term involving the

gradient vanishes, as do the off-diagonal terms in the Hessian, so that (3.35) is equal to

1+4
tnn T E /]Rd Vr /Rd /Rd {la—yl<Rn} Hja—z|<Ra}Wn(5:Y)

X3 Z yz dy 2¢f( )ddedx

plus a lower order term which is bounded uniformly in the time variable s by Vo1(S¢)u,C/

(where C is a bound on the third derivative of f). The analogue of (3.25) with ¢
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¢f

replaced by a2

is

& >’f —9/3
WW(Z/) = aTﬂ(y) +0(n 1Bn(y)msf¢®),

%

and (using (3.26) with Af in place of f) we deduce that

An(S) = Up n1+3F/ wn /Rd Ve /Rd o ]_{‘x y|<Rn}1{\x z\<Rn}wn(S y)

X 52( —y)? o 2f( )dydzdx—i—(f)(n sc)

=1
= SEF (@), 1)) [ wals.0)Afdy +0(n75C)
= SR (@als), 1) (w(s), A1) +0(n”EC) (3.36)

where

1
I'r= —/ / (21)3dzdz, (3.37)
Vr JB(O,R) /B(z,R)

and z; is the first component of the vector z € R%. The error term tends to zero
uniformly in s and since [(@y,(s), f)| < || f|lecVol(S}), we have that |A,(s)| is uniformly

bounded in s and n. The contribution coming from B, (s) can be treated similarly:

X /Rd@n(s)<1]3n(x)(1 _wn(s))7¢f>2 - (1 _wn( ))<1Bn ( ) ¢f>
_ u2n1+dF<<2()’f>) ” {wn(8)<1Bn(1’)’¢f>2
—2@n(8)<13n(x),¢f < wn(s)lp (x)7¢f> < n(8)1B,, () ¢f> }

(s)
n(3)<1Bn(x)7¢f>(<1Bn(a:))d)f> <1B (2)Wn(S), ¢f>)

)
s F"((wa(s). )
=uin'Ts 5 /Rd {
+<1Bn(m>wn<s>,¢f><<13n<x>,¢f> (s ><1Bn (5),61)) o
< uinH%F (@ / Mol(By(x))?||f|%de < Cn'3*, (3.38)

which implies that the sequence of quadratic variations is not only tight, but also,
for dimensions d > 2, it tends to 0 uniformly on compact time sets. In other words,

any randomness remaining in the limit in d > 2 will be due to the fluctuations in the
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2

environment. In particular, in d = 1, if we specify F'(z) = x*, an algebraic computation

and an application of (3.26) allows us to specify the quadratic variation to

/O RV (5)(1 — w(s5)), F2)ds, (3.39)

see pp. 30-31 of Etheridge et al. (2014) for the details.

Fluctuating part

In order to tackle the part of the generator which describes the fluctuating selection, we
need to understand the action of the operator £{*¢ on L5 F((-,¢))(wn, (). Tt is here
that we must diverge from Etheridge et al. (2014).

As before, although the test function F'({(wy, ¢¢)) does not depend on the environ-
ment, the result of applying Lgsel to it is a function that does depend on the environment,
to which we must then apply ££%¢!. We take a Taylor expansion of I about (w,,, ¢ ) to

obtain

L ((wn, 6p)) + O (n75Cy)
= n"*45,u, [ [ (@) = @) (@)1 = B I (w0, 7)) (L, ) (1 = w0), 67}

- Rd{(l — Wn(x)) + ((2)Wn(2)(1 = Wn(2)) }F' ((wn, ¢1)) (1B, (z)wn, ¢p)dz |,  (3.40)

(plus lower order terms) where we have used (3.28) and (3.29).

Now using our scaling, (3.25) and (3.26), we obtain

(0, 65))
= P ((wn 07))| [ (a(a) — ()0 (2)(1 ~ T(2)))
X (15, () (1 = wn), £+ O(llz — y|[))da
[ A= Tala) + @)1 = W)} (L, oy [F + Ol — 9] )| + O3
= —silVeF"(wn, 67) [ C(@)Ba(@)(1 = Wa(a))f@)da + O ()

= —SuVpF ((wn, &) Hy (@, () + O(n77), (3.41)
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where

Hy (@, () = [ C@)ma(@)(1 = wa(@)f (2)de,

We now need to evaluate £%¢ on the product in (3.41).

L (LR F(( 6)) (wn €)) +0(n75)
= —SUVRLS™ (F'(wn, 67))) Hy (@, () = STV (wn, ¢7)) L1 (Hy (@0, ¢ ()
(3.42)

As in the non-spatial case, these two terms will correspond to the diffusion and drift
terms respectively in the SPDE.

The difficulty that we now face is that H depends on (w2, f) as well as (w, f) and it
will no longer suffice to use the test function ¢, and integrate by parts. Let us consider
the effect on W, (x)? of an event in the ball B,(y) in which the parent is of type a. After

the event w, ()? is replaced by

+ o(unl{\z—yKQRn})' (343)

The corresponding change in w, (z)(1 — w,(x)) is then

nd/3

(1- 2@71(3:))‘/73 /B W Lismaj<rptn(1 — wp(2))dz + O(ui Ly i<2R,})-

If the parent is type A, then the change is

nd/3

—-(1- 2@n($))V7R /B W L{o—a|< R} Unwn (2)d2 + O(up) L{jsy|<2R,})-

To evaluate the second term in (3.42), we calculate the effect of an event in B,,(y) and
integrate with respect to y, taking into account only the first order change in w?(x)

as given in (3.43). We shall also use continuity of w, (z). As shown in the proof of
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Proposition 3.20 (see (3.5.3), (3.51)), for any fixed constant A > 0,
[ (2) — W (y)] < Cn~ /12N for |z —y| < 2R,.
We can now observe that the second term in (3.42) can be written as

([ C@)ma(a) (1 = () f (@) de)
=nt s, [ ] ) = Cw)m ) (1 - ) @)

nd/3u
e “jo—z<Ru} Lly—zl< o} (1 — wn(2)) (1 = 2Wp(x)) f (x)dzdyda
—attEs, [ ][ A=) + ) (- ) K @)
R4 JR4 JRR

nd/3u

Vr

n

X 1{\wfz\<Rn}1{|yfz\<Rn}wn(Z)(1 - 2@n(x))f($)d2dydx + O(nié)

(3.44)

We can further simplify this expression to

([ C@ma @)1~ wa (@) f(2)de)
d nd/3un
=—n'T3g, 7 /Rd /Rd /Rd C@)C(Y) -2/ <Rny L{jy—2|<Rn}
(1~ 2, (2) £ (@) (y) (L — B (y))dzdlydl

* /Rd /Rd /Rd {C(:E)lﬂx_szn}l{y—Z|<Rn}

< (1= 2, 2)) &) W ly) ~ wa(2)) fdadyds + O~

— _asVg / C(@)2Tn(2) (1 — Wa(2))(1 — 200 (2)) f(2)der
wsVi [ (0 = (@)L~ o)1~ 200) () (3.45)

1

+0(Cn™12),

where we have used the continuity estimates on @, to obtain the error in (3.45).
Since F'({wy, ¢f)) is independent of ¢, the first term in (3.42) can be read off
immediately from our previous calculations, and combining all the above, we see that

we should like to take A in Theorem 3.16 to be
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alCpAf
2

AF((@, f)) = F'((@, f)){ @,

+ F' (@, )){@*S*VR(CT(L =, )” + Loz

)+ (@ VEw(1 - w)(1 - 2w), )}

1_62‘/2 -

E(w(1-w), %)}, (3.46)

and

Ao =i [ {Fn [ f (e o)

X Wy () (1 —wp(z))(1 — an(x))f(x)}dydxds + Ct(()(n_% +n"?), (3.47)

where the term of order n~% comes from the second term on the right of (3.33). The
additional term in A in d = 1 stems from the term B, (s) in (3.38) and we have again
used the continuity estimates on w. Since A is uniformly bounded, (3.21) is obviously
satisfied. To check that E[sup,<p lef (t)]] — 0 as n — oo, we must control the integral
term in (3.47).

Now for |z — y| < Ry, by (3.10),
E[¢(2)* — ((2)¢(y)] = (g(z,2) - g(x,)) < CR,
so that for any given realisation of the environment,

< Cn~1/3,

E [/][n(z) (C(x)2 _ C(:U)C(y))@n(x)(l — W (2))(1 = 2 (2)) f ()

On the other hand the integrand is uniformly bounded by a constant, so that writing S

2

for the supremum of the modulus of the integral over n“® realisations of the environment

(recall that 7; denote the times of the environmental switches),

2

E[S) = E | sup { v L7 s}

t<T m=0 m /At

Tm+1 /At
< nQQE[Sup/ el (s)|ds| < On~1/3+2
T,

m m A\t

Since a < 1/6 we conclude that

E [sup |e£(t)\] —0
t<T
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as n — oo as required.

Remark 3.19. The estimate on E[suptST ]efl(t)|] depends on the Lipschitz bound on
correlation kernel g(x,y). This is precisely the place where our argument brakes down if

we allow the environmental noise to be ‘white’.

The only difficulty that we still face is that the compact containment condition,
and hence tightness of our sequence of processes, is in the space My, and since (w2, f)
cannot be written as an integral with respect to the measure M,, or M% 2, convergence
of (W2, f) to ((w™)2, f) is not a simple consequence of the convergence of the sequence
of measure-valued evolutions. Evidently, the term in W suffers from the same problem.
However, the proof of Theorem 3.10 will be complete, if we can prove the following

proposition.

Proposition 3.20. For k = 2,3, we have

lim sup E |1 (s). /) — (™) (s), )] = 0. (3.48)

n—oo

The proof, which we give in Subsection 3.5.3, once again follows Etheridge et al.
(2014). It rests on the continuity estimate on the densities w,, that we have used above,

and integration with respect to a suitable approximate identity.

3.5.2 Uniqueness of solutions for limiting equation

In order to establish uniqueness of the limit points in d > 2, and hence convergence
of our rescaled SLFVFS, we consider the corresponding SPDE. The first task is to
show that any solution to the martingale problem (3.12) is a weak solution to the
SPDE (3.13). Since by Proposition 3.20 the solutions to the limiting martingale problem
are continuous, this is a consequence of Theorem 2.85. This then reduces the question
to that of the weak uniqueness of the solution to the corresponding SPDE, which we
deduce from the pathwise uniqueness for SHE, see Theorem 2.83 and Yamada-Watanabe
Theorem for SPDE (see Theorem 2.79).

In one dimension, although any solution to the martingale problem does indeed give

a solution to the SPDE, we do not have an analogue of Theorem 2.83. The only case
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in which we have a proof of uniqueness of the equation is when W is also space-time
white noise, in which case we can use the duality of Section 3.3. We note, however,
that the proof of our main result would need to be modified to capture this form of

environmental noise.
Corollary 3.21. Solutions to the SPDE (3.13) are unique.

Proof It is easy to see that all the conditions of Theorem 2.83 are satisfied. The
functions b, o, are polynomials in w* and, since the solution itself take values in
[0, 1], they are both Lipschitz. The correlation kernel belongs to Co(R? x R?) and so

condition (2.21) is satisfied. O

3.5.3 Proof of Proposition 3.20

In this section we shall prove Proposition 3.20 in the case k = 2. The case k = 3 is
entirely analogous.

Let pe be a continuous density in R? supported on By(e). Then

(@ (s), f) — (w”)2(5)7f>|

<| [ @t [ [ s oms s - p)duds
[ /R S @ (s 2w (s,y)pele = )dyde — [ (@) (@™ (5,2)*da

+ /d d f(@)wn (s, z)wn (s, y)pe(z — y)dydax
Re¢ JR

B /d F@)w> (s, 2)w>(s,y)pe(z — y)dydz|.
Rae JR

From convergence of the process in M, we can deduce that the third term converges
to zero. We turn our attention to the first term, noticing that the second term can be

estimated in the same way. Taking expectations and using Fubini’s Theorem,

<[If.

|
/ IEHf(:C)wn S, x / W (S, x) —Wn(s,y)pe(x —y)dy
ISlle [, EllPals:2) = Bl el — )y, (3.49)

fayai(s.a)de = [ [ @) (s, 2 (s v)ode = y)dyda

IN

da

IN
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where, as before, S; denotes the support of the function f.

We now bound the expectation on the right hand side, by proving a continuity
estimate for w,. In the limit as n — oo, this results from the smoothing effect of the heat
semigroup. We use a well-known trick (Mueller and Tribe (1995)) based on substituting
a careful choice of test functions, which approximate the Brownian transition density,
into the martingale characterization of the process. We shall focus on d = 1, but the
proof in higher dimensions follows the same pattern.

First observe that setting F'(x) = z in (3.32),

L5 ((wn, 0)) = un/Rn@n(y)/B W ¢(2)(1 — wn(z))dzdy

—un [ 01 -w) [, P (x)drdy

= [ [ @)L yi<r (Tn(y) — wa(@)dady. (3.50)
Writing w,, as an integral and using the notation
A(z) = max(1 — |z|,0), Ar(z) = RA(z/R),

noting that, in d = 1, vol(Br(z) N Br(y)) = Aar(z — y), we obtain

n2/3

£ (s d)) = 5 [ 0@ ([ Moo =) (walw) = o)y ).

We now choose a special class of time dependent test functions ¢}, in such a way that

Lo ((wn(s), ¢p-)) = 0.

In order to make contact with the notation of Mueller and Tribe (1995), we set ¢ = 1/1?2/3

where ] satisfies

%Qﬁ?(x,Z) = nu (/R(l _ ’z\—/g|>+<¢?(y, z) — ’QD?(QS‘,Z))dy),



118 Spatial Lambda-Fleming-Viot Model in a fluctuating environment

with initial condition ¢§(x;y) = d,(z). Writing A;]/“ NG for the k-fold convolution of

AQ/\/ﬁa i
n - —n nt *
6@ = L A e )

We shall require the following lemma, which is essentially Lemma 3 of Mueller and
Tribe (1995), and can be proved in the same way, using bounds from the local central

limit theorem.
Lemma 3.22. Forall z, y, z,
1|z, 2) — e ™6, (x)| < Crt=/2 fort <T.
2. [z, y) — Yz, 2) — e "5y (x) + e, ()| < Oty — 2| +nLe3/2).
3. PPz, 2) < Chpe =2 for X >0, ¢t <T and |z — 2| > 1.
4o 7 (2, 2) — e ™0, ()| g < Oypt ™ 2N for X >0, ¢t < T.

5. For A>0,t<T,

17 (2, y) — 7' (2, 2) — "oy (2) + €8x () e

< C}\’T(tfl/2|y _ Z|1/2 +n71/2t73/4)6)\|z\

Now using (3.42) with F'(z) = x and (3.44) we find that

wp(t, z) = M(ég (y,z)) + /Ot /R o1 (z,x)vn(s, z)dzds + O(nil/g),

where My(¢™ (-, x)) is a martingale and v, (s, z) is uniformly bounded over compact time

intervals. We can then write

[wn(t, x) — wy(t, y)| =

M6 2)) = M@ )+ [ [ (68-a(0) = 610 9) ol 2ot
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We first control the integral on the right. Noting that ¢" corresponds to ¥ in

Lemma 3.22 with N = n2/3 we write

<h+L+I;3

' (z,x) — qb?_s(z,y))vn(s, 2)dzds

where

t—7

(z,2) o 4(2, y))’Un(S,z)dzds
_ /t—T 6_n2/3(t—8) (vn(s, ) — vp(s,y))ds|,
0
t
IQ == /t— /R (ng—s(z,a?)—ﬁbt—s(Z, y))?}n(87 Z)dZdS—
_ ! —n?/3(t—s) B
/H ‘ (vn(s,2) —vn(s, y))ds|,

t f
Is = / 67”2/3@*8)(1)”(3,3:) — vp(s,y))ds|.
0

We estimate these three terms separately. First observe that

t—r
= 0 /R(qb?_S(Z’ .’E) o ¢?_S(Z, y) + e_n2/3t5:r(z) - e_nz/gtéy(z))vn(s, Z)dZdS

n n —n2/3 —n2/3
w 67— s (2, 2) — ¢p (2, y) + €7 Hou(z) — ™™ 10, (2) ||
se|0,t—T1

IN

t—T1
(s,2)dzds

< C)\T(T 2‘.1' — y\2 +n 37' 4) My'
where we have used Part 5 of Lemma 3.22. Analogously,

I, = /ttT /R(éf)?_s(z,:v) — o J(zy) + e—n2/3t5x(z) _ 6—n2/3t5y(z))un(5, 2)dzds

t .
<O [ i) = 0 () + €0 (2) = 0, () s

< C)\7t7'%€/\‘y|,
where we have used Part 4 of Lemma 3.22. Finally, I3 can be bounded by

t
]3§C'/Oe n? Sd5<n2/3
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Combining the estimates above we conclude that

t
/ / op_s(z,2) — o (z,y)vn(s, z)dzds| < C(|x —y|V 4 nil/m)e)"x‘. (3.51)
0 JR

We turn our attention to the difference of martingale terms. We use the Burkholder-

Davies-Gundy inequality in the form:

s<t s<t

E[sup MS} < C(]E(M>f + sup | M — MS>.

The first term can be controlled in the same way as above, by writing it as an integral
of ¢"(-,x) — ¢"(-,y) times a bounded function and the jumps of the martingale are of

size O(n~1/3), so combining with (3.51) leads to
El[wn(s, z) = @n(s,y)] < Cae((n75 + |z = y|5 +n772)ed),

Taking into account that p. is a probability density supported in By(e) and that the

support of the test function f is compact, we conclude that (3.49) can be bounded by

£ |

< CA,t(n_% +ei+ n_ﬁ)

) f(x)@i(s,x)dx — /d . f (@)W, (s, 2)Wn (s, y)pe(z — y)dydz
R R2 JR

Noting once again that the remaining term can be bounded in the same way, we let

n — oo to obtain

lim E[|(@}(s). f) = {(@™)"(s), )] < e,

n—oo

which, since the choice of € was arbitrary, completes the proof of Proposition 3.20 .



Chapter 4

Lookdown constructions

4.1 Introduction

Most of the models discussed in this thesis belong to the class of measure-valued
processes. Many of them arise naturally as infinite limits of empirical measures of
particle systems. In this chapter we describe an approach in which, in sharp contrast to
models coming from diffusion approximations, distinct particles are still present in the
limit. This type of construction was introduced in Donnelly and Kurtz (1996, 1999a). It
is usually called a lookdown construction (or lookdown representation). This approach
has turned out to be particularly fruitful in applications to population models. In that
setting, typically, each individual in the population is assigned a ‘level’ (taking values
in either the integers or the reals). Levels usually carry information about genealogical
relations between individuals. The origin of the name ‘lookdown’ is that individuals
usually determine their parents by ‘looking down’ at the subpopulation with levels lower
than their own.

From a practical perspective, one of the most useful properties of lookdown con-
structions is that in the passage from the individual based models to their high density
limit, or continuous approximation, the genealogies are preserved, even though the
individuals have disappeared from the picture. To see why this is important we refer to

the examples of systems of individual based models which are approximated by the same



122 Lookdown constructions

diffusion processes even though the distribution of their genealogies differ significantly
obtained in Taylor (2009).

Let us briefly describe two simple examples. The first one is taken from the original
work of Donnelly and Kurtz (1996). Consider a population of N individuals. Each
of the individuals is assigned a level I; from {1,2,..., N}. The initial assignment of
levels is performed by drawing randomly from a uniform distribution over all possible
assignments.

The evolution of the population is very simple. Each pair of individuals is assigned
an independent Poisson process m; ; with rate 7. This Poisson process determines the
times of replacement events. Whenever a replacement event occurs, the values of the
levels I; and [; are compared. If the values of the levels are different, the type of the
individual with the higher level is replaced by the type of the individual with the lower

one. This means that during each reproduction event the offspring (the individual whose

N

type was replaced) ‘looks down’ to find the parent. Let ;s

acting on a vector T of
length N, be defined as the replacement of the jth position of the vector with the ith

one, that is

@%[(ml,xg,...mi...,xj,...xN)] = (21,T2, - Tj.. . Ty ... TN).

Then the generator of the process described above is given by

ANf@) =Y T{f(@:;(@) - f(@)}. (4.1)
i#]
This generator does not resemble a sensible population model. However, if we average
over the initial distribution of the levels the resulting model is just a classical Moran
model, Moran (1958). Let us describe the averaging procedure in a little more detail.
Consider a state space of types E and the space of all probability measures P(F).

For each T € EV consider the mapping zy : BN — P(E) given by
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Observe that if 7 is a solution to the martingale problem associated with generator (4.1),
zp, is just the empirical distribution of our process. For a continuous bounded function

f: EN = R, consider the map « given by

1
af = ﬁZf(ﬂfau), e Te(NY),

which is just an average over all possible permutations of the set {1,2,..., N}. The role
of the map « is to average over all possible initial assignments of levels. We observe

that if we average the generator (4.1) it leads to

1

1
aAN f(z,) = 3 Z T{Oéf(ZN N

1<iZj<N

(60, — 82,)) — af(zN>} ~ Cyaf.

where C)y is the generator of the classical Moran model acting on af. The Markov
Mapping Theorem implies that for any solution Y of the martingale problem associated
with generator Cy there exists a solution Xy of the martingale problem associated
with generator (4.1) such that Yy and Xy have the same distribution. So what we
have really shown is that our initial process, described by the generator (4.1), is just
the usual Moran model with an unusual labelling of the particles.

The initial constructions of Donnelly and Kurtz (1996, 1999a,b) rely on properties
of exchangeable sequences. For example, the proof of equivalence of the Moran model
and its lookdown representation in Donnelly and Kurtz (1996) is based on an explicit
construction and a filtering argument. The corresponding proof in Donnelly and Kurtz
(1999b) is based on a coupling argument. Both are significantly more involved than the
approach we have just presented.

We move on to our second example. Let us consider a simple model in which the
size of the population decreases by one in each event. Consider a system of n particles.
Each particle, independently, dies at rate b. The generator of this simple process, which

we call the pure death process, for ]? € CF can be written as

~ ~

Af(n) = b(f(n —1) = f(n). (4.2)
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We could define the same process in a different way. Once again we start with a
system of n particles. Fix A € Ry. Each particle ¢ € {0,1,...,n} is assigned a number
l; € [0,\). We refer to the number I; as the level of the particle . The evolution of /; in

time is ruled by an ordinary differential equation of the form
Ol (t) = bl;(1).

We assume that the particle is present in the system as long as its level [; is below A.
When the level of the particle hits A, the particle dies and is removed from the system.
So far, the behaviour of this system is purely deterministic. In order to bring in the
randomness (and to make the connection to the process defined by the generator (4.2)),
we allow the the initial level of each of the particles to be drawn randomly from the
uniform distribution on [0, \), independently of all the other levels.
Since all the ingredients of our construction are now in place, we may describe the

process more formally. Our system is described by a pair (N(t), L(t)), where
N(t):#{iili<)\}, L(t):(ll,ZQ,...,li...),

that is, N(t) is the number of particles in the system which are alive at time ¢ and L(t)
is the collection of their levels.

Consider a set of test functions of the form

ftm) = [ o0, (13)

where the function g is twice continuously differentiable. The generator of the lookdown

representation of the pure death process is given by

atf(L7 N) = Af(lvn)v
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where the operator A can be evaluated using the product rule for differentiation as

follows:

Afm) =Y (bzig'ui) 11 g<zj>) - sy (). (1.4

i i i
where we have also used the definition of the function f.

Remark 4.1. The last expression in formula (4.4) is usually the most convenient to
use in calculations. We observe that it is always well-defined, since whenever g(l;) =0,

we interpret it as the middle sum in (4.4).

Now we are in position to make the connection between the lookdown representation
of the pure death process and the process defined by the generator (4.2). As was the case
for the Moran model, our aim is to average out the distribution of the levels and then,
to make the connection rigorous, apply the Markov Mapping Theorem. Let ay, x(n, dl)
be the joint distribution of n i.i.d. uniform random variables on [0, A]. The average over

one level with respect to a test function g, which we denote by e =29 is given by

1 A
e~ I9) — ,/ g(z)dz
AJo

Therefore, for a test function f of the form (4.3), the averaged test function fis given

by

:/f(l,n)doo\(n, dl) = e "9,

We evaluate the averaged generator of the lookdown representation of the pure death

process (4.4) by computing

/Aflndoo\ndl Ze"ljk(gb/zg

= bne~ ("1l )\/ dz

~ ~ ~

= bne” "V (1 9) = bu(f(n — 1) = f(n)) = Cf(n).
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Clearly C' is the generator of the pure death process (4.2) acting on f To formalize the
connection we should check all the assumptions of the Markov Mapping Theorem. The
generator of the process (4.2) is the generator C' from the statement of the theorem,
the generator A is given by (4.4). It is sufficient to consider the map v given by
¥(l,n) = n+ 1. The moment condition (1.11) is satisfied as long as ENy < co. The
generator is bounded on the set of test functions (4.3). Therefore by the Markov
Mapping Theorem there exists a map ~ such that if X is a solution to the martingale
problem specified by generator (4.2), and Y is a solution to the martingale problem
specified by the generator (4.4) then v(Y') has the same distribution as X.

The rest of the chapter is organised as follows. In Section 4.2 we present a new
lookdown construction of the SuperBrownian motion in a random environment. In
Section 4.3 we recall two constructions of the neutral Spatial Lambda-Fleming-Viot
model. The first one was introduced in Véber and Wakolbinger (2015) and the second
one was introduced by Etheridge and Kurtz (2018). Section 4.4, and 4.5 are devoted to
the main results of this chapter. In Section 4.4, we use a lookdown construction of the
Lambda-Fleming-Viot model with selection in a fluctuating environment inspired by
that of the neutral model in Section 4.1.3, Etheridge and Kurtz (2018) to show that a
scaling which captures the behaviour of a ‘rare’ type converges to the Feller Diffusion in
random environment. In Section 4.5 we show how to extend the results of Section 4.4
to show an analogous result for the Spatial Lambda-Fleming-Viot model selection in a

fluctuating environment.

4.2 SuperBrownian motion in a random environment

In this section we present a precise definition of the superBrownian motion in a random
environment. We begin by defining Branching Brownian Motion in a random envi-
ronment and recalling the original definition of the corresponding superprocess from
Mytnik (1996b). Then we describe a lookdown construction for both of these models

based on the ideas in Kurtz and Rodrigues (2011).
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4.2.1 Definitions

Branching Brownian Motion in a random environment (BBMRE) can be described
as follows. Imagine a collection of particles on R%. Each particle moves according to
independent standard Brownian motions. Each particle, if alive, gives birth to one new
particle at a time, at rate a. The initial offspring location is the same as that of the
parent. After the birth, the offspring moves and reproduces independently of all other
particles. The particles die at instantaneous rate a — (;(x)b, where (;(x), taking values
in {—1,1} as before, models the random environment and z is the current location of
the particle. We assume that a > b > 0. If (;(x) is positive, the particle is less likely to
die, if it is negative, it is more likely to do so. The evolution of the environment and
particles are independent. We give a more formal definition below.

We begin with a description of the environment, which is used for all models in this

section. Our environment is modelled through a simple random field.

Definition 4.2. Let II°*" be a Poisson process with intensity E, dictating the times of
the changes in the environment. Let q(x,y) be an element of Cy (Rd X Rd) (continuous
functions vanishing at infinity) and let {0 () }m>0 be a family of identically distributed

random fields on R% such that

P[e)(@) = —1] =5 = P[M) (@) = +1],

E[¢™(@)¢™ (y)] =a(x,y).

Set 10 = 0 and write {Tm }m>1 for the points in II°"" and define
o0

Clt,) =Y €™y, ().
m=0

For the construction of the random field in Definition 4.2 we refer to Ma (2009),
especially their Example 1. The arguments presented there require only a minor
adaptation. We observe that the generator of the process describing the evolution of

the environment, A", is given by

AT () = Ex[f(O] = F(Q], (4.5)
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where 7 is the stationary distribution of the random field (.
Since the exact labelling of our particles is not important, we identify the particle

component of the process with a counting measure, that is for a vector 7 = (x1,...xzy)
Uz = Z(Sm z; € R
i

We are now ready to state the definition.

Definition 4.3 (Branching Brownian motion in a random environment (BBMRE)).
Branching Brownian motion in the random environment ( is the stochastic process
taking values in purely atomic measures on {—1,1} x R? whose evolution consists of

four ingredients.

1. Spatial motion The location of each particle, x;, evolves according to a standard

Brownian motion, independently of all other particles.

2. Birth events At exponential rate a (independent for each particle), a particle
gives birth to a new particle (a new particle is added to the system). The location
of the offspring is the same as the location of their parent. The behaviour of the

new particle after the birth is independent of all other particles.

3. Death events Fach particle dies (is removed from the system) at instantaneous

rate a — (¢(x;)b, where x; is its location.

4. Environment changes The environment evolves as described in Definition 4.2.

Alternatively, we may define the BBMRE by the means of the generator. Recall
that we identify our process with a counting measure on R%. For a counting measure
p=>;0g,, define

Flu) = f(za).
i

Let f(¢, 1) = fo(¢)f1(p) be a function such that f; € C.(R9), that is f; is a continuous

function with a compact support. We define the generator of the BBMRE as

Lf(C, 1)
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= fi(w) A" fo(C) + fo(C) (i Bfi(p) + > alfi(kogales) — fr(1))
i—1 :

+ Z (@ = C(z)d(f1(Ha(elzs) — 1 W») 7

where fiy(,|.,) denotes the addition of a particle at location z;, and pig(,|,,) denotes a
removal of the particle at location z;.

It is well known that the high density limit for the Branching Brownian Motion gives
rise to a SuperBrownian motion (see e.g. Etheridge (2000)). An analogous result (under
certain scaling of the environment) was established by Mytnik (1996b) for branching
random walk in a random environment. The limiting object is SuperBrownian motion

in a random environment (SBMRE).

Definition 4.4 (SuperBrownian motion in a random environment (SBMRE)). Let
q(z,y) € Co(RExRY) be a covariance function. The superBrownian motion in a random
environment is the (unique) process, taking values in M¢(R%) (that is, the space of finite

measures on R?), for which, for all ¢ € D(A),

X6) = Xl6) ~ %ol0) — [ 3Xc(80)ds (16

is a square-integrable martingale with quadratic variation given by

K@= [ Xe@s+ [ [ ale.)ol@ol) Xl Xuldy)ds.

An equivalent characterisation of the SBMRE can be given in terms of the generator,
see Theorem 4.8 in Mytnik (1996b). Namely, for f € C?(R.),¢ € D(A) and g(x,y) as

in Definition 4.4, the generator is given by

CHu(0) = Fu(@)n(a) + 31" o) (w(@) + [ alen)é)swudnudy)ds ).

xRd

We would like to point out that the process which is obtained as a limiting behaviour
of the scalled SLFV in a random environment differs from the one from Definition 4.4

by a presence of a drift term. Namely, for f € C?(Ry),¢ € D(A) and ¢(z,y) as in
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Definition 4.4, we are considering the process with the generator

Remark 4.5. Uniqueness of solutions to the martingale problem of Definition 4.4 is
not immediately clear. It was established by Mytnik (1996b) using a novel approximate
duality technique, and later re-proved by the means of the log-Laplace transform by
Crisan (2004). A uniqueness result for the model in the presence of additional drift is a
simple consequence of Dawson’s Girsanov Theorem, see Dawson (1978) and Etheridge

(2000), Chapter 7.

Remark 4.6. A model similar to that in Mytnik (1996b) was studied in Sturm (2003).
The main difference between the two is in the behaviour of the environment. For the

limiting model in Sturm (2003), (4.6) is again a martingale, but with quadratic variation

of the form

K@= [ [ oot X)X, (dy)ds.

In this case, the density of the process can be described as a solution to an SPDE in all
dimensions, whereas the SBMRE has a density only in dimension one and the analogous

SPDE has no solution in dimensions d > 2.

Remark 4.7. An alternative construction of the SBMRE has been suggested by Nakashima
(2015). The construction in this paper is based on the model introduced by Birkner et al.
(2005).

4.2.2 Lookdown construction for BBMRE and SBMRE

We now describe a new construction of the SBMRE, inspired by the constructions
of Kurtz and Rodrigues (2011). As a by-product of this construction, we provide a
lookdown construction for the BBMRE. A precise statement of the results is given in
Theorem 4.9 and Theorem 4.10. We will use the lookdown representation of SBMRE

in Section 4.5 to describe the behaviour of the ‘rare’ type (by which we mean a new
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mutation establishing in the population) in the Spatial Lambda-Fleming-Viot model
with fluctuating selection.

In order to motivate what follows, let us informally describe the construction of
SBMRE from Mytnik (1996b). The SBMRE is constructed via a series of approximations.
Consider a sequence of mean 0 random fields (, taking values in {—1, 1}, with correlation
as in Definition 4.2 (Mytnik (1996b) considered a more general class of random fields,
but this one is sufficient for our purposes). At stage n of the approximation, we start
with a population with size of order n. Over each time interval (k/n,(k +1)/n),k € N,
each individual, if alive, moves independently of all the others, according to a standard
Brownian motion. At times k/n, each individual either splits into two with probability
1/2+4Ck(z;)/+/n, or dies with probability 1/2— (x(x;)/+/n. The state of the environment

is resampled with each reproduction event. If for each set B we define

number of particles in B alive at time ¢
X(B) = P ,

n

and assume that X} converges to some Xy, then passing to the limit as n tends to
infinity the process X™ converges to a SBMRE with initial condition Xj. Intuitively,
this procedure corresponds to increasing the rate of the branching events in BBMRE
by n, while scaling down the impact of the environment by /n. Observe that Mytnik
(1996b) considers a model with non-overlapping generations. This is for purely technical
reasons.

We now move to a description of a lookdown construction for BBMRE (with
overlapping generations). Fix A € R. Consider a system of particles in the geographical
space R%. Each particle moves independently, according to a standard Brownian motion.
Each particle i is assigned a level, [;. The level takes values in [0, A].

In order to take environmental fluctuations into account we use the process (¢(x) €
{-1,1}, introduced in Definition 4.2, to model the environment. The branching rate of
the particles depends on both their level and the state of the environment. We assume
that every particle gives birth at instantaneous rate 2a(\ — [;(¢)), with the location of
offspring being the same as the location of the parent. The initial level of the offspring is

distributed uniformly on the interval [I;, A]. The levels of the particles evolve according
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to an ODE with a random coefficient

i

- = al? — ¢ (i) Vb,

)

The particle dies when its level reaches A. We are now ready to define the process of

interest.

Definition 4.8 (Lookdown representation of Branching Brownian motion in a random
environment). The lookdown representation of BBMRE is the process taking values in

(RY x R)™ x {—1,1} with dynamics specified by four components.

1. Spatial motion The spatial location of each particle, z; € R, evolves according

to a standard Brownian motion with generator B = %A.

2. Birth events Each particle gives birth at instantaneous rate 2a(A — 1;(t)). The
location of the offspring is the same as the location of their parent. If I* denotes
the level of the parent, the level of the offspring is chosen uniformly at random

from [I*, \].

3. Level movement The level of each of the particles evolves according to the

equation

a;

— =al} — ((x; i
3 = i C(2i)VAbl

4. Environment changes The environment evolves as described in Definition 4.2.

A formal definition, via the generator of the process, is given in (4.10). It is

convenient to identify the process with the counting measure
Hz1 = Z O ;-
i
We now state the first result of this section.

Theorem 4.9 (Lookdown construction for Branching Brownian Motion in random

environment). Let 1o be the measure associated with the initial state of the population.

Let v : N(R? x [0,\)) — M(RY) be given by
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1
v <Z 6mi,li> = X Z 6901

The lookdown process of Definition 4.8 corresponds to BBMRE, in the sense that if
n(z,1) is a solution to the martingale problem for the process defined in Definition 4.8,

then 'y(n(f, Z)) is the solution to the martingale problem for the process of Definition 4.3.

Our next aim is to write down the generator of the process obtained by passing to
the limit A — oo, which would correspond to passing to the limit with n passing to
infinity in the sequence of approximations described at the beginning of this section. In
order to formulate the result for the limiting process, we need to consider a special class

of test functions of the form

J(& 1) = fo(Q) fi(=,1) =fo(C)Hg(fL‘i,li), (4.8)
with the additional requirement
g(xi, ;) =1 for I; > Ay,
which ensures that we ignore all individuals with levels above A\;. We are now in a

position to state the main result of this section.

Theorem 4.10 (Lookdown construction for superBrownian motion in random environ-

ment). Consider the process with generator given by
Bg(xia ll)
g(l'ia ll)

Aoo(f1)=f1(:v,l)z

2, o Og(as L)og(y, 1) | LioFg(a, i)
_fl(:z’l)zblz(%;iQ(xux])l] g(xi,lj)g(CUi;;i)] + g(xiali) ) (49)

(2
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Let po be the measure associated with the initial state of the population in the limit.

Define the map « : N(R? x [0,00)) — M(RY) by

lim) o0 % > o1,<) 0z, if the limit exists,

The process described by the limiting generator (4.9) corresponds to the SBMRE of

1o otherwise .

Definition 4.4, in the sense that if n(Z,l) is a solution to the martingale problem for
the process described by the limiting generator (4.9), then v(n(Z,1)) is a solution to the

martingale problem for the process in Definition 4.4.

We now wish to specify the generator for the process in Definition 4.8. In general,
we consider the set of test functions of the form (4.8). To make the functional setup
more precise, we need to borrow the following condition from Kurtz and Rodrigues
(2011), which guarantees that the assumptions of the Markov Mapping Theorem are

satisfied.

Condition 4.11 (Based on Kurtz and Rodrigues (2011), Condition 3.1). We assume
that the following conditions on the operator B, the coefficients a, b and the test functions

g are satisfied.

1. The operator B is defined on a subset of the space of bounded continuous functions,

and its domain is closed under multiplication and separating.

2. The test functions are of the form (4.8), where

g(a,) = TT(1 - gl(2)g(1))

—

1

J

and g{ € D(B) and gg are twice differentiable with support in [0, \]. Moreover,

0<gig <pg <1.
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3. There exists a continuous, non-negative function g such that for every test

function g, and for every x € R%
sup |By(,1)| < cgpp()

for some constant cy which depends only on the function g.

4. The following bound holds for the test functions:
| gt = 14 + sup{ + 2Yorg(a, 1) < eqvn(a)
0 l

for some constant c; which depends only on the function g.

5.a>0, Aa—Vb>0.

Remark 4.12. We notice that the conditions for the generator of the motion B are
satisfied by the Laplacian, the generator of the Brownian motion. This is the only gener-
ator that we consider. We provide the general construction for the sake of completeness

and to highlight potential extensions of this work.

The generator Ay of the process of Definition 4.8 can be written as

MG = A DAT o(6) + £(¢ ) 30 EAEED)

A
—|—f(§,x,l)z2a/l. (9(zi,v) — 1)dv

(G )Yl \F/\C(aﬁi)bli)m.

1

(4.10)

Proof] of Theorem 4.9] Before we can proceed, additional objects need to be defined.
Let ay(n,l) be the joint distribution of n i.i.d. uniformly distributed random variables

on [0, \]. For a test function fi(z;,l;), we define the projection onto type space f as

F(w) = [T o(a:) = e~ Xi%at@),
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where the average for a single level is defined as

A
0 Z () = i/ g(xs, 2)dz.
0

To calculate the generator of the projected model (the generator averaged over the

distribution of the levels), we need to evaluate

/ ANF(Ca, Dy (dl).

Let us integrate the four terms appearing in Ay separately. We begin with the two
terms which are least involved - the movement of particles and the environment. Since
both of those terms do not depend on the levels, integrals with respect to them do not

alter our projections, namely

[ a3 P 0 0y =3 B (@11
i s i=1

Analogously,

[ M@ DA fo(C ) (. dD) = M) AT So(C ). (412

In order to evaluate terms describing births and movement of the levels, which both do
depend on the exact value of the level, it is convenient to note that (here we follow the

calculation on p. 492 in Kurtz and Rodrigues (2011))

A 12q /0/\ g(z, 2) /:(g(a:,v) —1)dvdz = ale™ s — 2a\~! /0/\ g(x,z)(A—2)dz, (4.13)

where we have used Fubini’s Theorem, and

A1 /O)\(az2 —(b2)g (z,2)dz = =\t /())\(2az —¢b)(g(2) — 1)dz

A
= )\_12a/ zg(x, 2)dz + aX + b7 — 1), (4.14)
0

where we have integrated by parts. It will also be useful to describe the changes in our

system due to deaths and births. Whenever a birth event occurs, the new individual
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is located at the same place as the parent. If a death occurs, the individual is just
removed from the system. Therefore, if we denote the new collection of particles after
a birth at location y by (b(%|y)) and the new collection of particles after a death at

location x; by d(Z|z;), we see that
HoGely) = Oy + D Oais PaGale;) = =0z + D Oaye

=1 i=1

Armed with these observations and identities (4.13), (4.14) we proceed to evaluate

the remaining terms. A simple calculation shows that

o0 [ (g(z0) — N St du9(@i )
/f((,x,l){zi:Qa/li (g(zi,v) 1)dv+;(ali VAC (23)bl) WA }a,\(dl)
= Zez#i jg(“){Qa)\e_jg‘”j) + 2a\71 /A g(zj,z)dz

- 0
—2a\"~ / g(xj, 2)dz + aX + VA (z5) (e q<w>_1)}
— aheuilo(@) Z( -1) +Z Aa — VADC (z4))e 2irs "’(x’)( ejg(zj))

J

- ZAa :Ulb(a:\zl - +Z Aa - \FC(J}%) )( (Md (z|x;) ) f( )) (4'15)

Combining (4.11), (4.12) and (4.15) we have established that the projected generator

can be written as

L0f(Cop) = M) AS™ fo(€) + ZB:rlf + ZM (Hp(a)zs) — (1))

+Z (Aa—¢ x,)fb)( T (Bd(a|ey) )—f(ﬂ))v

which is the generator of the BBMRE with birth rate Aa and death rate (Aa — v/ACD),
as claimed.

Now we only need to check that all assumptions of the Markov Mapping Theorem
are satisfied. Fortunately our Condition 4.11 has been imposed to guarantee just that.

The map 7 : N(R? x [0, \)) — M(R?) (mapping counting measures to measures on R?)
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is given by

1
i l;

The moment condition (1.11) is satisfied if we consider 1 of the form

(2, l) =1 +Z¢B(aji)(1+a+b)6_li, (4.16)

7

so that the averaged 1 is of the form
U(z) = 1+Z¢B(mi)(1+a+b)(1fe_k). (4.17)

We note that the 1 appearing in the definitions of ¥ and ) has been added only to

ensure that both of these functions are greater than or equal to 1. O

We also investigate the behaviour of the lookdown process with generator Ay as the
parameter A tends to infinity. A naive limiting procedure does not lead to a well defined
object, since the form of the generator does not take into account the cancellations
coming from fluctuations in the environment. In order to identify the correct limit, we
once again use the separation of timescales trick.

Our argument is built around the Markov Mapping Theorem and Theorem 3.16. Our
presentation is focused on the part of the proof which appeals to the Markov Mapping

Theorem.

Remark 4.13. Our computations do not lead to any surprising results - we show that
the SBMRE can be obtained as a scaling limit of BBMRE. Even though we do not show
convergence of the lookdown constructions, our argument, combined with tightness of
the sequence of projected processes, guarantees convergence of the sequence of projected
models. We therefore provide a new construction for the SBMRE. However, we still
refer to results described in Remark 4.5 to guarantee the uniqueness of solutions to the
projected martingale problem. The question of uniqueness of solutions to the martingale
problem for the limiting process with levels (which, by the Markov Mapping Theorem

would guarantee uniqueness of solutions to the projected model) will be pursued elsewhere.
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Proof] of Theorem 4.10] We define a test function of the form

alg($la ll)

hi(¢,x,l) = —fleng g(w 0

and apply the generator (4.10) to a test function of the form G = f; + \%/\hl. This leads

to

Ak(fl(l'al) + \/lxh1> = fl(xvl)zlm

)

)Y 2 /lv)\(g(a:i,v) o £ 1) S 0l — VAC (bl 2T )

i g(l‘i,li)
alg(xulz)
+ Vi (z,1) Zg W
1 . . Bg(xz,l;)  Boyg(xi, ;)
ﬁ{ﬁ( Db »;[Q(M) + 2 }

_l’_

S ¢t 819((:1:“ i ]fl 1) Z2a/ g(zi,v) — 1)

i

+f1($,l)2[al2 fbc ZEz ; (ZZC 6lg xi,l )8lg(£€j,lj)

i i g(-rulj)g(l'iali)
L S@)dig (s, ;(Zfl(jz)l i0%g(wi, 0)}, (4.18)

where we have used the fact that f; does not depend on the environment and that
Er[hi] = 0, (where E, is the expected value over the stationary distribution for the

environment) since E;[(] = 0. Passing to the limit in (4.18) as A tends to infinity we

obtain
Bg(xiﬂ li)
g(xiv ll)

Aso(f1) :f1(w,l)z

B )  Dug(wis )91, 95, ) C@i)liOpg (i, li)
fl(x,l,n)zi:b o) (;C 7! 9(@i, 1j)g(wi, l;) 9(wi,1;)

Conditions of Theorem 3.16 are satisfied if we consider A = Ay (f1) and &}, = O(l).

We now show that if we average the levels of the limiting generator, we obtain the
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generator of the SBMRE of Definition 4.4. The general principle is the same as for
the proof of Theorem 4.9 - we average out the levels and refer to the Markov Mapping
Theorem to show that the distribution of the projected process is the distribution of
the SBMRE.

We consider a Poisson random measure with distribution a(u,dz x dI) on R% x R,
with mean measure g X My, where myep is the Lebesgue measure. Just as in the

Branching Brownian motion case, we consider a special set of test functions of the form

h(z) = /000(1 gz, 1)dl

In this setup, for a test function f, the projected (averaged) test function f takes

form
Flu) = af(p) = / 2, v)a(p, do x dv) = efet Jo A=o(EoDdon(dn) _ o=(hp)

which is a simple consequence of properties of Poisson random measures.

Once again, we integrate the groups of terms that behave similarly separately.
Also, to make the calculations easier to read, we write the averaging ‘level by level’ -
performing the computation for a single level wherever possible.

Since the part of the generator which describes the movement of the particles does

not depend on the value of the level [ the averaging is simply

(s ) - [ mnuane (4.19)

We now turn our attention to the terms which behave in a very similar fashion to those

in (4.15). The computation is analogous.

/R ) /0 h avy(y, z) / oo(l — g(y, z))dzdvpu(dy)e” P
+ /]Rd /Ooo(aqﬂ — b%0)Byg(y, v)dop(dy)e™ P
= /]Rd /OOO avg(y, z) /voo(l — g(y, z))dzdvp(dy)e” P

- / / (2av — b*)g(y, v)dop(dy)e "
R4 JO
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- /]Rd /OO avg(y, 2) /00(1 — g(y, 2))dzdvp(dy)e” "
/Rd/ Qa/ g(z,v)dzdvpu(dy)e™ (h, ) +/ /OO bzg(y, U)dv,u(dy)e_w’“)
_ Rda(/o 9, )—1]@) (dy)e hu)+// oy, o)dop(dy)e—t

= [ {ah* () + ¥ h)huldy)e ", (420

where we have integrated by parts and used the analogues of identities (4.13), (4.14).
Finally, the projections of the terms which are a direct consequence of separation of

timescales lead to

/ b? / / C(y1)C(Y2)v8ug(y, v)20.g(y, 2)dvdzp(dyr ) p(dys)e ™ 1)
RIxR

[e.e]

- _/ DCy1)C(w2) /00(9(2‘/7’”) - 1)dv/ (9(y, z) — 1)dvdzpu(dy, ) p(dys)e~
Rd xR4 0 0

= RdxRd b2C(y1)C(yQ)h(yl)h(yQ)M(dyl)M(dy2)6_<h7ﬂ>7 (421)

where we have integrated by parts, and

L.v / v202g(y. v)don(dy)e "0 =~ [ 2? / v0,9(y, v)dvpa(dy)e~PH)
R R

—— [ 2* [0 =g o)denty)e ™ = [ 2y, (422

where we have integrated by parts twice.
Combining the calculations (4.19), (4.20), (4.21), (4.22) and appealing to Theo-

rem 3.16 to average over the environment we arrive at

S = £e) [ {=Bh(y) + ah(y) — t*hy) bu(dy)e "

+ b2q(y1, y2)h(y1) h(y2)p(dyn ) p(dys)e™ P,
R x R4

which is the generator of the SBMRE.
As before, to ensure that the solution of the martingale problem for the lookdown

process gives us information about the solution of the martingale problem for the



142 Lookdown constructions

projected process, we need to specify the Markov map « and check that the conditions
of the Markov Mapping Theorem are satisfied. Once again we appeal to Condition 4.11.

The Markov map ~ is given by

limy oo % >.1,<) 0z, if measures converge,
Y Zéazi,l- =
i Lo otherwise .
Our class of test functions is separating over the counting measures, and closed under

multiplication. The moment condition 1.11 is satisfied if we consider ¥ of the form

(4.16) and the averaged ) of the form (4.17). O

4.3 Spatial Lambda-Fleming-Viot model

In this section we describe two different constructions of the SLFV model. The first
one is a special case of the construction developed in Etheridge and Kurtz (2018),
Section 4.1.3. This construction forms the basis for the construction of the SLFV with
selection in a fluctuating environment, whose scaling limits we investigate in Section 4.5.
The second one, which was the first lookdown construction for the SLFV, is based on the
ideas of Véber and Wakolbinger (2015), and was developed using a different approach
in Etheridge and Kurtz (2018), Section 4.1.1. Even though we do not use this approach
in the later part of the thesis, it is still worth mentioning. The construction is much
closer in flavour to the original ideas of Donnelly and Kurtz (1996). Moreover, inclusion
of this example demonstrates the non-uniquness of lookdown representations - many
different constructions may lead to the same averaged model. In both cases we restrict
our attention to high density limits and models without selection. In both cases we do
not intend to present any proofs or details.

We begin with some common elements of both constructions. Let us recall the key
elements of the SLFV process. We consider a population living in a geographical space,
which, for simplicity, we choose to be R?. Each individual is assigned a type from a
typespace K. Let = A x v!'(w,du) x v?(dw) be a measure on R? x [0, 1] x [0, 00),

1

where A is d-dimensional Lebesgue measure, v+ is a measure which determines impacts
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of the events and 2 is a o-finite measure of event radii which satisfy conditions which
are specified in (4.23). Evolution of the population is driven by a Poisson point process
IT on [0,00) x RY x [0,1] x [0, 00) with mean measure A x . Whenever (t,z,u,r) € 11, a
reproduction event occurs at time ¢ in the closed ball B,(x) (a ball of radius 7 centered at
x) with émpact u. The impact of the event determines the proportion of the individuals
within the ball B, (x) that are replaced during the event by the offspring of a parent
chosen from the ball B, (x) just before the event. The locations of new individuals are

distributed uniformly over B,.(z). For the construction to be valid, we assume that
/ uwv (w, du)v? (dw) < co. (4.23)
[0,1]>(0,00)

For simplicity, we only describe the construction for a fixed impact v and assume
that the radius of the reproduction events is always fixed and equal to 7.

In the spirit of lookdown constructions, in addition to a location in geographical
space and a type in the typespace X, each individual is equipped with a level I € R, U{0}.
The value of the level impacts the choice of the parent during a reproduction event.

As was the case for the models of Section 4.2, it is convenient to consider our model
as a counting measure on R? x K x [0,00), where the first component encodes the
geographical space, the second encodes the type of the individual and the third encodes

the level of the individual. The state of the population is given by

n= Z 5:):¢,m,l¢7
7

and the single individual i is described by a triple (z;, ki, (;), where z; is the location
of the individual, k; is their type and [; is their level. In our particular case the levels
will always be a conditionally Poisson system with Cox measure = x A, where A is the
Lebesgue measure on R. The measure = is then nothing else but the distribution of
locations and types of individuals.

We specify the models in terms of generators. Let us describe the domains on which
our generators are defined, which turns out to be useful not only for formalizing the

constructions in this section but also will serve as a functional setup for the considerations
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in Section 4.5. Define

Dy = {f(ﬁ) = H g('x:’%al) :

z,k,lEN
0<g(z,k,0) < 1,9(- k1) € C*RY), |019(z, K, 1)|| < 00

3 compact K, € R4, 0 < lg <A

g(z, k1) =1 for (x,0) ¢ K, x [O,lg]}, (4.24)
and

Do =D (4.25)
A

Our test functions are specified by (4.25).

Remark 4.14. Notice that our restrictions on domains of the generators are very
similar to those in Condition 4.11. This is due to the fact that once again we will apply

the Markov Mapping Theorem.

We now describe the basic principles of the construction from Etheridge and Kurtz
(2018), Section 4.1.2. The evolution of the population is based on events which are
composed of two elements - discrete births and so-called thinning of the population.
Whenever (t,z) € I, if the number of individuals within B, (x) is greater than zero, the
birth event produces offspring, with levels distributed on [0, 00) according to independent
Poisson point processes with intensity a, = uV, (recall that V. denotes the volume of ball
of radius r). The levels of new particles are denote by (v1, v, ..., vk, ...). Their locations
are distributed uniformly over B,(x). Let v* be the minimum of (vq,ve,...,vg,...).

Let (z*,k*,1*) denote the element in 7 such that z* € B,.(y) with the smallest level
greater than v*. The individual (z*,*,1*) is chosen as the parent of the event and
removed from the population. All new individuals are assigned a type which is same as
the type of the parent. The levels of old individuals in the population are changed. If
the level of the individual was smaller than v*, it remains unaffected by the birth part of
the event. If the level of the individual was larger than v*, it is moved to | —[* +v*). The

thinning occurs after the movement of the levels due to birth event has been accounted
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for. The new individuals are not affected by thinning. The thinning takes the new level
of each individual present within the ball B, (z) just before the event (apart from the
parent), and multiplies it by 1/(1 — u).

We note that instead we can identify the parent with the lowest offspring (with
level v*) rather than removing it from the population. The choice between those two
options is a matter of convenience and does not affect the model. In our considerations
in Section 4.4 and Section 4.5 it is more convenient to not remove the parent.

Let vy, denote the density of the uniform distribution on B, (y). Let Jgx denote
the expected value of the test function evaluated immediately after an event centred at

y. It is given by

dJex(g,n) = H 9(z, K1)

(z,5,0) €N,z ¢ Br(y)

oo
></ [aze_az” /g(:v’,/i*,v*)vyyr(dx')
0

X exp(—az /;O <1 - /g($',/{*,v*)vyyr(dx'))dv*>

1
X H g(l’,li, 1 (l—l*+1}*))
(z,k,01)EN,2EB(y),I>1* o

u

1
X H g($,n, 1_ul)]dv*

(m,r,0)En,x€Br(y),I<I*

The generator of the lookdown representation of the SLFV can be now written as

Aprf(n) = /Rd LB, (y)x[0,00))>01dEK (9,1) — f(n) }dy. (4.26)

Recall that 7 is a conditionally Poisson process with Cox measure (E(s) x A). To average

the generator over the distribution of the levels, we define

h(z, k) = /000(1 g, k1))l (4.27)

and

B () = / (1 - / g(x’,m,z)vy,r(dx')>dz. (4.28)
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Observe that, by integration by parts,

o0
AR FTENS TCED
0

X eXp<_042/ (1 - /g(:v', H*,U*)Uy’r(d,xl))dv) }dv* _ e—azh;T(/{*)

Therefore if we average out the levels in generator (4.26) we obtain

aApk f(Z2) = exp (/Rd h(z, R)E(dx,d/@))

></ {Hg(hZT,E) exp(u/ h(m,n)E(daz,dm)) - 1}dy,
Rd ’ By (x)xX

where

1

Hy(hY,,E) = == —uVih? (1)) E(dz, dr).
Aty 2) E(Br(x) x X) /Br(m)xxexp< wVihy () ) (dr, dr)

y?r, =

The averaged model is just the usual Spatial Lambda-Fleming-Viot model, see Etheridge
and Kurtz (2018), Section 4.1. We also observe that if Z(0,dz x X) is the Lebesgue

measure, so is Z(¢,dz x X), for arbitrary ¢. If this is the case, Hy can be written as

1

Hy (hy,) = Z(B,(z) x K)

~/Br($)><fK exp(—uhz,r(/i)E(Br(:C) X ZK)))E(d:c,dn).

A different lookdown construction for the SLFV has been proposed by Véber and
Wakolbinger (2015).

The Poisson point process II driving the evolution is the same as before. However,
what happens during reproduction events, and the evolution of the level processes, are
very different.

Whenever a reproduction event occurs, each individual within the ball B, (x) par-
ticipates in the event with probability w. All individuals that participate in the event
are moved to new positions within the ball B, (x), with their spatial locations sampled
(independently) from the uniform distribution over B, (x). Their type is set to be the
same as the type of the individual with the lowest level among those participating in

the event.
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Before we proceed to specifying the generator of the process, we need to introduce
some more notation. Let 7, , denote the measure corresponding to all individuals with

locations within the ball B, (y), that is

Nyr = Z 5:p,/~c,l-

(z,k,1):x€By (1)

Let S denote the set of all individuals involved in the event and x*(S) be the type of the
individual with the lowest level among them. Let Jyw (g, g,.S,y) denote the expected

value of the test function evaluated immediately after an event centred at y. It is given

by

Jvw (g, S,y) = H u(/g(fj ﬁ*(S),l)vy7r(dx’)> H {(1 = u)g(z,k,1)}.

(z,k,0)ES (z,x,0)¢SN(x,k,1)ENy,r

The generator of this process is given by

3 7/\7 S’
Avw £ () = £(n) Zsery VWt 050 _ 1>d

R4 [0,1]x[0,00) ( iz pen,., 9(@: k1)

Let h and h* be defined as in (4.27) and (4.28), respectively. The averaged version of
this model is

aApk f(B) = exp( h(w,H)E(dx,dm))

R4
X/ {Hl(hzr,E) exp(u/ h(m,m)E(dx,dm)) - 1}dy,
R4 ’ B, (z)xX

with H; given by

1

Hl(h* :) = E(BT(IIZ‘) % fK)

y7’r7 =

/B oxp(—uVihy (%) E(By(2) x K)))Z(dz, dr).
r(z)xK

We therefore observe that even though the two lookdown representations described in

this subsection differ significantly, their averaged versions are the same.
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4.4 Scaling limits of the LFV - dynamics of the rare type

In this section we are interested in describing the evolution of a subpopulation with
a rare mutation within a population which evolves according to the A-Fleming-Viot
model with selection in a fluctuating environment (LFVSFE). We therefore consider
the population with two genetic types - the ‘rare’ type and the ‘common’ type (often
refereed to as a wild type in biological literature). Which of those two types has
higher fitness changes with the changes in the environment. The selection mechanism
considered here differs slightly from the one of Section 3.1, nevertheless it is closely
related , see Remark 4.23. We show that the evolution of the rare subpopulation follows
a Feller diffusion in random environment, which is the non-spatial counterpart of the
SuperBrownian motion in a random environment discussed in Section 4.2.

We provide a new description of the LFVSFE in terms of a lookdown construction.
This construction is inspired by the lookdown construction of the neutral model in
Subsection 4.1.3 of Etheridge and Kurtz (2018).

As is the case for the models from Section 4.3, each of the individuals in the
population is assigned a genetic type k from the set K and a level | € Ry U {0}. We
restrict our attention to X = {ke, k,}, which we refer to as the ‘common’ and ‘rare’
type, respectively. Since in this section we consider a model without spatial structure,
the state of the population can be represented as a collection of points, n = {(l,k)}, or

as a measure which can be written, with an abuse of notation, as

n= Z Sk, Wwhere (I,k) € (Ry U{0},XK).
(Lr)en

Once again, we assume that the process with levels n is always a conditionally Poisson
system with Cox measure A x =.This is because, in our lookdown model, when our
initial condition has this form then our process will have this form for all subsequent
times.

We are interested in the situation when which type is selectively advantageous

depends on the environment. We write ¢ for the random variable which models the
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state of the environment. Therefore the full state of the model at time ¢ is given by a
pair (1, G)-

The evolution of the population is determined by reproduction events of two types -
neutral and selective. We assume that a proportion, s, of the events is selective and
favours one of the two types. Events are driven by independent Poisson processes 11™¢%
and I1%¢!. For simplicity we assume that the impact of the events is fixed and equal to u.

Both neutral and selective events are composed of two elements - discrete births and
thinning. The birth phase of the events differs between neutral and selective events,
while the thinning phase is the same.

Whenever t € 11", a birth event produces offspring, with levels distributed according
to an independent Poisson point process with intensity u. Let v* be the smallest of the

new levels. Let (I}, ") denote the element of 7 with the smallest level greater than

new’

v*, that is

[rew =min{l : (I,k) € n,l >v*}.

The individual (}.,,x*) is chosen as the parent of the event and removed from the
population. All new individuals are assigned a type which is the same as the type of
the parent. The levels of all old individuals in the population are changed. If the level
of the individual was smaller than v* it remains unaffected by the birth. If the level of
the individual was larger than v*, it is moved to I — [}, + v*.

If the event is selective, the situation is more complicated. We introduce an additional
function o(k, (), which influences the likelihood of an individual of type x being parent,
given the state of the environment, (. When the environment is in state ¢, the higher
the value of o(k, (), the more likely an individual of type & is to become a parent.

Whenever t € II°¢| a birth event produces offspring, with levels distributed according

to an independent Poisson process with intensity u. As before, let v* be the smallest of

*

the new levels. Let (1%,

k*) denote the element of  which obtains the minimum

l; —v*
min{ — (LK) € ,l7;>v*}. 4.29
Vg e (429)
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The individual (I%,;,x*) is chosen as the parent of the event and removed from the
population. All new individuals are assigned a type which is the same as the type of
the parent. The levels of all old individuals in the population are changed. If the level
of the individual was smaller than v* it remains unaffected by the birth. If the level of
the individual was larger than v*, it is moved to o(k, () (I — ., + v*)/o(K*, ().

For both neutral and selective events once the parent has been selected, and the old
levels moved to their new locations, thinning takes place. Thinning does not affect the
new individuals. The thinning takes the new level of each individual present within the
population just before the event (excluding the parent) and multiplies it by 1/(1 — u).
The combined effect of this movement is defined explicitly through the function J,eq,

defined in (4.31), for neutral events and g, defined in (4.33), for selective events.

We are now ready to define the process of interest.

Definition 4.15 (Lookdown representation of LEVSFE). Fiz s € (0,1). Let TI™¢%, T1%¢
be a pair of independent Poisson point processes with intensity measures (1 —s)dt @ v(du)
and sdt ®@ v(du) respectively on RT x (0,1). Moreover, let II*" be a Poisson process
with rate E, independent of I T1°¢!. Let o : K x {—1,1} = R be a function.

The lookdown representation of LFVSRE is the process taking values in purely atomic

measures on R x K x {—1,1} with dynamics described as follows.
1. If (t,u) € TI™*
(a) a group of new individuals with levels (v1,ve,...) is added to the population.

Their levels are distributed according to a Poisson process with intensity u.

(b) Let v* = min{vy,va,...}. The type of the new individuals is chosen to be the
same as the type of the individual (k*,1*) whose level is the lowest above v*,

that is

ey =min{l : (I,k) € n,1 > v*}. (4.30)
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(c) As a result of an event the levels with position | before an event will have

new position given by

ﬁ(l - (l:(Leu - 'U*)) Zfl > Z:Leu’
Ineull, lnew, v*) = 4 121 ifl <1, (4.31)
v* ifl=1,

2. If (t,u) € T1*¢
(a) a group of new individuals with levels (v1,ve,...) is added to the population.
Their levels are distributed according to a Poisson process with intensity u.

(b) Let v* = min{vy,va,...}. The type of the new individuals is chosen to be the

same as the type of the individual (I*, k*) whose level minimizes

{a(m,g) (ki) €yl > v } (4.32)

(c) As a result of an event the levels with position | and type k before an event

will maintain their type but will have new position given by

v* ifl=1,
Jset (1K), (g, 7), ¢ v%) = ﬁ(z —(1* - U*);(Eg’%) ifl# 15,0 > 0%,
L1 if 1 < v*.
(4.33)

3. If t € TI*™, the environmental variable (; is resampled uniformly from {—1,1}.

Our results require a symmetry condition on the values of o(k, (). To be more

precise, we require that

g, 20

Tl 1} o, (4.34)

where 7 is the stationary distribution of (.
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We note that the generator of the process from Definition 4.15 is given by

Af(1,€) = Ancuf (1, ) + Aser f (1, C) + Aenv f (1, C), (4.35)

where

Aneuf(na C) :(1 . 8) </ [ue_““*g(m*, v*)e_u fvof(l—g(m*y))dv
0

| g(n,aneua,zzw,v*))]dv*—f<n>),

(m)EnI£L"

1486”0(777 C) :S</ lueuy*g(ﬁ*, v*)eiu fuo:(lfg(n*7v))dv
0

X H g(’%; 3361((l7 "i)v (l:elv H*>7 C? U*))] dv* — f(n)> )

(RDENIAL,,

Aenvf(nv C) :Eﬂ[f(n7 C)] - f(777 C)

Observe that the only difference between neutral and selective events is in the choice of

the parent [* and the movement of levels.

4.4.1 Scaling

We are interested in the evolution of the subpopulation of the rare type within the
population evolving according to LEVSFE. To quantify the rarity, we assume that
we consider a population with total density K (which is equal to one for the models
of Chapter 3), and will let K tend to infinity. We wish the rare type to make up
about O(1/K) of the population at each level of the scaling. This is represented in
the look-down process by the intensity of levels. The levels of individuals are initially
Poisson distributed with intensity K with O(1) individuals of the rare type and the rest
of the common type.

In order to recover the correct scaling limit we need to readjust our parameters. Let
w” denote the proportion of individuals of the rare type at the N stage of scaling.
Let X~ = Kw" denote the size of the population of the rare type. Our scaling limit
describes the behaviour of X~. The right scaling of the other parameters is suggest by

Chetwynd-Diggle and Etheridge (2018). We speed up the reproduction rate by N and
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increase the total population size to K(N), but scale down both the impact and the
selection coefficient. The impact of an event at the N stage of the approximation will
be given by u/J(N). The selection coefficient in the presence of fluctuations will be
S(N)s/S(N). When we later prove Theorem 4.21 we will consider the case without a
fluctuating environment. In this case, the selection coefficient is given by s/S(N). In
order to simplify the notation we drop the explicit dependence of scaling parameters on
N in what follows. For our results to hold, certain relations between the parameters
need to be satisfied. In Theorem 4.18, Theorem 4.20 and Theorem 4.21 we specify
scaling limits for the model with fluctuating selection, the model where the direction
of selection does not change and the neutral model respectively. In particular, as was
the case in Section 3.1, our results require a specific relation between the rate of the
changes in the environment and the rate of selection. We therefore assume that the rate
of the environmental events is §2, which is consistent with the scaling in Chapter 3, see
discussion above (3.6).

The generator of the scaled process can be written as

ANF(n,¢) = AN, f(n,¢) + SAN, f(n,¢) + S*AN,, f(n,C), (4.36)

where
A ) = N( I [“KHA)K [ 0msto
0

X H g(ﬁ,Hneu(l,l*,v*))] dv* — f(n)),

(k1) En,I£L*

Agaf(n) = SN(/O [Zi‘;{e—"f‘v*g(n*,v*)e—%‘ Ji¥ a=g(s w)dv

< I 9k dsall, l:el7v*))] dv* — f(??))-

(rl)En AL,
4.4.2 Statement of main results

In this subsection we state the main results of this section. In order to state the
results formally, we recall the definitions of the non-spatial counterparts of the models

from Section 4.2. We specify them in terms of their generators. For their lookdown
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representations, it is convenient to consider test functions of a form analogous to (4.3),

that is

with the additional requirement that there exists a Ay > 0 such that g(I) = 1 for each
[ > A4. This set of test functions will be used for all computations involving lookdown

representations in this section.

Definition 4.16 (Feller diffusion). Let a,b > 0. The Feller diffusion is the process

taking values in R with generator Cyq, defined for every f € C*(R), given by

Craf(y) = ayf"(y) + by f'(y).

Its lookdown representation is characterised by the process with generator Ayq given by

Afdf Z 2(1/ - 1)dU + f( ) Z (alz2 - bl%) g/((llZ)) :

i
Definition 4.17 (Feller diffusion in random environment). Let a,b > 0. The Feller

diffusion in a random environment is the process taking values in R with generator Cygy,

defined for every f € C*(R), of the form

Crarf(y) = (ay + b*y*) f" () + Dy f' (y).

Its lookdown representation is characterised by the process with generator A given by

! lz
ZQa/ —D)dv+ f(n) > (alf — b°L;) E;((ll))

%

gLi)g' ) | 29" ()
+ b2 f( Z(le 1ol +iT ) (4.37)

J \i#J

For a detailed discussion of the lookdown constructions for the Feller diffusion and
the Feller diffusion in a random environment we refer to Kurtz and Rodrigues (2011),

Section 2.
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Theorem 4.18. Let XN (t) denote the total intensity of individuals of rare type at time

t. Suppose that X{ converges to Xo. Moreover, suppose that, as N tends to infinity,

~ K wNK N2
J,K,S,S%OO, 7—>0, T%ZCL, KJ2—>O,
sulN (o(ky, () )}2 , S S
E, -1 b°,  — T = . 4.
[{ 51 (oe R Sl I (439

In addition, assume that there exists an m such that, as N — oo, NK™/J™ — 0. Then
the sequence X (t) converges weakly to the Feller diffusion in a random environment

with initial condition Xo and parameters 2a, b>.

Example 4.19. Fiz e € (0,1/4), 8 € (0,1/4 —¢) and v € (0,8). The conditions of
Theorem 4.18 are satisfied if

J=Nitc §=NB K=Nit2 §=N7.

As a by-product of our technique, we prove an analogous result for the neutral model

and the model with selection.

Theorem 4.20. Let XN (t) denote the total intensity of individuals of rare type at
time t. Suppose that Xév converges to Xg and the intensity of selective events is zero.
Moreover, suppose that, as N tends to infinity,

N? uW?NK

J, K — o0; 72

— — 05
J
In addition, assume that there exists an m such that, as N — oo, NK™/J"™ — 0. Then

the sequence Xn(t) converges weakly to the critical Feller diffusion (b= 0) with initial

condition X and variance parameter 2a.

Theorem 4.21. Let XV (t) denote the total intensity of individuals of rare type at
time t. Suppose that X(])V converges to Xg and o does not depend on the environment.

Moreover, suppose that, as N tends to infinity,

J K, §5—o00; ——0;

N? u?’NK . suN(J(HJT)

- O_(KC)—1>—>b (4.40)
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In addition, assume that there exists an m such that, as N — oo, NK™/J™ — 0. Then
the sequence X (t) converges weakly to the Feller diffusion with initial condition X

and parameters 2a, b.

Remark 4.22. We stress that our proofs do not gquarantee convergence of the lookdown

representations, but only convergence of the projected models.

4.4.2.1 Projected model

We follow the work in Etheridge and Kurtz (2018) to show the connection between our
lookdown construction and the standard LFV.

The neutral generator is simply the non-spatial counterpart of that in Etheridge
and Kurtz (2018) and so we do not treat it here. However our selection is not one
of the standard forms of selection and so we investigate further. This section follows
Etheridge and Kurtz (2018) and all the techniques in this section are taken from there,
but formulated in our notation for completeness. The part of the generator of our

process which describes selective events is of the form

ASElf(T]) =5 </ [ue_uv*g(v*’ K/*)e_ufvof(l_g(v’ﬁ*))dv
0

X H g(Hsel(l’l:el?v*)vﬁ)] dv™ — f(ﬁ))

(Lw)enlAL",,
We define h(k) = [°(1 — g(l,))dl and note that integration by parts gives

/°° ue™"" g(v*, /i*)e_% o2 Aglomdv g —uh(er),
0

We also note that if 5 is formed from a Poisson point process with intensity measure

=(dk) then

{Hsel(l7l:elvv*) il 7£ l:el}?
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is a Poisson point process with intensity measure (1 —u)Z(dk). Consider the distribution

of k* conditioned on Z(dx). We note that

L o(kr)Z({Ke})
H = = SR o) + otk =R )

and so when we average our selective generator we get

aAN f(E) — se” fx h(k)=E(dk)

sel
) ([ LD L) T
o(kr)2({kc}) + o (ke)E({rr})

o (ke)E({Kr}) euhwﬂeu IRCEC )
T oo B (we]) + o re) B ) b

We finally note that our selection can now be seen as a simple weighted choice of parent
in the (non-spatial) Lambda Flemming-Viot process. The same calculation can be done

for the spatial case.

Remark 4.23. We notice that our way of modelling selection differs from the approach
of Etheridge et al. (2014). However, a quick generator calculation shows that this type
of selection leads to the same diffusion approximation as in Etheridge et al. (2014) and

Chapter 3.

4.4.3 Convergence of the non-spatial model

We are interested in convergence of the model with selection in a fluctuating environment.
Recall that we study the behaviour of an establishing mutation under this model. We take
that into account by considering test functions which are unaffected by the individuals
of the common type, k.

We recall the generator of the rescaled process takes the form

ANfO% C) = Ai:/;auf(na C) + §A£\£lf(n> C) + §2Aé\77wf(777 C)v (441)
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where AN

N . is the part of the generator which describes neutral events, AY, is the part

of the generator which describes selective events, and ALY =~ describes the evolution of
the environment.

In Subsections 4.4.3.2 and 4.4.3.3, we show that the terms AN

N
new and A, converge

to well-defined limits. However, since S — oo as N tends to infinity, it may seem that
as N tends to infinity, (4.41) will not converge to a non-trivial limit. However, the naive
limiting procedure does not take into account the changes in the direction of selection.
In order to identify the correct limit, we apply a ‘separation of timescales’ trick due to
Kurtz (1973).

By the calculations in the proof of Theorem 4.21 the operator Asel can be written as

_ sulN (o (K, ¢ Kj, i, &) 1 1
At o) = 1 g (2 )Zz Pl io(zrg) G

We consider a test function f of the form

sulN (0(/<;T,() B 1) M

~ 1
f(n,¢) =f(77)+§f(77) JS \o(ke, C) 9(K;5,15)

L= f(n )+;f1(17,0-

Observe that since S — oo, we can prove the test function f will tend to f(n) as

N — 00.We apply the generator (4.41) to f This leads to

ANf(ﬁ C) neu ( ) SAsel ( )+ SAnNeufl(nvg)+Ai\;l(fl(n7§))_§f1(n7€)

1§ 8
=Ape,f () + A% (f1(0,€)) + O<S s* K)

where we have used (4.42), that f does not depend on £ (which allows us to observe
that Aeno f(n) = Ex[f(n)] — f(n) = 0) and (4.34), (which allows us to observe that
as Ex[f1(n,0)] = 0, Aenvf1(n,{) = —f1(n,¢)). Therefore, at least heuristically, the

identification of Aé\él

(f1(n,€)) should lead to the correct limit.

To make this argument rigorous, we use Theorem 3.16. We observe that

~

f(nt) - /Ot Af(ntv Ct)ds + ( (ntv Ct) - f(nt)) + -/Ot Af(nSa CS) - AN]?(US) Cs)ds
= Fln )~ [ AT s
0
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where A is given by (4.37). Since f — fot AN f(s)ds is a martingale, we have written our

problem in the form (3.20) with

) = (Fn ) = o) + [ A ) = 4 Fn ) (4.43)

To check that the assumptions of Theorem 3.16 are satisfied, we work with both
the lookdown representation and the projected model. The projected model allows us
to check the compact containment condition (3.19) and prove the LP estimate (3.21).

Both are achieved via an intensity estimate given by the following Lemma.

Lemma 4.24. Let XV = Kw! denote the total intensity of individuals of the rare

type. Assume that E[X™N(0)] < co. Then for any T > 0

supsup E[X ™ (t)] <oo, (4.44)
t<T N
lim supIP’lsup XN(t) > H] =0. (4.45)
H—oo N t<T

We discuss the proof in Subsection 4.4.3.1.
The part of the argument which allows us to identify the correct limit and shows

that condition (3.22) is satisfied, that is

n—0o00 t<T

lim E[supk{\[(t)]] =0, (4.46)

is more involved, and requires the use of the lookdown representation. We will first look

at the behaviour of

t
/(; ANf(ﬁs, Cs) - Af(ﬁs, Cs)ds'

N

N . and AN, are tackled separately.

The terms involving A
Let n; be the process obtained from 7; by only considering the individuals of the

rare type, ) = {l: (I, k,) € m}.

Proposition 4.25. Under the conditions of Theorem 4.20,
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[sup /Aneu
t<T

l;
_ f(ng)l‘(gn al2i}((lz((f))))+2af no) 2;77/1 (1 - g(ks,v))do |ds

|-

This proposition will be proved via Taylor’s formula through Proposition 4.31 and
Proposition 4.32 in Subsection 4.4.3.2. An analogous proposition applies to the terms

involving AN el-

Proposition 4.26. Under the conditions of Theorem 4.21 for any T € R

g'(;)
g(ls)

/A?@zf )=o)l .~

dsH — 0.
Li(t)en¥

lsup
t<T

We discuss the proof of this proposition, along with calculations which allow us
to fully justify the separation of timescales procedure in Subsection 4.4.3.3. These
three propositions will allow us to conclude Theorem 4.20 and Theorem 4.21. We
then proceed to use these results to prove Theorem 4.18 in Subsection 4.4.3.4. We
notice that if the random perturbation Y appearing in the statement of Theorem 3.16
is trivial, the statement itself reduces to the usual condition for relative compactness
of the sequence of stochastic processes, see, for example, Ethier and Kurtz (1986),
Theorem 3.9.1 and Theorem 3.9.4. Therefore as a by-product of our construction we
give a proof of Theorem 4.20 and Theorem 4.21. The proof of Theorem 4.20 is the most

technical of this section.

Remark 4.27. Our proof guarantees the relative compactness of the sequences of
scaled lookdown representations and that limit points must satisfy a martingale problem.
However, we do not have a proof of uniqueness of the martingale problem characterizing
the limiting equation. We will use the Markov Mapping Theorem to deduce the relative
compactness of the sequence of projected models and a martingale problem characterising
limit points. Lemma A.13 from Kurtz and Rodrigues (2011) guarantees that every
projection given by the Markov Map solves the projected martingale problem. Since this

projected martingale problem has unique solutions, the relative compactness is enough
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to guarantee convergence of the sequence of projected models. This will not be the case

in Section 4.5.

Remark 4.28. We are interested in the behaviour of a rare subpopulation. As we have
discussed earlier, we would like it to form O(1/K) of the population. For technical
reasons, instead of the process XN(t), it is sometimes convenient to consider a stopped

process XN (t ATN), where
NV o=inf{t>0: X} > ZN.

We require the sequence of real numbers ZN to be finite for each N and to tend to
infinity as N tends to infinity. This requirement coupled with Lemma 4.24 guarantees
that the convergence of the stopped processes translates directly into convergence of the

unstopped processes. We shall see that we require that ZN — oo sufficiently slowly.

4.4.3.1 Intensity estimate

This subsection is devoted to the proof of our intensity estimate.

Proof[Proof of Lemma 4.24] The generator of the projected process can be written as

Lf(w7C) = {wf<(1 - u)w + ’U,,C) + (1 _p)f<(1 - u)w,C) - f(w7C)}

o (i, Qu
o (kr; Qu + o (s, (1 — w)

0 (ke, Q) (1 —w) e O
U(Hm()w—ka(ns,@(l—w)wf((l Jw +u, ) = f(w,¢)

+ L f (p, €)-

+ s pf((1 —w)w+u,()

Recall that we are interested in an estimate for the intensity of the process describing
the evolution of the rare individuals. We therefore substitute X = Kw. Under the

assumptions of Theorem 4.18 this leads to the generator

s n{E((1-peew) o (- Dp(e-3)x9)- o)

+ N§% L(KMC)XUJ(FKUTEZ’%)@ B %) f<<1 - 3>X + K?,g)

K
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o(ke, O)(1— 2% "
o(kr, ()3 fa((;,c;((z - %) f((l - J>X’ g) — & C)]

+ LMf(X, Q).

This means that for any f € C*°(R),

FON(T), ) = 1Ko ) + [ L0V (s), ¢)ds + M(D),

where M is a martingale. Substituting f(x, () = = leads to

- gsu [t o (r,C) X o
X(T) =X(0) + N55= | [a(nr,g)ﬁ +o(re,O)(1- %) (K = X)
_O-(H’C)C) A s
+ 0% +U(ﬁc7o<1_%> (1 K)X ds + M(T)
—X(0) + M(T) + N§=Y T! o(kr, C) X
§J U(HT,C)%+U(HC7C)(1—%)
_( ol O L o 0(- ) )X] N
o(kr, Q)5 + a(mc,C)(l - %) o(kr ()% + U(KC,C)(I — %)
Since
a(kr, C) B
o(kr, ()% + U(HC,C)(I — %)
o(kr, ) { 0(Ke, C)o(Kr, C) —UQ(KT’C)
o (ke C) + KO’(IiC,C)< (I{',T,,C) +0(’£c,()(1 B %)) (4.47)

this expression can be written as

~S U

X(T) :X(O)+NSSJ{/T
1%

Consider the stopping time 7 = inf{t > 0 : X" > H} and the stopped process

(o —1)x]as

X2 o(keQolkn¢) = 0% (k)
K (56, (050, Q) +a<nc7<>(1—%))

ds} + M(T). (4.48)

XN(t) = XN(t A 7). Since (4.48) holds at a bounded stopping time, taking the
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expectation and using the symmetry condition (4.34) leads to

B[N (7)) — B[R (0)] + N2 “E [ [H(Z9 3) %) Jas

SJ o(kr, C)
T (XN(S))2 02(”1%0 +U(KCaC)U(“r7C)
+ = — ds
L8 (e e ceeny
~ SA U T ~
<ERO)+N D0, | B )l

where C, is a constant depending on ¢. By Gronwall’s inequality

~ HsSu
K SJ '

E[X™(T)] < E[X™(0)] exp <NCJT

If one takes H = ZV this, combined with the conditions from Theorem 4.18, concludes
the proof of (4.44). To see that (4.45) holds, it is enough to observe that by Markov’s
inequality

E[X7]
H b

IP)[ sup Xy > H| =P[Xp > H] < (4.49)

0<t<T

and for any 7', ¢ > 0 we can choose Hq, Ny such that for H > Hi, N > Ny and t <T

the right hand side of (4.49) is less than e. O

We also take note of a simple corollary which we will use later in our main proof.

Corollary 4.29. The lookdown process satisfies the compact containment condition,

(3.19) in Theorem 3.16.

Proof We note that the characterisation of convergence given in Theorem 2.92 ensures
that a sequence of lookdown processes satisfies the compact containment condition if

and only if the projected processes also satisfy compact containment condition. O

Remark 4.30. We do not give details but a similar calculation also proves Lemma 4.2

under the assumptions of Theorem 4.20 and Theorem 4.21.
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4.4.3.2 Neutral model - proof of Theorem 4.20

Even though this subsection contains the proof of the result for the least complicated
model, the proof itself is the most involved one. The relative simplicity of the proof for
the more complicated model demonstrates the power of this lookdown method. Proofs
of Theorem 4.21 and Theorem 4.18 heavily rely on technical observations from this
subsection. We recall that the generator of the neutral part of the process takes the

form
Apenf(m) = N ( / h [Mqu(v*g(/ﬁ*,v*)e%{ Ji7 a=g(s* w))dv
0

X H g(/ﬁ,gneu(l,l*,v*))] dv* — f(n)), (4.50)

(r,)en,l#L*

where (k*,v*) denotes the parent and Jpe,, is defined as in (4.31), that is

‘H

(1= (5, —vY) Q1>

neu neu’

—_

S

Ineu(l, l:wua V) = ﬁl it <1y,,,
v* itl =15

neu*

Before stating the propositions and lemmas which prove Theorem 4.20, let us rewrite
(4.50) in a more convenient form.

We start by observing that Taylor’s expansion of g gives

g(w" ") TI 9k, 301 0%) = f(n)

(r,0)en,l#£l*
_ g/(l-@,l) * %) — g/(l%,i) g/(l-@,l) * %) — 7% o 7
= S0 3 G A0 =0+ B G 0@ 1)~ i@t ) 1)

+
~[~]
MQ
Py
&

and a Taylor expansion of the exponential function about 0 leads to

o B [T (g )y _
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U oo U 00 2
- TK (1 — g(k*, v))dv + o(f / (1— g(ﬁ*,u))du) . (4.52)

v*

Applying (4.52) we may rewrite (4.50) as
Arjzfeu = Arjyeul +Aneu2 + O( JAneu2>
where

ANn :N(/OOO %e—%v* {g(,@*,v*) T 9(sd00%,0%) _f(n)}dv*) (4.53)

(k) En, Al

© u2K? . [
A'r]yeu,Q :N<_/O uJQ e_TKU /* (l—g(&*,v))dvg(/@*,v*)

X H g(H,H(l,l*,U*))dU*>. (4.54)

(m)En,I#l*

We begin with statements of the propositions that identify limits of (4.53) and (4.54)

separately. Their proofs are later in this section.

Proposition 4.31. Under the conditions of Theorem 4.20,

r g'(Li(t))
/ Aneu 1f "75) - f(ns>( Z al? g(l,(t)) )dSH — 0.

Li(t)eny
] — 0.

The proof of Proposition 4.31 will use the following elementary lemma:

sup
t<T

Proposition 4.32. Under the conditions of Theorem 4.20,

E |sup
t<T

/Ot{ neu2f(n5> —2af(n}) > / (1 — g(k, ))dv}ds

Li(t)ens

Lemma 4.33. Let I' be a stochastic process. Assume that the second moment of T' is
bounded uniformly for all times up to time T by e, that is E[(T'(s))?] <€, for0<s<T.

Then

6.

/F )ds

E [sup
t<T
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Proof By Jensen’s inequality

ol o)’

t<T
The inequality follows by assumption and a final application of Jensen’s inequality. O

sup t/ot F%s)ds] = TE l/OT FQ(s)dS].

< E
t<T

Proof[Proof of Proposition 4.31] By Lemma 4.33, it suffices to prove that, conditioned

on the postion of rare levels

<n,3u<w,rwtxaﬁ>>—-fok>}dv*>

((t),1(t))En,L(t) £ ()
2
- o (S

uniformly for 0 < s < T
For ease of notation we let lj = 0. We will use the ordering I; and (4.51) to observe

that AL, | can be approximated by

Aneul (77)
i uK _uk e [ (Kiy 1) J'(k,1) - I —v* ]
=N / A { v =)+ - — Ly, dv*
f (Z g(/{i; ll) ( ) I#le g(/{’ l) 1 _ j 1>l 1 %
—ukg. J —uKy o —uKy,
J L ﬁ(e J 1 e J ))

AGIL) (_(Zi —li—1)e

- Nf(n)Z- lg(ﬁi,lz‘)
+Z< ”Jvlj) 1 _%

FI/ )
+zzﬂ;ll_(4@
j#i j<i 7o
where the second line follows from integration. At this stage we note that we can drop

the factor 1 — u/J at the cost of an error of order NK/J3, which tends to zero as N
as

tends to infinity. We also swap the order of summation to rewrite (4.55)

9'(k5, 1)
n)zj: 9(kj,15)

Aneu 1
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. [z (—(zz-—zz-_ne—”fu1+u§(<e—“fu1 . )) T i )] |

i<j i#j

We observe that since the second and the third terms in the inner sum are telescoping

sums and lg = 0 we simplify our expression to

g/(/‘:}],l‘] J _ l _uKl_7 _uKl_
AN =Nfn) 1— Li—(1- i1 7l
neu,1 (n) f(n) ; 9(ks 1) uK< e T )—i— J( e 7 +e T )

=: f(n) Z M(P1 + Py + P3). (4.56)

Now we treat each term in the new sum separately. Using the Taylor expansion of the

exponential function about 0 we observe that

NJ _w N (=1)F1  fuK\ k1 N (uK)"H!
Pl UK( — € J ])—N Z k'l']<J) +O T )

1<k<n+1

N u u Nl; NK
Py =1; uJ (1 —e Tl 4 B_ij) - ujlj + O(ﬂ(lj - lj1)>,

oSt (—1)F fuK\F! .

B=NY (it F) =N 5 gom() T hn

1<j 1<k<n+1 1<j

N(uK)"H
+ O({]”’L—i—l .

We focus our attention on P3. We investigate the terms corresponding to different values

of k separately. We observe that the first three terms involve

> (I = licy) =1y, (4.57)

1<j
1
> i —lic)lia =3 (Z(l? —1F )= i— li—l)Z)
1<j 1<j 1<j
:% (l? -y (li— l¢_1)2) (4.58)
1<j
1 1
S (= t)izy) =3 S(B-i) - g (b= lia)® = 30— i)l
i<j i<j i<j i<j

1
Zgl? -3 S —1io1)? =Y (= lim1)*lia, (4.59)
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respectively. We are therefore interested in >_,;(l; — [;_1)? conditioned on the locations
of the rare levels, that is, conditioned on n".

Recall that conditioned on the locations of the levels of the rare type, the levels of
the common type will be Poisson distributed with intensity X — Z~. Conditioned on
the number of levels of the rare type between 0 and [; these levels will be uniformly
distributed on [0,;]. We denote n independent uniformly distributed random variables
on [0,1] by uy,...,u, and define the order statistics by letting u(;) = uy if and only if
#{k u; <upt =i fori€ {1,...n}. We note that n points uniformly distributed on
[0, 1] can be identified with n + 1 points uniformly distributed on the unit circle with
one of these points chosen at random to be a reference point corresponding to both 0
and 1. This then leads us to see that ug;) — u—1) is equal in distribution to () for

i€{l,...,n+ 1}, where u(,11) := 1 and u(g) := 0. From this one can see that

J
E [Z(lz — li_l)Q‘lo =0,j=n+1,l;

=1
) n+1 ) ) 9

We then use that the number of levels of the rare type within [0,l;] will be Poisson

distributed to see

j o2 (1(K = 2V)) " exp(— (1K — 2V)))
}: L2 = . _§: J
B i:1(lz i1)lo Ojl]] 7i:0n+2 n!
21;

&zt 0(exp (- (K — zN))).

Identical calculations show

i=1

. 2
E (Z(li—lilﬁ) llo =0,1; Z(Kf%,)(?)m(K—ZN))

+0((K = 2Y)exp (= 1;(K - 2Y))),  (4.60)

J )
Var (Z(zi —1;_1)?|ly =0, zj) =0 <(K_ZJZN)3>

=1
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We note that we are considering j to be a random variable throughout this corresponding
to the level of a given rare individual.

From this calculation since we multiply (4.58) by NK/J in we see that we require
KN—; — 0. Therefore, we may approximate (%) >i<illi = li—1)? by % For k = 3 we
again condition on the number of levels of the rare type beneath /; and see that

J
E [Z(l,- — i) liallo =0, =n+1,L;| = (n+DE[(r — Il allo = 0,5 = n+1,1y],
i=1

where [ is chosen uniformly at random from (1,--- ,n+ 1). We then again consider the
levels as n + 1 points chosen uniformly at random from a circle to see that this will be

3
J . fraG
iz~ This then gives us

12
’ = = N
E [g(l —lie1) liallo =0, lj] = oy +0(exp(-(K ~ZV)). (461
We see that for k > 3

E[Z((li - li—l)lf—l) - k_lHl?H] :O(é), (4.62)

i<y

Var (Z((zi ~L)E) - k-lul?H) _o(;g), (4.63)

1<j
which will suffice as each of these terms will be multiplied by f\fj,fif}l in (4.56). We then
note that ]Y]—é( is bounded and % — 0. We combine (4.57), (4.58), (4.59), (4.62) to see

that, conditioned on [},

E [Z(_(lz — li—l)e_uflil)]

1<J
—1)FH ry K\ 1u?K K? K\
== <)'(“’> z§+1“zj+“25§+o<3>+o<) .
oSien (BN T J7 2 g J J
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Finally, we observe that all these approximations and cancellations allow us to

approximate (4.56) by

i) (1u*NK NK? NK"H NK
f(”)zgé(fj,z ))<2u 72 lj +O<J3> +O<Jn+1> +O<Jg(lj —lj1)>>,
J

plus a random, mean zero, correction term with variance O(N2K?2/(J?(K — Z)3)). O

The proof of Proposition 4.32 is more involved than that of Proposition 4.31. Once

again we begin with an elementary lemma.

Lemma 4.34. Let I'(s) be a stochastic process. For any partition 0 =to < t; < --- <

tm =T,

+E

/Fds

Proof We observe that

/r

t.
E |sup sup/ IT(s)|ds].
t<T e i Jt—1

] < i E{(/tilr(s)ds)?

E|sup
t<T

which concludes the proof. O

We require a few more computations to transform A,QVM into a more convenient
form. First of all, we observe that as (1 — g) is bounded, the following approximation is

valid:

l; o) iV
/ / (1 - g(ks,v))dv dv* = / / g(ki,v))dv* dv
li—l v* li 1
oo pl;
= / / (1 — g(ki,v))dv* dv +/ / (1= g(ki,v))dv* dv
l; l+i—1 li—1 JI4+i1—1

— (l— i) /loo (1~ glrzv))dv+ O((l — 1)), (4.64)
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For convenience, we order the individuals present in the system according to their level,
that is we consider n = {(k4, l;) }i>1 where [; < l;11. We observe that the ordering leads

to the following simplification:

wNK b uK k. o0 i
Ar]Xeu,Q (n) =— 7 Z(/I e f(n) /* (1 - g(ki,v))dv dv )
i i—1 v

Since % — 0, we may use (4.64) to further simplify A,]Xeuz to

Arjz[euz (77)
uw?NK?

= - ) Y - zi_1>(/:° (1= g, o)dv v ) (1+0( 5+ 55)).

(3

By this calculation and Lemma 4.34, it is clear that in order to prove Proposition 4.32,

it is enough to show that for any partition 0 =tg <t; < --- <t =T,

m ‘s 2 .
J N(s)ds su J N $)lds | |
(A R PR C RO
where
u? 2 -
re= Z( ]jQK (i) = lia(®)) —2a>f(m)/l_(t) (1 — gk, v))dv do*dt.  (4.66)

We first turn our attention to the parts without a supremum which we can calculate

directly.

Lemma 4.35. Conditioned on the locations of the rare levels,

WEN K2 - )
E [(ATZ:(]};K(Z@@) —1li—1(t)) — 2a>f(7]t) /li(t) (1 = g(ki,v))dv dv*dt) ]

= o(LA?) +o(T?), (4.67)

for any L(N) such that % — 00.
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Proof We recall that there exists A\, such that for all v > Ay, g(v) = 1. Therefore

is bounded for each test function. As 7 is constant between events we condition on
exactly n reproductive events occurring within [0,7]. We denote the time of events
by t; for i € {1,...,n}. Observe that ¢; are independent random variables uniformly
distributed on [0, T]. For ease of notation we let to = 0 and t,41 = 7. We will use [}, to
denote a rare type individual’s level and I, to be the highest level across the population

(that is, from individuals of both rare and common type) below [}, and consider

E [Z S (bt — 1)t — 1)

i=0 j=0
’LL2 2 R N U 2 R _
( N () — (ti)) - 2a> (]jfumj) l(ty) - 2)] . (468)

J2

We note that the times of events are independent of the level process and so we use

T2 oo .
)y H1FJ
n+1)(n+2 1 )
E[(tip1 — t:)(tj41 — )] = { "TH0H
272

n+1)(n+2) if i = j.

We also use the Cauchy—Schwarz inequality to see

where we note that we are still looking at the stopped process .
We denote the intensity, after n events, of the levels of all individuals which were
offspring in one of those n events by I,,. It is then easy to see Iy1 = In(1 — %) + %

and Iy = 0. This recurrence equation has a solution given by

o= (-3))
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For i < j we define [7°(t;) as the highest level below I, of an individual (of either rare

or common type) which has been born since t;. Then we can see that

A~ ~ A~

(U (t) — Is(ty)) < (Ie(ty) — T (ty)),

and so

=E[([1(t:) — I (t:)) (I (t;) =1 (1))

~E[((t) = le(t:)) ([ () = [ (1))1;, ()0 1))

11 2 5 .
> —~ Plij(t:) £ Inew(t;
S K—2ZN \/(K—ZN)ZIf_i [l (ts) # L (1)),

where we have used the Cauchy-Schwartz inequality for the final line.

We note that

K(1-%)""
K(1—%"" 41,

||l

Plli(t)) # 5 (t)] <

We now consider a function L(N). By splitting (4.68) into parts with |i — j| < L and

|i — j| > L, we bound it above by

4n+1)L

T2 N2K* 2 g2
mtD)nr2)\ 7% (K —zNz "™

T2
(n+1)(n+2)
{N2K4 1 1 (NK2 1 NK? 1

— |2a + 44>
72 K_zZN T IL) a+da

Lo VE 11 K(1-%)*
JVUK-ZNL\N K -9 1) )

+Cn+1)(n+1-1L)

J* K —7ZNI,
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We observe that

i n+ 1 (NT)*e™ M 11 N e NT e NT
Z(n+1)(n+2) n! ~ NT (NT)2  (NT)? 2
i (n+1)2 (NT)"e NT <1
= (n+1)(n+2) n! -

We note that

AN K2 o 2
(/OT ;({};K(lz(t) —1i—1(t)) — 2a> J(me) /li(t) (1 - g(ki,v))dv dv*dt) ]

LT [ N2K* 2
_ 42
O(N( JK-27 " “)

L2 N’K* 1 1 (NK* 1 +NK2 o,
JY K—-Z71I; J2 K—-7Z J? I

24 K(1—%)F
paapo WKL 11| K(A-) })
JCK-ZL\K(1-%9 11,

Therefore, in order to conclude that (4.67) converges to 0, it is enough to find L which

E

satisfies

NK? 1  K@1-9*

; — 0.
J? I K1-%"+1,

— 0;

L
N

Since & T — 00, this is achieved by any L(N) such that % — oo and % — 0. for example,
we can choose L(N) = vV NJ.

g

We now turn our attention back to (4.65). We consider t; = j6(IN) and see that to

ensure the first part of (4.65) converges to zero, we need choices of L and § such that
—00; — — 0. (4.69)

To show that the second term of (4.65) converges to zero, it is enough to show that
Elsup;<7 I'N(t)] is bounded, provided that there exists a § satisfying (4.69) such that
0 — 0. The latter is satisfied by e.g. § = /L/N.
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To show E[sup;<r I'V(t)] is bounded we consider an auxiliary process 3V, defined

by

BN =3 (1) = I®) me)), (4.70)

I(t)en;
where h is a decreasing, positive cut-off function (that is, we assume that there exists
a A such that h(v) = 0 for v > A) and I(t) € n; is the first level below [(t). Observe
that to show the required bound on the expectation of the supremum of the integral of
X, (and therefore conclude the proof), it is enough to show that B is dominated by a

bounded submartingale.

Lemma 4.36. Define 8V as in (4.70). Then B~ is dominated by a bounded submartin-

gale.

Proof We recall that the offspring in an event can be ordered (vy,vg,...) with v; = v*.
Therefore, as the parent is thought of as moving to v* we will refer to (v;);>2 as the
‘children’ after an event. Recall that within the period of time [0, ¢] with probability

O(t?) we will see two or more events. Therefore

N D°° Qﬁ(@—"fv*{ Z {[(3@(0))—3(?(0)))—(1(0)—l<0))}h(l(0)>

1(0)eny

+ (3(i(0)) - i(t))ha(o»
+ (1t) = 1(0)) (3(1(0)) = 1(0))O( |h'uoo} Z h(vi 1{vllsrare}}dv+o<>

where we are using ¥; to denote the highest level below the ¢th ‘child’, v;. We now
require that h(l) = 0 for all I > \,. We note that in the proof of Proposition 4.31 we
have shown that the parts involving J(1(0)) — 1(0) converge in L? to al(0)? and so we

can see that this is approximated by

S {(aﬂ(()) - aﬁ(O))h(Z(O)) + (1(0) - Z<0))a12(0)0(|yh’||00)}

10)eny
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LN /Omfe—“f‘v*{ > (aGi)) — i) (i +Z i = 00)h(v; 1{wsrare}}dv

l(0)en;

We note that since the ordering of the [(¢) € 1, which are not the parent is unaffected by
an event, the only possibilities that will force J(I(0)) < I(¢) is when a “child” has been
born between the new locations of levels or when [ (0) is chosen as the parent. However
we use the last sum appearing in the previous equation and the fact that h is decreasing

to see that the generator applied to ﬁtN , for large enough N, is bounded below by

l;
u ukK | * l
_Chﬁt_i_Z/l] J 71) (v*_l u)d*
l@] 7. 2 j
Z_Chﬁt ZO< )7

lieny
where Cj, = Ap||l||co. We therefore see that
NKZ
5+ [ cup?
J3
is a sub-martingale. This concludes the proof of the lemma. O

To complete the proof of Proposition 4.32 we see that, by using Lemma 4.35,

<5T+/ Bl + 0N )

)

is bounded. Therefore, by Jensen’s inequality,

2
Esup 8] < |E [(supﬁtN> ]
t<T t<T

which is also bounded by Doob’s martingale inequality. Proposition 4.32 follows by

application of Lemma 4.34.
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4.4.3.3 Selective model - proof of Theorem 4.21

The generator of the model with selection is of the form

AN f(n) = AL f(n) + AL f(m).

N

news 1s the same as in Sec-

The analysis for the neutral part of the generator, A
tion 4.4.3.2, with the exception of a slight modification of Lemma 4.36, which we
discuss in Lemma 4.39. We therefore turn our attention to Aé\él, which is the part of

the generator describing the selection. It can be written as

sN o |l uK _uK o« v e UK [0 e o Vdo
Aé\él (U):S</O [Je T gk, v%)e” T ox (1—g(k"v))d

| g(fi,asez(l,l;uv*))]dv*—f('n)), (4.71)

(D) EmIALL,,

where we recall that the movement of the levels J4¢; is specified by

U* ifl: l:eh
Jset (LK), (g, K%),0%) = ¢ L (1= (1, — p*)2) : * %
(1 8), (e, 57),07) 1_7(z (g = v 3N ) LA Ty, L >0,
el if 1 < v,

N

L, into a more convenient form. We use the

As in Section 4.4.3.2, we transform A

Taylor approximation (4.52) to approximate the generator by
N N N K N
Asel = Asel,l + Asel,? +0 7Asel,2 )
where

Aé\;l,lf(n)

SN OO'U,K —M’U* % *
_S</0 76 J {g(/ﬁ,v) H

(kD EN AL,

9(k, dser(l, ler, v*)) = f(??)} dv*) , (4.72)

N 0 2 K2 _uk . [ . .
Aivez,zf(n)=5<—/0 e / (1= g(r",v))dv g(x", v")
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X H g(’mgsel(l?l:elvv*))dv*)' (4'73)
(rDENIAL,

Once again, we treat ASA;U and Aé\ém separately. We order the levels n = {(k;, l;) }i>1

present in the system by requiring that for each i, I; < l;41. Arguing in the same

way as for the neutral case, we may conclude that the term involving AN o tends to

sel,
0 as N — oo, as the requirements NK/J? — C combined with 1/S — 0 imply that
NK/J%*S — 0. We turn our attention to Aé\;l,l' Recalling the difference between [,

and [7,;, we note that for large N we will very rarely see [}, # (7., and so we consider

sel»

SN UK —MU*
sez3f() 5 (/0 76 7

X |:g(l{*’ U*) H g(,{" Hsel(la l;kzeu’ U*)) - f(,r/):| dU*) ‘ (4'74)

(h:?l) En7l¢l;k7.eu

We will prove Proposition 4.26 by showing that Aé\él,?: satisfies a suitable estimate and

then showing that Aé\él’l — Aé\fle,?» converges to 0 by virtue of Lemma 4.38.

Lemma 4.37. Under the conditions of Theorem 4.21,

i

sN O UK _uk . . . .
S(/ ¢ T {g(n ;%) H (K, dset(ly Gres v™)) — f(n)}dv )
° (D)€L
g (ki li) suN
( Z /'iz, z JS lz) H _>0’

Proof Just as in Proposition 4.31, we approximate (4.74) using (4.51) by

oK _uk o [g (ki L),
e

9(ki, li)
g Ly o(k) L —U*N *>
T v~ Lisi,— — | |dv
l%l: g(r (1 J g o(k*) 1—-4%
g (Ki, i _uK J [ _uk, _aky
= Nf("?) Z g((/{' l)) <—(lz — li,l)e 7 li-1 + u?(e Tlic1 e 7T ll))
gl(ﬁplj) l]% _uK; _uK; >
+ ” (& J i1 e i
;(g(/‘i],lj)l—J( )
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8 (’i]" lj) 1 _uKg

i 3<i

where we have used integration by parts and 8; is equal to the terms appearing in
(4.55). Now we notice that 8; is multiplied by 1/S and since S — oo it can be neglected.
Consider then the second term. We can neglect the factor 1 — u/J at the cost of an
error of order NK/J3, which tends to zero. We change the order of summation to

approximate it by

S (5

Now we proceed precisely as in the proof of Proposition 4.31. The final approximation

g /ia _Mli7 J _ﬂli7 _Mli
)Z. Hf,m;( (li=lim)e™ 1 (7 e )>

of Ai‘\él,S then takes the form

o (%3 1) )y s (Crsu+o(s))

a

We now turn our attention to Aé\gl 1= Aé\él 3. We must treat the cases when the
rare type is favoured or unfavoured separately. However, we show in both cases that

)Asel 1 Aé\e[zl,?»‘] — 0 and conclude with Jensen’s inequality.

Lemma 4.38. Let [I*

new be the lowest level above v*. Let I, be the level above v* which

. . . — *
minimises - J” . Then

sN
Ell2==
[

Proof We note that for | < v*, Jee1(l,1%,;,v") = Jse1 (L, [}ey, v*) as

f(n)/o 76 Z l Hsel l7lseb )_Hsel(l’lneuﬁv ))dv
l

|0

gy(l- 0 - FS) 1>
Hsel(lvl*7v*) =yvu* =10,
1_1%l < ’U*,
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and so we need only consider

sN o uK M* gl [ o(k) | .
?f(n)/o 76 l; l neu sel)o_(l{*)dv . (475)

We proceed as in Section 4.4.3.2 and consider v* in the interval [l;_1,[;]. We note that

I3 e = l; and if [; is of the favoured type then [7,; = [; also. If [; is unfavoured we denote

the lowest favoured type above [; by [; then [}

sel

# l; if and only if

Ow

lisg <0v* < <li - (7 = lz)) Nli—1,

O0s — Oy

where 0, = 0(ky), 0s = 0(ks), Ky is the unfavoured type and kg is the favoured type.

Therefore we see that (4.75) can be written as

N 72 DMt K i q( l o (k)
SN : ) dv*.
EE(UIND VR A T 2

(lw“% N, Ki=Rw

We can then integrate and use a Taylor expansion to see that we need only show that

the following expression converges to zero:

[ 9 ) Z uj((lf — li)(li —li—1 — o U_wow (7 — lz)> A 0] .

(lz ,Kz)@%l <lj yRi=Rw

If the rare type is unfavoured we can then conclude by noting that the order of the
expectation is E{S"é\y{(lf — L)l — li- )} (‘)( ST ® 12)2)

If the rare type is favoured we may bound it by

suNK
Z JS (l’L—l )2 {l —1;i_ 1—=

lAk,1 <li<ik

(4.76)

(lk —1;)>0}>

where we recall that [, is the kth highest rare level. As before, we condition on there
being n individuals of the common type with levels between I, and [;,_;. We can then
consider the n levels as independent uniformly distributed rather than the ordered
levels ;. Suppose that z,z21,...,2,-1 are independent uniformly distributed random

variables on [0,1], Y = 1—z and X = min({z}, {(# — 2i) }s,<z). We then see that (4.76)
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is bounded by
suKN

2
N IE[X 1X>Cy]
We now look at
1
B Loy] = [ BTl = uldu (4.77)
0
1
:/. E[X?1xo0_ulz = uldu (4.78)
1:—0
1 U
:/ / :L“21I>C(1_u)dIP>[X = z|z = u|du (4.79)
1~(lic 0
1 u
:/ / 22dP[X = z|z = u]du. (4.80)
< Je(l—u)

Since

PIX > x|z = u] =P[[u — z,u] N {z} =0] = (1 —2)"

dP[X = z|z = u] =(n — 1)(1 — z)" 2,

we may bound (4.77) by

1 1
E[X?1xsey] < 3 (n —1)(1 — 2)"2dz du
1_T_C c(1—u)
1 l—c+cu
:/ / (n —1)(1 —v)*" 2dv du
1~(lic 0
n—1 o ! o2 1
< -2 +
¢ |nn-1) nn+1)  (n+1)(n+2)],
B 6
Cen(n+1)(n+2)
We can then conclude by noting that
) 1 (K_ ZN)ne—(K—ZN) ( 1 N
> —0 +expl(~(K - 2V) ),
— (n+1)(n+2) n! (K — ZN)2
which again leads to an error of order O(% ﬁ), completing the proof of the

Lemma. O
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Proof[Proof of Proposition 4.26] By Lemma 4.33, Proposition 4.26 follows from a

combination of Lemma 4.37 and Lemma 4.38. O
Lemma 4.39. Define %V as in (4.70). Then BN is a dominated by a bounded sub-
martingale.

Remark 4.40. Notice that the even though the statements of Lemmas 4.36 4.39 are
the same, the behaviour of the process BN is subtly different, as in Lemma 4.39 the

movement of the levels is affected by selective events.

Proof As in the proof of Lemma 4.36 (and using the notation introduced there)

1(0)eny
(a0 - i(t))ha(o»
+ (1) = 1(0) ) (3(1(0)) — 1(0))O( WHOO} Z h(v; 1{Ware}}dv + ().

Considering combination of Proposition 4.31 and Proposition 4.26 we know that the
parts involving J(1(0)) — 1(0) converge to al(0) — bl?(0). Since £ — 0 and observing

Lemma 4.38, we may proceed as in the proof of Lemma 4.36 to conclude. o

4.4.3.4 Model with selection in fluctuating environment - proof of Theo-

rem 4.18

Proof We begin by identifying the limit. Recall that the rescaled generator takes the

form

ANf(U’ C) AT]Xeu ( C) + SAsel (777 C) + SQAenvf(nv C)v (481)

N
where A,

is defined as in (4.50), AY, is defined as in (4.71), and

Aem)f(n7 5) - Eﬂ'[f(na f)] - f(77: E)
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We also use (4.42) and that A, f1 is of order 1 by previous calculations. To
identify the correct limit it is therefore enough to evaluate AY, (f1(n,€)), which can be

approximated as

sel(fl(n 5)) sel (f(n)sf;év( KIT’C _1>Zl K], ))

(fe, C) 9(kj, 1
_ [sulN fo(kr () 2
- [5s (Feg )] o
g (ki li,) g (k4,1 (kj, 1) + 19" (Kj,15) 1
{ (;l 1y m,lz)g(l-ij,]lj ) (Zl ’ g(ﬁj,]lj) ’ ) }+O<S + K1/2)

The bound (3.22) follows directly from proofs of Propositions 4.26, 4.31, 4.32, with

Lemma 4.36 modified in a way analogous to Lemma 4.39. a

4.5 Scaling limits of the SLFV - dynamics of the rare type

In this section we are interested in a spatial analogue of the results from Section 4.4.
We show that under a certain scaling, the dynamics of the subpopulation with a rare
mutation, which is a part of a population evolving according to a version of the Spatial-
Lambda-Fleming-Viot model with selection in a fluctuating environment, is given by
a superBrownian motion in a random environment. Since under our scaling the proof
of the result does not differ significantly from the one discussed in Section 4.4, our
discussion will be rather brief and focus on highlighting the differences and required
modifications.

We begin with a description of the model. As before, we consider a population with
two genetic types, rare and common, which we denote by k, and k., respectively. We
also consider the random field (, specified by Definition 4.2. Since in our model we
consider a population with a countable number of individuals, the state of the population

can be represented as

n= Z 51,/@,[-

(z,k,1)

We assume that 7 is a conditionally Poisson system with Cox measure = X mjep.
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The evolution of the population is determined by reproduction events of two types
- neutral and selective driven by independent Poisson point processes I1"* and II5¢,
which specify the time, location, impact and radius of the events. They are analogous
to those in Section 4.4, but now we assume that only individuals within the ball centred
at the location of the event, of radius specified during event, are affected. A rigorous

definition of the model follows.

Definition 4.41 (Lookdown representation of SLFVSRE). Let u be a measure on
(0,00) and for each r € (0,00), let v, be a probability measure on [0,1], such that the

mapping r — v, is measurable and

/ rd/ u vp(du)p(dr) < oco. (4.82)
(0,00) [0,1]

Fiz s € (0,1). Let II"% T1°¢ be a pair of independent Poisson processes with intensity
measures (1 — s)dt @ dy @ p(dr)v,(du) and sdt ® dy @ p(dr)v,(du) respectively.

Let TI°™ be a Poisson process independent of II"% T15¢'. The lookdown representation
of SLEVSRE is a process taking values in purely atomic measures on {—1,1} x R x

R X {ky, ke} with dynamics described as follows.

1. If (t,y,r,u) € I

(a) a group of new individuals with levels (v1,va, ..., ) is added to the population
within the ball B,(y). Their levels are distributed according to a Poisson

process with intensity .

(b) Let v* = min{vy,ve,..., }. The type of the new individuals is chosen to be
the same as the type of an individual with the lowest level above v* within

the ball B(y).

(c) As a result of an event the levels are changed according to

! if v ¢ By (y),

L (l— (1" =) ifl>1%,2 € By(y),

Hneu(la l*7v*?x7 (y7 7")) =
1 ifl <,z € B(a),

v* if l=101"x € B(y).
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2. If (t,y,r,u) € I1°¢
(a) a group of new individuals with levels (v1,va,...,) is added to the population.
Their levels distributed according to a Poisson process with intensity u.

(b) Let v* = min{vy,ve,...,}. The type of the new individuals is chosen to
be the same as the type of an individual with level above v minimizing

(l; — v*)/o(ki, ¢) within the ball B(x,r).

(c) As a result of an event the levels are changed according to

! if v ¢ Br(y),

(= (= o) ZEh) if > 1w € Byu(y),
HSEZ(Z7 l*,’l}*,l‘, (y77")) = 7 7

1_1%l Zfl<l*7xeB7‘(y)7

v* if l=1*z € B.(y).

3. The dynamics of 1I°™ are specified by Definition 4.2.

Definition 4.41 is more general than we require, however, we include it to underline
the possibility of extending our results. However, in the interest of keeping our notation
as simple as possible, from now on we shall specialise to fix the radius and impact of

reproduction events.

Assumption 4.42. From now on, fix R € (0,00) and u € (0,1) and take

w(dr) = dgr(dr), vp(du) = dz(du).

The integrability condition (4.82) is trivially satisfied for the model with fixed radius

and impact.

4.5.1 Scaling and statement of main results

At the Nth stage of our scaling, the local population density will be K = K(N). We
shall denote the representative of the density of the scaled SLFVSRE by w!¥ and

the population of rare individuals by X = Kw!, which is defined Lebesgue almost
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everywhere. We shall think of XV as a measure-valued process and abuse notation by

writing, for any Borel measurable ¢,

(xV.0) =K [ @i @de= | o@X}@)da.

The scaling is nearly the same as in Chetwynd-Diggle and Etheridge (2018). For the
scaled process, time is sped up by a factor N, space is shrunk by M (N), and the impact
of each event is reduced by a factor J(N). The rate of the selective events is multiplied

by S/S(N). Let C(d) := [y, (g 2*da.

Theorem 4.43. Suppose that X}V is absolutely continuous with respect to Lebesgue
measure, that the support supp(XéV) C D, where D is a compact subset of R? (indepen-
dent of N ), and that X(])V converges weakly to Xo. Moreover, suppose that, as N tends
to infinity,

Cqurdt2N K u?’VrRNK o
JM? JMA 2ypd 9w

N? suNVg (o(kr, () 2 , S
-  Ex —1 = .
KJ2Md—>O’ l{ 37 (U(F&c,() >} —b S—>0

In addition, assume that there exists an m such that, as N tends to infinity, N (K/J)™ —

— Cy; J,K,M,S,§—>oo; — 0;

0. Then the sequence Xn(t) converges weakly to superBrownian motion in a random
environment with initial condition Xo, diffusion parameter Cy, drift b, quadratic

variation parameter 2a.
As in Section 4.4 we record two theorems which are a by-product of our technique.

Theorem 4.44. Suppose that X(])V is absolutely continuous with respect to Lebesgue
measure, that the support supp(X{) C D, where D is a compact subset of R? (indepen-

dent of N ), and that X(])V converges weakly to Xg. Moreover, suppose that, as N tends

to infinity,
Caur®2N K N? WVRNK
e —C; J, K, M — oc; 7JMd—>O; 7MdKJ2—>O; N — a,
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In addition, assume that there exists an n such that, as N tends to infinity, N(K/J)" —
0. Then the sequence Xn(t) converges weakly to superBrownian motion with initial

condition Xq diffusion parameter Cy, quadratic variation parameter 2a + q(x,y).

Theorem 4.45. Suppose that X(])V is absolutely continuous with respect to Lebesgue
measure, that the support supp(XéV) C D, where D is a compact subset of R% (indepen-

dent of N ), and that X}¥ converges weakly to Xo. Moreover, suppose that, as N tends

to infinity,
N K N? u?VgRNK
e G M=o rn =00 g 2% Taya A
suNVg (o(kr, () )
—1)=b
JS <U(’fc,<) o

In addition, assume that there exists an n such that, as N tends to infinity, N(K/J)" —
0. Then the sequence Xn(t) converges weakly to a critical superBrownian motion with

initial condition Xy, diffusion parameter Cy, drift b, and quadratic variation parameter

2a.

Remark 4.46. We note that the ‘sparsity’ condition we require for the neutral case is
stronger than the one in Chetwynd-Diggle and Etheridge (2018). Our set of conditions

implies M?/J — 0 in comparison to theirs

M log M
= = 0ifd=1, 8

1
= 0ifd=2 S =0ifd>3

It is due to the fact that the lookdown construction ‘sees’ the Hausdorff dimension of the
support of superBrownian motion in a way previous work did not, since our set of test
functions do not smooth out the support the process, in sharp contrast to their approach.
We require the intensity of levels within the ball of radius r/M to tend to infinity in
order to allow the limit to have Hausdorff dimension two. This observation explain why
the proof of our results in the spatial case does not differ significantly from the proof in

the non-spatial case.

The strategy of the proof is nearly entirely analogous to that laid out in Subsec-
tion 4.4.3. We therefore focus on describing the differences. In a sharp contrast to

situation described in the Remark 4.27 we do not claim to show any results on the
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limits of sequences of lookdown representations. We focus on the result for the projected
version of the model. We divide the generator of the lookdown representation into two
separate parts - one describes the spatial movement of the particles, the other describes
the evolution of the levels. We show that the selective events (and therefore the fluctua-
tions in the direction of selection) do not affect the movement of the particles in the
limit. For the convergence of the neutral model we refer to results of Chetwynd-Diggle
and Etheridge (2018). We then use the lookdown representation to deduce the right
form of the limiting generator and to justify the separation of timescales trick for the
selective part of the generator. The part of the proof which deals with the evolution
of the levels is analogous to that of Section 4.4, and we do not repeat it here. For
the reader’s convenience we include intensity estimate and discuss the splitting of the
generator.

Once again we consider a stopped process, see Remark 4.28. The domain of the

generator is specified by (4.24), (4.25).

4.5.2 Intensity estimate

In complete analogy to the non-spatial version of the model we observe that the generator

of the projected process is given by

N f((9, X0) = N [ Lo Lo <z>f(K“ B(y)dy
+K<1 - 3) /By(x) ¢>(y)wév(y)dy> - f(K /B,{Vf(:c) ¢(y)wév(y)dy>dzdx

[ o, 0l (Z))f<K<1 -9 L) <y>dy>

—f (K /R @y (y)dy> dz dx}

§ d 1 O'(K,T,C)wév(z) u
o S . [/Rd /Biw(x) |BM| o (i, Qwi (2) + o (ks, ) (1 — wéV(z))f<KJ BV (2) o(y)dy

cx(1-5) [ ot <y>dy> 1(K [, o )y )dzda
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+/]Rd /BM o (K, C R(c )Ci(i(mwé‘v)(( 7 N(z))f<K(]L - 3>/Bﬁ4<x>¢(y)wév(y)dy>

—f( / P(y dy)dz dx] (4.83)

The first two terms represent the part of the generator describing the effect of the neutral

events and is the same as in Chetwynd-Diggle and Etheridge (2018). The last two terms

represent the effects of selective events. Substituting Kw{ = X" this becomes

LNF((0,X07) = Lneu ({6, X07)) + L5 F (6, X07))
8L S 715 g 0
#(1=5) [, o0xs <y>dy> 1 [, #0X )y )
S (7521 ((5) [ 0 )
([, o)X W)y )a: dx]

~ N
sS 1 (H'MC)XO (2) u
N M / / K— d
B l rd JBM () | By MO Q( X <z>>f J B&f(w)qj(y) i

o (e, ) 202 4

+ (1 - 3) /BTM@ ¢(y)XéV(y)dy> - f(/me) ¢(y)XéV(y)dy)dzdx

ok, ) (1~ 25 u
+/Rd /BM(x ( : >Xé;((2)>f<(1 - J> /B,M(:c) ¢>(y)XéV(y)dy>

( T?g)X (Z) (K&C) (1

([ o)X )y )z dx] ()

We state useful lemmas from Chetwynd-Diggle and Etheridge (2018), which describe

the form and estimates for the neutral part of the generator. We need some notation.

Definition 4.47. We denote by AN the operator

C(d)Nurd+?

AN(¢) = WA@

with C(d) == [, (o) r2dx
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Lemma 4.48 (Chetwynd-Diggle and Etheridge (2018), Lemma 4.2). For f(z,() =«
and ¢s(x) :RxRY - R € 03’3,

/ LN ((6, XN (s)))ds = /Ot<XS?V,¢S>+<X;V,AN<¢S>>ds+N5V<¢>, (4.85)

where

Ns o t
NV So( mpojﬁgw HCsVR> [ {x )as (4.86)

We proceed to the proof of Lemma 4.49. We notice that the proof is very reminiscent
of our proof of Lemma 4.24 and the proof of Chetwynd-Diggle and Etheridge (2018),

Lemma 5.6.

Lemma 4.49. Let X = Kw denote the total intensity of individuals of the rare type.
Assume that E[XV(0)] < co. Then for any T >0

supsup E[(X ™, 1)] <oo, (4.87)
t<T N

=0. (4.88)

hm sup]P’[sup(XN 1)>H
H—oo N t<T

Proof We observe that with the test functions chosen as in Lemma 4.48, the part of
the generator describing the change in the population resulting from a selective event

can be written as

sel(<¢ XN( )>) -

“55 o (r; C) X(2)
[/]Rd ]€3M(I (kr, C) —I—U(/{C,C)(l—%) K /By(x)(K_X(y))ﬁb(y)ddedx

-1 ngm) o (e )% i(jwo O(i-%) <1 B X;«)) /s,m) X (y)¢(y)ddedx]

usS o (kr, C)

/Rd ]{BM /BM dydzdx] (4.89)




4.5 Scaling limits of the SLF'V - dynamics of the rare type 191

We observe that by Taylor’s Theorem ¢(y) can be locally approximated by

6(y) = (=) + Vo () (y - 2) + || Bllcaa O Iy — 2I7).

Therefore by using a calculation analogous to (4.47) and the fact that |y — z| < R/M

within a ball B,(x) we may approximate (4.89) by

LI (0, XN (s))) =

usS  (o(ky, C) 1 9 usS NS
NSJMQd <0.(/€c7 C) - 1) <X, ¢> + E<Xa ¢> V) (CUNW> +0 <W>, (490)

where C, is a constant depending on o.

Let x™V(¢t) = E[(X}V,1)]. Let hr denote a sequence of smooth functions such that
hg is supported on the ball of radius 2R centred at zero and is equal to 1 on the ball of
radius R centred at zero.

Assume in addition that the sequence hp satisfies
Ahr <€ hgr < hpgy1.

We combine (4.85) and (4.90) and take expectation in (4.84) to obtain

B[, 0] = B[00, 0] + B[ [ (XN,0) + (X,4%(60))as]

N Sﬁmm[("(“’” 1) [+ Sexonas] B[N )

U(ﬁca C)
N supg<g<y ||Ps usgCg
<X (0) + ClARg] + o( osest[dlery, | 2 JM2d>xN<o>, (1.91)

where we have used the properties of hy. Letting R tend to infinity and using the

Monotone Convergence Theorem, we arrive at

N supg<s< |6l o3 usSCy
XN () < xN(0) + C||Ahg| +o< 0353 Vi+ N YN (0)

We now apply Grénwall’s inequality to conclude. The second part of the statement

follows exactly as the second part of the proof of Lemma 4.24. O



192 Lookdown constructions

4.5.3 Sketch of the proof of Theorem 4.43

The generator of the SLFVRE process is given by

AN f(n) =

N / ( /00 [uﬁfj\lﬁl Y (0o A LT " )
R \ Jo ’

X H g(m,ﬁ,ﬂneu(l,l*,v*,x, (y,r/M)))]dv*—f(n))dy

(k.0 En AL

N SS Md/ </ i [uﬁﬁz' TR g (5t vt)e T S (o)
R \ Jo ’

X H g(:v, Ky dsel (1,17, 0%, 2, (y,r/M)))] dv* — f(n))dy + A (4.92)

(z,m, ) En, AL

where A" is specified as in (4.5) and g, ,/rs (K, 1) == m fBr/M(y) 9(z, Kk, 1)dz.
We split the generator into three parts, by adding and subtracting ¢(y, x*,v) inside

the integral. The first two parts describes the movement of the levels.

Aﬁcvull,neuf (77)

B NMd/ </OO [UJK]\’ﬁi’ %v*g(w*,ﬁ*,v Je — O [ 0=y (7 0)dv
R \ Jo

H 9<x*,/€,3neu(l,l*,v*,m, (y,r/M))) H g(m,fi,l)]dv*

(xzﬁvl)enBT/A/f (y) AL (I"‘iyl)¢nBT/1M(y) AL

- f(n))dy, (4.93)

where np_, ) = {(z, k1) €n:x € By (y)} and

A}Vull,self(n)

= N5y B e e e L O
S R \ Jo

JMa €

H g(m*,/{,gsel(l,l*,v*,x, (v, T/M))) H g(a:, K, l)]dv*

($7N71)€773T/M(y)7l?51* ($7N71)¢WBT/M(y):l7él*

- f(n))dy, (4.94)
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Observe that g), g/y is symmetrical with respect to y. Therefore (4.93), (4.94)
can be treated using arguments which are analogous to those which we applied to

Aneu,1, Aneu2s Aser1 and Agep o in Section 4.4. The second two parts are given by

© [yK|B, uK\BT\* A . . .
Aé\yfneuf(n) :NMd/Rd (/0 [ J]\‘fd JME <9y7r/M("f y U )_g(ya’{ y U ))

uK|By| o0 R .
X e TaMd f'u* (1=gy,r/ar (K% 0))dv

(z,k,0)EN,I#L

X H g(x,m,gneu(l,l*,v*,:n, (y,r/M)))]dv*) dy (4.95)

and

SS o0 UKB _uK|Br| o« [ * % P
At () = SMd/RdUO [M’M’ P (Guogaa 7, 07) = 906", )

uK|By| o0 N .
X e TaMd f'u* (1=gy,r/ar (5% 0))dv

X 11 g(m,m,gsel(l,l*,v*,x, (y,r/M)))]dv*)dy. (4.96)

(z,k,0)EN,I#L

We observe that our scaling implies that if the contribution from (4.95) is non-negligible,
the contribution from (4.96) vanishes in the limit. For that reason the results of
Chetwynd-Diggle and Etheridge (2018) are sufficient to deduce the behaviour of the

spatial movement of the generator of all cases of interest. From

uK|B, —uK|Br| . . . .
ANf NMd/Rd/ J]\Zd’ Tmd Y (gy’r/M(/-c,U)—g(:L‘,ﬁ,U))
uK|Br| [o° *
X e Jmd f'u* (1=Gy,r/m (s"0))dv H g(x, Kk, J)dv*dy,
(w,k,0) €Nl

we can see as in the calculations in Section 4.4 that this leads to

a AV h(2)
Md
RIxK |B7"‘ By /(%)

uK|Br| 3 uK|Br|
X |:€ Tmd hu r/M( )—6 TMmd h(

_ fR/BT/M(y) h(z,k)=2(dz, d/@)ef E(dz,dk)

— NMd fBr/]bI<y> ( )

") dy E(dz*,dk").
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Performing a simple Taylor expansion and noting this is identical to calculations
appearing in Chetwynd-Diggle and Etheridge (2018), Section 4.3 we see that this will

give us

C(d)ur?

aAY f(2) = exp(—(h,E))< e N An + O(1/M), 5>

where we recall that C(d) := [ 2*dz and (h,E) := [ga, g h(z, £)E(dz, dk).

For the sake of completeness we state the propositions describing the evolution of
the levels. We observe that both (4.93) and (4.94) are integrals over compact sets (recall
that g(z,[) is equal to 1 outside of a compact set) of their non-spatial counterparts
studied in Section 4.4.3. The task of analysing this generator is then a simple expansion
of arguments in that section. In particular, the sparsity condition K/M¢? — oo leads to

following analogous of Proposition 4.25 and Proposition 4.26.

Proposition 4.50. Under the conditions of Theorem 4.44,

t
Elsup /OA%ll,neuf(nS)

t<T

—(fmz) > a0 oy > [T (1—g(xi,v))dv)ds]—>0.

Li(s)enl b g Li(s)) li(s)ens Li(s)

Proposition 4.51. Under the conditions of Theorem 4.45 for any T € R

t (@i, i
/0 A%ll,self(név) - f(nﬁv) Z —blz‘g(l)) ds

E
[Sup 9(wi, i
Li(t)en

t<T

[0

The proof of the Theorem 4.43 now follows from application of Theorem 3.16 to the

N

process characterised by the generator of the projected version of A Full,neus

N
A Full,sel and

Aenv .



Concluding remarks

In this thesis we have examined the impact of the rapidly fluctuating selection on the
evolution of a population governed by the (spatial) Lambda-Fleming-Viot model. We
have identified diffusion approximations for both the non-spatial and spatial versions
of the model, which allows us to model the behaviour of the genetic frequencies in the
population forward in time. We have shown that in the non-spatial setting the scaling
limit is an SDE in which two terms (correction to balancing selection and a random
term) directly describes the influence of the fluctuations in the environment. In the
spatial setting the corresponding limit is an SPDE. In dimensions greater than one, the
‘genetic drift’, as usual in this scaling regime, has disappeared, but some stochasticity is
still present in the limit due to fluctuations in the environment.

We have also studied the behaviour of an establishing mutation within a population
evolving according to the models described above. We have shown that under a suitable
rescaling, it is described by the Feller diffusion in a random environment in the non-
spatial setting and by the SuperBrownian motion in a random environment for a
population distributed across a spatial continuum. Both of those line of investigation
presented some technical challenges.

Our results open some avenues for further exploration. From the biological point
of view, the most interesting one lies in the description of genealogies connected to
the evolution described by our models, as those are what we are trying to infer from
observable data. The most interesting question from that perspective is whether it is
possible to find ways to distinguish (in data) patterns of allele frequencies driven by

spatially fluctuating selection and temporally fluctuating selection. In this thesis our
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only step in that direction is the introduction of the system of equations for tracer
dynamics.

The usual way of identifying model for genealogies is via duality methods. The
presence of fluctuations makes this question less straightforward to answer. Apart
from rather limited situations, we were not able to establish a useful duality (or even
approximate duality) for our models. However, if one could find an invariant measure
for the SPDE describing the scaling limit, one could employ the idea of coalescence in
random background, which has been introduced in the context of classical non-spatial
models by Barton et al. (2004).

Description of genealogies does not become easier for the SuperBrownian motion in
random environment. Even the lookdown representation does not make this question
easier - for the Branching Brownian motion, the genealogy can be recovered from the
locations and the values of levels only when the birth rates and death rates are constant,
see Kurtz and Rodrigues (2011), Section 3.3.

There are also other interesting questions related to the models discussed in the
thesis. A better understanding of more varied mechanisms of selection (for example,
frequency dependent models), questions on the speed of propagation of a new mutation,
possible inclusion of geographical barriers are just a few examples of questions of interest.
From a more mathematical perspective, some interesting further directions include a
better understanding of lookdown representations, study of qualitative and quantitative
properties of limiting models and development of a more robust framework for study of
processes in random environment, at least in a setting similar to the one presented in

this thesis.
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Appendix A

Markov Mapping Theorem

This Appendix contains several versions of the Markov Mapping Theorem used through-
out the thesis. We aim to provide precise statements just as they appear in papers. First
we recall some basic definitions and introduce the necessary notation. For a detailed
account of this introductory material we refer to Lunardi (2012) and Ethier and Kurtz
(1986), Chapter 1.

Let (E,d), (Eo,dp) be a pair of complete, separable metric spaces (with metrics d
and dy, respectively). Let B(E) be the space of bounded measurable functions on E.
We notice that equipped with the usual supremum norm || - || it forms a Banach space.
Let C(F) C B(FE) denote the subspace of continuous functions on E. A subspace A of
B(E)x B(E) is a multivalued linear operator. It domain is given by D = {f : (f,g) € A}

and its range by R = {g: (f,g) € A}.

Definition A.1 (Dissipative operator). We say that the operator A is dissipative if for
each (f,g) € A and A >0

IAf =gl = AllfIl

Definition A.2 (Graph separable pre-generator). We say that an operator A C B(FE) X
B(FE) is a pre-generator if it is dissipative and there exists a sequence of functions pup,

mapping E to the set of probability measures over P(E), and a sequence of A, € E, such
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that for each (f,g) € A

g(x) = lim A, [ (f(y) — f(z))pn(z,dy).

n—oo E

If in addition there exists a countable subset {fi} C D(A)UC(E) such that the graph
of A is contained in the closure of the linear span of (fn,Afn), we say that it is

graph-separable.

We notice that the generators of Markov process are graph-separable pre-generators.
Let Dg[0,00) denote the space if cadlag functions and Mg[0, c0) denote the space of
Borel measurable functions from [0, c0) taking values in E.

We are ready to state two versions of the Markov Mapping Theorem.

Theorem A.3 (Kurtz (2011), Theorem 1). Suppose that B C C(E) x C(E) is a graph
separable pre-generator. Moreover, assume that D(B) is closed under multiplication and
separates points in E. Let (Ey, 1) be a complete, separable metric space, v : E — FEqy be
Borel measurable, and let o be a transition function from Ey into E (that is, Ey 3 y +—

a(y,-) € P(E) is Borel measurable) satisfying a(y,v 1 (y)) = 1. Define

C = {(/E f(z)a(~,dz),/EBf(z)a(-,dz)) fe @(B)}.

Let pig € P(Ey), and define vy = [z a(y, -)po(dy). IfY is a solution of the martingale
problem for (C, po), then there exists a solution X of the martingale problem for (B, 1)
such that Y has the same distribution on Mp,[0,00) as Y =~ o X. IfY (and hence Y')

has a modification with sample paths in Dp([0,00)), then the modified Y and Y have

the same distribution on Dg(]0,00)).
The following extension plays a crucial role in Chapter 4.

Theorem A.4 (Kurtz and Rodrigues (2011), Theorem A.15). Let A C C(E) x C(E)
and let ¢ be a continuous function taking values in R such that ¢ > 1. Suppose that for

each f € D(A) there exists a constant ¢y > 0 such that

|Af ()] < cpib(z).
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Let Ay be defined as

Aof(z) =

Suppose that Ay is graph-separable pre-generator and suppose that D(A) = D(Ag) is
closed under multiplication and separating. Let v : E — Eg be Borel measurable, and let
a be a transition function from Eq into E satisfying a(y,y 1 (y)) = 1. Assume that for

each y € Ey

and define

C = {(/E f(z)a(~,dz),/EBf(z)a(~,dz)> fe @(B)}.

Let puo € P(Ep), and define vy(y) = [z a(y, )po(dy).

1. Let Y be a solution of a martingale problem for (C, o). Assume that it satisfies

the moment condition

t ~
/ E[$(Y(s))ds| <00 vt >0,
0
Then there exists a solution X of the martingale problem for (A,vy) such that Y
has the same distribution on Mg,[0,00) as Y =~ oY.

2. If, in addition, uniqueness holds for the martingale problem for (A,vp), then

uniqueness holds for the martingale problem for (C, uo).






Appendix B

Numerical Simulations

This Appendix is devoted to a more precise description of numerical results of Section 1.4.
Section B.1 is devoted to a description of our simulations. Section B.2 contains technical

details of the implementation.

B.1 Detailed description of simulations

B.1.1 A general description

In this subsection we provide a more detailed description of the simulation procedure.

Initialization
The simulation begins by choosing random seeds, separately for the times of reproduc-
tion/migration events and for the selection of individuals during those events. The user
specifies the parameters of the simulation: the number of demes, their spatial structure
(for the simulations reported in Section 1.4 this is always a one-dimensional torus),
the number of individuals per deme, a correlation function for the environments, the
selection coeflicient, the rate of changes in the environment, the frequency of creating
records and the time of the simulation. The rates of neutral and migration rates are
determined by the number of individuals per deme, and the rate of selection events
depends additionally on the selection coefficient.

The basic objects in the simulation are initialized. Each deme is assigned an

identification number and a list of neighbours, determined by the selected spatial
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structure (for the one-dimensional torus, each deme has two neighbours). Each individual
is randomly assigned a type according to a Bernoulli (1/2) distribution. Each individual
is assigned an identification number, according to the deme in which it lives. This
number allows us to track the ancestral origin of the population forward in time. The
initial state of the environment in each deme is specified. A maximal time of the
simulation is set.

The object that determines the times of the events, ‘the Clock’, is initialized. For
each deme, for each type of event, the next time at which an event occurs is encoded. A
separate variable with the time of the next environment change is also kept. The Clock
is initialized with the exponential distribution with rates specified for each type of an

event. The current time is set to 0.

Simulation
As long as the time of the simulation is smaller than the maximal time of the simulation
the following is repeated.

The clock is asked to return the time, deme identification number «, and type x of
the next event (chosen to be the smallest number on the list of all times stored). This
time is saved as the current time in the simulation. A random number is drawn from
an exponential distribution with rate determined by the type x of the event. This new
time is added to the current time and passed to the Clock to specify the next time an
event of type x occurs in deme c.

The event of type k is executed in deme with identification number «. With a given
frequency (specified by the user with respect to the number of events that have taken

place), a record of the current state of the population is created.

Events
There are four type of event: two types of reproduction event (neutral and selective),
migration events and environmental events.

Whenever a reproduction event takes place in deme «, two individuals are sampled
uniformly from deme . One of the chosen individuals is then randomly chosen to be

a potential parent, using a Bernoulli (1/2) distribution. If the event is neutral, the
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potential parent is picked as the parent. If the event is selective, the types of the two
selected individuals are checked. If they are the same, the potential parent is selected
as the parent. If the types are different, the state of the environment is checked. Then
the individual with type favoured by the environment is selected as the parent. The
type and the ancestral origin of the parent are assigned to the second individual.

Whenever a migration event occurs in deme «, one of the neighbouring demes is
randomly chosen according to the uniform distribution. A single individual is chosen
uniformly from each of the deme « and the randomly selected neighbour and the type
and ancestral origin of those individuals are swapped.

Whenever an environmental event occurs, a new state of the environment is randomly
chosen. For the environmental regimes considered in Section 1.4, a single number
(1 or —1) is drawn randomly from a Bernoulli (1/2) distribution. In the cases of
neutral /constant selection, the environment is not changed. In the fluctuating cases, the

environment is changed in all demes (consistent with the specified correlation function).

Recording

Two separate types of record are created, the ‘proportion file’ and the collection of
‘ancestral origin files” The number of ancestral origin files is equal to the number of
demes, f.

The proportion file is a .txt file with § + 3 columns, separated by a single space.
The first column contains the information of the time at which records are created. The
second column contains the global proportion of type a at the given time. Columns
3,...,(8 + 3) record the proportion of type a in each deme.

Each ‘ancestral origin’ file is a .txt file with 8 + 1 columns, separated by a single
space. File number v contains information on the proportion of individuals in each
deme with ancestral origin equal to «. The first column contains the time of creation of

the records. Columns 2, ..., (8 + 1) record the proportion of individuals with ancestral

origin equal to v in each deme.
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B.2 Implementation

The simulation was implemented in C++14. The Mersenne Twister pseudorandom

number generator was used. Figures were created using R, R Core Team (2015).
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