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ABSTRACT

There is a substantial interest in the relationship between population structure and the
patterns of genetic variation. In structured populations, these patterns heavily depend on
gene flow, the movement of genetic material from one population to another.

In spatially structured populations, gene flow can be quantified by the spatial motion of
ancestral lineages — the description of where the ancestors of modern individuals lived at
times in the past. Understanding the stochastic motion of these lineages is key to explain-
ing patterns of genetic variability. In Chapter 1 we describe a new model for a population
evolving on Z¢ in which the demographic parameters of subpopulations depend on the
population density in a local neighbourhood. After suitable scaling, tracing numbers of
adults in the population we arrive at a system of interacting SDEs. The motion of a lineage
ancestral to an individual sampled from such a population follows a random walk in a ran-
dom environment and we establish this motion in the scaling limit. In contrast to classical
models in which ancestral lineages are drawn into regions of high population density, in
our setting, a lineage is attracted to regions of high fecundity.

In Chapter 2 we study the movement of ancestral lineages in a model in which local
population sizes are determined by the presence of transient, patchy resources. Habitats
are either bad or good and population sizes in good habitats are so large that, given the
opportunity, lineages will always move from bad to good habitats. Lineages traced back
through time can be explicitly described and we highlight the role of the spatial and tempo-
ral autocorrelation structure in determining the behaviour of lineage movement. The typical
displacement between an individual and their ancestors may differ substantially from that
predicted based on typical offspring dispersal.

Population structure need not be spatial; eg in some species, mating is restricted to oc-
curring between individuals from distinct self-incompatible classes, termed mating types.
Gene flow between these classes occurs only at the times of rare bouts of sexual repro-
duction. The evolutionary mechanism that drove the establishment of self-incompatibility
is still a debated topic. In a new approach, in Chapter 3 we address this by quantifying
the population genetic diversity and the probability of ‘effectual sex’ as a function of the
number of self-incompatible classes. Our results permit a novel understanding of the early

origins of sex.
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INTRODUCTION

This introduction will outline the biological context and motivation for a mathematical
study of our models of population structure and gene flow. No attempt is made to discuss
our results in any mathematical detail; we dedicate space to this at the beginning of each

chapter.

The fundamental aim of theoretical population genetics is to understand the complex
patterns of genetic variation that we observe in the world around us. The central thesis
underpinning this theory is that of Mendelian inheritance. In the mid-nineteenth century,
Mendel [95] described a mechanism through which patterns of genetic variation are passed
from generation to generation in a population. An individual’s observable characteristics
or traits are determined by discrete units of genetic material called genes. Genes occur
in finitely many types, termed alleles, and different alleles may be expressed differently.
Offspring appear similar to their ancestors because they inherit genes from their parents.
Patterns in genetic variation, then, are determined by the exact mechanisms through which
offspring inherit genes from their parents. Of course, the story is not so simple. Exactly
how individuals inherit their genes from the previous generation is incredibly complicated
and determined by a huge number of competing factors. It remains to this day a hugely

contested topic.

Genetic inheritance.

At the lowest level, one is interested in the exact biological mechanisms which determine
how the complete collection of an offspring’s genes, its genome, is constructed from that
of its parents. In most living organisms, an individual’s genome is encoded by a chemi-
cal structure called deoxyribonucleic acid, or DNA. In humans, for example, the complete
genome is determined by twenty-three pairs of separate strands of DNA called chromo-
somes. An offspring’s genome is a hybrid of that of its mother and father. Roughly speak-
ing, a complete set of twenty-three pairs of chromosomes is constructed by inheriting one
of each pair from the mother and one from the father. The inherited chromosomes are not
an exact replica of those of the parents, however, instead a mosaic of the two chromosomes

in each pair. This is because of a process called genetic recombination. Understanding
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exactly how these chromosomes are copied, a process called DNA transcription, is funda-
mental to understanding patterns of genetic variation. Although we will encounter genetic
recombination again in Chapter 3, the precise biological mechanisms of inheritance are not
the central focus of this thesis.

How individuals inherit their genes is also determined in a fundamental way by the
dynamics of the population and its environment. By this we are referring to a very broad
set of characteristics. For example, we might consider fluctuations in population size, how
the population is distributed across space, how it interacts with its environment or other
species, the impact of extreme extinction or recolonisation events triggered, for example,
by climate change, or how frequently individuals may reproduce and, if they may reproduce
sexually, how potential mates are selected. Of course, the list of factors influencing the
dynamics of the population — and thus genetic inheritance and patterns of genetic variation
— is potentially endless and a great deal of work has gone into assessing their relative
importance.

In this thesis we will focus on the demography of the individuals that make up the popula-
tion: fecundities, mortalities, movement rates, and so forth. Stochastic population models
can lead to complex behaviour, especially across continuous geography. Inferring these
demographic parameters of populations can be of substantial practical importance; for in-
stance, when working to conserve an endangered species or to control an invasive species
or disease vector. Although reproduction is a fundamental way by which populations grow,
if an individual’s genotype does not affect its reproductive success, the genealogical con-
nections between parents and offspring can be ignored if one is only interested in pop-
ulation size changes. This observation has motivated a huge literature on branching, or
Galton—Watson, processes and their spatial analogues. However, these relationships and
the patterns of genetic variation determined by them clearly contain important information
about population demography, and so there is substantial interest in using the patterns of
relatedness inferred from genetic data to learn about the demographic dynamics and history
of real populations. For instance, genome sequencing has provided surprising information
about the history of our own species both in the recent and distant past (see, for example,
[89]). However, the relationship between population demographic dynamics and the result-
ing patterns of genealogical relationships have only been described in the simplest possible

models.

Random genetic drift and natural selection.

One of the earliest and simplest models of genetic inheritance is the celebrated Wright—
Fisher model (see, for example, Crow and Kimura [25], Etheridge [37], Durrett [32] or

Ewens [41] for an introduction and thorough review of theoretical population genetics,
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including the Wright—Fisher and related models). In its simplest form, it is a model for the
fluctuations of gene frequencies in a finite population of fixed size. Consider a single gene
on each member of the population’s genome. It is assumed that this gene may take one
of two potential types, denoted A and a, and each individual in the population carries one
copy of this gene inherited from a single parent. The population evolves in discrete non-
overlapping generations; the genetic type of each individual in the present is determined by
sampling uniformly with replacement from the types of all individuals alive in the previous
generation and so on. Assuming that neither carrying the type A or the type a allele confers
a reproductive advantage to the individual, the long-term dynamics of the Wright—Fisher
model are rather boring: eventually all individuals will carry either the type a or the type
A allele. We say that the allele has fixed within the population. The probability that the a
allele fixes is given by its frequency in the present day population.

The Wright-Fisher model as stated fits into a so-called neutral theory of evolution orig-
inally proposed by Kimura [77]. Kimura’s hypothesis is that all genetic types or alleles are
selectively neutral, meaning that they are neither beneficial nor detrimental to an organ-
ism’s ability to survive or reproduce. Fluctuations in gene frequencies within a population,
then, are solely due to the fact that ancestors are randomly sampled from the previous gen-
eration and because the population is finite. This phenomenon is referred to as random
genetic drift. Although Kimura’s neutral theory acts as a suitable null model for evolution,
such a theory is, of course, a gross oversimplification of the true dynamics. In fact, the
Wright-Fisher model vastly over-predicts the amount of genetic variation within a popu-
lation [3]; random genetic drift alone is insufficient for explaining the patterns of genetic
variation we see.

One explanation is that a neutral theory of evolution, that all alleles are selectively neu-
tral, is far too restrictive. To fully understand patterns of genetic variation we need to take
into account the fact that organisms carrying different alleles may have a different fitness,
where by the fitness of an individual we mean the number of offspring it leaves after one
generation. This is observation is the central premise of Charles Darwin’s [30] theory of

evolution by natural selection, which may be succinctly described:

Heritable traits that increase reproductive success will become more common

in a population.

In other words, populations evolve so that the average fitness of individuals within them
increases. This phenomenon is called natural selection.

Sewall Wright developed a useful caricature for understanding evolution through both
random genetic drift and natural selection. In his 1932 paper [140], Wright proposed that
evolution refers to a population’s trajectory (in time) through an abstract state space. A

particular state in this abstract space corresponds to the whole population’s genetic con-
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figuration — that is, the genotype of all individuals in the population — and movement
through it represents a change in gene frequencies. The population’s fitness is given by
some function of its current state in this space, referred to as the fitness function; each
value in this state space may correspond to high or low fitness for the population. Wright
referred to this abstract state space, together with the fitness function, as the evolutionary
landscape. The landscape is made up of fitness peaks, local maxima of the fitness function,
and fitness valleys, local minima of the fitness function. On the one hand, natural selection
acts to push the population along the lines of the steepest gradient of the fitness function,
toward fitness peaks; on the other, random genetic drift allows the population to wander
around the abstract state space. If the effect of random genetic drift is strong enough, the
population may be pushed through fitness valleys allowing natural selection to push the

population toward new peaks. Wright referred to this as a shifting balance theory.

Population structure.

It is clear from Wright’s shifting balance theory that the relative strength of random
genetic drift and natural selection is important in determining the population’s trajectory
through the evolutionary landscape and thus in explaining patterns of genetic variation.
When natural selection is strong relative to random genetic drift there will be large temporal
correlations in gene frequencies; the population will become trapped in fitness peaks. When
selection is weak, the population will wander around the evolutionary landscape relatively
unconstrained and there will be high variability in gene frequencies.

Wright observed a population’s size is key in determining this relative effect. This is easy
to see after making the following observation. In a small population, an individual mem-
ber’s genotype contributes much more to the total proportion of the population carrying
the same type than it would in a large population. That being the case, small populations
are much more susceptible to random genetic drift and they are more easily driven through
fitness valleys to explore new fitness peaks. Because of this, we expect higher genetic vari-
ability and more frequent fluctuations in gene frequencies in populations which are divided
into largely non-interacting subpopulations.

We refer to the division of populations in this way as population structure. Such division
may take many forms, the most obvious being when a population is divided into groups
separated by physical barriers such as rivers, mountain ranges, oceans or even man-made
structures such as roads, border fences or oil pipes. Portions of the population could even be
isolated simply due to separation by vast distances. For example, the species of stick insect
Clitarchus hookeri provides evidence of geographically isolated populations undergoing
repeated and rapid changes to their reproductive strategy in response to local conditions.

Clitarchus hookeri is native to New Zealand, residing on both the North and South Islands,
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but a population has been accidentally introduced to the Isles of Scilly in the United King-
dom. Although the population introduced to the United Kingdom was originally sexual, it
has since lost its ability to reproduce sexually and the population now consists exclusively
of asexual females [97]. Population structure created by physical barriers of this kind is
referred to as allopatric structure. The term comes from the Greek allos, meaning ‘other’
and patra meaning ‘fatherland’.

Population division is not only caused by physical barriers however; populations may ex-
hibit division into subpopulations (identified by significant variation in genetic variability
between groups) within the same geographic region. Such structure is referred to as sym-
patric structure and can take many forms. Many species are subdivided by a set of repro-
ductive rules. For example, the yeast species Saccharomyces cerevisiae may be one of two
types, denoted a and «, identified by its ability to produce or detect a signal used to search
for a mate when initiating sexual reproduction. Cells of the a class signal their presence by
producing a signal, or mating pheromone, detectable only by « cells and, vice versa, cells
of the « class signal their presence by producing a mating pheromone detectable only by a
cells. Saccharomyces cerevisiae largely reproduces asexually, and the two subpopulations
of a and « cells evolve independently of one another except at the times of rare bouts of
sexual reproduction [122]. During these events, cells are only able to detect the presence,
and thus mate with, cells of the opposite class. In this example, the frequency of sex be-
tween these otherwise independently evolving subpopulations determines the strength of

of the population structure or subdivision.

Gene flow.

If allopatric and sympatric barriers create population structure, gene flow erodes it. Gene
flow is the movement of genetic material from one population to another. In geographically
isolated populations, this might be the occasional migration of an individual between the
separated groups. In the example of Saccharomyces cerevisiae, occasional bouts of sexual
reproduction create offspring with genetic material from parental cells of each class. The
presence of gene flow between populations ensures that we are in fact referring to a sin-
gle population rather than different species altogether; in its absence random genetic drift
would cause the populations to diverge. In fact, the amount of gene flow to needed to pre-
vent this can be very small indeed. Wright showed that it is sufficient for there to be just
one migrant per generation to prevent significant genetic variation between groups. This
is often dubbed ‘Wright’s rule of thumb’ [118]. In contrast to settings where gene flow
between subpopulations is very low, if gene flow is very high then one sees a collapse of
structure: the population structure is eroded and the otherwise separated groups act as a

homogeneously mixing population [106].
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The relationship between population structure, gene flow and patterns of genetic varia-
tion is the primary focus of this thesis. The literature on the role of gene flow and pop-
ulation structure is vast. The earliest and simplest models of spatially structured popula-
tions are Wright’s finite island model [139] and its natural extension, the matrix migra-
tion model of Bodmer and Cavalli-Sforza [14]. Understanding these models in the limit
of fast migration was developed by Nordborg and Krone [106] who showed that popu-
lation structure can be completely eroded if gene flow between subpopulations is strong
enough. Wakeley [131], Wakeley and Aliacar [133] and Wilkins and Wakeley [136] con-
sider these models in the limit of the number of subpopulations growing without bound.
Kimura and Weiss [78, 79] developed a stepping-stone model for subpopulations located at
the vertices of a regular lattice; migration between subpopulations is restricted to occurring
between those at neighbouring sites. Such models have received considerable attention
[24, 33, 45, 80, 96, 98, 114, 119, 142]. The stepping-stone model captures what Wright
terms isolation by distance [141], the idea that if dispersal is restricted to geographically
close subpopulations then genetic dissimilarity between subpopulations increases with the
distance between them. Lattice-based models of this kind serve as an approximation for
populations distributed continuously across space. Developing models for populations dis-
tributed across a spatial continuum has long presented analytic challenges, as identified by
Felsenstein [43], but they have recently been overcome in a series of papers by Barton et al.
[4, 6].

Such studies necessitate a means of quantifying patterns of genetic variation in subdi-
vided populations. Typically, one wants to look at correlations in genetic type between
individuals sampled at random from the whole population. Focusing on a single position
on the genome, this is well-captured by the probability that two individuals sampled from
the population carry the same allele at this location. This probability is referred to as the
probability of identity by descent when the two individuals carry the same allele because
they have inherited it from a common ancestor (and there has been no mutation on either
line of descent since), or the probability of identity in state when they carry the same al-
lele but have inherited it from different ancestors. Assuming an ‘infinite alleles’ model of
mutation, where each allele mutates to a new allele never before seen in the population
with some non-zero probability in each generation, these two notions coincide. Originally
developed by Malécot [92, 93], the concept of identity by descent has been a key tool
for understanding and quantifying patterns of genetic variation in structured populations
[102, 118]. Depending on the level of gene flow, two individuals sampled from the same
subpopulation may have a significantly higher probability of identity by descent than two
individuals sampled from distinct subpopulations. In fact, we expect this probability to be

an increasing function of the amount of gene flow between subpopulations.
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Populations with spatial structure and ancestral lineages.

In models for populations with spatial structure, in particular when individuals in the
population are isolated by distance, the probability of identity by descent is given by the
celebrated Wright—Malécot formula [92, 141]. Their expression is for the probability that
two individuals separated by a distance d in the present are identical by descent as a func-
tion of the population’s demographic parameters. For stepping-stone models, the proba-
bility of identity by descent has been calculated by Slatkin [119]; in the continuous-space
models of Barton et al. [4, 6] the same probability has been recently computed by Kelle-
her et al. [74, 75]. In all cases, the computation of this probability depends on the exact
specification of the model and the techniques do not extend generally. However, whilst
this is true, the key to calculating such a probability is apparent: if we begin with a single
individual from some population alive today and choose a particular bit of her genome,
then, looking back through history, we can imagine recording the geographic location of
the ancestor from whom that individual inherited that bit of genome. This spatial motion,
as a function of amount of time in the past, we call a lineage — the description of where
the ancestors of modern individuals lived at times in the past. Again, assuming an ‘infinite
alleles’ model of mutation as above, where each allele mutates to a new allele never before
seen in the population with some non-zero probability in each generation, the probability
of identity by descent will be a decreasing function of the time it takes for two lineages to
meet in the same location.

The necessity of understanding the spatial motion of these lineages is thus clear. In the
simplest models, such as those with homogeneously distributed populations, these lineages
will behave as a simple random walk, the behaviour of which is well understood. In greater
generality, the demographic details of an individual-based stochastic population model de-
termine not only the time evolution of population sizes, but also the dynamics of lineages in
a fundamental way. For example, suppose we follow the inheritance of the chloroplast, and
thus the maternal lineage, in a population of plants. Suppose we know the birth location of
a given ancestor at a particular time. Roughly speaking, the location of the next ancestor
might be chosen from amongst the possible ancestors, weighted by the reproductive output
of those ancestors that established at that location at that time. On a broad scale, therefore,
lineages when traced back through time should tend to follow regions of high population
density, if the regions have correspondingly high total reproductive output. More generally,
tracing the ancestral lineage into the past, the probability that a particular individual living
at some point in the past is an ancestor to a given individual in the present is proportional
to the amount of genetic material that individual has contributed to the present-day popu-
lation. If we are looking one generation back, this is proportional to how many surviving

offspring they had; that is, their fitness [16]. Lineages, then, are driven in the direction of
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increasing fitness.

However, we are not just interested in the direction of the lineages but also the speed
at which they are moving across the environment. Unsurprisingly, this will depend in a
fundamental way on the dispersal rate, o, of the population, characterising the typical dis-
tance between a parent and its offspring. The relationship between dispersal and patterns of
genetic variation in spatially structured populations has recently been reviewed by Cayuela
etal. [19]. Specifically, the dispersal rate is given by the standard deviation of the displace-
ment between parent and offspring along an arbitrary axis. Imagining a lineage as a random
walk, one might guess that in a homogeneous population, the distance from a given individ-
ual to their single ancestor ¢ generations ago is proportional to o +/¢. Although this may be
close in some cases, it can be dramatically wrong in others. To capture this, one defines the
effective dispersal rate, o,, the corresponding quantity obtained by averaging back along a
lineage. If L, is the distance from an individual to their ancestor living ¢ generations ago,
then var[L,] ~ to? in the large ¢ limit. For instance, if there is significant competition be-
tween siblings, individuals that disperse further from their parents may be more successful.
Since these long dispersers are more successful, they contribute more to the modern-day
gene pool, and hence are more likely to be seen when looking back along a lineage. In this
case, we would expect o, > o. Conversely, if habitat quality is highly heterogeneous, so
that longer-distance dispersers are likely to end up in an inhospitable region, then o, may
be substantially less than o. Lineages in populations with a small effective dispersal rate
will take a long time to meet in the same location and moreover any processes that reduce
the effective dispersal rate between populations will generate patterns of greater genetic
differentiation. When the effective dispersal rate is high, the correspondingly high amount
of gene flow erodes the effect of the population subdivision.

The motivation for developing a rigorous mathematical framework in which to under-
stand the spatial motion of the ancestral lineages is clear. Whilst it is evidently possible to
measure the dispersal rate o by taking empirical measurements in the field, measurements
of the effective dispersal rate o, are much more difficult to obtain. Making estimates of
such a quantity would involve the collection of vast historical data sets recording all parent-
child relationships of all individuals in the present and in the past, and their locations.
This presents obvious practical difficulties. Even the numerical simulation of these models
presents substantial problems due to the necessity to manipulate huge data sets. Although
recent developments are beginning to enable progress in this direction [16, 55, 56, 76], a
mathematical analysis, when it is feasible, is nevertheless preferred since it highlights the

dependence of the observed quantities on the underlying parameters.
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Structure of the thesis.

This thesis consists of three separate papers, labelled as chapters here; in each, we define
a novel model for a population exhibiting structure. The models of Chapters 1 and 2 are
for spatially distributed populations. In the former, the dynamics of the ancestral lineages
are driven by the population’s reproductive mechanism; in the latter, the dynamics of the
ancestral lineages are driven by spatial and temporal autocorrelations in the population’s
environment. In the final chapter, Chapter 3, we consider a model for a population, not
structured by space, but by its own reproductive strategy — much like Saccharomyces

cerevisiae. We outline these chapters in a little more detail below.

Chapter 1.

Chapter 1 is joint work with Alison Etheridge and Peter Ralph. Our goal is to understand
the spatial motion of the lineages as determined by the specific details of the population
dynamics. In this chapter we consider a new model for a spatially distributed population
where an individual’s fitness, and thus also fluctuations in local subpopulation sizes, are
determined by some function of the population sizes within some local neighbourhood.
The novelty of the models that we consider is that, in the reproduction mechanism, we
distinguish between the production of juvenile offspring, which will depend on the local
crowding at the location of the adult, and the probability of them successfully reaching ma-
turity, which will depend upon the adult population in the location in which they are trying
to establish. As mentioned, in classical models, tracing ancestral lineages, one typically
sees them drawn towards regions of high population density. This is no surprise, since such
models are generally based on branching processes in which the total number of offspring
produced in a given location is proportional to the population size there; no distinction is
made between juveniles and adults. In our model, the motion of a lineage ancestral to an in-
dividual sampled from such a population follows a random walk in a random environment.
We establish the motion of such a lineage in the scaling limit. Perhaps not surprisingly,
we shall see that the rate at which ancestral lineages jump is driven by a combination of
the fecundity at neighbouring sites and the establishment probability of juveniles relative
to population size. We also find that lineages drift towards regions of higher ‘total fecun-
dity’, which may or may not correspond to higher population density. For example, one
can imagine scenarios in which high local population density is beneficial to the production
of juveniles, perhaps because of ease of finding a mate; on the other hand competition for
scarce resources may have the opposite effect. Similarly, a juvenile’s chances of reach-
ing maturity could benefit from increased cooperation in a large adult population, or be

decreased by crowding.
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Chapter 2.

Chapter 2 is also joint work with Alison Etheridge and Peter Ralph. In contrast to Chap-
ter 1, in Chapter 2 we study the movement of lineages in a population whose local popu-
lation sizes are entirely determined by exogenous factors: in our model, by the presence
of transient, patchy resources in the habitat. Models of this kind capture the concept of
isolation by environment (see, for example, [135] for a review) as opposed to isolation by
distance in Wright and Malécot’s earlier work. As an example, imagine that we are track-
ing populations of a soil microbe across a grassland, and the microbe is tightly associated
with a particular type of shrub. A low density of microbes is found in the soil away from
shrubs, but much higher densities live in the root zones of shrub patches. Looking into
the past, these shrubs expand, contract, appear, and disappear over time and, in doing so,
exogenously specify the dynamics of the population sizes of the soil microbe underneath.
New patches of shrubs appear only rarely, but when they do, the lucky microbes living near
to the location where the patch originated reproduce rapidly and, since the area surround-
ing the patch produces very few offspring, the microbes found in that patch are descendants
of those initially lucky individuals for as long as the patch exists. This means that as one
traces back the lineage of a microbe found in a patch today, the lineage must remain in that
patch until its origination — the motion of lineages is strongly constrained by the dynamics
of the patches.

In our model, the habitat at each location of space may take one of two values, good
or bad, indicating the presence or absence of such a resource. In fact, we will assume
that good habitats are so favourable that population sizes in good habitats will be large
enough so that, when given the opportunity, lineages will always move from bad to good
habitats and remain within them until their origination, as in the motivating example. By
varying the spatial and temporal autocorrelation of habitat quality in several models, we can
highlight how these determine the long-term behaviour of lineage movement, and hence
spatial patterns of relatedness and gene flow. In spite of its apparent simplicity, our model
allows us to explore a variety of scenarios, while retaining some analytical and numerical
tractability. Moreover, we are able to make novel contributions regarding the speed and

direction of ancestral lineage in populations exhibiting isolation by environment.

Chapter 3.

In our two models of populations with spatial or environmental structure above, the spa-
tial motion of the lineages is fundamental for accessing the patterns of genetic variability
in the populations. However, recall that population structure need not be engendered by
spatial isolation, physical barriers or the environment. In the example above, the yeast

Saccharomyces cerevisiae was divided into two classes by its reproductive strategy. These
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classes evolve independently and genetic material is only exchanged at the time of rare
bouts of sexual reproduction. Furthermore, each cell may only mate with another of the
opposite class. In fact, amongst most fungi, ciliates and algae, mating is similarly re-
stricted to occurring between individuals from distinct self-incompatible classes, termed
mating types [51]. However, the number of mating types is not necessarily restricted to
two, with as many as 23,328 in fungi [82] and 100 in ciliates [109]. The amount of gene
flow between these otherwise independently evolving populations is determined by the fre-
quency of sexual reproduction, when two individuals of distinct classes come together and
exchange genetic material.

In joint work with George Constable, lan Letter, Sarah Penington and Daniel Wilson, in
Chapter 3 we address the question of when self-imposed population structure of this kind
would be favourable and which evolutionary forces govern the number of mating types
maintained by the population. Many hypotheses exist (see, for example, [9] for a review)
but our focus is on the so-called ‘sex advantage enhancer model’. This model suggests
that self-incompatibility amplifies the benefits of genetic recombination; that is, the mixing
of genetic material from both parents so that offspring develop a combination of traits
seen in neither parent. Since genetic recombination can only be advantageous if parents
are genetically distinct from one another, population structure which increases the genetic
dissimilarity between potential mates should be positively selected for.

However, with rare exceptions [26, 101], the sex advantage enhancer model has received
little theoretical attention. The reason for this is clear. Whilst the hypothesis is straight-
forward to formulate verbally, it is significantly harder to formulate mathematically; the
precise mechanisms that drive selection for genetic recombination are themselves still an
intensely debated subject [1]. The novelty in our methods is that we abandon any attempt
to model selection for recombination and instead take a coarser-grained perspective. Our
approach is to quantify the patterns of genetic variability by computing the probability of
identity by descent for individuals sampled from either the same or distinct mating types.
For our model, we are able to express this probability as a function of the number of mating
types and the frequency of sex.

We can reconcile our findings with Wright’s shifting balance theory and his metaphor
of the evolutionary landscape. Small populations are more susceptible to random genetic
drift and are thus more easily driven across the landscape, allowing the exploration of new
fitness peaks. Thus populations divided into subpopulations with limited gene flow be-
tween them exhibit greater genetic variability. There are two reasons why a population
structure engendered by reproductive strategies of this kind may be positively selected for
then. First, by increasing the overall genetic variability of the population, the population is
much more likely to survive extreme or rapid changes in its environment. Secondly, with a

reproductive strategy which only permits mating between pairs of individuals selected from
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distinct subpopulations, individuals are much more likely to mate with another individual
genetically distinct from themselves. These effects and their implications for the origin and

maintenance of sex are discussed in significant detail in the chapter.

Although these three chapters are concerned with very different scenarios, our three
models have been deliberately chosen in order to capture different forms of population
structure, and by contrasting these we highlight the complex relationship between popula-

tion structure, gene flow and patterns of genetic variation.



CHAPTER 1

ANCESTRAL LINEAGES IN A POPULATION MODEL WITH
NONLOCAL DISPERSAL OF JUVENILES

Joint work with
ALISON M. ETHERIDGE AND PETER L. RALPH

We describe a model for a population evolving on Z¢ in which reproduction is
as a result of a two-stage process in which fecundity of individuals depends on the
local population density at the parental location, and the establishment probability of
the juvenile offspring depends on the local population density at the location where
they fall. After suitable scaling, tracing numbers of adults in the population we arrive
at a system of interacting SDEs. Both migration and growth rates depend on local
population densities. In a special case they reduce to a discrete and stochastic version
of a porous medium equation with an additional reaction term.

The motion of a lineage ancestral to an individual sampled from such a population
follows a random walk in a random environment. We establish the motion of such a
lineage in the scaling limit. In contrast to classical models in which ancestral lineages
are drawn into regions of high population density, in our setting, a lineage is attracted
to regions of high fecundity, which may or may not correspond to the most densely
populated regions of space.

Under conditions that guarantee that the deterministic version of the limiting sys-
tem of equations has a stable fixed point, we investigate the fluctuations about that
fixed point, which are determined by an infinite system of weakly coupled Ornstein—

Uhlenbeck processes.

1.1. Introduction.

This paper is concerned with a family of discrete time and space population models.
In a parallel paper [38], we shall derive a lookdown construction of a continuous time
and space analogue. On the one hand, the discrete setting facilitates the analysis of the
motion of ancestral lineages; on the other hand, it also allows direct comparison with the

corresponding motion under classical models of evolving populations. The novelty of the
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models that we consider is that, in the reproduction mechanism, we distinguish between the
production of juvenile offspring, which will depend on the local crowding at the location of
the adult, and on the probability of their successfully reaching maturity, which will depend
upon the adult population in the location in which they are trying to establish.

In classical models, tracing ancestral lineages, one typically sees them drawn towards
regions of high population density. This is no surprise, since such models are generally
based on branching processes in which the total number of offspring produced in a given
location is proportional to the population size there; no distinction is made between juve-
niles and adults. Here, also perhaps not surprisingly, we shall see that the rate at which
ancestral lineages jump is driven by a combination of fecundity at neighbouring sites and
the establishment probability of juveniles relative to population size, and that lineages drift
towards regions of higher ‘total fecundity’, which may or may not correspond to higher
population density. For example, one can imagine scenarios in which high local population
density is beneficial to production of juveniles, perhaps because of ease of finding a mate;
on the other hand competition for scarce resources may have the opposite effect. Similarly,
a juvenile’s chances of reaching maturity could benefit from increased cooperation in a
large adult population, or be decreased by crowding.

In §1.2 we shall describe our individual based model and the weighted {,-spaces in
which it takes its values, before giving a careful statement of our results. The first (for
which the proof is in §1.3) concerns a scaling limit of the model. The limit will be de-
scribed by a system of interacting SDEs with Feller noise. This is the natural discrete space
analogue of the generalised superprocesses that arise in the continuum setting. We empha-
sise that the techniques that we use to analyse the continuum model do not easily generalise
to the model considered here. Instead we draw heavily on Perkins [108], who constructs
the Dawson—Watanabe superprocess as a limit of branching random walks (except that here
we do not rescale space), while also borrowing ideas from Sturm [120, 121], who consid-
ered scaling limits of systems of interacting populations taking values in the same discrete
spaces as those we use here.

Our second topic, for which proofs can be found in §1.4, is the motion of ancestral lin-
eages, conditional on the history of the vector of population sizes. Although qualitatively
interesting, even in the scaling limit, we do not know how to reverse the population process
with respect to time and so quantitative statements are out of reach. However, as we prove
in §1.5, under certain assumptions, in a high density regime, the fluctuations in population
density about a stable limit can be characterised as a system of Ornstein—Uhlenbeck pro-
cesses (coupled through a ‘migration’ term), whose (reversible) stationary distribution is
easily established. This leads the way in §1.5.5 to a brief discussion of the first order effect
of the fluctuations in the population on the motion of ancestral lineages.
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1.2. A discrete time and space model for an evolving population.

In this section we describe our individual based models and state our main results.

Let us begin by introducing the weighted £,-spaces in which our population models will
take their values. These are a generalisation of the weighted £,-spaces used by Shiga and
Shimizu [115] as state spaces for infinite-dimensional systems of stochastic differential

equations. Such generalisations were used, for example, in [96, 120, 121].

DEFINITION 1.2.1 (The space 4r,,). LetT :Z4 — R satisfy

Z I'(x) < o0,

xez4

I'(x)
C(y)

< fedlx =y,

for some continuous function fr : Ry — Ry. We define
d
lr,, = {X € R* : | X|lr,, < oo},

where
X117, = > T@IXX)?.
xeZd
We can, for example, take I'(x) = exp(—||x||), and then f(x — y) = exp(||lx — y||).
For a topological space E, we will write D([0, T'], E) for the space of right-continuous

paths w : [0, T] — E equipped with the Skorokhod topology.

1.2.1. The individual based model. We are going to define a sequence of individual
based models, indexed by n € N. We suppose that we have two sequences 7, 1,, of non-
negative real numbers. Individuals live in demes indexed by Z¢. The population evolves
in discrete generations with inter-generation time t,. Each individual in the population is
assigned ‘mass’ n,. We write X} (x) for the size of the population in deme x € Z4 at time
t, that is

X} (x) := n, x number of particles alive at x at time ¢.

Reproduction is described as follows. For each t € {7,,2t,,..., | T/t ]tu},

1. at each point x € Z¢, each individual, independently, produces a Poisson number of

juvenile offspring with parameter y, (X" (x));

2. at each point x € 74, after production of juveniles, each adult at x, independently,
dies with probability u, (X (x));
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3. with probability mt, each juvenile, independently, migrates to a neighbouring deme
(chosen with equal probability from among its nearest neighbours), otherwise it stays

in its parental deme;

4. after migration, for each x € 74, each juvenile at x, independently, establishes
(and so becomes an adult in the population) with probability r, (X;—(x)). We treat
this maturation as instantaneous. Juveniles which do not establish do not survive
to adulthood are removed from the system. Once more, we treat this removal as

instantaneous.

REMARK 1.2.2. Evidently we could take a more general mechanism for migration
of juveniles. Our results will involve taking scaling limits, and both the proof that our
sequence of scaled population models is tight in £, ,, and the proof of convergence of the
corresponding sequence of scaled ancestral lineages exploit the fact that the juveniles can

only jump to finitely many different locations.

In order to obtain a sensible scaling limit, we make some assumptions on the parameters

Tn, n}’h rnaJ/n’ lan
ASSUMPTIONS 1.2.3.  We suppose that 7,,, 1, € (0, 1) with
5 —>0, n,—>0, n,/t,:=08,—>6¢€[0,00), asn — oo.

Defining the function g, : Ry — Rby g, : u — g, (u), where

Fn (W) Yn (U) — pn (u)
Tn

(1.2.1)

gn(”) =

we assume that as n — 00, 7y, Vn, Un, &n converge to Lipschitz continuous functions
r,y, i, & where the convergence is uniform on compact subsets and bounded on R;. In

particular, there exist finite constants , g such that

sup |y (W) =7,
neN,u€R4

sup  [g.(u)| =%
neN,u€R

We will also assume that the death probabilities w, (1) satisfy

inf  u,(u) >0

neN,ueR
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and, writing ®,, (1) = uy, (1), there is a finite constant ® such that

sup | @, (u)| < .
neN,u€R
The (biologically natural) assumption that p,(u) is uniformly bounded away from zero
is only actually used in the proof of Lemma 1.3.12. We shall sometimes refer to ®,(u) as

the total fecundity when the population density is u.
Following [108, 134] individuals will be labelled by multi-indices

acl = UN{O """ K = {(ag, ..., %) :o; € N,k € N}.

Denote by k = |(«p, . .., ax)| the generation of «. Let N* denote the number of (mature)
offspring of an individual with label «. Individuals are labelled as follows: each individual
alive at time ¢ = 0 (of which there are at most countably many) is given a label oy € N. At
time t = 1, the individual ¢« has a random number of surviving offspring. Denote by N
this number and give each of these offspring a distinct label (oo, 1), ¢y € {1,..., N @},
If oy itself survives until the next generation, it is treated as a new individual and labelled
(g, 0). We then proceed inductively.

Omitting a subscript 7, at the nth stage of rescaling we shall write

L=t/

to denote the last generation time before . Observe that a multi-index @ € [ can label
a particle at time ¢ if and only if |@| = ¢/t,. Any such particle is alive during the time
interval [|a|t,, (Jo| + 1)7,). We write o« ~ ¢ if and only if « labels a particle alive at time
t. Note that @ ~ ¢ if and only if o« ~ 7.

Let us denote by Y € Z the position of the particle with label o (which is constant on
the interval [|o|7,, (Jo| 4+ 1)7,) on which « is alive). With this notation, we may write

th(x) = 1n le(Ya)‘

a~t

We now use the Poisson structure of the reproduction mechanism to break down the popu-
lation in generation || + 1 into components that are conditionally independent given the
population in generation |« |. We write {e; ldzl for the unit vectors along each of the axes

in Z4 . For each « define

Z(N{,) = Poisson(mrnrn (Xjape, ¥ + €)Xy, (Y“))/Zd),
ZL(NE,) = Poisson(mrnrn (Xjape, ¥ =€)y (X [y, (Y“))/Zd),
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ZL(N2) = Poisson((1 — mz,)ra (X[, (Y Nyn(Xiypr, (Y9)).
Z(N§) = Bernoulli(1 — pn (X, (Y#))),

d d
N®:=Ng+> N + N2+ > Nf,.
i=1

i=1

In this notation, N, (respectively N2, , NZ) is the number of surviving offspring of «
which establish at the site Y ¢ + ¢; (respectively Y* —e¢;, Y %), N® = N% + Z;l=1 (Nﬂ‘ei +
N¥ ei) is the total number of surviving offspring of the individual with label o, N is the
indicator of the event that individual « survives until the next generation, and N¢ is the
total number of descendants (including itself if it survives) from individual « in generation

la| + 1.

ASSUMPTION 1.2.4. To avoid a plethora of subscripts, in all our proofs, we are going
to specialise to d = 1, and we shall write N§, N% in place of N, e N?, . The proofs

—er”

carry over with only notational differences to higher dimensions.

We define a filtration F = (F})e[0,7] by
Fro=o ({Ye lalo < 1) U NG NS NE NS Jalo < 1))

ie the natural filtration generated by the position and number of offspring of all individuals
that have existed up to time 7. By the thinning of Poisson random variables, N¢, N<,
N% and N§ can be assumed to be conditionally independent given Fy,. Also, note that,
because {Y* : |a|t, <t} is F/'-measurable, sois X foralls <1 + 7.

Existence of the process follows by comparison with a branching random walk in which
individuals never die, and they give birth in each generation to a Poisson number of off-

spring with parameter y, all of which successfully establish.
1.2.2. Main results. Having defined the model, we record our main results.

Scaling limits. Recall that a sequence of processes is C-tight if it is tight and every
limit point is continuous.

We use ‘=’ to denote weak convergence; ie for a topological space (V,7T) we write
X" = X in (V,7T) to mean that E[ f(X")] — E[f(X)] foreach f : V — R bounded and
continuous (with respect to 7). Finally, we will denote by Ay, the discrete Laplacian acting
on lattice functions f : hZ — R defined by

Jx+h) 4+ flx—h)—2f(x)

Apf(x) = 2
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so that, in particular,
Arf(x)=flx+1)+ f(x)—2f(x)
forall f :Z — R.

THEOREM 1.2.5. Let Rid be endowed with the product topology. Consider a sequence
X" of populations evolving according to the model of §1.2.1 with parameters satisfying
Assumption 1.2.3. Moreover, suppose that X] = u in the space Lr,, for some p > 2.
Then as n — 00, the sequence of processes X" is C-tight in D([0, T], Rid) and any weak

limit point X is a weak solution to the infinite system of stochastic differential equations
Xo(x) = u(x),

X0 = Xo) + [ Xe@gtuends+ [ ZrXai@o X ds

t
+ [ VEROG = RN d ).
0
(1.2.2)
for all x € Z¢, where {W (X))} cza denotes a countable collection of independent standard

Brownian motions. Moreover, any solution to (1.2.2) is {1 ,-valued.

The form of the quadratic variation seems more natural if one decomposes it into two
parts: that coming from the variation in both the number of surviving adults from one gen-
eration to the next, and that from the Poisson number of offspring born in each generation.
This can be seen as follows. Recall that since the function g, defined in equation (1.2.1) is
convergent, it must necessarily be the case that r,y, — u, — 0asn — oo (as t, — 0).
Equivalently, the limiting functions r, y and p satisfy ry = u. We then recognise the
quadratic variation as the limit of (i, (1 — iy) + 72 ¥n)n> /T, times the number of individ-
uals in site x in the parental generation (ie X" (x)/n,), where the first term comes from the
Bernoulli variables that determine whether an adult survives to the subsequent generation,
and the second is the variance of the Poisson number of surviving offspring of an individual
that establish in the same deme as the parent (terms in the quadratic variation correspond-
ing to migrating offspring vanish in the limit). The exact details of this decomposition will
be spelled out in the calculation (1.3.2).

The nonlinear migration term appearing in this limit is a result of our two-stage repro-
duction mechanism and novel to our class of models. In certain parameter regimes it takes
a more familiar form. For example, taking r (1) = 1 and ®(u) = u? for some g > 1, the
limiting system reduces to a discrete and stochastic version of porous medium equation plus
an additional reaction term; and taking g(u) = u(1—u), r(u) = 1 and ®(u) = u it reduces
to a discrete and stochastic version of the Fisher—Kolmogorov-—Petrovsky-—Piskunov (or

Fisher—KPP) equation. We can also recover the stepping-stone model with varying pop-
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ulation size; that is, an independent critical branching process at each deme with nearest
neighbour offspring dispersal. This limit is achieved by setting g(u) = 0, r(u) = 1,
wu) =1and &(u) = u.

If we make stronger assumptions on the initial condition, then we can strengthen this

result to tightness in £r .

THEOREM 1.2.6.  Under the conditions of Theorem 1.2.5, suppose further that

supE [||X(’,’||go] = supE|:sup |X(’)’(x)|pi| < 00, (1.2.3)

neN neN xezd

then the sequence of processes X" is C-tight in Lt , and any weak limit point X is a weak
solution to (1.2.2).

REMARK 1.2.7. Whilst the condition (1.2.3) may seem arbitrary, it is in fact (biolog-
ically speaking) rather mild. In words, it stipulates that the population, distributed across
the one-dimensional lattice, does not become arbitrarily large as x — oo or x — —oo. We

would not expect this to be the case in any biological relevant applications.
In order to deduce convergence of the scaled processes, we need uniqueness of the limit.
PROPOSITION 1.2.8 (Uniqueness). In the notation above, let
m
b(X.x) 1= g(X(x)X(x) + Zr(X(x) Ar(P 0 X)(x),
o (X(x), x) := §p(X(x))(2 — p(X(x))) X (x).

Suppose that

16X, e, < C(1+[1X]Ir,p).

16(X,)—b(¥,)|ra <CI|X —Y|rq; (1.2.4)
lo(X(x),x)| < C(1+ |X(x)]),
lo(y,x) —o(z,x)| < Cly —z|, (1.2.5)

then the solutions to (1.2.2) are pathwise unique and hence unique in law.

The proof of this result, which will be an easy consequence of Theorem 5.2.1 of Sturm
[121], is in §1.3.4. The linear growth conditions are automatically satisfied under Assump-
tions 1.2.3.

COROLLARY 1.2.9. Under the additional conditions (1.2.4) and (1.2.5), we have con-

vergence of the processes X" in Theorems 1.2.5 and 1.2.6.
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Ancestral lineages. 'We would like to understand the effect of our two-step reproduction
mechanism on the motion of ancestral lineages. In other words, conditional on knowing the
size of the population in each deme at all times in [0, 7], if we sample an individual from
deme x € Z (which without loss of generality we may take to be the origin) at time 7', and
trace back its ancestry, what is the motion of the ancestral lineage? In particular, we wish to
establish this motion in the scaling limit. Since the forwards in time migration probabilities
scale with t,, the lineage will almost surely only make a finite number of jumps over the
time interval [0, 7], and in the scaling limit we expect to recover a continuous time Markov
chain. This is indeed the case.

We need some notation. Consider a realisation of (X[ )o<;<7. Since X" evolves in

discrete generations, X7 = X fT Jon |, Ve Write
f:=1[T/ta]tn —t.

Then in our previous notation, as we trace backwards in time, the generation times for our
population in [0, T'] are of the form 7. We shall use {L? : 0 <t < T} to denote the process
that records the location at time ¢ before the present of the lineage ancestral to an individual
sampled from the origin (so that Ly = 0). The process L" can only jump at the discrete
times £, 0 < t < T. If we write P[-|X"] for the law of the process L" conditional on

(X]")o<t<T, then our goal will be establish the one-step transition probabilities
pr(X"t,x,y):=P[L},, = yIL] =x,X"], x,y €l

that is the probability that an individual alive at x at time f = [T/, ], — ¢ is descended
from an individual at y at time ¢ + t,, conditional on X”. In particular, we shall be inter-

ested in the behaviour of the lineage process L" as n — oo.

THEOREM 1.2.10. Fix ¢ > 0 and define T™¢ := inf{t > 0 : X'(L}) < c}, the
first time at which the population density at the site of the lineage falls below c. Suppose
further that ©? /0, — 0 as n — oo. Under the assumptions of Corollary 1.2.9, the process
(X", L" 7nc) = (X, L) in D([0, T],R% x Z) as n — oo. The law of L is given by its law
conditional on X. If X7(0) = Othen L, = @ forall0 <t <T. If X7(0) > O then L is

the unique process such that Ly = 0 and

tAT€
F(L) — f(Lo) — [0 AX F(Ly) ds

is a P[-| X |-martingale for each f € B(Z), where
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lr(XT—t(X))

X o
A S0 = 2 Xr—(x)

(@CXr—(x + D)(f(x + D = f(x)
+ O(Xr—y(x = )(fx =) = () ).

Recalling that r is the establishment probability, and & the total fecundity, the form of
the generator is easy to interpret. The instantaneous jump rate of a lineage at x at time
t is determined by the probability that it was an immigrant from a neighbouring deme
in the previous infinitesimal time interval. Since individuals within any given deme are
exchangeable, this is just the proportion of the population that are immigrants, so, using

that X; is continuous, the jump rate is

mr(Xz(x)P(Xz(x + 1)) + r(X;z(x))P(Xz(x — 1))
2 Xz(x)

If a jump occurs at time ¢, when the particle is at site x, then it jumps left or right in
proportion to the rate at which the neighbouring demes are producing migrants. That is,

conditional on a jump taking place, it is to x 4 1 with probability

O(X:(w, x + 1))
Yyt PN (@, )

In other words, the direction of the jump is determined by the total fecundity in each of the
neighbouring demes, rather than the total population size.

Let us briefly compare this to the spatial motion of ancestral lineages in the stepping-
stone model, when g(u) = 0, r(u) = 1, u(u) = 1 and ®(u) = u. In this case, as we
hypothesised above, since the total number of offspring produced in a given location is
proportional to the population size there, and no distinction is made between juveniles and
adults, the direction of the jump is determined by the total population size in each of the

neighbouring demes.

REMARK 1.2.11. It seems reasonable to hope that under an additional scaling of space,
one could recover nonlinear superprocesses that are the natural analogue of these models
in a spatial continuum. Proceeding informally, if one defines a sequence of processes E”
by setting

E)(x) == X,(|x/h)).
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forall r € R4 and x € R, then by way of substitution into equation (1.2.2),

2l (x) = EA(x) + / 2, (1)g(E"(x)) ds
0

+ / L (EE )AL (@0 X)L/ ds

+ [ VouEien @ - uEkwn e awi(x/ 1),
One may readily check that
A(Po Xo)(|x/h]) = B> Ap(P o EX)(x).

Let us additionally assume that mh? — v as h — 0. Then for any smooth and compactly
supported ¢ : R — R, passing to the limit # — 0 in the sum ), ., #(x)E"(x), one
may readily believe that if there were to be enough regularity in the solutions, then E” pos-
sesses a non-trivial limit E, given by a (weak) solution to the stochastic partial differential

equation

[_ (¥ E(x) dx = [ (¥ Eo(x) dx + / /0 (1) E4(1)g (B (x)) ds dx

00 —

+/_:/Ot(p(x)§r(as(x))A(<Do Es)(x)dsdx

+ /_ / (1) /5 (E5 () 2 = (Es (1)) Es (x) W(ds. dx).

where W is a space-time white noise.

This actually seems to be analytically challenging. In one spatial dimension, there is a
body of work that characterises scaling limits of branching particle systems as solutions to
stochastic partial differential equations (in the topology of uniform convergence on com-
pact sets), see eg Miiller and Tribe [98], Kliem [80] and Durrett and Fan [33]. However, key
steps in the proofs rest on estimates of the semigroup generated by the discrete Laplacian;
those steps do not transfer to our nonlinear setting.

Moreover, proving convergence in a space of measure- or distribution-valued processes,
is insufficient for analysis of the backwards-in-time ancestral lineages. The form of the
generator in Theorem 1.2.10 suggests that in the limit, motion of ancestral lineages should
involve a drift given by ry times Vlog(®) (which is consistent with the results of our
forthcoming paper on continuum models'). Even if we take § = 0, so that the limit is a

solution to a deterministic p.d.e., it is not obvious that solutions of the prelimiting models

IThis work is joint work with an additional author, Thomas G. Kurtz, and its content is not discussed in
this thesis.
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will be sufficiently regular that the discrete gradients of total fecundity converge to the
expected gradient term in the the limit. By remaining in discrete space, we are able to use

the pointwise convergence of the population size at each site.

Fluctuations about a stable equilibrium. One of the difficulties that we have in assess-
ing the effect of the fluctuations in fecundity on the population dynamics, is that we don’t
know how to reverse the system (1.2.2) with respect to time (or indeed conditions under
which it has a stationary distribution). On the other hand, one can write down conditions
under which the deterministic equation obtained by setting 6 = 0 has a stable steady state,
and if § is sufficiently small, one can expect the fluctuations about that steady state to be
small.

Our next result establishes that those fluctuations are given (to a first approximation) by
an infinite system of Ornstein—Uhlenbeck processes, coupled through an additional drift
term. We then provide an expression for its (reversible) stationary distribution, when it
exists.

In order to guarantee that the deterministic system has a stable stationary state, and that
fluctuations around that steady state can be controlled, we make some additional assump-

tions on the parameters of our model.

ASSUMPTIONS 1.2.12.  For the results in this subsection (and proofs in §1.5), we shall

make the following additional assumptions.

1. The function g(u) has a bounded second derivative, and the function G : Ry — R4,

defined by u — ug(u), has a bounded first and second derivative.
2. The function u +— ®(u) has bounded first and second derivatives.
3. There exists u, € (0, 00) with g(u,) = 0.
We further assume that 6, = 1, /t, — 0 and that

&n — &
5172

—0, (1.2.6)

and
YVn —V

8,1/2 —0

as n — oo, where the convergence is uniform on compact sets and bounded on R .

By Theorem 1.2.5, if §, = n,/t» — 0 and X§ = u in £r,, for some p > 2 then
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X" = X in D([0, T].R%), where X is the solution to the differential equation

XO =Uu,
t t (1.2.7)
Xy(x) = /O Xy (0)g (X, (x)) ds + /O 2 (XA (@ 0 X,)(x) ds.

Moreover, under Assumptions 1.2.12, u(x) = u, is a stable fixed point of the system
(1.2.7). We abuse notation and write u, for the vector in Ri equal to u, at every site.

If X' = u, sufficiently quickly, then we can expect that X;' = u, forall0 <7 < T.
We should like to describe the fluctuations of X" about the constant vector u,, which we

expect to be of order 8,11/ %. We define

X7(x) —ux

Z1(x) o= S
n

xe€Z 0<t<T. (1.2.8)
Our next result tells us that under the conditions of Assumptions 1.2.12, Z" is weakly
convergent to an infinite-dimensional system of Ornstein—Uhlenbeck processes, coupled
through an additional drift term.

NOTATION 1.2.13. For any function of the population density f : Ry — R we write

fv := f(uy) for its value at u,.

THEOREM 1.2.14. Let R_Z,_ be endowed with the product topology. Consider a sequence
X" of populations evolving according to the model of §1.2.1 with parameters satisfying As-
sumptions 1.2.3 and Assumptions 1.2.12. Let Z" be defined as in equation (1.2.8). More-
over, suppose that §, — 0 and that Z] = { in {r,, for some p > 2. Then as n — oo,
the sequence of processes Z" = Z in D([0,T],R%) and Z is the weak solution to the

infinite-dimensional system of stochastic differential equations
Zy =1,
Z,(x) = Zo(x) + /Ot (118l Z,(x) ds + %r*QJ;AlZS(x)) ds (1.2.9)
+ Vi (2 = pau By (),
where { B(x)}xez denotes a collection of independent Brownian motions.

As is the case in Theorem 1.2.6, we are able to strengthen the convergence if we have

stronger assumptions on the initial condition.
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THEOREM 1.2.15. Under the conditions of Theorem 1.2.14, suppose further that

supE[||Zg]15%] = SUPE[SUP IZS’(X)I”} < o0,

neN neN xezd

and again let Z denote the solution to equation (1.2.9). Then Z" = Z in D([0, T], Lr,p).

Equation (1.2.9) may be recast as a stochastic equation in infinite dimensions; written

dZt = AZt dt + vV M*(z_ﬂ*)u* dBt,

where B is a space-time white noise and A is the operator

mr(u) D (uy)

5 AL f +usg'(uy)f. (1.2.10)

Af =

As long as A is sufficiently regularising, we expect solutions Z to (1.2.9) to admit a sta-
tionary distribution. We will require some semigroup theory. Our first result tells us that A

is bounded and thus generates a semigroup.

PROPOSITION 1.2.16.  The operator A defined by (1.2.10) is bounded on {,(Z). More-

over, A generates a strongly continuous semigroup (T;);>¢ defined by

Xk gk
“A
_ tA __
T, =e —E o
k=0

Together with Assumptions 1.2.12, a further assumption on the operator A will guarantee
that the first order correction Z about the stable population density u, has a reversible
stationary distribution, from which we will be able to make some preliminary observations

about the effect of the parameters of our model on the evolution of ancestral lineages.

ASSUMPTION 1.2.17. The spectrum of A defined in (1.2.10) is contained entirely in

C_ (the open negative complex half plane).

Assumption 1.2.17 is equivalent to the exponential stability of the semigroup (7});>0
generated by A (see, for example, Theorem 1.3.14 of Engel and Nagel [35]). This, in turn,
will be sufficient for the existence of a unique stationary distribution. In the following
proposition, we give equivalent conditions in terms of the parameters of our model for

Assumption 1.2.17 to be satisfied.
PROPOSITION 1.2.18.  The condition of Assumption 1.2.17 holds if and only if

, 2mr, P,
gL <OA T (1.2.11)
Ux
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The discrete Laplacian in (1.2.9) is a (possibly backward) diffusion term and u. g}, Z(x)
the reaction term, or drift. When @/ > 0 so that the coefficient in front of the discrete
Laplacian is positive and we really have a smoothing term, the proposition tells us that
g, < 0 is sufficient. By comparing our case to one-dimensional Ornstein—Uhlenbeck
processes, this is unsurprising, since g, < 0 guarantees that the process is mean-reverting.
When @/, < 0, the transport term in (1.2.9) is backwards heat flow. In general, we would
not expect solutions to be well-behaved. However, as long as the drift towards zero is strong
enough, as made precise by (1.2.11), then the proposition guarantees sufficient regularity

for the first order correction Z to admit a stationary distribution.

PROPOSITION 1.2.19.  Under conditions of Assumptions 1.2.3, 1.2.12 and 1.2.17, the
process determined by the system of equations (1.2.9) admits a unique reversible station-
ary distribution w1 € My ({r,,). Moreover, this stationary distribution is Gaussian and is

characterised by its mean and autocovariance function

E;[Z,(x)] =0, (1.2.12)
E;[Zo(0)Z:(x)] := p:(x)

00 00
= ,u*(2—,u*)u*</ Ti450x de»/ T80 dWs>, (1.2.13)
0 0

where W is a vector of independent Brownian motions indexed by Z, (T)s> is the strongly
continuous semigroup with infinitesimal generator A, and angle brackets indicate the co-
variance.

In the case ®'(uy) > 0, this can be written

E-[Z:(x)] =0,

o0
Ex[Z0(0)Z,(x)] = px(2 — pa)tt [ e &2 & (125 (X) ds,
0

where, if (S):e[o,1] is a continuous time nearest neighbour random walk on Z jumping at

unit rate,

pe(x) :=Po[S; = x].

Effects of fluctuations on ancestral lineages. Taking our expressions for the rate of
jumps of ancestral lineages and expanding about u, reveals two key (compound) parame-
ters determine the first order effect of the fluctuations on the motion of ancestral lineages.
The first is ®'(u4)/ D (u4), which determines whether a lineage prefers to jump towards or
away from more crowded demes. The second is (ry) (ux)/(ry)(us) which speeds up or
slows down the jump rate out of more crowded demes according to whether it is negative

or positive. We close with a brief discussion in §1.5.5.
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1.3. Scaling limit for X”.

In this section we establish our scaling limits for the (forwards in time) population pro-
cess. Our approach owes a great deal to Perkins [108] and Sturm [120, 121].

The proof of Theorem 1.2.5 follows a standard pattern. In §1.3.1 we establish C-
tightness in the product topology. In the process we shall recast the law of X" as the
solution to an approximate martingale problem. In §1.3.2, we characterise the limit points
in terms of a martingale problem which we show is equivalent to saying that we have a
weak limit to the system of stochastic differential equations (1.2.2).

To prove Theorem 1.2.6, we must establish tightness in £, ,. Compact containment is a
more exacting requirement here than in the product topology. We must establish a condition
that plays the role of uniform integrability to guarantee convergence of subsequences in this
topology. For this, borrowing ideas from Sturm [120, 121], we exploit the condition (1.2.3)
on the initial value of the system. This programme is carried out in §1.3.3.

Proposition 1.2.8, uniqueness of limit points, is established in §1.3.4.

1.3.1. C-tightness of X" in the product topology. In proving C-tightness, we shall
recast the process as the solution to an approximate martingale problem. The first step will
be to identify the putative martingales. The integrability that guarantees that they are in
fact square integrable martingales follows from the comparison to branching random walk
and the calculations in the proof of Lemma 1.3.2 below.

Let us write A, = Op(B,) if and only if for each ¢ > 0, there exists K > 0 such that
supP[|An/B,,| > K] <e.
n

For each x € Z, define the process M"(x) by

M (x) = XJ(x) — X3(x) — /0 " gn (X7 () X2 (x) ds
=2 [ e an@, 0 X s

The idea is that this will be an F}'-martingale with quadratic variation

5 /0 T (XP () (2 = (X7 (0)) X2 () ds + Opinn).

Moreover, forall x,y € Z,
E[M}(x)M; (y)] = 0.

To establish the martingale property, let us define 5" : Ri xZ — Randa" : Rf_ x Z X
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Z — Rby

b, x) = ~E [X;;@c) _ x| x0) = u(-)] ,

Tn

1
a"(u,x, y) = —cov [X;;oc) — Xp ), X5 (00 = XE0)| X0 0) = u(-)] .

n

By construction, for each x,y € Z,

M} (x) == X](x) = X§(x) = Y 1b"(X].x),

O<s<t

M ()M (y) — > " (X].x.y).

O<s<t

both satisfy the martingale property. We are going to need expressions for a” and 5" in
terms of the parameters of our model.
Summing over all surviving offspring of individuals alive at time ¢ that establish at x,

we find
Xl”ﬂn (x) = 1 Z {lx(Y"‘)(Ng‘ + N%) +1,(Y* + I)Nj’r‘ + 1,(Y% — I)NE‘}.
o~t

If o ~ ¢, then Y% is ]-"L”—measurable, Given this, and recalling the definition of g, from

equation (1.2.1),

E[X7sr, ()1 7]
=1 »_ (L(Y")E[Ng + N2|F]]

a~t

+ 1, (Y* + DE[N{|F] + 1. (Y* — DE[N*|F}])
= Tn Z (lx(Ya)(l - Mn(XLn(Ya)))

LY (1= me)ra (X7 (V) (X7 (V)
F L+ DT (X D)X ()
+ L = D0 (X (= D) (X ()
= (1= (X7 CONX] () 4 (1= mz)ra (X7 () 7a (X () X/ (2)
+ S rn (X} (0)7a (X (x = D)X/ (x = 1)
+ STrn (X)X (¢ + D)X (5 + 1)

= X700 + 7 (X () XP () + T (X () A1 (0 (X X]) ().
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Thus
b™(u, x) = gn(u(x))u(x) + %rn(u(x))Al(CDn o u)(x). (1.3.1)

For the covariance, writing

Xfie, () — X[ (x)
= ) (L(Y)NG = 1+ N2 + 1, (Y* + DN + 1, (Y* — )N®),

ot

and recalling that for « ~ ¢, the Poisson variables N¥, N2, N and N, a ~ ¢ are condi-

tionally independent given F/', we find

[X,"m () = X[ (). Xy, () = X7 (0| f?}

= LMY, [1x<Y“>{un X1 = (X7 (Y))

(1= mo) (X7 (V)7 (X} (V)

F LY DT rr (XG0 + D)y (X ()

+ LY = DT (X (- 1>)yn(X3(Y“>)}
= L ()it (X7 (0) (2 = (X' (6))) X7 ()

+ L(y)ntn (gn(XZ’(X))XZ’(X) + %rn(th(x))Al(Vn(th)th)(x))-
(1.3.2)

We note that the conditional independence guarantees that the covariance is zero when

X # y.

In particular, we identify

a™(u, %, y) = Le(W){8nbtn () (2 = s (x)))u(x) + 0ub" (u, x) . (1.3.3)

It will be useful to note that

@ . x, )] = 1) (285(x) + 1l (1, %)), (1.34)

We essentially follow Perkins [108]. The first step will be to bound the (putative) mar-
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tingale differences |M; ., (x) — M;(x)|. Then we use Gronwall’s Lemma to bound

supE[ sup ||X”||Fpi| (1.3.5)

neN 0<t<T

for p > 2 (provided that it is bounded at time zero). Moreover, substituting back into our
bound on the martingale differences, yields an improved bound.

Our proof of C-tightness in the product topology will require us to prove, in particular,
that X' is tight for any fixed . The bound (1.3.5) doesn’t guarantee tightness of X/ in
{r,p, but it does suffice to give tightness in the product topology on Rﬁd.

NOTATION 1.3.1. In the calculations that follow, the constant C occurring in our in-

equalities will be a function of its parameters that may vary from line to line.

LEMMA 1.3.2 (Control of the martingale differences I). Let p > 2. There exists a
constant C = C(p,V,g,8) < oo such that forall0 <t < T,

E [Sup0<s<t| s+tn (X) - M;(X)lp]
t
=< Cnf;/z—lEU (1 + X7 (x = DIP2 + X)) + X (x + 1)|P/2) ds]
0 s s s

PROOF. Observe that

s+r (x) — M”(x) s+r (x)—E [ . (x)|]:n]

= Y m (Ng —E[Ng|F8]+ N2 — E[Nilfg’])

oa~s:Y%=x
+ > m(N-ENYF)+ > ma(N* —E[N*|F).
a~s:Y¥=x—1 a~s:Y%=x+1

We borrow a trick from Perkins [108, Chap. II, Sec. 4]. The right hand side is a sum of
n, M (X" (x) + X"(x — 1) + X*(x + 1)) terms, which are conditionally independent and
mean zero giveni}" s Asa resuit, we may view the sum as the terminal value of a discrete
martingale, which we denote by M, and to which we can apply Burkholder’s predictable
square function inequality, Lemma 1.6.1. Each increment My — Mj_; of this martingale
is a term in the sum of the form 7, (N"‘ — E[NZ|F;]), where x € {0, —, +, =}.

The terminal value of the martingale M is X', = —E[X{, |F;]and so the terminal value

of (M) is var(X¢, . (x)|Fy). Bounding the supremum of the moduli of the summands
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above by their sum, Burkholder’s predictable square function inequality gives

7|

() F)P?

(x) = My ()]

S+1tn

E[{M”

<C(p) (Var(X”

S+1n

. nf,’(E [INS‘ _E[Ng|fg]|”‘ﬂ'] +E [}Nﬁ —E[Nilff]\p‘ff])

a~s:Y%=x

D SRR GG R TEE)

a~s:Y2¥=x—1

+ Yy n,f;(E [\Nﬁ -~ E[Nﬁ‘|]-“§]\p‘ f;’} )
oa~s:Y¥%=x+1
Note that Ny < 1 for all @, and, since the establishment probability is at most one, the
parameters of the conditionally Poisson random variables N*, NZ, N{ are uniformly
bounded by Y. Thus, the absolute central moments in the sum are bounded (uniformly)
by a constant C = C(p,y) and we can bound the three sums by that constant times the
total number of terms. Notice that since p > 2, forany X > Owehave X <1+ X p/2

and for n, < 1 we have n} < nh /2, Combining these observations with the expression

for a” in (1.3.3),
7]

< Clp ) var(X} o, OIFDP 07 (X0 + X0 = 1)+ X (x4 1)
= C(p’V)(Mnﬂn(X;(x))(z - Mn(Xg(x)))X;(x) + Tn’]nbn(X;, x)|p/2 (1.3.6)

+ 2N X () + XD — 1) + X2 (x + 1)))

E [|M:+m () = M2 ()|

= Cp.7. D2 (1+ X7 (O1 + X2 (x = DIP2 + X0 (x + 1)]772).
To reach the final line we have used that
ba (X7 2)] < CT. X (x = 1) + X2(@) + X[ (x + 1),

which follows from (1.3.1).
Once again approximating the supremum of a sequence of non-negative terms by its
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sum, using the tower property,

E [Sup0<s<t| g, (X) — M (x)|p]

< E[ 3 m,,(x)—M:(xw]

0<s<t

= E|: > [| H,n(x)—M;’(x)H(f;']] (1.3.7)
0<s<t

<C(p.v. 92z,

t
E[/ (141X 0 = DIP2 4+ X201 + X7 (x + DIP2) ds].
i ; ; ;

Now 71, = 1,6,, SO 77,, / T, = nk /2= 18n, and, since &, was assumed bounded, the proof is

complete. [

Observe that, since M (x) = 0, we have

sup |[MP(x)|” < C(n.p) Y M, (x) = MIx)|7,

0<s<t 0<s<t

and (since X" is bounded above by a branching random walk with Poisson offspring
distribution with parameter y) we can deduce from Lemma 1.3.2 that for each fixed n,
(M](x))o<:<r is a square integrable martingale. We shall use this in the proof of the next
lemma.

We now bound the expected value of the supremum of the {r, ,-norm of X/ for¢ € [0, T'],

and thus, a fortiori, E[supy_, .7 | X (x)|?] for fixed x € Z.

LEMMA 1.3.3 ({r,, estimate). Let p > 2. If

supE[||X”||Fp] < 00 (1.3.8)

neN

then there exists a constant C = C(p,g,7,8,T, ") < oo such that

sup E[Sup0<t<T X7 ”F P] =C.

neN

PROOF. The proof is an application of Gronwall’s Lemma. Define

h"(t) = E[supo<e, I X217, ] 0<t<T.
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We write X" as a solution to the stochastic equation
S
X; =X(',’+/ b"(X),)du + M. (1.3.9)
o u s

Substituting (1.3.9) into the definition of || - ||, ,, for some constant C(p) < oo,

h"(t) = E[SUPogsgt”X;l”llz,p] . E[erz I'(x) SUPg<s<¢ |X;1(x)|pi|

/Sb"(x,';,x)du p+Zr(x) sup |Msn(x)|P].
A u s

X€ZL 0=s=<t

< c<p>E[||X3||ff,,,+Z F(x) sup

xX€Z 0=s=t

(1.3.10)

Let us begin by bounding the second term on the right hand side of (1.3.10). As before,

we use (1.3.1), from which it follows that
" (u, x)| < C(3, 7)(u(x ) 4 u(x) +ulx + 1)). (1.3.11)

Applying Jensen’s inequality,

p

‘/b"(X;’,x)du
; u

< gp_l /SC(E,V)”‘X::(X —1)+ Xl”(x) + Xln(x + l))!pdu
0
<C(p.3.7.T) /O(|X::(x S 4 X2 4 XD G+ D]?) du

In particular, since, under our assumptions on the weight function in Definition 1.2.1, the
ratios I'(x + 1)/ T'(x) and I'(x — 1)/ I'(x) are uniformly bounded,

|

< E[ sup /Oc(p,§,7, T)Zr(x)(p(g(x = DIZ + X, ()P + |1 X5 (x + 1)|p> d“]

0=s=t X€EZL

E|: sup Z I'(x)

0§s§tx€Z

/bn(xg},x) du
| u

t
:S (j(P,sz7}71 rjlz[t/n ”337“¥J7du]
0

t
<C(p.g.7.T, F)E[/ sup IIXS”II?,pdu]
0

0<s<u

t
=C(p.g.7.T. F)/ R (u) du. (13.12)
0
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Since the process X” only experiences a finite number of jumps in [0, ¢], the apparent
interchange of integration over time and summation and expectation in the second and last
steps is, in reality, interchanging a finite sum with the sum and the expectation. The key
point is that the constant is independent of 7.

We now turn to the third term of (1.3.10). Applying the Burkholder predictable square
function inequality (Lemma 1.6.1 in the appendix) to the martingale M"(x), there exists a

constant C(p) < oo such that

B[ 1 sup 1470017 | = - TE[ sup 141701

X€ZL 0=s=<t X€ZL 0=s=t

< ZF(x)C(p)EH /la”(Xs",x,x) ds
o s

X€Z

p/2
+ osup |M;’+,,1<x>—M;1(x)|P],

0<s<t

where a” is given by (1.3.3).
Thus, using the bound (1.3.4) on a” and Lemma 1.3.2, we find

E[ZF(x) sup |Ms"<x)|f’]

x€Z O=s=t

SC(p,§,7,5)ZF(x)E|:/ (|X£(X—1)|P/2-|—|X£”(x)|p/2+|X§(x+1)|1’/2>ds
0

X€EZ

t
n 775/2_1[ (1 +1X)(x — 1)|?/? + |X£”(x)|p/2 + | X§ (x + 1)|P/2) ds]
0

<C(p.g.7. S)ZF(X)E[/O (1 X = DIP +1XF))P 4+ | X (x + 1)|P) ds]

X€EZ

t
<C(p.g2.v.8.T. F)[l + /0 E[IX]12,] dS]

<C(p,g.7.6.T, I‘)|:1 —I—/ h”(s)ds].
’ (1.3.13)

To obtain the second inequality we have used the trivial bound X < 1 + X2 for X >

0. Substituting the bounds (1.3.12) and (1.3.13) in (1.3.10), there is a constant C =
C(p,g.y.6,T,T) < oo such that

t
0<h"(t) < C(l +/ h"(s) ds).
0
Since C is independent of n, Gronwall’s Lemma yields

SupE[Sup0§s5t”X§”¥,p] < Cyexp(Cat) < 00,

neN
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which is uniformly bounded for 0 <t < 7. [J

We characterise the law of X” as a solution to an approximate martingale problem.

LEMMA 1.3.4 (Approximate martingale problem). The law of X" is a solution to the
following approximate martingale problem.
For each x € Z,

M) = X0 = X0 = [ (X)X ds
e AN RIETE

is an F}'-martingale such that

t
M =8 [ (X200 (2 = 1 (X2 () X200 85 + On)
0
is also a martingale, and for each pair x,y € Z,
E[M] (x)M] ()] = 0.

PROOF. The martingale property is satisfied by construction and the required integra-

bility and control of the error follow immediately from our bounds above. [

Combining Lemma 1.3.3 with Lemma 1.3.2 provides further control of the jumps of
M"(x).

LEMMA 1.3.5 (Control of the martingale differences II). Let p > 2 and suppose that
(1.3.8) holds. Then there exists a constant C = C(p,y,g, 1, T, ) such that

E[ sup Y T(x)| M, (x) - M,”(x)|21’] < CnP 7l

0<t<T xX€e€Z
n n _ 1/2-1/2p
Moreover, supg, < M/, (x) — M['(x)| = Op(nn )asn — 0.

PROOF. This is a trivial consequence of Lemmas 1.3.2 and 1.3.3. By Lemma 1.3.2
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(with p replaced by 2 p), there is a constant C(p,%, g, ) < oo such that

B[ sup 3 rIME (1)~ M7

0=s=t X€L

<C(p,7.8.8)nk "' x

E[Zr(x)/o (1+ X2 (x = DIP + X2 + X (x + 1)) ds]

X€Z

< C(p.7.3.8. LT E| 1 + supocrcr X712,

and, by Lemma 1.3.3, the last line is bounded by C(p,7,g,68, T, T)n? ~!. We used again
that there are only finitely many jumps of X” over [0, ] so that we can interchange ‘inte-
gration’ over time (really a finite sum) with summation and expectation.

The final statement of the lemma follows from Markov’s inequality and Lemma 1.3.3:

0<t<T

1 1
P|: sup |[M]', . (x) — M (x)| > Kn;: 2p:|

0<t<T

=P |: sup ['(x)|M/[, (x)— ML”(x)|2p > F(x)K2pn5_1:|
E [ 50pocrer T ()M, () = M7 ()7 |
I(x)K2Pp5 "

< C(p’77§78’ T) 1
- I'(x) K2r°

=

]

We now prove C-tightness of X” in the product topology. For ease of reference, we
record the criteria that we are going to use in order to verify C-tightness. They are a
combination of Theorem 3.8.6 of Ethier and Kurtz [40] and Proposition VI.3.26 of Jacod
and Shiryaev [67].

THEOREM 1.3.6. Let (E,d) be a complete and separable metric space and let X" be
a sequence of processes with paths in D([0, 00), E). The sequence is tight in D([0, 00), E)
if the following conditions hold:

1. X[ is tight for every rational t > 0.
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2. Forevery T > 0, there exists p > 0 such that

lim supE|: sup  sup E[(d(Xt”Jru,Xt")/\l)p(d(X" Xf)/\l)p|]-"t”]:| =0.

6—>0 5 0<t<T O0<u<6 v
0<v=<6OAt
(1.3.14)
The sequence of processes is C -tight in D([0, 00), E) if it is tight and satisfies
lim P| sup d(Xf_,Xt”) >el=0 (1.3.15)

forall T € Nande > 0.

PROPOSITION 1.3.7 (Tightness of X"). Let R%r be equipped with the product topology.

If for some p > 2 we have (1.3.8), then the sequence of processes (X"),en is C-tight in
D([0, T], R%).

PROOF. It will suffice to show that for each x € Z, {(X] (X)o<s<T}n>1 is tight in
D([0, T],R4) and the limit points are continuous, since then if we consider the pair of
coordinates { X" (x), X" (x’)}, there is a convergent subsequence X"*(x), say, at x and by
taking a further subsequence if necessary we can find a subsequence which converges both
at x and x’. Evidently this diagonalisation argument carries over to any finite collection of
points and hence yields C-tightness in the product topology.

We fix x € Z and consider the sequence X" (x). Tightness of X/'(x) for fixed # and x is
trivially satisfied by an application of Markov’s inequality and Lemma 1.3.3.

Now consider the increments of X”(x). In order to check the second condition of Theo-

rem 1.3.6, it suffices to show that for 6 < 1,

supE| sup  sup E[|X;’+u(x)—x;’(x)|l’\f;1] <C(p.2.7.T.T)0, (13.16)
n 0<t<T 051439
0<v<OAt

where C(p,g,v, [, T) is independent of n, and indeed this also guarantees that condi-
tion (1.3.15) is satisfied.

Noting that X" is a Markov process, we first consider
E[|X],,(x) =X (07| F/]. (1.3.17)

Using the stochastic equation (1.3.9), write

t+u
XN, () — X (x) = / b"(X¢,x)ds + M/, (x) — M[ (x).

t
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We shall bound the contribution to (1.3.17) of the two terms on the right hand side sepa-
rately. For the first, we can use the bound (1.3.11) on »” and Jensen’s inequality to obtain
that; for the second we apply Burkholder’s predictable square function inequality to the

martingale term M/"_ (x) — M} (x) to obtain

E| sup [M(x) - M ()|

t<u<t+0

Fi

p/2

t+6
< C(p){E / a"(X,,x)du F7
t

+E| sup )M;’Hn(x)—M;'(x)‘p‘ff } (1.3.18)

t<s<t+0

After a simple modification to the proof of Lemma 1.3.2 (to allow us to replace 0 and ¢ in
the statement of the result by 7 and ¢ 4+ 6 under the conditional expectation), we obtain that

for some constant C = C(p,7,g,8) < 00,

. [SuPtssswlMann (x) = My (x)|p) }—tn]

t+6
<on ] [T (14 X PR XWX o D) as| 77
t

Combining these estimates with the bound (1.3.4) on @” and applying Jensen’s inequality
to the integrals over time we find that (1.3.17) is bounded above by

C(p.g.v.4,T, T)(O"’E[ sup IXZZ(X)I”} +9”/2E[ sup IXS(X)IP/Z}

o<u<T o<u<T

+ /210K [ sup IXZ(X)I”/Z} )

o<u<T

where the first term corresponds to controlling b”, the second to a” and the third to the
martingale increments. Since p > 2, we obtain (1.3.16).

Condition (1.3.15) follows by an application of Markov’s inequality. [

REMARK 1.3.8. 'We emphasize that tightness here is with respect to the product topol-
ogy on R%Z. The stronger property of tightness with respect to the £r,,-topology, which
requires some ‘uniform integrability’ of the X" (x), will be proved under stronger (but

biologically natural) restrictions on the initial condition in Proposition 1.3.15 below.
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An almost identical argument yields the C-tightness of M"(x).

LEMMA 1.3.9 (Tightness of M"(x)). Under the conditions of Proposition 1.3.7, the
sequence {M™},ex is C-tight in D([0, T], R%) with the product topology.

PROOF. By, for example, Theorem VI.4.13 of Jacod and Shiryaev [67], in order to
verify that {M"},en is tight, it is sufficient to show that for each x € Z, the sequence of

processes

(M"(x)), = /ta”(XS”,x,x)ds
@
=5, / (X200 (2 — e (XP o)) X2 () ds + 1y / (KT x) ds
0 0

is C-tight.

The calculations in the proof of Lemma 1.3.3 yield
E[[(M"(x))/|"] = C(p.g8.7.8.T.T,x),
and, just as in the derivation of (1.3.16),

E[ sup [(M"(x)); — (M"(x));-|"]

0<t<T

< C(p)E[ sup 827 | (X[ ()2 — pn (X[, (X)) X[, (0)]”

0<t<T
+ sup n,i’r,f’\b”(X;’_tn,x)V]
0<t<T =
<C(p.g. 7.8, T.I',x)n;.
Thus (M"(x)) is C-tight.
To verify C-tightness of M"(x), it is immediate from Lemma 1.3.5 that for all £ > 0,

lim P|: sup |M]"(x) — M (x)| > e} =0,
n—>o0o 0<t<T

and the proof is complete. []

1.3.2. Proof of Theorem 1.2.5. We are now in a position to prove Theorem 1.2.5.
From the proof of Lemma I1.4.5 of Perkins [108], the following lemma is enough to guar-

antee that any weak limit point of the sequence of martingales M " (x) is an L?-martingale.

LEMMA 1.3.10. Suppose that (1.3.8) holds for some p > 2. Then for each x € Z and

0 <t < T, the family of random variables (| M’ (X)|?)nen is uniformly integrable.
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PROOF. We have already done all the work. It is enough to show that

supE|: sup |M,"(x)|2pi| < 00.

neN o<t<T

Setting # = 01in (1.3.18), and replacing p by 2 p, the result follows from our bound (1.3.4),
Lemma 1.3.2, and Lemma 1.3.3, exactly as in the proof of Proposition 1.3.7. []

The next step is to characterise any limit point of (X"),en as a solution to a martingale

problem.

PROPOSITION 1.3.11 (Limiting martingale problem). Suppose that X§ = u in £,
for some p > 2. Then (X")nen is C-tight in D([0, T],R%) and any weak limit point X

solves the following martingale problem:

For each x € Z,

My (x) := Xi(x) = Xo(x) — [y £(Xs(x)) Xs(x) ds

+2 [0 (Xg(x) A (P 0 X,)(x) ds

is an Fy-martingale such that (MP)
My (x)? = fo S1(Xs()) (2 = p(X5(x))) X (x) s,

is also a martingale and for all x,y € Z,

E[M;(x)M;(y)] = 0.

PROOF. The C-tightness is the content of Proposition 1.3.7.

After passing to a subsequence if necessary, assume that X" converges weakly to X in
D([0, T], Rf_), where R_Z|_ is equipped with the product topology. By Lemma 1.3.4, for
each x € Z,

M (x) = X7 () — X2 (x) — fo X (0 gn (X7 (x)) ds
_/f%rn(xs,,(x))m@nox;)(x)ds (1.3.19)
0

is a martingale. Fix x € Z. Since X" = X in D([0, T].R%), (X" (x — 1), X" (x), X" (x +
1)) = (X(x—1), X(x), X(x + 1) in D([0, T],R3.) and, by the Skorokhod Representation
Theorem, we can find a probability space, and on it a sequence X", such that X" has the
same law as X" and X" converges to X almost surely in D([0, T], R%r). We suppose that
we have done this, and drop the ‘tilde’ from our notation. By, for example, Lemma 3.10.1
of Ethier and Kurtz [40], if a sequence (fu)nen C D([0, T],R4) converges in the Sko-

rokhod topology and the limit is continuous then ( f;),en also converges in the topology
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of uniform convergence on compact sets. Since g, r, and y, also converge uniformly on

compacts, the right hand side of (1.3.19) converges almost surely to

M, (x) = X, (x) — Xo(x) — / Xy (x)g(Xs(x)) ds — / 2 X ()A 1 (® 0 X,) () ds.

By Lemma 1.3.10, M(x) is an L2-martingale, and since

t

M (x)? 8, /O (X)) (2 = (X2 (x))) X (x) ds — 1 /O bM(XP,x)ds

is a martingale, and

t
nn/ b (X}, x)ds
. s

D

0<t<T

we identify t
(M(x)): = 8/0 1 (X5 (x)) (2 = (X (x))) Xs(x) ds.

Apart from minor modifications, the same argument gives convergence of the square inte-
grable martingale M"(x) + M"(y) to a square integrable martingale. Furthermore, since
E[M]'(x)M] (y)] = 0for x # y, a polarisation argument yields E[M,;(x)M,;(y)] = 0. O

Proposition 1.3.11 characterised the weak limit points of the scaled individual based
population models as solutions to a martingale problem. In fact, as we now show, all such

solutions are also (weak) solutions to the system of SDEs (1.2.2).

LEMMA 1.3.12 (Equivalence of (MP) and (1.2.2)). Any solution to the martingale
problem (MP) is a Ri-valued weak solution to the infinite system of stochastic differen-

tial equations (1.2.2).

PROOF. The proof is standard. We have that

M;(x) = Xt(X)—Xo(X)—/O Xs(X)g(Xs(X))dS—/O %F(XS(X))Al(q)OXs)(X)ds,

M, (x)* — 8 /0 (X () (2 = (X, () X, (x) ds.

are both martingales. Let {E(x)}xez, independent of X, be a collection of independent
Brownian motions. For each x € Z define the process
Bt (X) =

0<s<t (8M(X5(x))(2 - M(Xs(x)))Xs(x))_l/z dM;(x) + /OSSSt d’Es(x)-

X5(x)>0 Xs(x)=0
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Then (B(x)), = t, and (B(x), B(y)); = 0 for x # y, so, by Lévy’s characterisation,
{B(x)}xez are a collection of independent Brownian motions. A simple calculation shows
that

M) = [ o) 2 = X)) X3 4B )

and thus (X, B) solves (1.2.2). [J

Since we only have tightness in the product topology, to complete the proof of Theo-
rem 1.2.5 we must check that if X, € {r,, for some p > 2, then so is the solution X to the
system (1.2.2).

LEMMA 1.3.13.  Ifu € {r,p, then any solution to (1.2.2) is {1, ,-valued.

PROOF. The calculations that we need are analogous to those of Lemma 1.3.3, but here
we have to work harder to justify interchange of orders of integration. First we consider X
restricted to the interval [—J, J]| N Z.

Define the stopping time t/*X = inf{t > 0 : ||11<s X; (-)||fl,p > K} and set

hrx@) :=E[ sup [1<sXOIF ] 0<t<T

0<s<tnt/-K

By (1.2.2),
hyx(t)
<E| ) T(x) sup |Xs(x)|f’]
— o<s<tatr/-K
|x|<J
B Ky p
<E[1X%]2,+ ¥ @) sup / X, ()8 (X, () du
B < o<s<tnt/-K
=0 t
Ky 1 p
+ ZZ r@ s /0 S A1 (® 0 X,)(x) du
Ix|<J
Ky V4
+ Y T s [0 VB () (2 = (X (x))) Xu(x)) dBy () ]
xeZ o<s<tntr’/-K
lx|<J

Proceeding exactly as in the proof of Lemma 1.3.3,

hix(®) < C(p.7. T.T) (14 /0 'y k(s)ds).

and since the constant is independent of J, K, Gronwall’s Lemma provides a uniform
bound of hy g(t) for t € [0,T]. Since the sample paths of the solutions to (1.2.2) are
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continuous, X;(x) is bounded on [0, T'] for each x and so for J fixed, P[t”"X < T] — 0 as

K — o0o. As aresult,

lim sup ||1|-|§JXt(‘)||1€,p: sup ||1\-|§JXt(‘)||ﬁp

7P 0<r<T AT/ K 0<t<T

almost surely, and so by Fatou’s Lemma,

Sng[ sup ||1|-51Xt(-)||§,p} =< Sgpl}(rgior;fhf,K(T) <C(p,y,T,D).

0<t<T

Letting / — oo, monotone convergence yields

E|: sup ||X,||1’1,p:| < 00,
0=<t<T

completing the proof. []

1.3.3. Proof of Theorem 1.2.6. So far we have taken arbitrary initial conditions in {r ,
and, provided those initial conditions converge, shown tightness in the product topology.
The stronger conclusion of tightness in the topology of {r, requires us to prove a uniform

integrability condition.
LEMMA 1.3.14. A set K C {r,, is relatively compact if

1.

sup [| X |r,p < oo;
XeK

lim sup F'(x)|X(x)? =0.
J—)OOXeK |xX>:J

PROOF. When I'(x) = 1 this is the Fréchet-Kolmogorov Compactness Theorem. See
Hanche-Olsen and Holden [57] for a historical discussion.
To extend to the weighted spaces considered here, let K C {r , satisfy Conditions 1
and 2. Define
Kr,p = {(F(x)l/pX(x))er : X € K}

Writing
Y(x) = (F(x)/?X(x), (1.3.20)

we see that I'(x)| X (x)|? = |Y(x)|?”,andso X € K ifandonlyif Y € K, and X satisfies
Conditions 1 and 2 if and only if Y satisfies the corresponding conditions with I' = 1.
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These guarantee that Kt , is relatively compact in £; ,; that is every sequence in Kr
has an ¢, ,-convergent subsequence. Taking a sequence (X"),eN in K, the corresponding
sequence (Y"),en in Kr,, has an £; ,-convergent subsequence (Y "*)xen. Evidently this
corresponds through (1.3.20) to an £ ,-convergent subsequence (X"*)xen of (X"),en as

required. [l

To prove tightness in £r,,, we impose stronger, but biologically natural, conditions on

the population at time zero.

PROPOSITION 1.3.15 (Tightness in {1 ). If for some p > 2 we have

supE [||X(’)’||é’o] = supE|:sup|X(’)’(x)|pi| < 00, (1.3.21)

neN neN X€EZ

then the sequence of processes (X")nen is C-tight in D([0, T], R%) where R% is equipped
with the Lr, ,-topology.

PROOF. Once again we use Theorem 1.3.6 which stipulates that the sequence of pro-
cesses is tight if (X'),en is tight for each 7 € [0, T'] and the continuity estimate (1.3.14)
holds. The latter follows from the same argument as (1.3.16). In verifying the first con-
dition, Lemma 1.3.14 and Lemma 1.3.3 reduce the proof to showing that at each fixed
time

lim supP Z F(x)|Xt”(x)}p >¢g| =0.

N—)OOnGN |x|>N

We mimic the proof of Proposition 4.6 in Sturm [120].

Define
I (x) = L(x) |x|>r
L) [x[=<r
Then
x|, [yl <r
L2 ) =) Jxl> iyl =7
roey) ~ T

Jr(x=yD Ixl=zrlyl=r

Thus, in particular, I'") satisfies the conditions that we required of a weight function in
Definition 1.2.1.

Following the proof of Lemma 1.3.3 with T" replaced by I'”), we see that we can take
the constant C(p, g, 7,8, T, ') to be independent of r, since the dependence on I'") is

through
O +1)

F(r)(x) < fp(l)\/l.
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Thus, substituting for '™ there exists C (p,g,v,6,T,T) such that

supE|: sup Z F(x)|X;’(x)|p:| <C{(r+ DI+ Z I'(x) SUPE[”X(')l”go]-
N

neN 0<s<t ne

|x|>r |x|>r

(1.3.22)
The assumption (1.3.21) and our conditions on I" ensure that the quantity on the right

of (1.3.22) tends to zero as r — oo, and so Markov’s inequality yields

r—>00 yeN o<s<t
[x|>r

lim supP|: sup Z F(x)}X;’(x)‘p > 8:| = 0.

Thus, for each k € N, there exists 7 such that

supP[ sup Z F(x)!Xs”(x)|p > %} < gzik

neN
Now
= 1
. : ) p
Cki={X e lr,p X2, <Kfn(V{X etr,: Y TOX@]" < 2
k=1 lx[>r
is relatively compact in £r,, and

P[X} ¢ Ck] < P[IIX,”IIf",p > K] +Y P Y T@)[X ()] > %
k=1

|x|>rx

neN 0<s<t 2

1 - €
fgsupE sup || XS r, |+ 5

By Lemma 1.3.3 we can choose K, independent of n, large enough that the first term is

less than ¢/2 and so P[X; ¢ Ck] < ¢ uniformly in n, and the proof is complete. []

1.3.4. Uniqueness of solutions. In order to deduce convergence of our sequence of
rescaled processes, we need to establish uniqueness of the limit point. For this, we invoke
a result of Sturm [121].

THEOREM 1.3.16 ([121], Theorem 5.2.1). Let p > 1. Consider the infinite system of

stochastic differential equations

X:i(x) = Xo(x) + /Otb(Xs,x)ds + /Ota(Xs(x),x) dB;(x), xeZ,0<t<T,
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where { B(X)}xez denotes a collection of independent Brownian motions and b and o are
continuous in their components, with b continuous in X with respect to the topology gen-

erated by | - ||r,p- If b and o satisfy the growth conditions
16X, )rp = C(L+ 1 X]Ir,p)

lo(y,x)| = C(1 + [y])

then for each initial condition Xy € Lr ), there exists a solution X to the system of stochas-

tic differential equations with paths in C([0, T'], £r2,) such that
E[supo, <7 [| X:[I5,] < C(T).
If, moreover; b satisfies the Lipschitz condition
[16(X,) =b(Y,)|lra = CIIX =Y |ra
and o the Yamada—Watanabe condition

l0(y.x) —0o(z,%)| = p(ly — 2], (1.3.23)

where p is some strictly increasing function such that fooo p~2(s)ds = oo, then the solu-

tions to the system are pathwise unique.

Observe that whilst » may depend on the whole system X, 0 may not, and this is true

of the coefficients in the system (1.2.2).

PROOF OF PROPOSITION 1.2.8. Under the assumptions of the proposition, the linear
growth and Lipschitz continuity conditions are satisfied. We must just verify the Yamada—
Watanabe condition (1.3.23). For this observe that

V(X (X)) (2 — w(X())NX(x) = V/Emu(Y (x))(2 — p(Y (x)))Y (x))|

< \/ [B(1(X(x)(2 = (X ()X (x) = w(Y (x))(2 = p(Y (1)) Y (x))]
< C(,0)|X(x) = Y(0)|'2,

as required. [

1.4. Ancestral lineages.

In this section we wish to establish the behaviour of the ancestral lineage of an individual

sampled from a population that is evolving according to our model. In particular, we should
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like to understand the effect of the parameters r, and y, on the distribution of the lineage.
Our approach will be to condition on the whole history of X” over the time interval [0, T'],
and to formulate the behaviour of the lineage ancestral to an individual sampled from the
population at time 7" as a Markov process on Z, described by a random walk in a varying
environment. We then estimate the (space-time inhomogeneous) transition probabilities of
this process and derive a limit theorem for the lineages. Both in the prelimit and the limit,
the ancestral lineage will, with probability one, only make a finite number of jumps over
the time interval [0, T]. In what follows, we have chosen to take the trivial modification

that makes the motion of the lineage cadlag.

1.4.1. Construction. Consider a realisation of the population size process X" over
the time interval [0, T'], corresponding to |77, !| generations. Select an individual alive
at time T (if such an individual exists). The quenched law PX" on D([0, T],Z) of the
position of the ancestors of that individual, as we trace backwards in time, will be that of a
nearest neighbour random walk with (space-time inhomogeneous) transition probabilities
which depend on X”. Our first aim is to establish those transition probabilities.

Suppose that X', . (x) > 0 for some 0 < ¢ < T, x € Z, and suppose that we have
sampled an individual from x at time ¢ + t,,. By exchangeability, the position of its parent
in generation ¢ will be determined by taking a uniform pick from all adults at x at time ¢
which survive the generation 7 to ¢ 4 7, and all offspring born to parents alive at x, x + 1
or x — 1 at time ¢ which successfully establish at x at time 7 + 7.

Denote by S;"(x) the total number of adults at x at time £ which survive to time ¢ + .
Then S;'(x) is a Bin(n;lXL” (x), I — un (X (x))) random variable. Similarly, let Bz’o(x)
(respectively B, (x), B/ "+ (x)) be the number of offspring born to parents at x (respec-
tively x — 1, x + 1) that establish at x at time (¢ + 7,)—. Finally, let B'(x) be the total
number of offspring establishing at x, ie B'(x) = B/ O(x) + B} (x) + B}""(x). Note
that

L(B(x)) = Poisson (1, X} (x) (1 = ) (X[ ()7 (X[ ().

LB (x)) = Poisson<n;1 XP(x + 1)%1’” (X7 () (X] (x £ 1))),

E(Bf (x)) = Poisson(n,jl,un (XL"(x))X;(x) + rnr);Ibn (Xi’, x)),

where b, was defined in (1.3.1), and that conditional on ]-"LXH = o({Xy : s < t}), the
family of random variables {S/ (x), B 0(x), B]""(x), Bj""(x) : x € Z} are independent.

Denote by s;., . (x) the probability that an individual sampled at x at time ¢ + 7, is a

x]

surviving adult from the previous generation; that is

i (x)
S (x) + B} (x)

S£+rn (x) = E|:
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Since B/'(x) is dominated by Bg’ %(x) (the mean of BLjE is order t,/n,, whereas that of
B/ %(x) is order 1/1,,), and since both S/ (x) and B/ % (x) can be viewed as the sum of order
1/7n, independent random variables, one can guess that the law of large numbers kicks in,
and the quantity s/, . (x) is determined by the ratio of the means, that is 1 — u, (X7 (x))
(plus a small correction). In the next section we shall use a local limit theorem to verify
that this intuition is correct, at least if t?/n, — 0 asn — oo. Since we are primarily
interested in the case in which the limiting population model is stochastic, which requires
Nn/Tw = 8, — & > 0 and so the condition is automatically satisfied, we won’t allow
ourselves to be detained by the case in which t2/n, # 0.

Conditional on the event that the chosen individual at x at time ¢ + 7, is not one of the
surviving adults, it is an offspring of the reproduction in the previous generation and, since
such offspring are distributed as the sum of three independent Poisson random variables,
the distribution of the location of its parent is determined by their means; ie the probability

that the parent was at site x is

(1 _mfn)ch(Xz)(x)
CD,,(X;)(X) + %TnAlcbn(Xf)(x)’

and the probability that the parent was at site x & 1 is

X)) (x £ 1)
Dy (X7)(x) + 5 Ta A1 Pu(X]) (%)

where, as before, @, (1) = uy(u) denotes the total fecundity when the population size is u.
From this description, it is evident that the position of the ancestral lineage is determined
by a space-time inhomogeneous Markov chain, jumping at times |7 /t,|t, — kty, kK =
0,1,....[T/tu] — 1.

Let us now describe the lineage process formally. We will write

f:= [T/t ]t —1,

and use {L? : 0 <t < T} to denote the process which records the position of the lineage
at time ¢ before T'. If there are no individuals at the origin at time 7', ie if X7(0) = 0, we
will set L" = &, where & is an arbitrary symbol denoting the fact that a lineage started at
the origin is undefined. If X7 (0) > 0 we will set L = 0 and let L} denote the position of
the ancestral lineage at time 7,,[7/t,| —¢. In order that L” jumps at the times of multiples
of whole generations of 7,,, we will formally trace ancestors of individuals alive at time
[T /t,|—. Since X i7/,1— = Xr this is done without loss of generality. Denote by
P[-|X"] the law on D([0, T'], Z) of the process L" conditional on X", then we may define
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the transition probability at each jump time ¢ by
pi (X", x,y) :=P[Lf,, =y|L] =x,X"], x,y €Z.

In words p;(X™, x, y) is the probability, conditional on X", that an individual alive and
.= . e L=
at x at time ¢t = 1,[7T/1,] — t is descended from an individual at y at time ¢ + 7, =

7, [T /1, | —t — 1. Given the above description of these probabilities, we see that

mr, ~(1—=s7(x)Pn(X)(x £ 1)
2 ®n(X;)(7;) + %mr,,Alcp,,(X;)(x)’
) (1= mz,) (X7 (x)
D, (X2)(x) + 5mT A1y (X2)(x)

pr(X" x,x £1) =

PEX" x.x) = $2(x) + (1= 52 (x)

pr(X" x,y) =0,y & {x,x—1,x+1}.

1.4.2. Approximation of the probabilities s”. Observe that

X

LEMMA 1.4.1. Under the assumptions of Theorem 1.2.10, suppose further that

S7(x)
S/ (x) + B/ (x)

sz’ﬂn (x) = E|:

| Xt 4z, — Xe|l =T /M-
Then as n — 00,

(1+J /1)
exp(—J2/02c)’

Sy (1) = 1= (X[ (0)) + 0(1) (14.1)

where the o(1) in the error term is bounded independently of X" and J .

PROOF. We (arbitrarily) label the individuals in X' (x) by 1,2, ... X/"(x)/n,. We can

then write
Xf (x)/nn

St = > &
i=1

where the §; are i.i.d. Bernoulli random variables with parameter 1 — (X' (x)). We wish

to calculate
X7 (xX)/nn

B[ sio[xr=x]= 3 E[aixr=r]
i=
for which (since individuals in our population are indistinguishable and ¢; is a Bernoulli

random variable) it suffices to calculate P[{; = 1| X" = y"].
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Let us write (B£z ¥(x)); for the number of offspring of the individual labelled i that

contribute to B/ 0(x) and write
B = B (x) + B""(x) + (B’ (x))1.

Note that B is a Poisson random variable and, since @ is uniformly bounded, its mean is
bounded by C(1 + t,/n,), with a constant which is independent of X".

In this notation we can write

th x)/nn
X}’l (x) r
L — B+ Z & + {1,
TIn i=2
where the random variables &; := {; + (B, %(x)); are i.i.d. with mean and variance bounded

independently of X”. Conditioning as above on X” = y”, we shall write
XZ (x)/mn

"= Y &.
i=2

It is to this sum that we shall be applying the local limit theorem.
To calculate P[¢; = 1| X" = x"] we shall partition over possible values of B and use
Bayes’ rule. We find that

PlL=11X"=x"1=) Pl =1,B=klX"=)"]
k

< Pl6i=1.B=kP[X" = x"[l =1, B = k]
_Xk: PIX" = x"]

_ PG = 11X PIB = KIP[O" = 17, (x)/ns —k — 1]
S PIB = KI{PIO" = 7, () — k = 1]P[¢y = 1]

+ P[O" = )y, (¥)/1 — KIP[1 = 0]}
1
1+ &E"Pe, = 0]

=P[{ = 1]

where

oo ZkPIB = K{PLO" = 72, (00— — 1] PO" = 2, (901 — K]}
- > P[B = KIP[O" = i\, (x)/ 1 —k — 1] |
We must show that £ — 0 as n — oo. We now apply a local limit theorem to ®",

which is a sum of at least ¢ /9, i.i.d. terms.

Setting e, = 1+ 7,(gn — n) and 62 = W, (1 — y) + (1 — 7,)rnYn, where each of the
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functions is evaluated at x; (x), Theorem 1.6.2 gives

2
1 P[®” Nn (m—en)(Z(X)/’?n) 0
AV R e BT |

meZ Nn

asn — oo.
To ease notation, let us write P (m) for the Gaussian density in this expression. Then

substituting in our expression for £” and performing a Taylor expansion,

Xt +zn O)—XF () =10k —O () X7 (x)
4 PIB = k1P (s, (¥) /1 = R} { = 225 el R

o X7 (x)

E" =
> PIB =kIP(x}yr, (X)/ 00 — k)
n () (%)
B — e 2+ 0(t) + 0(n)
X+ 0(«/ M) ,
where

S =) P[B =kIP(x},,, (X)/nn — k).
k

Our result will follow if X is at least a constant times /7. The idea is that this will be true
if
(e, 00 /00 = 2 () /0 = &)
og Xt (X)/ 1

is bounded by a constant for k € K where P[B € K] is order 1. Let us denote by K :=

{0,...11/./nn]}. Recalling that for a Poisson random variable D with parameter A and
x> A,

(e/\))c# < exp ( — x(log(x/A) — 1)),

we see that since B has parameter bounded by C(1 + t,,/1,),

P[D > x| <

P[B € K] = 1 —exp (= (Clog(ma/53) = 1)/ v/ ).

which tends to 1 as n — oo.

Under the assumption that |y}, . — x/| < J /7, we have

2

EzCexp(—c{?)«/n_n,

n

with C independent of " (and ¢ the lower bound on population density of our assump-

tions).
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Our result now follows since

JJn, Crt, .+ o(1
e < \577_+ /N 2()
i ool 5)

coj

(where the o(1) term came from the local limit theorem). [

1.4.3. Skorokhod representation of (X", L"). Before going further, let us explain
the idea of the rest of the proof. We are going to use the Skorokhod representation theorem
to work on a probability space on which the sequence X” converges almost surely. We
allow the lineage process to evolve only until it reaches a deme in which the population
size is less than or equal to ¢ > 0, after which it is frozen (no longer jumps). As a result,
over any given generation, the probability that the lineage jumps to one of the neighbouring
demes is uniformly bounded by Ct, for some constant C which is independent of X”. In
each deme, in each generation, we use a Bernoulli random variable with parameter C1,
to determine potential jump times of an ancestral lineage. We then construct a directed
branching structure, denoted by 7", which branches into two at each ‘potential” jump time
of the lineage, in order to trace all possible paths that it takes. Over the | 7/1, | generations
that we follow, the number of jumps that the lineage makes is almost surely bounded and
we can extend our probability space so that this sequence of branching structures also
converges almost surely to a limit 7 which has at most a finite number of branch points
and consequently straddles a bounded set of demes. We shall see that we can take the same
sequence 7" for every X”.

We construct a perturbation of our ancestral lineage, which we shall denote by ", by
tracing a path through 7”. The transition probabilities of L" are those of L", except that
we replace s/ by 1 — p, (X["). We first check the almost sure convergence of the perturbed
lineage process, conditional on the environment (that is the quenched law). To complete
the proof of Theorem 1.2.10, we choose a sequence J, such that the error in Lemma 1.4.1
tends to zero as n — oo and use (1.3.6) and Markov’s inequality to verify that we can
couple L" and L" so that with probability tending to one as n — oo they coincide over the
time interval [0, T'].

We begin with the Skorokhod representation. The pair (X", L") exist on some (as
yet) intangible probability space and their laws are defined with respect to the probabil-
ity measure P. Their joint law is specified by the marginal of X” and the conditional law
P[L" € -|X™] whose description is given above. It will be useful to construct random vari-
ables X" and L" on some explicit probability space with the same joint law as (X", L")
respectively, but such that X" — X almost surely, and X has the same distribution as X .
Using this representation of (X", L") will be a key technique in our proofs below.

By the Skorokhod representation theorem, since X” = X in D([0, T], Ri) which is
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complete and separable, there exists a probability space (2, F, it) and random variables
X" and X on this space such that E()?”) = L(X") and E(f) = L(X) with X" > X
-almost surely. In addition, let ([0, 1]°°, B([0, 1])*°, v) be a probability space with v the
law of a sequence of independent uniform random variables, (§x)7= . on the interval [0, 1].
Each pair (x,1) € Z X {ty, 2Ty, ..., | T/tn]ts} corresponds to a distinct &. The random
variable ()? ", E") will be defined on the product space

P = (Qx[0,1]%,0(F x B([0, 1)), P := . @ v),

so that (§¢)22, is independent of F. For (w,§) € © x [0, 1]* we set Xn (w,§) = xn (w),
and if )?’}(a),O) = 0 then Z?(w,é) = @ for all 1 € [0,T]; otherwise, if k(L) is the
index of the uniform random variable corresponding to the current location of L™ after k

generations,

Li(w, &) =0,

Ly, (@.8) =L, (0.§)

-1, &4 < Pt (X" (@), LY, (@.8), L}, (@.§) = 1),
=1+l &g = 1-pr(X"(@), L}, (@.6). L}, (@.8) + 1),

0, otherwise.

Notice that we can take the same sequence of uniform random variables (§x);>, for every
realisation of the population process X",

For a fixed w € Q2 we will write P® for the pushforward measure
PO(L"(.) €) = v({§ € [0.11%: L"(@.§) € )

on D([0,T],Z), the law of L" for a fixed w € . It is this measure which makes our
construction useful: instead of conditioning on a sequence of X”, necessary under P, our
measure space allows us instead to average out over sequences {)2 "} which converge almost
surely (under 11). Crucially, any statements about the law of L" under P hold equivalently

for L under P and vice versa.

1.4.4. Tightness of L (w,-). Fixc > 0and foreachn € N, w € Q define

TO" :=infl0 <t <T: )?g(wib <c}

c

to be the first time that the lineage L™ arrives at a deme with a population density smaller

than ¢. We adopt the convention that inf @ = oo.
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PROPOSITION 1.4.2. For ii-almost every w € R, the sequence of stopped processes
ZTl/\T{U'" (w,-) is tight in D([0, T'], Z) with respect to the measure P®.

To ease notation, we will henceforth assume that the process is stopped when it hits a
deme with population density small than ¢ and omit the subscript 7,”"; that is we write
L pon(@.) = L'@.).

PROOF. By Aldous’ criteria (see [2]) it is sufficient to show that for fz-almost every w,
the sequence {Z’,’ (w,-)} is tight in R4 (with respect to P) and that for any sequence of
bounded stopping times (p, ), for each & > 0, there exists a § > 0 and an N, such that

sup sup P“’[|ZZ o(w,7) — Zzn(a),-)| >¢] <e.
n>Np 0<6<§ §

Fix w € Q such that X" — X. Recall that

N T m(l = 52 (x)) @p (X2 (. x % 1))
prX (@), x,x £1) == i ;

2 0,(X(.x)) + tmtu Ay (@, 0 X2 (. ) (x)

Using our assumption that there exists ¥ such that 7"

n>ne(r)andt < T2",

< yn(x) <y for all n and x, for all

Tn

o (X2 (. x £ 1)) 1_
pr(X"(w),x,x £ 1) <m = — <myc D 1, (1.4.2)
’ 2 (1 — m) @u(X2 (@, %)) "
where @ is the bound on the total fecundity. (The inequality on the right uses that 1/2(1 —
mt,) < 1 and ®(u) = uy(u) where we are only considering u > c.)
We thus deduce that there exists a constant C = C(y, D, ¢) < oo such that we may

uniformly bound the probability of jumping out of a site:

1 _ —~
sup sup —|p/ (X" (w),x,x + 1) + p/ (X" (), x,x — 1| < C.

neN¢<1@" Tn

Observe that this constant is independent of @ € 2. Before time ¢, the process L" (w,-)
may jump at at most ¢/, fixed times; at each of these it jumps with probability at most

C1,. Thus by Markov’s inequality,

~ ¢
PUIL} (. )] > k] = == =

9

.!Ct, C
k

and thus {E'; (w,-)} is tight in R4 (with respect to P®).
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Now let us prove the continuity estimate. The key is that the probability of jumping is
on the same order as the number times at which the process may jump and thus there is no
accumulation of jumps as we pass to the limit. For ¢ € (0, 1) observe that the event that
|Z’;n +o(@,) — /I:Zn (w,+)| > € is equivalent to there being at least one jump on L"(w, -)
in (pn, pn + 0). There are at most 6/t, possible jumps; again each jump happens with
probability bounded by Ct,, and thus

Pw[|zzn+9(a), ) — zzn(a)’ )| > 8] <1- (1 _ CTn)G/r,,.
So for any § > 0,

limsup sup PP[|L"  o(w,))—L" (@,)] > e <1—e 2"
n—oo 0<6<§ " "

Taking ¢ sufficiently small, the result follows. [J

1.4.5. Proof of Theorem 1.2.10. Define the family of operators A = (A?)o<;<7 on
B(Z) by

1 r(Xr—i(o,x))
m

A = gm == oy 2 X @ () = f0).

y=x=£1

Let us first argue that there is a unique solution to the martingale problem for A“ when it

is stopped before arriving at a deme with population size smaller than ¢ > 0.
LEMMA 1.4.3. For each w € 2, there exists a unique (in law) process z(a)) such that

for T®° :=inf{t > 0 : fr_,(a), z,(w)) <c}, z,(a)) = Liproc (w) and

R IAT®€ R
fTon- [ a2 f @)
0
is a martingale for each f € B(Z).

PROOF. This follows directly from Theorem 4.7.3 of Ethier and Kurtz [40], noting that

the lineage process jumps out of site x at time 7 at total instantaneous rate

1 r(X7—(@,x))
—-m

— CD(XT_ (w,y)) <mc ',
2 XT—t (0)7 x) Z t

y=x=%1

which is finite. [

We should like to have almost sure convergence of L" to L. The difficulty is that our

estimate of s/ requires that X;4,, — X, is at most J /7, and this will not be true for all
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realisations of the process X™. The resolution is to define a perturbation L" of L™, on the
same probability space as L™, in such a way that the two processes agree for a set of xn
whose probability tends to one as n tends to infinity. We assume that n is large enough that
Crt, <1/3.

Using the same sequence (£x)7-, of uniform random variables that we used to define
L", define 7" as follows. At time zero we start a lineage from the origin. In the first
generation, if & < Ct, (resp. if § > 1 — C1,), where C = myc~'® (c.f. (1.4.2)), then
we start a new path from the point x — 1 (resp. x 4 1) at time 7,,. In each generation, for
each path alive, we consider the corresponding uniform random variable (an independent
variable for each distinct path) and if & < Ct, (resp. & > 1 — Ct,) we start a new path
from the nearest neighbour to the left (resp. right) of that path, with the understanding that
if there is already a path at that location then the creation is suppressed. We denote the
resulting branching set of paths by 7”. Note that, by construction, L™ is contained in 7.
Moreover, since Bin(7' /t,, Ct,) converges to a Poisson random variable with mean C T,
T" is almost surely finite and the expected position of the leftmost (resp. rightmost) path
in 7" at time T can be bounded uniformly in 7.

Now, again using the same uniform random variables (§x)72,, we define the process "
in a way which parallels the definition of L if X T(w,0) = 0 then Z;’ (w, &) = @ for all
t € [0, T]; otherwise, if k(Z) is the index of the uniform random variable corresponding to

the current location of L" after k generations,

Li(w.£) =0,
Lisrye, (@, 6) = L}, (@)

~1. &q <P (X)L, (0.6). L], (0.£) - 1),
=1t &3 = 1 =T (X"(@). I}, (@.8). I}, (.8 +1).

0, otherwise,

where

mr, W XDEXDx£1)
2 @ (X2)(x) + 3mT A B (X2)(x)

NZ()?",x,x +1)=

- - - (1 = m,) @y (X2)(x)
-n n n n n n L
P (X", x,x) =1 =" (X7) + p"(X7)—= = :
‘ : £ 0, (X)(x) + 3mTy Ay Pu(X1)(x)

?Z()?",X,y) =0,y ¢{x,x—1,x+1}.

LEMMA 1.4.4. Letc > 0 as above and let Z(a)) be the unique solution to the stopped

martingale problem of Lemma 1.4.3. For [t-almost every @ € €, Z" (w,:) = z(a))

/\Tﬁu’”
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in D([0,T],Z) as n — oo.

PROOF. Letw € 2 be such that X" (w) — X(a)) in D([0, T],R%). By construction
L" C 7" and, consequently has almost surely finite range, which we shall denote by N.

The proof of Proposition 1.4.2 guarantees that the sequence of processes L N (w,-)
is tight in D([0, T'], Z).

For f € B(Z) define the family of operators (A4,"”),<7 by

AP f(x) = —P, PrX" (@), x,x + D[f(x + 1) = f(x)]
+ p, (X" (@), x,x = D[f(x = 1) = f(x)].

Then o
f(LH () - [ ) A2 f(L"(0)) ds (1.4.3)
0

is a P“-martingale, noting that the integral on the right hand side is really a sum because

the integrand is a step function, constant between intergeneration times. Now X ? (x) —
X1 (x) uniformly over 0 < t < T and |x| < N; u, — p and y, — ¥ uniformly and
therefore for fi-almost every w € €, recalling that (1) = r(u)y(u) and ®(u) = uy(u),

L@ (), x.x £ 1) > +m (X7 () P(X7_)(x £ 1)
" 2 (D(XT ;)(x)

L r(Xr_(x)®(X7_)(x £ 1)
XT ¢ (x)

as n — oo, uniformly over 0 < ¢ < T and |x| < N.
The argument is now completely standard. We pass to the limit and characterise the weak
subsequential limits as solutions to a martingale problem. By the Skorokhod representation

theorem, there exist random variables with the same distribution as L” (w,-) and Z(a))

Tw n
such that the convergence is almost sure.

Taking expectations of (1.4.3) and passing to the limit, we see that the limiting process is
a solution to the stopped martingale problem defined in Lemma 1.4.3. Since this martingale

problem is well-posed, the proof is complete. []

PROOF OF THEOREM 1.2.10. Itis now straightforward to complete the proof of Theo-

rem 1.2.10. We have shown that for ji-almost every w € €2, Z-/\Tg’-w = Z./\T(gu asn — oo.
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Then for every i : D([0, T],R%) — Rand g : D([0, T'], Z) — R bounded and continuous
Jim E[h(X")g (L, 7)) = Bl(X")g (Ll 7))
= Jim [ W @) [T gn 0, D)

_ /Q (X (@) E°[g(Lnre (@, DIAdw)
= E[n(X)g(L.rz,)]

(where interchanging the limit and the integral is valid since both /4 and g are bounded).
To complete the proof, it is enough to show that E[ P "’[Z” = Z”]] — lasn — oo. Here
we benefit from using the same sequence of random variables to construct L" and L".
These processes can only differ if at a branch point of 7", & lies in one of two intervals
whose total length is bounded by twice the modulus of the difference between p”" and p”,

which is in turn bounded by a constant times

sp = (1= pa(X])).

The branch points of 7" are independent of X" and their total number N" is bounded. Us-
ing the inequality (1.3.16) with 6 replaced by t,,, Markov’s inequality, and a union bound,
conditioning on 7" (which we recall is independent of X ™), we have that the probability
that |)? T+, — X ¢1 > J./nn at one of the branch times of 7" is bounded by a constant
times N"/J.

Now in Lemma 1.4.1 choose a sequence J, — oo so that the right hand side of (1.4.1)
tends to zero as n — oo and recall that E[N"] is uniformly bounded in n and the proof is

complete. [

1.5. Central limit theorem for X".

Although we now have an expression for the scaling limit of our population model, and
the behaviour of an ancestral lineage conditional on the history of the population, since we
do not know how to reverse the population model with respect to time, or even conditions
under which it has a stationary distribution, it is hard to extract quantitative results. Instead,
we now consider the case in which the population size is almost constant. More precisely,
we consider the case in which §,, — 0 as n — o0, so that the limiting population model is
deterministic and, under conditions that guarantee that this deterministic limit has a stable
equilibrium, we examine the small stochastic fluctuations about that equilibrium as we pass

to the limit. More precisely, in this section we prove Theorem 1.2.14, which establishes the
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limiting behaviour of
X7(x) — ux

Vo

where u, is the equilibrium of the deterministic limiting system.

Zr) =

In §1.5.1 we establish the C-tightness of the sequence of processes (Z"),en in the prod-
uct topology. This follows a similar scheme to, and uses results of, §1.3.1. In §1.5.2, we
characterise the weak limit points as a solution to a martingale problem that itself uniquely
characterises the Ornstein—Uhlenbeck corrections. In §1.5.3 we establish the convergence

of the sequence in £ ,.

1.5.1. C-tightness of Z” in the product topology. The proof that Z” is C-tight in
D([0, T],R%) follows the same schedule as the proof of the corresponding result for X",
ie via a series of Gronwall estimates.

We begin by using Lemma 1.3.4 to characterise the law of Z” as a solution to an approx-

imate martingale problem.

LEMMA 1.5.1 (Rescaled approximate martingale problem). The law of Z" is a solution
to the following approximate martingale problem.

For each x € Z,
ME(x) = Z](x) — Z5(x)
— 8,12 / (X)X () ds — 28,12 / (X)) AR (X)) () s (1.5.1)
0 - - 0 B -

is an F}'-martingale such that

t
M = [ 1 (X2 = it (X DXL () ds + O
0
is also a martingale, and for each pair x,y € Z with x # y,
E[M{(x)M7(y)] = 0.

PROOF. The result follows immediately from Lemma 1.3.4, defining M”" := §,, 12 pgn

and recalling the definition of the process Z". []

As in Lemma 1.3.5, we are able to use the estimates of Lemma 1.3.2 and Lemma 1.3.3
directly to obtain a bound for the martingale differences My, — MF. As with the proofs
of Section 1.3.1, this estimate will be necessary for using the Burkholder predictable square

function inequality in obtaining the tightness of Z" in the product topology.
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LEMMA 1.5.2. Let p > 1 and suppose that (1.3.8) holds. Then there exists a constant
C=C(p,y,g,I,T,§) such that

E|: sup | M7, —M?Hf{;p] < Cf’f—l.

0<t<T

Moreover, supy, .1 |[M}, . (x) — M} (x)| = Op(r,}/zn,:l/zp) asn — oo.

PROOF. We have done most of the work. By the inequality (1.3.7) in the proof of
Lemma 1.3.2 with p replaced by 2p, there is a constant C(p, ¥, g) < oo such that

E [supo<c| My, (¥) = M ()|

t
< Co. D B [ (141X D+ XE@P 4 X6 D) as |
0

Multiplying by 68, 7, the result follows after invoking Lemma 1.3.3. [

Following a similar scheme to Lemma 1.3.3, we now bound the expected value of the
supremum of the {1 ,-norm of Z for t € [0, T']. Here, slightly more work is required as
we wish to approximate the values of the parameters at the stationary population density

U4; this requires controlling the relevant remainder terms.

LEMMA 1.5.3 ({r,, estimate for Z"). Under Assumptions 1.2.12 suppose further that
p > 2, and
supE[[| Zg 17 ,] < o0 (1.5.2)

neN

then there exists a constant C = C(p, T, T',g,y) < oo such that

Sup E[SupogtsT I1Z7 ||ﬁp] <C.

neN

REMARK 1.5.4. Observe that under Assumption (1.5.2),

sup E[[| X 17 ,] = SlelgE[Ilu* +8,2Z3 I ] < oo

neN

In particular, the estimates of Lemma 1.3.3 hold.

PROOF OF LEMMA 1.5.3. We shall use repeatedly—and so note for the record—that

for f : R — R k times differentiable at x, the Taylor formula may be expressed as

k £ 1k
fo+m =Y :whf = p+ / kD4 (1 —whydu.  (15.3)

Jj=0
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As in the proof of the corresponding result for X", we define
h"(t) ;= E[Supossst”Z?”ﬁp]’ 0<t=<T,

for which we derive growth estimates and apply Gronwall’s lemma. We write Z” as a

solution to the stochastic equation

2260 = 230+ 8, [ e (X200 X200

+ Zg1e /Srn(xg(x))Alq>n(X;)(x) du + M" ().

2 )

Taking the {1 ,-norm of this expression, there is a constant C(p) < oo such that
h" (1)
= E[SuPOSsst”Z;l”llz,p]

<E| o0 sw (270007 ]

xez 0<s<t

s p
sC(mE{nZSHf{p+8;”/2ZF<x) sup [ gn(X2C)XI(x)du|  (1.5.4)
X€Z 0=s=t 0
S p
+8,723 "T(x) sup f Pa (X (X)) Ay @, (X (x) du (1.5.5)
x€eZ 0<s=t 0 B B
+ > Ty sup |M;’(x)|P]. (1.5.6)
0<s<t N

X€Z

We proceed by estimating the second term within the expectation in (1.5.4). Recall that

we have defined G : u — ug(u) which has bounded first derivative. By Taylor’s formula
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applied to the map G, and using that (a + b)? < C(p)(a®? + b?) fora,b > 0 since p > 1,

S P
5,72 3T ) sup | [ g (XL0) X2 ()
xX€EZ O=s=t 0 B N
s P
=577 Y00 sup | [ (60— 9000 X0 d
X€E€ZL O=s=t 0 B B
S P
48,7231 sup | [ (X0 X2 (0)
X€EZL O=s=t 0 B N
s D
< P8 YT sup | [ (0= (X0 X0 d
X€Z =s=t 0

+ C(p)5n_p/2x

Z I'(x) sup

X€ZL 0=s=<t

s 1 ’
/ 51277 (x) f G'(ux + (1= 0)8,Z] (x)) dO du
0 - 0 )

(1.5.7)
We have used that G(ux) = u.g(u.) = 0. Invoking Lemma 1.3.3, we have the uniform

bound that sup, .y E[supy, .7 || X} ||f, »] < 0o. In particular, applying Jensen’s inequality,
and using (1.2.6),
|

) E[&:p/z >re s 777 [l - 0PI P du]

E|:8;p/2 Z I'(x) sup

xX€Z 0=s=t

/0 (gn — ) (X2 () X2 (x) du

X€ZL 0=s=t
u) —gu)l? =
< sup £ f( ) ZF(X)E[ sup T”‘I/ IX,Z’(X)I”du]
neN,ueR 5,1,)/ ez 0<s<t o
— p t
neNueR 5P pop o
— p
< s O EOT ] sup X7,
neN,ueR 4+ 55/ neN Lo<t<T ’

<C(p,g,v.I,T).

As in Section 1.3.1, we are able to freely interchange the above ‘integrals’ over time with
summation and expectation as we note that they are really just finite sums over a finite
number of generation times.

Turning to the second term in the sum on the right hand side of the last inequality
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in (1.5.7), by Jensen’s inequality,

E|:8;”/2 Z I'(x) sup

p]
X€E€ZL 0=s=t

s 1
/ 8127 (x) / G'(us + (1—0)8)>Z7 (x)) d6 du
0 B 0 )

<E| 17612 T s [ 128w a]

X€Z 0=s=t

t
< Tp_1||G'||go/ h"(s) ds.
0

We now we bound (1.5.5). Using Jensen’s inequality again (and that r,, being a proba-

bility, is at most 1),

p

8;”/2 Z I'(x) sup

xX€Z 0=s=t

<77 Y T swp [ 1800, (X) @17 du
0 .

X€ZL 0=s=<t

<C(p.T) [8;”/2 e s [ 1810, — 9P d

X€Z 0=s=t

fo (X7 () Ay (X)) di

+ 5772 Z '(x) sup /S|A1<I>(X;’)(x)|p du:|.
. u

xX€Z 0=s=t

These terms are handled in much the same way as those above for G.

Recalling Assumptions 1.2.12,

E[S;P/ZZM) sup [ S|A1(<1>n—d>)<x;’>(x>|f’du}

xX€Z 0=s=t
lyn — 7%
< C(p)sup ————2x
neg 85/2

B[ Y re sup [ 100 P+ 20X + X0 = D1

xeZ 0<s<t

lyn — VI
<C(p,T.T)sup——2supE| sup || X"|%
neg 85/2 neg OStET ¢ ihp

<C(p,g,v.I,T).

In order to control

577w s [ Aol
0 .

xeZ 0<s<t

we replace each of the terms within the discrete Laplacian, ®(X,;(y)), y € {x—1,x,x+1}



NONLOCAL DISPERSAL OF JUVENILES 77
by 1
D(X](y) = Pus) + sg/zzg(y)/ @ (uy + (1—0)8,2Z2(y)) do.
0

Recall that we have assumed that ® has a bounded first derivative. Then we see that

E{S;”/zzF(x) sup [smlcb(xg)(x)v’du]
0

xeZ 0<s<t

< C(p>E[||<1>'||§o Sore sup [ [1Zit+ DI +Zi0l + 1200 - DI du]

xX€Z 0=s=<t
t
< E[C(F, ®) / 1Zne, du]
0

<C((, o) /th”(s) ds.
0

Finally, we must control (1.5.6). By the Burkholder predictable square function inequal-

ity, Lemma 1.6.1, there is a constant C(p) < oo such that

E|: Z '(x) sup |M?(x)|p:|

xX€Z 0=s=<t

< c<p){ 3 r(x)EH / (X ()2 = (X2 () X2 () ds

xX€Z
P/Z]

—I—E|: sup || M5, —M?Hff,p]}

0<s<t

t
+ r,,/ b"(X{, x)ds
o s

<C(p.T) ZrmE[ [ e

xX€Z
t
+ rf”fo (X2 + DIP2 4+ X2 @)1P? + | X2 (x — 1D)]P/?) ds]
+C(p.7.8.1.T,8)t?/*!

t
<C(p.7.%.T, T,s)E[l + /0 ||Z§’||1‘3’pds]
t
SC(p,7,§,F,T,5){1+/ h”(s)ds},
0

where to arrive at the second inequality we have used that ||, (2 — in)|lec < 1 (since
Wn is a probability) and the estimate (1.3.11) on 5”; the third follows by substituting the
definition of the process Z" and the bound X < 1 + X2 for X > 0.

Returning to (1.5.4)—(1.5.6), combining the estimates above, we see that there exists a
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constant C, independent of n such that

h (1) < C(l + fth”(s) ds)
0

and invoking Gronwall’s lemma, we see that 4" is bounded uniformly in 0 < ¢ < T and

n € N, completing the proof. []

We now prove C-tightness of Z" in the product topology. As in Section 1.3.1 we shall

use Theorem 1.3.6.

PROPOSITION 1.5.5 (Tightness of Z"). Let Rﬁ be equipped with the product topology.

If for some p > 2 we have (1.5.2), then the sequence of processes (Z"),en is C-tight in
D((0. T], R%).

PROOF. Following the scheme set out in the proof of Proposition 1.3.7, it suffices to
show that each individual coordinate {(Z7 (x))o<:<7 }nen is tight, for then a diagonalisation
argument yields tightness of the whole process in the product topology.

Fix x € Z and consider the sequence Z”(x). We wish to apply Theorem 1.3.6. Using
Lemma 1.5.3 and Markov’s inequality we may bound the coordinates of Z" in probability
and so infer the tightness of Z} (x) for each fixed 7.

Since the process is Markov, to verify Condition (1.3.14) it suffices to show that for some
p=2,

sup sup E [||Z;’ _ z;’u{{l,] <9, (1.5.8)
neN 0<s<t<T
[t—s|<6<1
for some constant C < oo. This will be our aim.

First we use the stochastic equation (1.5.1) to write

4

Zx) — 70 (x) = 8,12 [ gn (X7 () X7 () du

5,2 [ OG89, O (0 + M) — ME).
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Taking the {1 ,-norm,
E[IZ} - Z{1t ]

~ €[ S rwizw -z

X€Z
D

< c<p)E[8,:P/2 3 ) / " g (X ()X 0)

X€EZ =

+8,72 3 T(x) / (XD ()mA @, (X1 (x)

x€Z s

+ ) T)IM(x) - M?(X)I"]

X€EZ

p

< Cor/2,

The remaining details are omitted; the proof mimics that of Proposition 1.3.7, using calcu-
lations entirely similar to those in the proof of the previous lemma (in particular, we use
the uniform estimate on Z” derived there). That the error behaves as 87/ is a consequence
of the Burkholder predictable square function inequality used to estimate the expectation
of the terms involving the martingale. Since p > 2 we obtain (1.5.8).

Condition (1.3.15) follows by another application of Markov’s inequality. []

1.5.2. Proof of Theorem 1.2.14. We are now able to prove Theorem 1.2.14.
As in the proof of Theorem 1.2.5, we use the fact, taken from the proof of Lemma I1.4.5
of [108], that the following uniform integrability condition guarantees that any weak limit

point of M"(x) is an L?-martingale.

LEMMA 1.5.6 (Uniform integrability). Suppose that (1.5.2) holds for some p > 2.
Then for each x € Z and 0 < t < T, the family of random variables {| M} (X)|?}nen is

uniformly integrable.
PROOF. It is sufficient to show that

sup E[sup, | ME (x) ?7] < oo,

neN
By the Burkholder predictable square function inequality (Lemma 1.6.1) and Lemma 1.5.2

p

E[sup, .7 | M7 (x)|*] < C(p)E[ /Oun(Xf(X))@ — Mn (X (X)) X§ (x) ds

p

t
+ r,,f bn(X{,x)ds
. s

+Cl’,f_li|.
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Bounding this quantity (uniformly in 77) follows exactly the same pattern as above, exploit-

ing Jensen’s inequality and Lemma 1.3.3, and is omitted. [

Given the tightness of Z” (in the product topology) established in Proposition 1.5.5, the
next step is to characterise its weak limit points as a solution to a martingale problem cor-
responding to solutions of the system of equations (1.2.9). Referring to Theorem 1.3.16,
it is clear that such a solution is unique. By Lévy’s characterisation, the proof of Theo-

rem 1.2.14 is complete once we have established the following.

PROPOSITION 1.5.7 (Limiting martingale problem). Suppose Zj = ¢ inLr,, for some
p = 2. Then (Z")nen is C-tight in D([0, T], R%) with the product topology and any weak

limit point Z solves the following martingale problem:

Forall x € Z,

M (x) == Zi(x) = Zo(x) = [, (unglZs(x) + Imr @, A1 Zg(x)) ds
is an Fy-martingale such that

M (xX)? = @ (2 = g)uxt,

is also a martingale and for all x,y € Z with x # y,
E[M;(x)M;(y)] = 0.

(MP-Z)

PROOF OF PROPOSITION 1.5.7. The C-tightness is the content of Proposition 1.5.5.
Since Z§j = ¢ in {1, we have X = u, in {1 ,. In particular, condition (1.5.2), and

thus condition (1.3.8), holds. First we use the stochastic equation (1.5.1) to write

M3 (x) = Z3(x) — Z§(x)

g /gn(X:(x))XSn(x) ds_%mgn—l/Z f,,n(Xg(x))A@,,(X;’)(x)ds. (1.5.9)
0 - N 0 - -
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Let us begin with the first integral. Using that G(ux) = g(Us)usx = 0 = g(u),

57172 [ T en (X () X7 (x) ds
e (XX
=6, / CG(X!(x))ds + 8,1/ [ (gn — (X! (X)X (x)ds
0 0
=512 /G(u* + 81277 (x)) ds + 8712 /(gn — g) (X7 (x)) X" (x)ds
0 B 0 B N
= /u*g’(u*)Zg(x) ds + 6,172 /Rl(G,u*,S;/Zva’(x)) ds
0 N 0 -
+ 57102 /0 (g — (X2 () X" (x) ds
= /tu*g’(u*)Z;’(x) ds
i s
t 1
+5,1/2/ zg(x)zf 0G" (ux + (1 — 0)8)/>Z(x)) df ds
0 0
Iyl /O (g — (X (X) X" (x) ds.

(We have used R; to denote the remainder in the Taylor expansion.) Let us begin by

estimating the third of these terms. By assumption §, 1 Z(g,, — g) —ue 0 and thus, by

57112 /0 (g — (X7 ()X (x) s ]

gn) —g@)” ., E[suposi<r [ X7IE,]
e neN T(x)

invoking Jensen’s inequality,

E[
< sup
neN,ueR

In particular, by Lemma 1.3.3,

r D
5712 /0 (gn — ) (X2 (x) X" (x) ds = 0. (15.10)

Similarly, since G” is bounded by assumption, we use that p > 2 and Jensen’s inequality

P/2:|

Els AL
= CS,I:/“ sup [ uPOSIFS(T |l t ”F,p]
neN X

to obtain

g

t 1
5, f Zy(x)? / 0G" (us + (1= 0)8,2Z{(x)) 6 ds
0o 0 -
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By Lemma 1.5.3,

t 1 p/2
8;/2/ Z;’(x)sz”(x)/ 0g" (ux + (1 —0)822"(x)) db ds o, (1.5.11)
0 - - 0 -

Now we turn to the second integral in (1.5.9)

m

2o | () A, (X)) ds

. m5—1/2

=25 [z enaetmas + 25 [ e, - o a

0
- %/ i (X] ()P () A1 Z] () ds
0

t
+ %5;1/2/ Fa(X" (X)) A1 Ry (@, 14, 81227 () (x) ds
| s s

m

+ 5,12 /trn(Xf(X))A1(<Dn — ®)(X{)(x) ds.
2 0 - -

To control the last term we apply Jensen’s inequality to obtain
]
1 L

—p/27p—1
< 8T E[ | 1ai@, - oyancor ds]

= C(p, T)5;”/2{E[/0|(Vn — VXSG + D)X (x + 1)|”dS]

EH%S;”Z [ (X () A (@ — ) (XI)(x) ds

0

T E[/Ouyn (= )X — 1)|Pds]

+E[ /0 - y)(X;'(x»X;'(st]}

lya — ¥ 5
< C(p, T, T, x) sup ==—=% sup E[supo, | X! 12, ]
neN 85 neN

By Lemma 1.3.3,

%8;1/2 /rn(X;'(x))Al(Cbn —@)(XM)(x)ds 5 0. (1.5.12)
| s s

Using that ® has bounded second derivative (and (1.5.3))

1 L p/2
55;1/2/ Fa(X" (X)) A1 Ry (@, 1, 822" () (x) ds 0. (1.5.13)
; s s
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Combining (1.5.10), (1.5.11), (1.5.12) and (1.5.13), we may recast the stochastic equa-
tion (1.5.1) as

t

Lr/2
where E'(x) — 0Oasn — oo.

After passing to a subsequence if necessary, assume that Z” converges weakly to Z
in D([0, T],R%), where R% is equipped with the product topology. Fix x € Z. By the
Skorokhod representation theorem, there exists a probability space, and on it a sequence
of random variables Z”, such that Z” has the same law as Z" and Z”" converges almost
surely to Z in D([0, T'], R%). We suppose that we have done this and drop the ‘tilde’ from
our notation.

By, for example, Lemma 3.10.1 of Ethier and Kurtz [40], the convergence of Z"(x) to

Z(x) is uniform on compact sets. Since r, converges uniformly on compacts, we have that,

L a.s. !
/ usg (Uyx)Z%(x)ds — / u«g, Zs(x)ds,
0 = 0

and m L as. M !
5/ Fa (X2 (x) D' (us) A1 Z7 (x) ds — 5/ re®, A1 Zs(x)ds.
0 - - 0

Passing to the limit n — oo in (1.5.14), there is a random variable M;(x) such that

M"(x) L M(x) and
t 1 t
M) = Z6) = 200 - [ wegiZurds =5 [ r@iaizi@as
0 0
By Lemma 1.5.6, M(x) is an L?-martingale, and since

M (x)* — /Oun(Xs”(X))(Z — pa (X (X)) X{ (x) ds — 7, /Ob"(Xs”, x) ds

is a martingale, and

sup
0<t<T

r,,/ b”(X x)ds <C(p,g.y7.T.I,x)t}

we identify
(M) = pa (2 — pa)ust.
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After an argument identical to that at the end of the proof of Proposition 1.3.11 we may
conclude that E[M,(x)M,(y)] = O forall x # y. [

1.5.3. Proof of Theorem 1.2.15. As was the case in Section 1.3.3, the stronger con-
clusion of tightness in the topology of {r,, requires us to prove a uniform integrability
condition. Again, we make use of the criteria for relative compactness in £, established
in Lemma 1.3.14.

It is sufficient to establish the following.

PROPOSITION 1.5.8 (Tightness in £r,,). If for some p > 2 we have

supE[[1Z515,] = supE [SUPIZS(X)IP} < o0,

neN neN X€Z

then the sequence of processes (Z")nen is C-tight in D([0, T'], £r,p).

PROOF. Once again we use Theorem 1.3.6. The required continuity estimate, the sec-
ond condition of the Theorem, is established in equation (1.5.8). Given Lemma 1.5.3 it is

sufficient to establish that for each fixed time ¢,

lim supP | > T'(x)|Z}(x)|” > & | =0.

N—00 peN Ix[>N
The proof is identical to that of Proposition 1.3.15 and is thus omitted. [

1.5.4. Proof of Propositions 1.2.16, 1.2.18, and 1.2.19. To pave the way to making
some preliminary remarks about the impact of the fluctuations in population density on
the motion of ancestral lineages, in this short section we write down an expression for the
stationary distribution of the first order fluctuations Z, when it exists.

We begin by giving proofs of Proposition 1.2.16 and Proposition 1.2.18.
PROOF OF PROPOSITION 1.2.16. Setting

— / /
ap = Uxg, —mr D,

and .
a_q:=a; = Emr*CD;,
and a, = O for all |[n| > 1, the operator A given in (1.2.10) may be expressed as the

bi-infinite matrix A = (a;;) with entries a;; = a;—;, i,j € Z. Acting on {»(Z), such

operators are called Laurent operators.
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Necessary and sufficient conditions for Laurent operators to be bounded are given by a
theorem of Toeplitz [125], Theorem 1.6.3 in the appendix. If T denotes the unit circle in
the complex plane, the theorem asserts that the operator A is bounded if and only if there
exists a function f € L°(T) with Fourier coefficients {a, },cz.

For our choice of the collection {a, },cz the function f € L°°(T) given by
f(z)=ap+a(z7' +2) (1.5.15)
has Fourier coefficients {a, },<z and moreover A is bounded. [

PROOF OF PROPOSITION 1.2.18. As we have seen in the proof of Proposition 1.2.16,
the operator A given in (1.2.10) is a Laurent operator. In particular, A = (a;;) with entries
Aij = ai—j,i,j € Z, and there exists a function f € L°°(T) with Fourier coefficients
{an}nez defined by (1.5.15). In this case, Toeplitz’s Theorem (Theorem 1.6.3 in the ap-
pendix) also asserts that spec(A4) is given by the essential range of f.

Since f(e!?) = ag + 2a; cos 6, this function f has essential range given by the interval
[ap — 2|a1|,ao + 2|a1|]. The spectrum of A is thus wholly contained in the open negative
half plane if and only if ag + 2|a;| < 0. Equivalently, if

Usgy +mry(|PL — D)) <0,
giving the condition (1.2.11). [l

We turn now to the existence of a unique stationary distribution for solutions to the

system of equations (1.2.9).

LEMMA 1.5.9. Under the assumptions of Theorem 1.2.14 and Assumption 1.2.17, the
system of equations (1.2.9) admits a unique reversible stationary distribution w on L p.

Moreover, the stationary distribution w is Gaussian.

PROOF. By Corollary 6.2 and Theorem 6.6 of Jnowska-Michalik [69], existence and
uniqueness of a stationary distribution for the system of equations (1.2.9) is implied by
the exponential stability of the semigroup (7});>o generated by the operator A defined in
(1.2.10). Since, by Proposition 1.2.16, A is a bounded operator, exponential stability of
(Ty)¢>0 is equivalent to the condition of Assumption 1.2.17; that is, that the spectrum of
A lies in the open negative half plane C_ (see, for example, Theorem 1.3.14 of Engel and
Nagel [35]).

That the stationary distribution is Gaussian follows from Proposition 6.1 of Jnowska-
Michalik [69]. [
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PROPOSITION 1.5.10. The Gaussian distribution 7w of Lemma 1.5.9 is characterised
by equations (1.2.12) and (1.2.13).

PROOF. Again this is standard. We establish the covariance of Z74,(x) and Z7(x) for
an arbitrary initial condition, and let 7" — oo.

Proceeding formally first, following the notation of [29],
T+t

Zr+t = Tr+:Zo + / Trir—s vV s (2 — pa)us dWs,

0

T
Zr=TrZo+ / Trs /i@ — pon)its AW

0
in other words, for a function f € £,(Z),
T+t
S SO Zraa0) = 3 (Fraa )+ [ (Traema £ )0 Viae = i dWi ().
i€Z i€Z

To recover our expression for the covariance of the invariant measure, note that 7r Zy — 0

as T — oo and that

T+t T T T
E| f Tryes f AW, [ Tr-sg dW;| = E| f TrsisT: f AW, / Tr—sg AW
0 0 0 0

T T T - T -
=E[ / Tras f dWr_g f ngdWT_s] =E[ / Tras f AW, / ngdWs],
0 0 0 0

where (W s)o<s<7 18 a collection of independent Brownian motions.

We now spell out the proof in detail in the case ®,, > 0, when the semigroup 7} takes
a more familiar form. First, we follow Walsh [134] in writing down a ‘Green function
representation’ of Z; 7 and Z7.

For ¢ = (¢(x))xez € £ denote by

(6.Z) =) _¢(x)Z(x).

xX€Z

Let ¢ : Ry x Z — R given by (¢, x) — ¢;(x) be differentiable in ¢. By It6’s formula
applied to the map (¢, {) — ¢;(x)¢

1 (x)Z(x) = po(x)Zo(x) + /o 0505 (x)Zs(x) ds
+ /t ¢S(x)(u*g;zs(x) ds + ZV*CD;A1ZS(X)) ds
0 2

+/0 $s(X) V(2 = )it dBs (x).
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Summing over x € Z and applying summation by parts,

2

Vi@ = Y [ 0B, (1516

X€EZ

(b0 Z1) = (0. Zo) + /0 (Bubs + nglds + TP, Ary. Zs)

Let p;(x) be the transition semigroup of a nearest neighbour random walk on Z jumping

at unit rate, started from the origin. Then p,(x) is the solution to
po(x) = l{x = 0},
1
¢ pr(x) = EAIPt(x)-

Thus, defining
¢s(y) = eu*g;(t_S)pmr*‘P;(t—s)(y - X),

¢s(x) is the solution to

¢t(y) = l{x = y}’
/ m /
0sPs + U g, Ps + Er*qD*Al‘Ps =0.

Inserting this particular test function into the expression (1.5.16),

Z(x) = €5 proan (v — X) Zo(y)

YEZL
t
+ Z v M*(z_ M*)u*/ eu*g*(t_S)pmr*Cb;(t—s)(y —)C) st(y)- (1~5-17)
YEZL 0

For any 7y € R, by stationarity we have that p;(x) = E[Z;,4+:(x)Z,(0)]. Then by the
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Green function representation (1.5.17) and It0’s isometry,

pr(x)
= E[Zy++(x)Z4,(0)]
= MOt N a0 (Y = X) Pmraare (VVE[Zo (1) Zo())]

¥,y €L

to+t
Z / eu*g*(t0+t_S)pmr*<I>§k(to+t—S) (v —x)dB;(y)
0

Y,y €L

+ (2 — M*)U*E|:

)
x/ e & 07S) & (10— (V) st(y/):|
0

= MOt N a0 (Y = X) Pmraare (VVE[Zo (1) Zo())]

Y,y €L

to
+ M= (2 - ,LL*)M* Z / eu*g*(2t0+t_ZS)pmr*<I>’*(t0+t—s) (y - x)pmr*fb;(to—s)(y) ds
0

y€EZ

= M) N @ t00) (Y = %) Pt (VVE[Z0 () Zo(Y)]
v,y €L

to
+ (2= it Y / S p w145) (Y = X) Pmroas (¥) ds
yeZL 0

= MOt N a0 (Y = X) Pmraare (VVE[Zo (1) Zo())]

Y,y €L

fo
+ s (2 — pa)Us / €u*g*(t+zs)l9mr*q>;(t+2s) (x)ds,
0

where the last line follows from the Chapman—Kolmogorov equations. Taking 7y — oo the

result follows. [

1.5.5. The effect of small fluctuations on ancestral lineages. Theorem 1.2.10 has a

specific form in this regime.

THEOREM 1.5.11. Fix 0 < ¢ < uy and define the stopping time T™° := inf{t > 0 :
XZ” (L}) < c}, the first time at which the population density at the site of the lineage falls
below c. The process (X", L" 1n..) = (ux, L) in D([0,T],R% x Z) as n — oo, where L

is the unique process such that Ly = 0 and

ALy = fLo) = [ FrpdafLods
is a martingale for each f € B(Z).

That is, L is a continuous time simple symmetric random walk jumping at rate ryVs.
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In this short section, we make some preliminary remarks about the effect of the small
fluctuations captured by Theorem 1.2.14 have on this motion.

Recall that the jump rate of the ancestral lineage is

mr(X;(x))P(Xp(x + 1)) + r(Xp(x) @(X;(x — 1))
2 Xi(x) ’

and that if the lineage is currently at x, conditional on a jump taking place at time ¢, it is to

x 4+ 1 with probability
P(X;(w,x + 1))

Zy:x:i:l CD(X;(O)’ y)) .

Let us first examine (1.5.18) when X; is close to the deterministic u,. Ignoring higher

(1.5.18)

order corrections, write X; = uy + £¢Z,, where to save typing we have written & = /6.

Performing a Taylor expansion of ® about u, we find

CID(u* +eZ(x + 1))
CD(u* +eZ(x + 1)) + CD(u* +eZ;(x — 1))

| @/
=+ Z(Z,(x 1) = Z,(x - 1))5: 1 O(e?).

A similar calculation shows that the overall rate of jumps is

/

mr, P, (UsT) — Tx) ol
- {1 n 8<—u*r* Z) + 54 (Z(x— 1) + Z(x + 1)))}

DL ),
-l

Z(x) + %’:AIZ(X))}.

We see two key quantities, (log ®), and (log(ry),. If ®, > 0 is positive, ancestral
lineages jump to demes of higher population density, and if (ry), < 0, once at a local
maximum, they tend to stay there, in the sense that they jump more slowly than average.
On the other hand if @, < 0, the lineage tends to jump to regions of lower population

density, and will loiter in local minima if (ry), < 0.

1.6. Appendix.
1.6.1. Burkholder’s predictable square function inequality.

LEMMA 1.6.1 (Burkholder [18],Theorem 21.1). Let p > 1 and suppose (Vi)ren is a
discrete parameter martingale with respect to the filtration Fy and that Vy = 0. Define
(V)= Z;B E[(Vi+1 — Vi)?|Fi]- Then there exists a constant C(p) < oo such that

E[supo <[ Vel?] = C(p) (EN(Va)1?/?] + Elsupg < <pi Vit — Vil ?1).
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1.6.2. A discrete local limit theorem.

THEOREM 1.6.2 (Durrett [31], Theorem 5.2). Let X1, X,,... be i.i.d. copies of an
integer-valued random variable y of mean j and variance 6. Suppose furthermore that
there is no infinite subprogression a + qZ of Z with g > 1 for which X takes values almost

surely in a + qZ. Then one has

P[S, =m] = exp ( —(m— nu)22n02) +o0(1/+/n)

aTno

for all n > 1 and all integers m, where the error term o(1/./n) is uniform in m. In other

words,we have

-0

sup «/n

mezZ

P[S, = m] —

exp ( —(m— nu)22n02)

2nno

asn — oQ.

1.6.3. Spectra of Laurent operators. Let {a,},cz C C be a sequence of complex
numbers and denote by A the bi-infinite matrix with values a;; = a,_;, i, j € Z, ie defined
such that the matrix A is constant along its diagonals. The matrix A acting on {,(Z) is
called a Laurent operator. A theorem of Toeplitz [125] tells us when a Laurent operator is
bounded and provides its spectrum. The version here is a combination of Theorem 1.1 and
Theorem 1.2 of Bottcher and Silbermann [15].

THEOREM 1.6.3. Let T := {z € C : |z| = 1} denote the unit circle in the complex
plane. The matrix A is a bounded operator on £,(Z) if and only if there exists a function

f € L*®(T) such that {a, }nez, is a sequence of Fourier coefficients for f; that is,

1 2 ) )
a, = _/ f(eze)e—znG de,
21 0
forall n € Z. In this case, the spectrum of A is given by the essential range of f; that is,

spec(A) = {z € C: {0 € [0,27) : | f (') —z| < €}| > O forall ¢ > O}.



CHAPTER 2

GENE FLOW IN PATCHY HABITATS

Joint work with

ALISON M. ETHERIDGE AND PETER L. RALPH

The demographic details of an individual-based stochastic population model deter-
mine not only the time evolution of population sizes, but also the dynamics of lineages
— the description of where the ancestors of modern individuals lived at times in the
past. Here, we assume that there are only two types of habitat, bad and good, and that
population sizes in good habitats are so large that, given the opportunity, lineages will
always move from bad to good habitats. Lineages traced back through time can be ex-
plicitly described and we highlight the role of the spatial and temporal autocorrelation
structure in determining long-term behaviour of lineage movement. The typical dis-
placement between an individual and their ancestor at some time in the past may differ
substantially from that predicted based on the typical displacement between parent and
child.

2.1. Introduction.

The dynamics of a population are determined by the demography of the individuals that
make up the population: fecundities, mortalities, movement rates, and so forth. Stochastic
population models can lead to complex behaviour, especially across continuous geography,
and a great deal of work has focused on describing them. Inferring these demographic
parameters of populations can be of substantial practical importance, as for instance when
working to conserve an endangered species or to control an invasive species or disease
vector. Although reproduction is a fundamental way by which populations grow, the ge-
nealogical connections between parents and offspring can be ignored if one is only inter-
ested in population size changes. However, these relationships clearly contain important
information about population demography, and so there is substantial interest in using the
patterns of relatedness inferred from genetic data to learn about the demographic dynamics

and history of real populations. For instance, genome sequencing has provided surprising
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information about the history of our own species both in the recent and distance past (see,
eg, [89]). However, the relationship between population demographic dynamics and the
resulting patterns of genealogical relationships have only been described in the simplest
possible models. In this paper, we study how genealogical inheritance, traced back through
time, is determined by the (forwards-time) process of population size changes. The models
we study are greatly simplified, but are chosen to highlight the important aspects of this
relationship.

If we begin with a single individual from some population alive today and choose a
particular bit of her genome, then, looking back through history, we can imagine recording
the geographic location of the ancestor from whom that individual inherited that bit of
genome. This spatial motion, as a function of amount of time in the past, we call a lineage.
For concreteness, suppose we follow inheritance of the chloroplast, and thus the maternal
lineage, in a population of plants. Suppose we know the birth location of a given ancestor
at a particular time. Roughly speaking, the location of the next ancestor might be chosen
from among the possible ancestors, weighted by the reproductive output of those ancestors
that established at that location at that time. On a broad scale, therefore, lineages when
traced back through time should tend to follow regions of high population density, if the
regions have correspondingly high total reproductive output.

The dispersal distance, o, characterizes the typical distance between parent and off-
spring (concretely, it is the standard deviation of the displacement between the two along
an arbitrary axis). Imagining a lineage as a random walk, one might guess that in a homoge-
neous population, the distance from a given individual to their ancestor from 7" generations
ago is proportional to o+/T. Although this may be close in some cases, this can be dra-
matically wrong in others. The effective dispersal distance is the corresponding quantity
seen by averaging back along a lineage — if D, is the distance from an individual to their
ancestor living 7 generations ago, then var[D,] ~ to?. For instance, if there is significant
competition between siblings, individuals that disperse further from their parents may be
more successful. Since these long dispersers are more successful, they contribute more
to the modern-day gene pool, and hence are more likely to be seen when looking back
along a lineage — so, in this case, we would expect o, > o. Conversely, if habitat qual-
ity is highly heterogeneous, so that longer-distance dispersers are likely to end up in an
inhospitable region, then o, may be substantially less than 0. More generally, spatial and
temporal autocorrelation in habitat quality can lead to correlations between dispersal ability
and long-term fitness, and therefore selection on dispersal ability itself [112].

In this paper, we study the movement of linages in populations whose sizes are entirely
determined by exogenous factors, eg transient, patchy resources. By varying the spatial and
temporal autocorrelation of habitat quality in several models, we can highlight how these

determine the long-term behaviour of lineage movement, and hence spatial patterns of re-
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latedness and gene flow. For a concrete situation, imagine that we are tracking populations
of a soil microbe across a grassland, and the microbe is tightly associated with a particular
type of shrub. A low density of microbes are found in the soil away from shrubs, but much
higher densities live in the root zones of patches of shrubs that expand, contract, appear,
and disappear over time. New patches of shrubs initiate only rarely, but when they do, the
lucky microbes living nearby to the location where the patch originated reproduce rapidly,
and since the area surrounding the patch produces very few offspring, the microbes found
in that patch are descendants of those initially lucky individuals for as long as the patch
exists. This means that as one traces back the lineage of a microbe found in a patch today,
the lineage must remain in that patch until its origination — and so, the motion of lineages
is strongly constrained by the dynamics of the patches.

In the next section we describe a general discrete-time model for the forward-in-time
dynamics of a population. In this model, offspring are dispersed from their parents at birth.
We then assume that the lineage, as described above, can be described as a Markov process
conditional on the history of population sizes and give its transition probabilities.

We then proceed to specialise to our case of interest, when the forward-in-time dynam-
ics of the population are entirely determined by exogenous factors, eg transient, patchy
resources. We describe a model where there are just two kinds of habitat, labelled bad and
good and assume that, when given the choice, population sizes in good habitats are so large
compared to those in bad habitats that lineages always move to locations of good habitat
(chosen from those available) moving into the past. Since the structure of the habitat is
random, we are studying a random walk in a random environment, a well-studied object.

In order to assess the impact on spatial and temporal correlations in the habitat quality
on the effective dispersal of the lineages we consider a series of models for the dynamics
of the patch quality. Central to all of them will be a fixed stationary distribution controlling
the degree of spatial correlations. Given this we consider three further scenarios. First,
we consider the case that the habitats are resampled in every discrete generation of the
population — minimising the temporal correlations in habitat quality. We find that lineages
can move faster or slower than one which moves freely in a homogeneous environment.
Secondly, as a toy example, we consider a model where the environment is resampled every
two generations — slightly increasing the degree of temporal correlation in habitat quality.
Again, lineages may move faster or slower than one which moves freely in a homogeneous
environment.

We subsequently define a model where the habitat quality is allowed to evolve locally
in time, ie in each generation there is a small probability that the quality of the habitat
an single location flips from good to bad, or vice versa. This probability is allowed to
depend on the quality of the habitat within a local neighbourhood, allowing for interesting

spatial correlations. Passing to a continuous-time limit, the dynamics of the habitat quality
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evolve according to a Markov process, essentially an interacting particle system [90], with
a stationary distribution given by a random cluster measure [48].

In order to infer the effective dispersal distance of the lineages in this setting, a thor-
ough understanding of the geometry of patches of good habitat is needed. In Section 2.3
under diffusive rescaling, we describe both how new patches appear in the environment
and how these patches subsequently evolve. The proofs of all statements are the content of
Sections 2.4-2.8. Finally, in Section 2.9 we conjecture the value of the effective dispersal
distance in this setting; unfortunately it has not been possible to find a proof, but the key

steps to proving such a result are outlined.

2.2. The model.

Suppose that we study a species of plant that lives in discrete populations, and that every
year, the entire population reproduces and then dies. To make things even simpler, we sup-
pose that every individual produces a large number of seeds (the same number regardless
of location) and that we only follow ancestry to the seed parent (ignoring pollen). Then,
if the proportion of the seeds of a plant at location x that arrive at location y is m(x, y),
and the number of individuals at location x, k generations ago, is N(k, x), then the total
number of seeds from x that arrived at y in the subsequent generation, ie k — 1 generations
ago, is proportional to N(k, x)m(x, y). If all these seeds are roughly equivalent, so that
the subsequent generation was composed of a random choice of all available seeds, then
the chance that a given plant living at y some k — 1 generations ago grew from a seed

originating in x in the previous generation, is

N(k.x)m(x. y)
Y. Nk, z)m(z,y)’

(2.2.1)

where the sum is over all locations.

In this paper, we then assume that the lineage of an individual can be described as a
Markov process given the population sizes. Concretely, if Ly is the location k generations
ago of the (maternal) ancestor of a given individual who is today randomly chosen from
L(0), then given the population sizes histories (N(k, z)) k. the series of locations (L )0
forms a Markov chain with P[L; = x| Lx—; = y] given by equation (2.2.1). This is a
standard assumption [132] working in the regime of ‘infinitely’ large population sizes, so
that conditioning on the ancestral process (L)x>0 does not change the dynamics of the
population, ie a single individual contributes so little to the macroscopic population that

the dynamics are unaffected.

2.2.1. Patchy habitats. We will assume that there are only two types of habitat, bad

and good, and that population sizes in good habitats are so large that, given the opportunity,
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lineages will always move from bad to good habitats. In the motivating example above,
good habitat occurs where the shrub lives.

Our analysis will occur mostly in one spatial dimension, beginning on the discrete lat-
tice, with nearest-neighbour dispersal. We will assume that the habitat evolves according
to a number of different Markov processes, each with the same stationary distribution (de-
scribed below). Taking the environmental dynamics to be reversible and at stationarity, we
can then simply track the dynamics of the lineage and the habitat together back into the
remote past. In spite of its apparent simplicity, the model allows us to describe a number of
important features of the general problem, while retaining some analytical and numerical
tractability. Crucially, our model will be defined so that we are able to control the spatial
and temporal correlations in the habitat quality. By varying the strength of these spatial and
temporal correlations, our aim is to establish how they determine the long-term behaviour
of lineage movement, and hence spatial patterns of relatedness and gene flow.

In the setting of equation (2.2.1), we will assume that for each x, k, the population sizes
in discrete sites take one of two potential sizes, ie N(k,x) € {B,G}, where B and G
correspond to the population sizes in bad and good habitats respectively with B < G. In
order to arrive at a model where, given the choice, lineages always move to good habitats,
we will pass to the limit B/G — 0 so that, after sensibly rescaling population sizes by a
factor of G, we may assume that B = 0 and G = 1. After passing to this limit, the lineage

(Lk)k>0 forms a Markov chain with transition probabilities

m(x,y)

> m(z,y)
N(k,x)m(x,y)

> . Nk.2)m(z,y)

ifZ N(k,z)m(z,y) =0,
P[Ly =x|Lk-1=y]= : (2.2.2)

otherwise,

ie the probability that the location of the maternal ancestor k generations ago conditional
on being at y k — 1 generations ago is x is proportional to m(x, y) when all sites z such
that m(z, y) > 0 are regions of bad habitat k generations ago, and chosen proportional to
N(k, x)m(x, y) otherwise.

Our model will allow for the population sizes at different locations to be correlated, ie
cov[N(k,x), N(k,y)] > 0. For the sake of simplicity, we restrict our focus to dimensions
d = 1, assuming that individuals live in demes indexed by the one-dimensional lattice Z.
The spatial distribution of habitat at any particular time can be thought of as a sequence of
patches of consecutive runs of ones (denoting a region of good habitat), separated by runs of
at least one zero (denoting a region of bad habitat). We will model these by specifying that,
passing through space, the corresponding sequence of zeroes and ones forms a stationary

and reversible Markov chain whereby each patch has a Geometric( p;) number of ones, each
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space between two patches is composed of a Geometric(py) number of zeroes, and that all
such are independent. In other words, the probability that the habitat at location x = 0 is
good,ie N(0,k) = 1,is po/(po + p1), and the sequence of habitats one encounters as one
walks along the lattice (in either direction) is a Markov chain that moves from one to zero
with probability p; and moves from zero to one with probability p,. We will also specify
the temporal dynamics of the habitat in a way that preserves this distribution.

The habitat is then described by a binary sequence @ € {0, 1}%, and we call the proba-
bility distribution above 7. An equivalent description of 7 is as a random cluster measure,
also sometimes known as a Fortuin—Kasteleyn measure. For a comprehensive introduction
to random cluster measures, we direct the reader to Grimmett [48]. In order to recast 7 in
this language, we fist work on the bounded subset [—L, L] N Z of the lattice. We define a
measure on sequences of possible habitats (w—r, w_(r—1). . . ., @) subject to the boundary
conditions w_; = wy = 0, and obtain & by passing to the limit L — oco. Conditioning on

the outcome w_; = w;, = 0, a sequence (w—_(z—1), . . ., @z —1) has probability

N,
PoP1 )

_ Noc1 _ Ny
(= poy20 = p1) ((1—po)(1—p1)

where Ny and N; are the number of zeroes and ones, respectively, and N, is the number of
patches of good habitat, ie the number of runs of ones.

Our goal now is to specify temporal evolution of the habitat, introducing varying degrees
or temporal correlations. The dynamics of the habitat will evolve according to a Markov
process for which m is a reversible stationary distribution; we can then simply track the
dynamics of the lineage and the habitat together back into the remote past and establish the

effective dispersal distance.

2.2.2. Temporally uncorrelated patchy habitats. The simplest case is when the habi-
tat is simply resampled independently from this distribution every generation, and that off-
spring are divided evenly between the location of their parent and the locations directly on

either side of the parent.

LEMMA 2.2.1.  Suppose that the habitat is resampled independently in each generation,
and that m(x,x) = m(x,x + 1) = m(x,x — 1) = 1/3. The variance of the displacement
of an ancestral lineage over a single generation is

var[L] = % + _PoP1 (1 —(po + Pl))~
3 3(po+p1)
In particular, lineages move faster than those in a homogeneous environment if and only if

po+p1 <L
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The (elementary) proof is deferred until Section 2.4.

In other words, more positive spatial correlations in the environment cause the walk to
move more quickly, and more negative ones (ones more in the negative direction) cause
it to move more slowly. The eigenvalues of the transition matrix of the habitats are 1 and
1 — (po + p1), so the transition corresponds to that from a smooth to an oscillating habitat.
At first this result seems a little counterintuitive. However, consider what happens when
Po = p1 = 1, so that the habitat alternates between good and bad in space; once the habitat
at the origin is fixed, everything is determined. Then in each generation, there is probability
1/2 that the ancestral lineage does not move at all, and probability 1/2 that it moves to a
neighbouring deme. The variance of the movement of a lineage over one generation is then
1/2, less than the 2/3 corresponding to the symmetric walk corresponding to m, which
chooses each of the three potential ancestral demes with equal probability. Conversely,
if po and p; are both small, then there is some chance a lineage will find itself near the
edge of a large patch of good habitat, thus giving it an extra “push”. However, the speed
is maximized at po = p; = 1/4, but is only sped up by a factor of 33/32: the effect
is not large. It is also interesting to note that since the lineage only moves to bad habitat
if there is no available good habitat, the proportion of the time a lineage spends in bad
habitat is p;(1 — po)?/(po + p1). This is the proportion of future generations who are
direct descendants of today’s bad habitats, ie proportional to the total long-term fitness of
bad habitats. This is despite the fact that in any particular generation, the vast majority
of individuals may live in good habitats — but, long-term genetic contributions to the
population is mostly determined by who initiates new patches, rather than who lives in

them.

2.2.3. A first look at temporally correlated patchy habitats. Of course, there is no
reason to suppose that the habitat and the resident population have the same intergeneration
time. It is instructive to consider what happens if we suppose that several generations of
the population pass during each time step of the habitat. Evidently, if the habitat never
changes, then any lineage will become “trapped” in a cluster of good habitat.

It is tedious, but not difficult, to prove the following lemma.

LEMMA 2.2.2. Suppose that the habitat is resampled every two generations (in be-
tween which it is held fixed). The variance of the position of a lineage after two generations
is

var(La] = & + — PP (47 _77py — 62p1 + 2Tpops + 2897 + Tp%).  (22.3)
3 18(po + p1)
The term 4/3 in (2.2.3) is precisely what we would have for the symmetric walk in a

homogeneous environment. If py and p; are close to one then the second term is always
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negative, and the walk slows down in the random environment. If py and p; are close to
zero, then the walk always goes faster in the random than in the homogeneous environment,
but the factor pg p; tells us that the effect is small.

It is not hard to convince oneself that the longer the habitat is held fixed, the smaller
po and p; must be if ancestral lineages are not to be slowed down compared to simple
random walk. We require p; to be small in order that a cluster is big enough that the
motion of a lineage is not be too constrained before the habitat is resampled; we require pg
to be small so that we rarely see clusters of favourable environment and so do not become
trapped. The longer the habitat is held constant, (where time is measured in numbers of
generations of the population), the more the ancestral lineages will be slowed compared
to those sampled from a homogeneous population. Of course, holding the habitat constant
and then resampling is not particularly natural, and so we now turn to finding a Markovian

evolution of the environment.

2.2.4. Continuous-time dynamics. Holding the habitat constant for a fixed number of
generations and then (independently) resampling, seems very artificial. Instead we should
like it to evolve according to a Markov process. The simplest way to achieve this is to

recast our model in the setting of continuous-time.

NOTATION 2.2.3. For w € {0,1}% and x € Z we will denote by w* € {0, 1}% the

configuration with w}; = w, forall y # x and 0y = 1 — wy.

Letting & > 0 be a scaling parameter, we will define a sequence of {0, 1}%#-valued pro-
cesses (N"(k,-))r=o indexed by & as follows. We specify that, when conditioning on the
current state of the environment, the state of the habitat at location x € Z one further gen-
eration into the past switches from a bad to a good habitat, or vice versa, independently of
all other locations. Furthermore, we shall suppose that there exists a A : Z x {0, 1} — R
such that for 4 > 0, the probability that the habitat at location x switches state in passing

to the previous generation satisfies

hA(x,w) + o(h), < hV2,
PIN"(k +1,x) =1—w | N"k,) = 0] = (@) +olh). x| < (2.2.4)
0, x| > h~1/2,

ash — 0,forallk > 0, x € Z and w € {0, 1}%. The term o(h) is assumed uniform in
x and, moreover, these transition probabilities are supposed homogeneous in k so that the
Markov evolution is time-homogeneous. The condition that the probabilities are set to 0 for
all |x| > h~'/2 is technical and allows us to control the number of flips in any one discrete
generation when passing to the limit. Since any biologically relevant applications occur in

a finite environment, we consider this assumption to be mild.
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ASSUMPTION 2.2.4. We will assume that the function A : Z x {0, 1}* — R, is trans-
lationally invariant and finite-range in the following sense. There exists an N < oo such
that for all x € Z, A(x, w) is a function of values in the set {w, : [x — y| < N} only.

In particular, A may take at most 2% values and thus there exists a A < oo such that

SUP, ez SUPye(o.1)z A (X, @) < A.

Our aim is to rescale time by a factor of /4, so that one unit of continuous time corresponds

to 1/ h discrete generations and, taking 47 — 0, to construct a continuous-time limit.

REMARK 2.2.5. At first sight, it may appear that it would have been more natural to
directly define the continuous-time analogue of our process to be the {0, 1}%-valued pro-
cess whose value at each site flips from a 0 to 1 or vice versa at the times of an independent
Poisson process with parameter given by some some function of the states of the habitat
within some local neighbourhood. Whilst this is the limit we will obtain after a rescaling
of time in the sequence of environment process N, there is ambiguity as to how the dy-
namics of the lineages at the boundaries of patches should be defined. Whilst it is natural
to set that the lineages will jump at the times of a (further independent) Poisson process of
constant rate, with transition probabilities defined by equation (2.2.2), the question of what
happens to a lineage when the state of the environment at its current deme flips remains
to be addressed. In particular, when the habitat at the current location of the lineage flips
from a good habitat to a bad one, should we a priori define that the lineage will instanta-
neously move to a neighbouring region of good habitat, if one is available? By defining
our continuous-time model as a limit of our original process in this way, we avoid mak-
ing this arbitrary decision and allow for direct comparison with the simple examples of
Lemma 2.2.1 and Lemma 2.2.2.

We will define a sequence of rescaled processes as follows. For all ¢t € [0,T] C R4,

define the sequence of {0, 1}%-valued processes (E”),[0.7] indexed by & by
T (x) := N"(Lt/h], ).

Since the transition probabilities only depend on a finite neighbourhood of the site in ques-
tion, it will be useful to define V/*(x,k) := (E*(x + y) : |y| < k) € {0, 1}%**1 the view
of the environment at time ¢ as seen from deme x, extending up to and including its 2k
nearest neighbours.

We proceed now to define the dynamics of the lineage under the same rescaling of time.
Again, for each & > 0, we define a Markov chain (LZ)kzo, corresponding to the passage
of the lineage through the population (N*(k, -))x=0, with transition probabilities as defined
in equation (2.2.2) and dispersal probabilities " (x, y) now indexed by 4. For simplicity,
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we will assume that we have nearest-neighbour seed dispersal and that for some constant

o >0,
2

h
m(x,x+1) =mh(x,x=1) = UT + o(h),

and m”(x,y) = Oforall y # x — 1,x,x + 1. The little-o term here, o(h), is assumed,
for simplicity, to be uniform in x. In fact, any sequence of dispersal probabilities satisfying
E[ALy] = 0 and E[(ALy)?] = 0%h + o(h) will suffice. Forallr € [0,T] C Ry, we

subsequently define a sequence of rescaled lineage processes (Y, th)te[O,T] indexed by & by
h._ 1h
Yt .— L Lt/hJ .

Unfortunately, the sequence of processes {¥”} is not tight with respect to the Skorokhod
topology on D([0, T],{0,1}% x Z). Taking a closer look at the dynamics this is to be
expected since if the lineage approaches the boundary of a region of zeroes, then (with
asymptotically high probability) the lineage jumps to the neighbouring region of ones at
the time of the next generation into the past. In particular, it is possible that two jumps of
macroscopic size occur within an asymptotically small window of time. Such behaviour is
forbidden if the sequence of processes is to be relatively compact, at least in the Skorokhod
topology where the behaviour at discontinuities must satisfy certain regularity conditions
(see eg Ethier and Kurtz [40], Lemma 3.8.1). Instead we take the following approach.
We define a process X” whose evolution is coupled to Y”. The dynamics of X" will
be judiciously chosen so to avoid the behaviour at the boundary of a patch which lead to
non-tightness of the original process.

The process X" will be defined to have the same transition rates over discrete generations
as Y", as defined in equation (2.2.2), except until a time when Vt’; p(X th, 1) = (0,0,0) but
Vt}:- n (X h 2) contains a one, ie when looking one further discrete generation into the past,
the habitats of its current location and its nearest neighbours is bad but there is at least one
good habitat looking one further step beyond those. It is at precisely these times where our
original process Y has the potential to go awry, since if it now jumps to one of its nearest
neighbours whose neighbour contains a one, then (with asymptotically high probability, as
h — 0) the lineage then jumps to its new neighbour, containing a one, in the next discrete
generation. At such a time, X” will jump left or right with the same probabilities defined
in equation (2.2.2), however, if this jump places it adjacent to a good site then it must jump
one step further, placing it in the good deme, in the same discrete generation. For example,
fork # 0,

PIX" , =x+k|X"=x,V],(x,2)=(0,0,0,0,0)]
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2
h
07 +o(h), kel—1,1},

0, k¢ {—-1,1},

just as the original process Y, but

PIX!, =x+k|X!=x V] (x,2)=(0,0,001)]
TR o), ke{-12),
09 k ¢ {_1, 2}.

We will choose a convenient coupling of X" and Y*, preserving their marginal distribu-
tions. We will first set X (’} =Y, Oh. The two processes are initially coalesced and follow the
path of X” until a time when foir p(X th, 1) = (0,0,0) but Vtﬂ p(X th, 2) contains a one. At
such a time, if Y” jumps to the right (respectively left) then so must X”. However, if the
new right (respectively left) neighbour is a good habitat then the two processes decouple

and X" jumps to this deme in the same generation, leaving Y” behind. For example, for

(k. j) # (0,0),

PX!, =x+k Y, =x+j|XF=Y]=xV],(x,2)=(0,0001)
2

h
“7 +o(h), (k,j)e{21),(=1,-1)},
0, (k, j) & {(2,1), (=1, 1)}

The two processes then evolve independently of one another, according to their respec-
tive transition rates, until such a time that that they meet in the same deme. When they
meet the two particles coalesce and follow the same trajectories until a time again when
Vtﬂ (X th, 1) = (0,0,0) but Vt}f|r p(X th, 2) contains a one and they transition as before.

The validity in working with such a modification X is justified by the following result.

PROPOSITION 2.2.6. For every € > 0,

h—0

T
lim P[/ X! vk de > g] = 0.
0

This result is unsurprising since we expect that the coalesced process should encounter
the external boundary of a patch of ones only a finite number of times before time 7" and,
once they decouple, the original process Y " will jump to the neighbouring good deme (and
the location of X ") in the next discrete generation with probability 1 —o(%). The full proof

is deferred until Section 2.5.
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Furthermore, unlike (E”, Y'"), the sequence of processes (2", X") is convergent.

THEOREM 2.2.7. Suppose that A : Z x {0,1}2 — R, satisfies Assumption 2.2.4.
Let the space {0,1}% x Z be endowed with the product topology and suppose that the
sequence of initial conditions satisfy (2, X!) = (£,0) as h — 0 where if £, = O then
& = ¢y = 0. Then (E", X" = (E,X) in D([0,T],{0,1}2 x Z) as h — 0, where
(8, X) is the Markov process satisfying P[(Eo, Xo) = (¢, z)] = 1 and has generator
A:CH0, 12 xZ) — C({0, 1} x Z) defined by

Af(@,x) = Y Y el x), E Y Ey) — flo,x) (22.5)

£€{0,1}2 yeZ

for all f € Co({0, 1Y% x Z), defined to be the set of continuous functions which depend
only on finitely many coordinates of @ and constant for all | x| sufficiently large. The rates
c((w,x), (&,y)) are defined as follows.

Ifwy =1,

c((,x), (0", x)) = Ay, 0), y #F X,
c((w,x), (0", x)) = A(x, 0)(1 = 0x—1)(1 — wx11),

(@), " x + 1) = M o)[(1 oo + 5000,

(@), 0" x = 1) = A 0)[(1 = 00401 + 300 10001 ]

o2
c((w,x),(w,x + 1)) = waﬂ’

2

(@), (@ x = 1) = T-ox.

and c((w, x), (§,y)) = O for all other pairs (&, y).

If wx—1 = Wy = wx4+1 =0, then
c((w,x), (@, x) = Ay, w), y#Fx—Lx+1,

c((w,x), (@ x+1) =Ax + 1,0),

c((w,x), (@ HLx—1) =Ax—1,0),
2
(@), @.x + 1)) = (1 —0x42),

0_2

c((a),x), (a)’x + 2)) = ij-i‘Za

o2
(@, %), (@.x = 1) = —-(1 —x),
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2

c((w,x),(w,x —=2)) = wa_z'

and c((w, x), (§,y)) = 0 for all other pairs (§,y). The rates c((w, x), (§,y)) are unde-
fined for any pair (w, x) such that w, = 0 and either wy4+1 = 1 or wx—1 = 1, but these

states are inaccessible.
Again, the proof is deferred until Section 2.5.

REMARK 2.2.8. The requirement on the limiting initial condition, that if (Z¢, Xo) =
(¢,z)and ¢, = Othen ¢, = {,—; = 0, is arequirement that the process does not start in a
state that is otherwise inaccessible according to the above rates. The condition corresponds
to forbidding the lineage to begin in a bad habitat when there are good habitats within its

neighbourhood (which it would necessarily instantaneously jump to).

In other words, the sequence of processes (Eh)hzo approximates a continuous-time
Markov chain E taking values in {0, 1}Z such that the state of the habitat at each site x € Z
flips from bad to good, or vice versa, at instantaneous rate A(x, w) when the state of the
environment is @. All other transitions are forbidden.

The dynamics of the limiting lineage process X evolve as follows. If the lineage cur-
rently inhabits a good habitat x, then it attempts to jump one site to the right, to x + 1, at
instantaneous rate ¢2/2; the jump is permitted only if the habitat at x + 1 is good. Simi-
larly, the lineage attempts to jump one step to the left, at instantaneous rate 62/2 and the
jump is permitted only if the habitat at x — 1 is good. The lineage otherwise remains at
x until such a time when E;_(x) = 1 but E;(x) = 0, ie the habitat at x switches from
good to bad. At this time, if such a location exists, the lineage resamples its position by
choosing uniformly from all neighbouring sites of good habitat; otherwise it remains at x.
For example, if V;_(x, 1) = (0, 1, 1) but V;(x) = (0,0, 1), then a lineage at x immediately
before time ¢, will jump to x + 1 at time ¢. On the other hand, if V;_(x, 1) = (0, 1,0) but
Vi(x) = (0,0,0), then the lineage remains at x.

If at time ¢ the lineage is at x and V;(x,2) = (0,0,0,0,0), then it jumps one deme to
the right and instantaneous rate 02/2 and the left at instantaneous rate o2/2. If there is a
nearby patch of ones — specifically if V;(x,2) = (1,0,0,0,0), V;(x,2) = (0,0,0,0,1)
or Vy(x,2) = (1,0,0,0, 1) — then it will continue on to establish there in the same jump,
if it jumps in that direction. For example, if V;(x,2) = (1,0,0,0,0), then it jumps one
deme to the right at rate 62/2 but two demes to the left, to the patch of ones, at rate 02 /2.
Finally, if the environment changes ahead of the lineage in either of x — 1, x or x + 1, then

it necessarily jumps to this site.

2.2.5. Temporally correlated patchy habitats. The analysis that follows will be re-
stricted to the continuous-time limit (2, X).
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We allow each deme to change state at an instantaneous rate that is chosen in such a
way as to ensure that the detailed balance equations are satisfied, so that the dynamics of
the habitat are reversible, and the distribution 7 is stationary for the process. There are
many ways to do this, and part of our purpose is to compare the effects on the motion of
ancestral lineages of different dynamics of the habitat, for which the underlying (stationary)
distribution of the habitat are the same. To maintain detailed balance, we need to set things
up so that the ratio of instantaneous transition rates between two configurations is equal
to the ratio of their probabilities under . The simplest, and chosen, way to do this is to
suppose that the habitat at location x switches state at instantaneous rate depending only
upon its current state and the states of its two nearest neighbours. In the notation above, we
specify then that

Ax, 0) = Mx-1, Ox, Ox+1), (2.2.6)

for each w € {0,1}% and x € Z. It is clear that any such A satisfies the conditions of
Assumption 2.2.4. The evolution of the habitats is then governed by the eight parameters
{Mo_1,wg, w1) : (w_1, w9, w1) € {0,1}3}. It is by varying these parameters that we
control the degree of temporal autocorrelation in the environment.

In order for detailed balance to be satisfied, it must be the case that
Ax, w)m(dw) = A(x, @) (7 0 ¢y)(dw),

where for every x € Z, the map ¢, : {0, 1}2 — {0, 1} is defined by ¢, : © — w*.

We begin by considering the first pair of rates A(0, 0, 0) and A(0, 1, 0) corresponding to
what we will call birth and death events respectively, ie when a new patch of ones appears
in a region of zeroes or, vice versa, when a patch of ones is removed. In order to preserve

detailed balance, the rates must be specified such that

2(0,0,0)  w((....0,1,0,...))  popi
2(0,1,0)  7((...,0,0,0,...)) (1 — po)?

We may formalise the notion of of the central fraction here by way of the Radon—Nikodym
derivative d( o ¢ )/ d however we omit the arguments. For any w € {0, 1}% and x € Z,
we may sensibly understand this ratio as the limit

n({w': o, =y, |y| = L})

li )
Lo n({o: w, =wy,|y| < L})

which we note is independent of x. In order to preserve detailed balance between birth and
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death events we will choose

PoD1

A(0,0,0) := yp ,
1 — po

2(0,1,0) := y5(1 — po), (2.2.7)

for some parameter Y, > 0 which we allow to vary. Of course, there are many ways in
which one may specify these rates preserving detailed balance, but we find that this is most
convenient.

Next we consider the rates A(1,1,1) and A(1,0, 1) corresponding to what we will call
split and merge events respectively, ie when a patch of ones develops a “hole” or, vice
versa, when two adjacent patches of ones, separated by a sole zero between them, merge.

The rates must be specified such that

ALY (..., 1,0,1,..)  pipo
A(1,0,1)  w((....1,1,1,...) (1= p1)?

We will set

A1, 1,1) =y, 1p1p° o (1,0,1) = ye(1 = po), (2.2.8)
— D1

for some parameter y; > 0 which we allow to vary.

The parameters A(0, 0, 1) and A(1, 0, 0) correspond to events which we will call left and
right boundary expansion respectively, ie when a region of ones expands its border by
one position into a region of zeroes. To preserve symmetry, we will set these to be equal.
Similarly, the parameters A(0, 1, 1) and A(1, 1, 0) correspond to events which we will call
left and right boundary contraction respectively, ie when the boundary of a patch of ones
recedes. Again, preserving symmetry, we will set these to be equal. In order to preserve

detailed balance during either of these pairs of events, we must specify the rates such that

2(0,0,1)  mw((....0,1,1,...))  1—p;
20,1,1)  7((...,0,0,1,...))  1—po

We will set
A(0,0,1) = A(1,0,0) := ym(1—p1), A0,1,1) = A(1,1,0) := yp(1—=po), (2.2.9)

for some parameter y,, > 0 which we allow to vary.

We summarise the above discussion in the following lemma.

LEMMA 2.2.9. Let (E;):e0.1] be the {0, 1}2-valued Markov process defined in The-
orem 2.2.7 with rates A(x,w) satisfying (2.2.6) and {A(w—1,wo,®1) : (w—1,wp,w1) €
{0, 1}3} defined by equations (2.2.7), (2.2.8) and (2.2.9). Then the process E is reversible

and the distribution m is stationary for the process.
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PROOF. See the discussion above. [J

2.3. Patch geometry under diffusive rescaling.

Our goal is to understand the effective dispersal speed of the lineage. Lineages remain
trapped in patches until their demise; entering a region of zeroes at this time, they sub-
sequently move according to a nearest neighbour random walk with speed o2 until the
next patch is encountered, where it immediately jumps. It is clear then that the long-term
speed of the lineage depends in a fundamental way on, one, the geometry of patches in
the space-time plane and, two, on the abundance of patches. By varying the parameters of
the previous section it is possible to obtain differing characteristics whilst maintaining the
same stationary distribution on configurations of the environment.

Because the system is discrete, it is rather unwieldy to work with. To make headway, we
rescale space such that the boundaries of the patches of ones and the lineage behave locally
(making exceptions for the times that they are interacting) as real-valued diffusions.

We begin by defining a rescaling of the process (E, X ), heuristically motivating a choice
of scaling parameters leading to a stationary distribution of patches of exponential width
and whose boundaries behave as a system of interacting diffusions. In the following section
we prove that after passing to a limit where patches are far apart, a patch’s boundaries
evolve according to Brownian motion plus drift; and that its boundaries reflect off one

another until an exponential amount of local time at width zero, when it dies.

2.3.1. The rescaled parameters. Let n € N be a scaling parameter. Our goal is to
define a sequence of processes on a finer and finer lattice Z/n. In correspondence with this
scaling, we will define a sequence of {0, 1}%/" x Z/n-valued processes (2", X™) by speci-
fying their distribution relative to the process (&, X) of Theorem 2.2.7. We set, somewhat
abusing notation,

2", X") - ((B(nx) : x € Z/n). X/n).

where, the process indexed by n will depend on parameters pg and p7, as defined in Sub-
section 2.2.1; and parameters y;', y;' and y,, as defined in equations (2.2.7), (2.2.8) and
(2.2.9) respectively — all now dependent on the scaling parameter 7.

Denote by 7 the measure on {0, 1}%/", the natural rescaling of the stationary measure
7 which assigns geometric lengths to regions of ones, with parameter p}; and geometric
lengths to regions of zeroes, with parameter pg. We wish to choose the parameters pg and

p7 in such a way that patches retain a macroscopic width after passage to the limit.

PROPOSITION 2.3.1. Let pg and p} be defined by
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View {0, 1}/ as a subset of the {0, 1}-valued right-continuous functions D(R, {0, 1}) by
setting w(x) := @|nx|/n for all x € R and equip D(R, {0, 1}) with the Skorokhod topology.
Then ™ = 7 as n — oo, where 1 is the probability measure on D(R, {0, 1}) describing

the law of the stationary and reversible {0, 1}-valued Markov chain, where
m(w(dx) =1]|w(0) =0) = vgdx + o(dx),

and, similarly,
w(w(dx) =0|w(0) = 1) = vy dx + o(dx).

The proof is deferred until Section 2.6.
Importantly, from this proposition we may deduce that if E” is weakly convergent, then

its limit must necessarily admit 7 as a stationary distribution.

[

COROLLARY 2.3.2. Suppose that " = E in D(R,[0,1]) as n — oo, with the em-

bedding to this space as in Proposition 2.3.1. Then  is a stationary distribution for E.
PROOF. This follows immediately from Theorem 4.9.12 of [40]. [J

In other words, after passing to the limit n — oo, the environment is distributed con-
tinuously across the real line. Regions of good habitat have width converging to an ex-
ponential random variable with rate vy; and regions of bad habitat have width converging
to an exponential random variable with rate vo. Moving from left to right through space,
the continuous-time Markov chain describing the sequence of habitats is stationary and the
one-dimensional distributions satisfy w(w(x) = 1) = vo/(ve + v1).

Consider now the right hand boundary of an arbitrarily chosen patch of ones. We will
refer to this as the focal patch. According to (2.2.9), under the current rescaling, it jumps a
distance 1/n to the right at rate y;; (1— p'') (as long as there is no patch of ones immediately
to the right, ie separated by just one zero) and a distance 1/n to the left at rate y; (1 — pg)
(as long as the patch currently has a width strictly greater than one). In order to obtain a

diffusive limit, we take

Yo 1= N
Denoting the position of the focal right-hand boundary by R?, at least locally,
E[R} — Ry | Ry = r] = —(v1 —vo)t +0(1),

and
E[(R" — R})? | R} = r] ~ 2t + o(2),
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ie R" approximates a Markov process which behaves locally as a diffusion process with
speed 2 and drift —(v; — vg). In particular, if vog < v; — so that regions of zeroes are on
average wider than regions of ones — then the right hand boundary drifts to the left. By
a similar argument, the left hand boundary approximates a diffusion process with speed 2
but drift +(v; — vg), in the opposite direction.

When the left- and right-hand boundaries coincide, ie when the patch consists of a sole
one, either it may expand a distance 1/n to the left or right — both with rate y)} (1 — p')
in accordance with definitions (2.2.9) — or, in accordance with (2.2.7), the patch of ones

is removed at rate y; (1 — pg). We will take

Vb i= Vbl

The same parameter controls the rate at which new patches are thrown down in a region
of zeroes. At the nth stage of rescaling, a region of zeroes of unit width contains approxi-

mately n zeroes; in accordance with the definitions (2.2.7), at rate

n PoPT __ YpUol1
b —_—
1 —pg n

those zeroes with no neighbouring demes of good habitat flip to a one. In particular, we can
readily believe that in passing to the limit n — 0o, new patches of ones are thrown down
in regions of zeroes according to a Poisson point process with rate y,vov;.

It remains to define y{ under the rescaling. This controls the rate at which patches of
good habitat split into two and adjacent patches of good habitat merge, in accordance with
the definitions (2.2.8). However, allowing such events will greatly complicate the analysis,

so as a final assumption we set these rates equal to zero.

2.3.2. Appearance of new patches. We begin by discussing the mechanism through
which new patches of good habitat arrive into the system. As the system evolves, a deme
of bad habitat flips to good habitat at rate

n PoPT _ 1 ¥pvou
bl—p(')’ nl—uvy/n

(2.3.1)

if and only if both of its neighbouring demes are also bad habitats, ie if locally the view
from the deme is (0, 0, 0). We may however view this from another angle. We may describe
potential arrivals of new clusters according to points in a Poisson random measure P” on
(R4 x R, B(R4+ x R)) with intensity measure m,, defined by

1 _VpUol1

m,(dt,dx) = " vo/n

dt® Y 8(dx). (2.3.2)

x€Z/n
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Here, as usual, B(R4+ x R) denotes the Borel o-algebra generated by open sets and §,
denotes the Dirac measure at x. If (¢, x) € P", then we say that there is a potential arrival
of a new cluster at the deme x at time 7. This is merely ignored if any of the habitats at x or
its two nearest neighbours are good, but otherwise accepted. In simpler terms, we associate
to each x € Z/n an independent Poisson process with rate given by equation (2.3.1);
at the time of an arrival of the Poisson process at x, we attempt to throw down a new
patch at x but reject it if either its or its neighbours’ habitats are good. This Poisson
process of points in the space-time place is depicted in Figure 2.1. The description as a
Poisson random measure however will be useful for describing the behaviour after passing
to the limit because it means that we can sample the potential arrival times at initialisation,
independently of future dynamics of the process. Importantly, we need only sample the
behaviour of the boundaries of patches of good habitat present at time 0, and those which
are allowed to arrive according to this mechanism.

Observing that for any A C R, the set A N Z/n contains O(n) demes, it is believable
that P" converges; in particular, we expect that the sequence of Poisson random measures
converges to that with mean measure y,vov; df ® dx.

In order to give meaning to such a statement, we first need to establish the space in
which our sequence of random measures will converge. We specialise the following notions
to the space R? but it extends to any complete separable metric space. We denote by

M (R?) the space of locally finite measures on R?. We will say that a sequence of measures
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(n)nen C M(R?) converges vaguely to ju if and only if
[ 7m0 ~ [ reoman

forall f € CF (R?), the space of all real-valued non-negative continuous functions on
R? with compact support. The space M(R9) is topologised by vague convergence. A
streamlined presentation of the theory weak convergence of random measures is given in
Chapter 4 of Kallenberg [70], and, applying their results, it is relatively straightforward to

prove the following.

THEOREM 2.3.3. Let (P"),en denote the sequence of Poisson random measures with
intensity measure m, defined by (2.3.2). Then, as n — oo, P" = P in M(R?) equipped

with the vague topology, where P is the Poisson random measure with intensity measure
m(dt,dx) = ypvov; df ® dx.

The proof is deferred until Section 2.7.

2.3.3. The geometry of a single patch. Because of the complicated interactions be-
tween patches, it is difficult to specify the full behaviour of the system as we pass to the
limit n — oco. However, patches are on average spaced a distance vy ' apart and so, if we
additionally take vy — 0 as we pass to the limit, it is possible to ignore the effect of patch
interactions.

We will take a sequence of initial conditions satisfying E(0) = 1. Our interest lies in
characterising the geometry (in the space-time plane) of the patch of good habitat initially
containing containing the origin. We will refer to this patch as the focal patch. In order
to do this, we will need some notation. We will denote by R} the position in Z/n of
the right-hand boundary of this patch; by L% the position of the left-hand boundary; by
M = (R} + L7)/2 the midpoint of the patch; and by W/* = R} — L7 its width. These
four processes are defined until a time when the patch is removed which we denote by
T", although it will be useful to denote by (L”, R*, M, W") the processes with the same
law which evolve indefinitely. Letting U denote an independent exponentially distributed

random variable with mean one, we have that

U

t
" :inf{t >0 :/ W™ =0}ds > —}
0 : vy (1 — pg)

(2.3.3)

since, by equation (2.2.7), the patch is removed from the system at rate y; (1 — pg). In fact,

we need only keep track of the midpoint and of the width of the patch, and the law of the
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patch is then described by the stopped process

(M3 g, Wgn, TT).

The set up is depicted in Figure 2.2.

Our main result is formulated as follows.

THEOREM 2.3.4. Suppose that (2¢)nen be a sequence of initial conditions such that
84(0) = 1 almost surely, distributed according to n"(dw | E3(0) = 1). Denote by the
4-tuple (L™, R", M, W™) the ordered product recording, in order, left-hand boundary, the
right-hand boundary, the midpoint and width of the patch initially straddling the origin,
evolving indefinitely and never killed, and let T" be the stopping time defined by (2.3.3).

Let —Lg and R, denote independent exponentially distributed random variables with
parameter vy and subsequently define

Ro—L
M, = 0 0
2

and
WO = RQ — L().
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Denote by BM and BY a pair of independent standard Brownian motions on R and let M,
S, W and L be the processes defined by

M, := Mo + B,

St = WO —2U1l + ZB:/V,
¢ ::0v(—gss),

and
W/t = St + et-

With U an independent exponential random variable with unit mean, let
T :=L0'QU/y) :=inf{t > 0: £, >2U/yp)}.

Then as n — oo and vg — 0, the triple (M" 1,, W20, T") = (M. A7, War,T) in the
space D([0, 00), R?) x R,.

The proof is deferred until Section 2.8.

Let us parse the long statement of this result. Proposition 2.3.1 states that the sequence of
stationary distributions converges to one that gives patches and the distances between them
independent exponential widths, with parameters v, and v respectively. It therefore comes
as no surprise that our limiting patch will have boundaries with initial values (L, Ro) with
—Lo and R, described by independent exponentials with parameter vy. The process W
defined as in the statement of the theorem would more colloquially be referred to as the
reflected version of the diffusion process S, reflected at the origin. In fact, the ordered pair
(W, £) is the unique solution to the Skorokhod problem for S, which we define precisely
when we come to the proof in Section 2.8, and £ is the local time of W at the origin. The
process £, then, gives meaning to a concept of the amount of time the patch spends at width
zero. The time T, is the first time that the width process W has spent an exponential amount
of local time at width zero; this exponential has parameter y, /2. Moreover, in the limit, the

midpoint process M is independent of the width of the patch W and the stopping time 7.

2.4. Proof of Lemma 2.2.1.

The motion of a lineage over a single generation depends just on the state of the habitat
at that location and its two nearest neighbours in the previous generation. Recall that we
use zero to denote a region of bad habitat and one to denote regions of good habitat. If
the lineage is currently at the origin, ie Ly = 0, then ALy := L, — L, the change of the

location of the lineage over a single generation, has a distribution which can be specified
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conditional on the population sizes (N(1,—1), N(1,0), N(1, 1)) one generation ago. For
example, if (N(1,—1), N(1,0), N(1,1)) = (1,0, 1), which indicates that the population
is bad at the current location of the lineage but good in both neighbouring demes one
generation into the past, then according to our rules, the lineage will jump to the left or
right with equal probability.

By symmetry, E[ALy] = 0 and thus it suffices to calculate E[(ALy)?]. We simply
tabulate:

((1)_1,6()0,(1)1) P[N(l,l) = w;, I =—1,0, 1] E[(AL0)2|N(L) :a)]
2

0.0.0) pyia (1~ Po)” 3
1

(0,0, 2) or (1),0, 0) p0+,,lpl(1 — Do) Po 1
0.1,0 PoD1 0

Po+pi
1
(0’1’1) or (171’0) polji_lp})pO(l_pl) 2

1

(1’0’ 1) I})Dlo-i-pl PoP1 ’ l
(1,1,1) roipr (L= P1) 3

Using these probabilities we may calculate that

E[(AL)?]
1

= (2p1(1 — po)? + 6p1(1 —

3(po+p1)( )21 Po) )21 Po) Po

+3p1po(1 — p1) + 3p5 p1 + 2po(1 — p1)?)
PoP1

==+ —————(1=(po+ p1)),

3 3(po+p1)( pot )

as per the statement of the lemma.

2.5. Convergence to the continuous-time process.

This section contains the proofs of Proposition 2.2.6 and Theorem 2.2.7, beginning with
the latter. Our proof will follow a standard scheme, see eg Ethier and Kurtz [40]. First we
will prove that the sequence of processes (2", X") is tight in the space D([0, T, {0, 1}~ x
7). We will then characterise the (weak) limit points of this sequence by describing them
as a Markov process on {0, 1}% x Z whose value at each coordinate in Z changes at a
rate depending on a local neighbourhood. We recast the process as an interacting particle
system and prove that such a description uniquely characterises the process. We conclude
with the proof of Proposition 2.2.6.

It will be useful to note that

1
|a)z_§z|+|x_y|

d((@.0). )= 507

z€Z
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defines a metric for the product topology on {0, 1}% x Z. This observation allows us to
make use of the following tightness criterion, a special case of Theorem 3.8.6 in Ethier and
Kurtz [40].

THEOREM 2.5.1. Let (E, d) be a complete separable metric space and let (S"),>¢ be
a family of processes with sample paths in D(]0, 00), E), and ]-"th = O’({Ssh is < t})
its natural filtration. The sequence (S™)y=o is tight in D([0, 00), E) if the following two

conditions hold.

1. Foreverye > 0andt € Q, there exists a compact set K C E such that

limsup P[S” € E\K] < s.
h—0

2. Foreach T < oo, there exists a B > 0 such that

lim limsup E[ sup sup E[(d(S,thu, S AP | FI = o.
§—0 po 0<t<T 05u5§
t+tu=<

We are able to use the theorem directly in proving tightness.
LEMMA 2.5.2. The sequence {(8", X")\y=¢ is tight in D([0, T],{0, 1}* x 7Z).

PROOF. We begin with the first condition of Theorem 2.5.1. For any K € Z, the set
{0, 1}%2 x ([-K, K] N Z) is compact in {0, 1}2 x Z in the product topology. It is therefore
sufficient to prove that for all ¢ € [0, T] and € > 0, there exists a K such that

supP[| X" > K] <e. (2.5.1)
h>0

Defining
Jh=#{te[0,T]: X" # x"},

ie the number of times that the lineage jumps before time 7', (2.5.1) would certainly hold

if it can be shown that

supE[J!] < cc. (2.5.2)
h>0

This follows by a straightforward application of Markov’s inequality, noticing that | X th| >
K implies that there have been at least K jumps by time 7.

When Vth (X ,h, 0) = 1, the probability that X" jumps in the next discrete generation
into the past is bounded above by (A 4+ 02)h + o(h). Here, A is the constant appearing in
Assumption 2.2.4. The ®(h) term corresponds to the events that the habitat at lineage’s cur-
rent location state (possibly forcing the lineage to jump if either of the nearest neighbours
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contains a one), or the event that these three states remain the same but the lineage jumps.
If V(X" 1) = (0,0, 0) then the probability that X* jumps in the next discrete generation
into the past is bounded above by (24 + 02)h + o(h). The ©(h) term corresponds to the
events that either the habitats at lineage’s two nearest neighbours flip to a good state, or the
event that these three states remain the same but the lineage jumps. (This jump may possi-
bly be two steps however for now we are only interested in the time between jumps rather
than their size.) We also observe that because of the way the process X” was constructed,
there can be no time such that Vth (X", 0) = 0 but Vth (X th, 1) contains a one. In particu-
lar, at any time, the probability that X” jumps in the next discrete generation is bounded
above by (21 + 02)h + o(h) and so the expected number of jumps in |7/ h] is at most
|T/h][(2X 4+ 02)h + o(h)]. Whence (2.5.2) clearly holds.

We turn now to the second condition of Theorem 2.5.1, controlling the regularity of the

paths of the process. We will take § = 1 and, noticing that

E[d((E! . X)) (BE X)) A1 F]

= [Zzlxl“t+u(x) (X>l'f”]+E[lXt+u XIIF @53)

X€Z

we will estimate both of the terms on the right hand side in turn.
We first note that we may partition any time window (¢, ¢ + u) into non-overlapping dis-
crete generations: for fixed z,u > Oletsy = (|t/h] + k)hfork =0,1,...,|u/h]. This

allows us to write, by a simple application of the tower property for conditional expectation,

[Zz|x||u,+u(x>— 27 () f,”]

X€Z
[u/h]
<Y u[E| ¥ snieho -2l wi| A || 7
k=1

X€EZL

Recalling that habitats flip states independently of one another and that because of the
form of the transition probabilities defined in equation (2.2.4) and Assumption 2.2.4, the
probability that the habitat at x flips moving from one generation to the next is zero for

x| > h=1/2

and is bounded by c/ uniformly in x for some constant ¢ < co. Below, we
will let ¢ be a constant which varies from line to line. In particular, conditioning on 7-

tuples of sites which flip passing from one generation to the next, for any discrete time si
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as above,

2h~1/241

E[Z%| (x) sk 1(x)|‘ Sk— 1] = Z (ch)" Z Zﬁ

X€Z AC{xeZ:|x|<h~1/2} x€A
|Al=n
2h=1/241 no
D D D DD B
n=1 X1 ]enes|Xn | <h=1/2 i=1
2h~ 1241 1
= Z (Ch)"z 2. Sl |
1=1 %1 ]y, xn | <h—1/2
2h=1/241
< > (ch)"3n@h7V? 4+ r!
n=1
2h=1/2 41
<3ch > nQGch'?y!
n=1

<3ch Y n(@Bch'/?)"!
n=1

_ 3ch
(1 =3ch!/2)?’

Moreover, forall t € [0, T],u <4,

o 3ch

X€EZ

We will now estimate the second term on the right hand side of equation (2.5.3), control-
ling the regularity of the paths of the lineage. Again, partitioning the time interval (¢, +u)

as above, we may write

u/h]
E[| X}, — X!|FN< ) EE[X] -
k=1

Fh.

Sk 1|| Sk 1]|

As stated in the proof of the first condition of Theorem 2.5.1, above, the process X” jumps
in any one discrete generation with probability at most (24 + 02)h + o(h). Moreover, it
jumps by at most two steps. Thus for all # € [0, 7] and u < 6,

E[| X}, — XM Fh < L%J(m +20%)h + o(h)). (2.5.5)

Given (2.5.3), (2.5.4) and (2.5.5), the second condition of Theorem 2.5.1 holds and we
conclude that the sequence (E”, X") is tight. [
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We proceed to characterise the limit points of {(E”, X”*)},¢ by specifying there transi-

tion rates.

LEMMA 2.53. Let (E,X) be any weak limit point of the sequence {(E", X")}1=0
converging in D([0, T],{0,1}2 x Z). Then (€, X) has generator A : C({0,1}2 x Z) —
C({0,1}% x Z) satisfying (2.2.5).

PROOF. Let (2, X) be any weak limit point of the sequence {(E", X")};~¢ converg-
ing in D([0, T],{0, 1}% x Z) and let us pass to this convergent subsequence and write
(B", X" = (B,X). Fix f € Co({0,1}% x Z). Since f € Cy({0,1}% x Z), there ex-
ists some Ny < oo such that, for any N > N, if w, & € {0, 1}% satisfy w, = &, for all
|x| < N then f(w,x) = f(§,x)forall x € Z,and f(w,x) = f(w, y) for all ® whenever
|x|,|y| > N. Forn € {0,1}" and y € Z, denote by

Cyy :=1{(,y): § €10, 1}, & = ny, x| < N}

Observe that f is constant on C, ,, for fixed . For n € {0, 1}?V, denote by 1 its extension
to an element of {0, 1}* which agrees with n for all |[x| < N and is equal to zero for all
|x| > N.

Our aim is to compute
.1 - -
Af(w,x) = lim CES(Er Xo) = f(@. ) | (Eo. Xo) = (0. X)]

for all (w, x) satisfying the condition that if w, = 0 then wy_; = wy+1 = 0 too; to do so,
we will make explicit use of the form of f. In particular, it allows us to swap limits and

sums over states (£, y) in a convenient way: we can compute that

Af(w.x) = }i\nﬁ Y0 D UEY) = f(@.)Peol(Br Xp) = (£.))]
£€{0,1}Z yeZ
—time Y YU 9) — f@ 1) Pol(Ee X0) € Cy )

1\O [
™ ne{0,1}V y€Z

1
= 2 2 U@~ f@ilim Punl(En X € Gy

ne{0,1}N |y|<N

+ Z {f().N +1) = fw,x)} th\n(l) %P(w,x)[(Etht) = U Cn,y:|-

ne{0,1}V [y|>N

The last line follows from the fact that (7, y) = f(#, N + 1) forall |y| > N.
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Fix N > 1. We start by computing

1
lim —P B, Xy) el
t{% P (a),x)[( t t) n,y]
for possible choices of 7 and y. Since convergence in distribution on D ([0, 7], {0, 1}% x Z)
implies convergence of the finite-dimensional distributions (see eg Theorem 3.7.8 of Ethier

and Kurtz [40]) and, in particular, convergence of the joint distribution of (&,, X;) and
(EO’ XO)a

lim ;P(w,x)[(s,, X)) eC,,l= lim % lim P[(E" X eC,, | (Br Xl = (w,x)].
Up until the time ¢, there are O(h™") discrete generations of (E”, X”). In each generation,
the state of the habitat at each x with |x| < N flips independently of one another and with
probability O(h). Such a flip may possibly lead to a jump of the lineage. Similarly, the
lineage jumps with probability O (/). In particular, in passing to the limit # — 0, events
which involve two or more habitat flips, or a habitat flip and a jump of the lineage, are

negligible. Denote by oy (@, x)
. 1 ~ ~ ~ ~
lim EP(w,x)[(aZ(—N), L EBMNY X £ (BE-N), . BREN), XD,

the O(h) term in the probability that any of the habitats at locations |y| < N flip or
the lineage jumps in any one discrete generation. This is necessarily finite by the above
discussion. Furthermore, events which involve jumps in two or more discrete generations
are O(t?). These events are thus also negligible.

We proceed focussing on one example as the methods are repetitive. For some z with
z#x—1,x,x+land|z| < N letn, = wZ and y = x. The only non-negligible event
when passing to the limit is that when the habitat at z flips for some discrete generation
before time ¢, but before and after that there is no change to the habitats |w| < N or to the

position of the lineage. Conditioning on the generation in which the switch of state at z
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occurs, we compute that

P[(E}. X) € Cor 2 | (EG. X§) = (@, %)]
L¢/h] _ _
=Y (I —ay(@.0)h)'Az. 0)h(1 — a(w®. X)) M7 + 0@?)

i=1

=AMz, 0)(1 —ay(® )h)Lt/hJ—lhlgfJ 1 —ay(w,x)h H+0(Zz (2.5.6)
= Az, @ ay (w?, x 2 (l—aN(a)Z,x)h) )

= Az, 0)(1 — ay(w?, x)h)/"1
X h(1 1 —ay(w,x)h )_1[1 B ( 1 —ay(w,x)h )U/hj] + o,

B 1 —ay(w?,x)h 1 —ay(w?,x)h

and in particular we obtain that

}l\zr(l);}lll\r‘r(l)l)[(bt’xt)ecn,y| L’-JO’XO):(C‘)’X)]

1 - z
= ]{n ;A(X, a))e—aN(w ’x)t(aN(a),x) . a(a)z’ X))_l(l _ e—(aN(w,x)—aN(a) ,x))t)
10

= A(x,w),

as required. Proceeding in exactly the same way, one can show that for all n € {0, 1}%,
Iy =N

.1 -
hm Pnl(En, Xi) € Gyl = c((@. 7). (@7, ),

where w; := 1, for |z| < N and w; := w, otherwise.

Finally we compute

! - . ~h vh
}1{1(1) ;P(w,x)[(c‘t’xt) € | pzv Cn,y] = }%?%{%P(w,x)[(%,xt) < IpN Cn,y]-
yi= y|>

Recall that N > N, was arbitrary. Choose N > |x| 4+ 3. The event on the right hand side
implies that X” has jumped at least twice before time ¢. The lineage X" jumps in each
discrete generation with probability at most O(h) and thus, whilst it is possible that X
jumps more than twice before time 7, it does so with probability O(72). In particular, the
limit is equal to 0.

This completes the proof. []

We now prove that the characterisation of the limit points given by the previous result

uniquely defines a Markov process on {0, 1}% x Z.

LEMMA 2.5.4. There is a unique Markov process (8, X) on {0, 1}% x Z with transition
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rates c((w, x), (§,y)) of Theorem 2.2.7.

PROOF. We may equally view the process (2, X) as a process (Z2,T) on {0, 1}% x
{0, 1}%, where T';(x) := 1{X, = x}. With this notation, the process (Z, X) can be recast
as an interacting particle system on ({0, 1}?)%, where if (a,b) € {0, 1}? is the value at the
xth coordinate, then @ = 1 if the habitat at x is good and a = 0 ifitis bad; and b = 1 if the
lineage is current at the site x and b = 0 if it is elsewhere. Assumption 2.2.4 guarantees that
A depends only on finite number of coordinates and is translationally invariant; furthermore,
the motion of the lineage depends on at most its four nearest neighbours. Whence the
interacting particle system (&, I') is finite-range in the sense of Definition 1.4.17 of Liggett
[90]; in particular, the transition rates satisfy his conditions (3.3) and (3.8) (of Chapter I)
and there is thus a unique Markov process with these rates by his Theorem 1.3.9. See also

Proposition 1.7 in the lecture notes by Grosskinsky [49]. [

PROOF OF THEOREM 2.2.7. This is routine consequence of the above results. Since
the characterisation of the limit points defines a unique Markov process on {0, 1}% x Z, all
weakly convergence subsequences converge to the same limit. It follows (see eg Durrett

[31], Lemma 8.3.3) that the full sequence converges in distribution to the same limit. []
PROOF OF PROPOSITION 2.2.6. Set U({’ := 0 and define inductively, for k > 1,
Tt :=infU! , <t <T: X" £V AT,

Ul '=inf{T} <t <T:X'=Y"} AT,

the successive decoupling and coalescence times. Here, we adopt the convention that
inf@ = oo. We also define
K" := sup{k : T,f < T},

the number of decouplings before time 7. Observe that 1{X? # Y/} = 1 if and only if
Tl <t < U} for some k < K" and, in particular, for any m < oo,

T K"
PUO Xk £vrha > g] = PL;(U; -Th > g].

Consider what has happened at the time of a decoupling 7 = T,g’ for some k < K”. Just
before ¢, X" = Y and V(X" ,1) = (0,0,0) but V/*(X* ,2) contains a one. As there
is a decoupling, both processes Y” and X" jump in the direction of this good site (possibly
one of two on either side of its current position); let us assume without loss of generality

that this direction is to the right of its position just before Tkh. At time Tkh we are in the
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following setting
h (yh _ h _ yh
VT,f(YT,ﬁ“ 1) =(0,0,1), XT/? = YT/? + 1.

In the next discrete generation, with probability 1 — O(h), the states of the habitats at the
location of Y;‘]? and its two nearest neighbours remain constant, X %ﬁ’ remains stationary,
and Yﬁlg jumps one step to the right, to the neighbouring good habitat and location of X"
In this case U ,f’ = Tkh + h. All events where U ,5’ — Tkh > h have probability O(h).

Now trivially, since a decoupling can only occur at one of the times that X" jumps, we
have that K" < J" almost surely, where J” is the number of times that X" jumps before

T defined in the proof of Lemma 2.5.2. Then, for any m < coand h < ¢/m,

_ Jh -

T
P[/ X" £yMyde > s} <P| Y (Ul -TH>e
0 L =1 i
_ Jh
=P| ) (U-T)>e|J" < m]P[Jh < m]
—k=1

Jh
+ P[Z(Uk” — T >e|J" > m]P[Jh > m]
k=1

< P[Z(U,f - Th > s] +P[J" > m]
k=1

m h
E[J
<N P[U} — T} > /m] + Phz0 7]
k=1
h
< e 1 BP0 B

m

The penultimate line follows by noticing that a sum of m positive terms is greater than ¢
only if at least one of them is greater than ¢/m and then applying the union bound; the
second term in this line follows from Markov’s inequality. The last line uses that P[U,ﬁ‘ —
T,f >¢e/m] < P[U,f — Tkh > h] = O(h). Taking the limit 7 — 0 we see that

supj-o E[J"]

h—0 m

T
lim P[/ X" £ yMhyde > s] <
0

for every fixed m. Since the denominator is finite, as proved in the proof of Lemma 2.5.2,

the statement of the proposition follows trivially. [

2.6. Proof of Proposition 2.3.1.

LEMMA 2.6.1.  The sequence of measures {n"} on D(R, {0, 1}) is tight.
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PROOF. Kurtz’s tightness criterion (Theorem 2.5.1) extends to right-continuous paths
on R in the obvious way. £ = {0, 1} and so the first condition holds trivially. Denote by
E,» the expectation over w € {0, 1}%/* C D(R,{0,1}) with respect to the measure 7”".
Then

En o + 1/n) 000 |o(0] = Z2,

and so, applying the tower property for conditional expectation at each site x € Z/n,

V1 + U2

Exnflo(x +y) —o()[| Fx] < [ny] < y(u1 + v2).

It thus follows that the second condition of Theorem 2.5.1 is satisfied and the sequence 7"
is tight. [

PROOF OF PROPOSITION 2.3.1. The sequence 7" is tight and thus there exists a sub-
sequence converging to weakly to a measure 7 on D(R, {0, 1}). Let us again denote by n
this subsequence so that we may write 7" = m. We proceed to characterise & and prove
that such a 7 is unique.

Since convergence in distribution on D(R, {0, 1}) implies convergence of the finite-
dimensional distributions (see eg Theorem 3.7.8 of Ethier and Kurtz [40]),

Po Vo

7'[((0(0) = 1) = nlggon (a)(O) - 1) - nli{lgo p(')l —+ pil - Vo + Ul'

Furthermore, we also have convergence of the two-dimensional distributions and therefore

a(wx +dx) =1|wkx)=0) = nll)nolo a"(w(x +dx) = 1|w(x) =0)

lndx]

Vo k_lv() vy lndx]—k 5
=3 (1-2) 2(-2) oo

k=1

It is straightforward to check via a calculation almost identical to that in (2.5.6) that
. 1
lim —7a(w(x +dx) = 1]|w(x) =0) = vy.
dx—0 dx
Via the same method, one can show that
. 1
lim —a(w(x +dx) =0|w(x) =1) = vy.
dx—0 dx

Such a measure 7 on D(R, {0, 1}) corresponds to the law of a Markov process initially
equal to 1 with probability vy/(v; + v¢) which jumps from O to 1 at rate vy and from 1 to

0 at rate v; and is thus unique. We therefore conclude that 7" = . [J
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2.7. Proof of Theorem 2.3.3.

The following is due to Kallenberg [70], Theorem 4.11, specialised to the simpler setting
of RY.

THEOREM 2.7.1. A sequence of random measures P" = P in M(R?) equipped with
the vague topology if and only if

E[e_ffdpn] — E[e_ffdP]

forall f € CH (R?), the space of real-valued non-negative continuous functions with

compact support.

As a consequence of this theorem, it is relatively straightforward to prove Theorem 2.3.3.

PROOF OF THEOREM 2.3.3. The distribution of a Poisson random measure P on the
measurable space (R?, B(R)) is uniquely determined by its Laplace functional

E[e~/ /4P

forall f € Ct (R?). This is because the distribution of [ f dP is thus determined for all
such £, which is a separating class of functions, because 6f € CF(R¥) for all § > 0.
Furthermore, if P is a Poisson random measure with mean m then for each f € C;F(R9)

E[e—ffdP] _ e—j’l—e*f dm.

This result is given, for example, in the appendix of Kurtz and Rodrigues [84] and follows
by an approximation of f by simple functions. Since f € C; (R%) implies that 1 —
e/ € Ct (R?), applying the previous theorem we see that it is sufficient to prove that
the sequence of intensity measures m, converges vaguely to m. For f € CI(R?) fixed,
denote by [r, s) x [a,b) C R4 x R a compact set outside which f = 0. Then

1 _VbUol1
//mnf(x’y T //RHRf (LX) ® Y Su(dv)

x'€Z/n
YbVoV1 |n(b—a)]

[ 6= D
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which is finite. Thus, by the Fubini—Tonelli Theorem,

_ 1 _VpUol1 /
//lme(l’x)m”(d[’dx)‘ n1—vo/n //MR ft.x)dr @ ) 8u(dv)

x'€Z/n

YbVoV1
= — - t,x)dt.
l—vo/n/RJrn Zf( *)

x€Z/n

(2.7.1)

For each ¢, the function x + f(¢, x) is continuous on a compact subset of R and is thus
Riemann integrable. We identify the sum inside the integral as a Riemann sum and there-

fore

- Z f(, x)—>/f(t x)dx

er/n

as n — oo. Furthermore,
1 b—
LS e = OO 01 e = 6= @) el 0,

which is integrable over R,.. Then, by the dominated convergence theorem, we may pass

a limit n — oo through the integral in (2.7.1) and obtain

f/R XRf(t,x)mn(dt,dx) — YpUoU1 fRJr/Rf(t’x)dth'

A simple application of Fubini’s Theorem yields that

)/onU1/R+/Rf(f,X)dXdl ://l; >(Rf(t,x)m(dt,dx),

completing the proof. L[]

2.8. Proof of Theorem 2.3.4.

We prove the theorem in a number of steps. First, we will prove the convergence of
the patches ignoring any interactions with neighbouring patches. The law of the complete
system can then be constructed by superimposing the behaviour of additional patches: until
the first time that these patches meet the boundaries of our focal patch, the focal patch has
the same law as the former. We prove that this stopping time converges to infinity, so that
we have full convergence.

As a first step, we will consider the behaviour of the focal patch ignoring the interactions
with neighbouring patches and also ignoring, for now, the fact that it may be removed

with some positive probability when it has width zero. These effects will be reintroduced
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later on, in turn. In order to avoid increasingly terse notation, we continue to denote the
boundaries of this modified patch by L” and R”, its midpoint by M" and width by W"; it
will be made clear when we return to considering the full dynamics of the process. This
modification of the process behaves as follows. The right-hand boundary jumps a distance
1/n to the right at rate n?(1 — v;/n) and to the left at rate n?(1 — vo/n) (except at times
when R" = L", when left jumps are forbidden); the left-hand boundary jumps a distance
1/n to the left at rate n?(1 — v;/n) and to the right at rate n2(1 — vo/n) (except at times
when R" = L", when right jumps are forbidden).

2.8.1. The one-dimensional Skorokhod problem. Our first step is to prove that the
modified width process W converges to a diffusion process reflected at the origin. Our
techniques are inspired by those of Iglehart [64], Iglehart and Whitt [65] and Nappo and
Torti [99] who, amongst other more technical results, prove convergence of the length of
a single-server queue with exponential arrival and service time distribution to reflected
Brownian motion. The key to their proofs is to recast the queue length as a solution to a
Skorokhod problem, which we now define.

The following definition, a refinement but more frequently stated version of the original
due to Skorokhod [116, 117], appears in Tanaka [124].

DEFINITION 2.8.1. Let f € D([0,00),R) with f(0) > 0. We say that a pair (x,{) €
D([0, 00),R) x D([0, 00), R) is a solution to the one-dimensional Skorokhod problem for
fifforallt >0, x(¢) > 0 and

x(1) = f(1) + L),

and £ is non-decreasing, /(0) = 0 and

/-oo I{x(s) > 0} dl(s) = 0.
0

The last condition is equivalent to saying that the function £ may increase only on the
set of times ¢t when x () = 0. A major result in the theory of diffusion processes with
boundary conditions is that the one-dimensional Skorokhod problem has a unique solution.

This result is given for completeness.

THEOREM 2.8.2. For each f € D([0,00),R) with f(0) > 0, there exists a unique
solution (x, {) to the one-dimensional Skorokhod problem for f given by

0) =0 (—inf £(5))

and x(t) = f(t) + £(¢).
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The key observation of [64, 65, 99] is that if (S"),>¢ is a sequence of processes in
D([0,00),R) and S = S, then the sequence of solutions to the associated Skorokhod
problem for S” converge. We summarise this result in the following corollary.

COROLLARY 2.8.3. Suppose that S = S in D([0, 00),R) and (X", ") is the unique
solution to the one-dimensional Skorokhod problem for S™. Then (X", {") = (X,{) in
D([0, 00), R?) where (X, £) is the solution to the Skorokhod problem for S.

PROOF. The key observation is to notice that the map ® : f — (x,{) given by map-
ping f € D([0,00),R) to the unique solution (x, {) to the Skorokhod problem for f is
continuous. The result is thus a consequence of the continuous mapping theorem (see eg
Theorem 1.2.7 of Billingsley [11]). [

As an illustration of the technique (although we note that the following will not be suf-
ficient for our purposes) we show that the convergence of the width process W is almost

immediate.

LEMMA 2.8.4. Suppose that (L§, Ry) = (Lo, Ro) as n — oo so that Wy’ = Rfj —
Ly = Ro— Lo. Let B W denote a standard Brownian motion on R and let S be the
diffusion process defined by

St = RO — L() — 21t + 2B;/V

Then as n — oo and vg — 0, W" = W where (W, ) is the unique solution to the
Skorokhod problem for S. The convergence is in the space D(]0, 00), R?) equipped with

the topology of uniform convergence on compact sets.

PROOF. The width process W" behaves as follows. If W” # 0 then it jumps a distance
1/n to the right at rate 2n2(1 — v, /n) and to the left at rate 2n2(1 —vo/n). If W" = 0 then
it jumps a distance 1/n to the right at rate 2n%(1 — v, /n). Denote by S” a process with
Sg = W' which subsequently jumps a distance 1/n to the right at rate 2n*(1 — vy /n) and
to the left at rate 2n%(1 — vo/n) and let

=0V (—}21;5':)
Then W" = S§" +{"; in particular, (W", £") is the solution the Skorokhod problem for S”.
It therefore follows from Corollary 2.8.3 that if S” = S then W”" = W in D([0, o0), R)

as defined in the statement of the lemma. This follows immediately from the Stroock—

Varadhan Theorem for the convergence of Markov chains to diffusions (see the version
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stated in Section 8.8.7 of Durrett [31]), noting for the process S” that

d
lim —E[S; — S} |Sg = x] = —2v,,
n—o0 d
vo—0
and d
lim EE[(S;’ —SH*| S = x] = 4.
vo—0
It remains to argue that W" converges with respect to the topology of uniform conver-
gence on compact sets. Since S is continuous almost surely, so too is W by Theorem 2.8.2.
Thus we may apply Lemma 3.10.1 of Ethier and Kurtz [40], which states that weak con-
vergence in D([0, c0), R) to a continuous limit implies the convergence in D([0, c0), R)

equipped with the topology of uniform convergence on compact sets. []

2.8.2. Convergence of (M", W"). The previous result is insufficient for our proof of
Theorem 2.3.4 since it does not prove the joint convergence of the width and midpoint
processes. Furthermore, it does not retain any information about the amount of time that
the process W" spends at zero which we will need in order to prove the convergence of the
time at which the patch is removed. Note that although the process £7 = 0 A (—infs<; S7)
may refer to the local time of W" at 0 in an abstract sense, we stress that it does not in fact

coincide with a more natural definition of the local time which we define by

t
ok :=/ {W" = 0} ds.
0

This distinction was encountered in Nappo and Torti [99], where the authors prove a con-
vergence theorem for the idle time of a Markov single-serve queue to the local time of
reflected Brownian motion. However, their methods are purely indicative, referencing lec-
ture notes of Thomas G. Kurtz. In these works, the authors observe that for any sequence
a, > 0, the sequence of processes o, C" is non-decreasing with «,C; = 0. Moreover,
it evidently increases only on the set of times ¢ when W," = 0. In particular, the pair
(W™, a,,C") is the unique solution to the Skorokhod problem for a process S” defined by
Sn = W" — @, C". In the setting of the single-server queue with exponential arrival and
service time distributions, Nappo and Torti [99] omit the construction of the appropriate
choice of the sequence «,; Thomas G. Kurtz, in the referenced lecture notes, constructs
this sequence but does not prove the convergence of the sequence of processes S”. In what
follows, we construct the corresponding sequence of processes $™ in our more general set-
ting and prove that it converges to S defined in Lemma 2.8.4. This enables us to argue the
joint convergence of (M", W", «, C™) for an appropriate choice of «,.

We begin by constructing a process S” for which (W",a,C™") is the solution to the
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associated Skorokhod problem. Denote by Hf, &, Hf; and IT% four independent Poisson
processes with of unit rate. The joint process (M”", W") may be expressed as a solution to

the system stochastic equations

W = Wp + nnﬁ( (1 —vy/n)t)
+ %H (n*(1 —vi/n)t)
1 2
——nX(n (l—vo/n)/ Hw; >O}ds)
n

—ln ( 2(1—v0/n)/ yw; >0}ds)
n

and

+(n2(1 — vl/n)l)

1
M! :Mg—i—EHR
1
— —T1%(n?( - t
n (” ( Ul/”))
1
2n

(2.8.1)
— —T®(n?1 - vo/n)/ ywe > O}ds)

1
+ Enf(nz(l — vo/n)/0 W > 0} ds).

In each of these expressions, the first term involving a Poisson process corresponds to the
jumps associated with a right boundary expansion; the second to a left boundary expansion;
the third to a right boundary contraction; and the fourth to a left boundary contraction. For
a Poisson process I1, denote by IT the compensated process defined by I1(r) := II(¢) — ¢.

Then we may further express (M”", W™) as the solution to

I/th = Won + 2(U0 — Ul)t
+ Hﬁ( (1 —vy/n)r)
X (

+ 11'[ n*(1—vi/n)r)
i“ (2.8.2)
—;H (nz(l—vo/n)(t—C ))
—%HL( l—vo/n)(t—C,”))
+ 2n(1 —vo/n)C;,,
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and
M!' = M} —|——H R(n*(1 =vi/n)p)

mnk

(n2(1 — vl/n)t)
(2.8.3)
(n

2(1—vo/n)(t = CI))
+ %n_(nza —vo/m)(t — ).

In particular, the pair (W”,2n(1 —vo/n)C") is the unique solution to the Skorokhod prob-
lem for $" defined by Sn.= wn —2n(1 — vo/n)C". We now prove that Sn is weakly

convergent to the process S defined in Lemma 2.8.4. In order to do so, we need some

1
2
HR

auxiliary results on the convergence of the centred and rescaled Poisson processes and the

process C".

LEMMA 2.8.5. Let B denote a standard Brownian motion, I1 a Poisson process of unit
rate and 1 the compensated process defined by T1(t) = T1(t) — t. Let a,, b, be constants

such that a,, — oo and an/bﬁ — 1. Then as n — oo,
(ﬁ(ant)/bn)tzo = B
in D([0, 00), R) equipped with the topology of uniform convergence on compact sets.

PROOF. The process Y/” := I (ant) /by is a martingale. Its jumps are trivially bounded

by b, ! and so vanish and, furthermore,
[Y"]; = M(ant)/b;, —t

for every t > 0 by the strong law of large numbers. The convergence in D([0, c0), R)
equipped with the Skorokhod topology then follows from the martingale central limit the-
orem (see eg Section 7.1 of Ethier and Kurtz [40]). Extending the result to convergence in
the topology of uniform convergence on compact sets follows because Brownian motion is
continuous and Lemma 3.10.1 of [40]. [

Next we will prove that the local time process C" = 0. The process increases only
when W”" = 0 and, for each arrival of W" to zero, we add an exponentially distributed
amount of time with parameter 2n%(1 — v;/n) to C". We therefore need control on the
number of visits to zero and we expect it to be sufficient to prove that this number is o (n?).
Our method involves defining a renewal process counting the number of arrivals of W" at

the origin.
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Unfortunately this necessitates the introduction of yet more notation. For each n € N let

7y := 0 and 6§ := 0 and define inductively, for each k > 1,

T =inf{t > 67 _, : W' =0},

0; =inf{t > ¢/ : W' > 0},

the successive arrival and departure times of W at the origin. We will adopt the convention
that inf @ = oo. We then define the renewal process counting the number of arrivals at the
origin by

N/ :=sup{k > 0: ¢ <t}.

The successive inter-arrival times of N", given by ;. | — 77, are independent and may
be decomposed as the sum of 6 — 7}, the exponential waiting time at the origin; and

Ty — Of, the time it takes W" to return to the origin starting from 1/n.

LEMMA 2.8.6.  Fork > 1, the sequence of random variables tj; . | —0; are independent

and identically distributed with mean

1

B[ — 6] =—
[TZ 1] 2n(vl _ UO)

and variance

var[ty — 67] = +o(1/n?).

2n(vy — vg)3

PROOF. Recall from the proof of Lemma 2.8.4 the definition of the S” which jumps
a distance 1/n to the right at rate 2n%(1 — v,/n) and to the left at rate 2n(1 — vo/n).
Conditional on starting at 1/n, the distributions of W” and S” coincide until the time of
the first arrival at the origin. In particular, the distribution of tJ — 67 coincides with that of
the time it takes S” to pass from 1/n to 0.

We may write
1

Si = N 1511';
where V" is a discrete-time simple random walk on Z jumping to the right with probability
rn = (1 —vy/n)/((1 —vy/n) + (1 —ve/n)) and to the left with probability [, = 1 — ry;
and I1" is a Poisson process with rate parameter 2n2((1 — v;/n) + (1 — vo/n)). Denoting
by Hy = inf{lk > 0 : V;' = 0}, and by A7 a collection of independent and identically
distributed exponential random variables with parameter 2n2((1 — v,/n) + (1 — vo/n)),

conditional on V! =1,

Hg
oLy ar
2 1= i

k=1
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In particular,
E[; — 671 = E[H{ | V§' = 1]E[4]] (2.8.4)

and
var[ty — 07] = var[H| | V' = l]E[A?]2 +E[H] | Vg = 1]var[A7]. (2.8.5)

Referring to Proposition 2.10.1 in the appendix to this chapter,

1
E[H!'|V=1]=
[Hy Vg =1 = —
and 4l
T'n
var[H! |V = 1] = ——"—.
0 0 (ln_rn)3

Substituting these, along with the expressions for /, and r,, into equations (2.8.4) and
(2.8.5) gives the result. L[]

We wish to use Lemma 2.8.6 to bound E[N"(¢)], ie the expected number of arrivals at
the origin by time . We will make use of the following inequality of Lorden (Theorem 1
in [91]).

LEMMA 2.8.7. Let (N;):>o denote a renewal process with independent inter-renewal
times (Zix)k>1 s0that N(t) =inflk > 1: Zy+ -+ Zx > t}. Then

o wz
~ E[Z] E[Z,]*

E[N,

LEMMA 2.8.8. There exists a constant C(t,v,) < oo such that

E[N/ W5 = 0]

lim sup < C(t,vy).

n—-oo
vo—0

PROOF. Observe that conditional on W' = 0, 7{ = 0. Applying Lemma 2.8.7 to the

renewal process N" gives that

t var[t) — 7]
-7l Elg -

E[N/'] < +1

[ t ] — E[_[;l
We may decompose the inter-arrival times as tj — 1t = (tJ — 67) + (07 — 1) where
4 — 07 and 0 — " are independent. Recall that 6] — 77 is the waiting time of W" at zero

and is thus exponentially distributed with parameter 2n%(1 — v /n). In particular,

t var[ty — 0] = var[0] — 1]]

E[N,] <
N = g~ v =) TR —orp T ERr P

+1
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Since 07 — 7 is exponentially distributed, the third term on the right hand side is equal to

1. Applying Lemma 2.8.6,

1 t
lim — = 2vt,
n=oe n B[t} — 0] + E[0} — ]
and 1 5
1varfzy — 071 _ R O T T +o0(1/n?) _2
gO_L,OS n E[‘[g - 0{1]2 ﬁo—;og h 4n2(v11—v0)2 U1

The result follows. [

Given all of our work, it is now rather straightforward to prove the following.

LEMMA 2.8.9. Asn — o0 of C" = 0in D([0,00),R).

PROOF. Observe that 7 — C/ is continuous, non-decreasing and has gradient bounded
above by 1. In particular, the sequence (C"),en is tight by Theorem 2.5.1. It will be

sufficient to show that for each# > 0

lim supE[ sup |C}' |] =0
n—00 s<t
vo—0 -

for then the finite-dimensional distributions converge to that of a process which is constant
and equal to zero at all times.

The process C" can be rewritten as

t NY'
ok =/ KW =0}ds = > (6 — 7).
0 k=1

Moreover, since C" is positive and non-decreasing

N/ N!
E[su;: |CS”|] = E[Z(Q,? — r,’j)] < E[Z(@g )| W = O].
§= k=1 k=1

The last inequality is trivial noting that the total amount of time W" has spent in zero by
time ¢ is maximised when W' = 0. Observe that N/ is a stopping time with respect to the
filtration 7! := o({t/y, — 0], 0] — 1" : j < k}) and 6] — 7! is independent of F_,.
Then, since E[N]" | Wy’ = 0] < oo by Lemma 2.8.8, we may apply Wald’s Lemma to the
right-most expectation and obtain that
n W —
el swplc71| = By 1wy = oy - oy = SR 2

s<t




GENE FLOW IN PATCHY HABITATS 133

Applying Lemma 2.8.8, the result follows. [J

Given the convergence of the centred and rescaled Poisson processes to Brownian motion
and of the local time process C” to zero, it seems natural to pass to the limit in equations
(2.8.2) and (2.8.3) to obtain limiting equations for (M”", W"). In order to do so, we require
one further lemma reproduced from Billingsley [11], p. 151.

LEMMA 2.8.10. Suppose that for n € N, ®", ® € D([0, 00), R) are non-decreasing.
Suppose further that X", X € D([0,00),R). If (X", ®") = (X, ®) and X is continuous
almost surely, then X" o ®" = X o ®.

THEOREM 2.8.11.  Suppose that (L7, R!) = (Lo, Ro) as n — oo. Let BM and BV
denote a pair of independent standard Brownian motions on R and let M and S be the

diffusion processes defined by
1 M
M, = 5(L0+R0)+B )

and
S; := Ro— Lo —2vt + 2B/

Then asn — oo and vg — 0, (M", W",2nC") = (M, W, L) where (W, L) is the unique
solution to the Skorokhod problem for S. Moreover, M and (W, {) are independent. The
convergence is in the space D([0, 00), R3) equipped with the topology of uniform conver-

gence on compact sets.

PROOF. Recall that (W",2n(1 — vo/n)C™) is the solution to the Skorokhod problem
for $” defined by

A

Stn = Won + 2(U0 — Ul)l

+ %Hf(nz(l —vi/n)t)

N %ﬁi(nz(l vy /n)t) (2.8.6)
_ %ﬁ’j(nz(l —vo/n)(t — C}"))

- %f{l_*(nz(l —vo/m)(t = C1)).

Applying Lemma 2.8.5, Lemma 2.8.9 and Lemma 2.8.10, passing to the limit n — oo
and vy — 0 in equations (2.8.3) and (2.8.6) one obtains that (S”, M") = (ﬁ, M) where
(§ , M) is given by the coupled system

S; = Wo —uit + BR(t) + BE(t) — BR(1) — BX(1),
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and
1 1 1 1
M; = My + EBf(t) - §B4L—(l) — 535(1) + EBf(t)»

where B f, BR B ﬁ and BT are four independent standard Brownian motions. It is straight-
forward that BR := (BR — BR)//2 and B := (BL — BL)/+/2 define independent

Brownian motions, and, by the rotational symmetry of Brownian motion in R2,

1 (BX+BRY 1 (1 1)\(B*t
V2 \BR_pLt] 2 \-1 1) \BR

is equal in distribution to (B, BM), where BY and B™ are independent Brownian mo-
tions. In particular,
S; = Wo —uit +2BY,

and
M, = My + BM,

and therefore S and M are independent and we identify that S Ls. Finally, since
(W",2n(1 — vg/n)C") is a solution to the Skorokhod problem for $" and §" = S,
we conclude that (W",2n(1 — vo/n)C") = (W, £). Moreover, since S and M are inde-
pendent, so too are (W, £) and M.

As is now standard, that the convergence holds with respect to the topology of uniform
convergence on compact sets follows from the continuity of the limit and Lemma 3.10.1 of
Ethier and Kurtz [40]. [

2.8.3. Convergence of 7". Having shown that the midpoint and width of a patch,
ignoring its eventual removal and interactions with its neighbours, converge, we now seek
to describe the time at which it is removed. We will often refer to this event as killing and
the time at which it happens its death time. Our method is as follows. We will define a
sequence of stopping times 7" for the indefinitely evolving processes (M", W", C") of
the previous section. Roughly speaking, 7" will be the first time that W" has spent an
exponential amount of local time at the origin.

In order to make sense of such a definition, we need some further notation. Let us
denote by D4 ([0,00),R) C D(]0,00),R) the set of non-decreasing paths and, for x €
D4 ([0, 00), R), define its generalised inverse ¢, by

¢ (u) :=inf{t > 0: x(¢t) > u}.

It is well known that ¢, is left-continuous and admits right limits (see, for example, Em-

brechts and Hofert [34]) and thus has only countably many points of discontinuity. This
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second statement follows from a minor modification of the arguments in the proof of
Lemma 3.5.1 in Ethier and Kurtz [40], where it is proved for right continuous paths ad-

mitting left limits.

LEMMA 2.8.12. For every u > 0, the map ®, : D, (]0,00),R) — R defined by
D, (x) = ¢x(u) is continuous at all x continuous and whose generalised inverse ¢y is

continuous at u.

PROOF. Letx € D4([0,00),R) and let (x,),en C D([0, 00), R) be such that x,, — x
in D([0,00),R). Since x is continuous, the convergence is uniform on compact sets. In
particular, for fixed 7" > ¢, (u) and ¢ > 0, there exists an N sufficiently large so that for
alln > N, sup, .7 |x,(t) — x(¢)| < e&. Thenforall 1 < ¢y (u — 2¢),

Xn(t) < x(t) + sup |x,(t) —x(t)| <u—e,
t<T

and thus &, (x,) > ¢, (u — 2¢). Similarly, for all t > ¢, (u + 2¢),

X (1) > x(t) —sup |x, (1) — x(t)| > u + &,
t<T
and thus ®,(x,) < ¢(u + 2¢). In particular, since ¢, is continuous at u, passing to the

limit n — oo and then ¢ — 0 completes the proof. [

We now reintroduce the removal of patches of good habitat from the system. Recall
that when W”" = 0, the patch may expand to non-zero width, and does so at rate 2n2(1 —
v1/n), or it is removed from the system altogether, which occurs with rate ypn(1 — vo/n).
Consequently, after its first arrival at zero, W”" makes geometric number of excursions with

mean
2n1—vy/n

Yo 1 —vo/n’

before it is removed.

PROPOSITION 2.8.13. Denote by U an exponential random variable with unit mean

and suppose that the conditions and notation of Theorem 2.8.11 are in force. Denote by

! U
T" = inf{t >0 :/ H{W" =0}ds > —}
0 ypn(l —vo/n)
Thenasn — oo and vg — 0, (M", W",2nC", T") = (M, W, L, T) where M and (W, )
are as defined in Theorem 2.8.11, M and (W, £, T) are independent and

T =¢"'Q2U/ ).
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with €71, which is not well-defined, identified with its generalised inverse ¢;. The conver-
gence is in the space D([0, 00), R3) xR where D([0, 00), R?) is equipped with the topology

of uniform convergence on compact sets.

PROOF. The convergence (M", W",2nC") = (M, W, ) and the independence of M
and (W, £) is the subject of Theorem 2.8.11.

Observe that by the definition of the local time process C” we may rewrite
T" =inf{t > 0:2nC]' > 2U/yp}.

Let f : R — R be bounded and continuous. Then, conditioning on the value of the

exponential random variable U,

ELf(T”H=='Z; V[ ($ancn (21 y5))] dut,

where ¢,,cn is the generalised inverse of 2nC". We wish to pass to the limit n — oo
and vy — 0, applying the dominated convergence theorem. We have already shown that
2nC" = (. Furthermore, £ is continuous and its generalised inverse ¢, is left-continuous
with right limits and thus continuous almost everywhere. In particular, by Lemma 2.8.12,
the map @, : x — ¢, (u) is continuous at £ for almost every u. Thus by the continuous

mapping theorem, for almost all u, ®5,/,,(2nC") = P,,/y, (£) and so, for all such u,

E[f(¢2ncn Qu/yp))] — E[f(¢e(2u/ys))].

Since f is bounded, applying the dominated convergence theorem,

Mﬂwneﬁ ¢ VELf (¢ (2u/yp))] du = ELf $e2U/ys))].
or, in other words, 7" = ¢,(2U/yp). [

In summary, Proposition 2.8.13 says that the midpoint and width of an patch (without re-
moval) converge to independent diffusions. The midpoint converges to a Brownian motion
and it is decorated by the width process which is a diffusion process with drift toward to the
origin, where there is a reflecting boundary. Furthermore, the first time at which the process
W™ has spent an exponentially distributed amount of time with parameter ypn(1 — vy/n)
at the origin converges to a random variable 7', where T is the first time the local time of
W (at zero) exceeds 2U/yp, where U is an independent exponentially distributed random
variable with unit mean. In other words, T is the first time at which W has accrued an

exponentially distributed, with parameter y; /2, amount of local time at the origin.
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The sequence of killed patches are only defined up until the times at which they are
removed from the system. Furthermore, this time has the same distribution at 7" and,
up until this time, the patch dynamics have the same law as (M”, W"). In particular, to
recover the distribution of the killed patch, we simply need to stop watching (M", W"),

which otherwise continue to evolve indefinitely, at time 7. In particular, if
(M.'/I\Tn, W:l\Tn, Tn) = (M-/\T’ War, T)

as n — oo and vy — 0, then the law of the killed patches converges. This follows almost

immediately from the following lemma.

LEMMA 2.8.14. The map W : D([0,00),R%) x R — D([0, 00), R?) defined by
Yx,7) =x(t A>)
is continuous at all (x, T) where X is continuous.

PROOF. Let (x,7) € D([0, c0), R?) xR be such that x is continuous and let (x,),en C
D([0,00),R?) and (t,),ex C R be sequences such that x, — x with respect to the
Skorokhod topology and t, — 7. By Proposition 3.5.3 of Ethier and Kurtz [40], it is
sufficient to check that for all 7 > 0

lim sup |x,(t Aty) —x(t AT)| =0.
=00 tef0,T]

Since x is continuous, it is uniformly continuous on [0, T']. In particular, for any ¢ > 0,
there exists a § > 0 such that |t —s| < § implies |x(¢) — x(s)| < €. Let N be large enough
such that foralln > N

sup [t Aty —t At| < |ty — 1] <6.
t<T

We observe that for all ¢ € [0, T],

X, ATy) —x(A AT < X0t AT)— XA AT+ |X(EATH) —X(AT)|
< sup |x,(t) —x(t)| +e.
t€l0,T]

Since x, — x in D(]0, 00), R4 ) and x is continuous, the convergence is uniform on com-
pacts. Moreover, the first term on the last line vanishes in the limit. Since ¢ > 0 was

arbitrary, the proof is complete. []
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THEOREM 2.8.15. Suppose that the conditions and notation of Theorem 2.8.11 and

Proposition 2.8.13 are in force. Then asn — oo and vy — 0,
(M"}\T"" W?\T”’ 2nC’/1\Tn ) Tn) :> (M-/\T, W/\T, g./\T, T).

The convergence is in the space D([0, 00), R?) x R where D([0, 00), R?) is equipped with

the topology of uniform convergence on compact sets.

PROOF. Since M, W and ¢ are all continuous processes, the result follows from Theo-

rem 2.8.11, Proposition 2.8.13, Lemma 2.8.14 and the continuous mapping theorem. [J

2.8.4. Interactions with neighbouring patches. Finally, it remains to superimpose
the interactions with neighbouring patches, which for now have been neglected. The idea
is relatively straightforward: since vo — 0, the distance between patches diverges and,
consequently, the probability that the focal patches interact with their neighbours before
eventually being removed from the system vanishes. Moreover, in the limit, patches have
the same law as the quadruple (M, W, £, T') of Theorem 2.8.15. Our strategy is as follows.
We first show that we can contain any patch inside a box of area 16v,, 2 in the space-time
plane with high probability as n — oo and vy — 0 (see Figure 2.3). Moreover, since
patches are thrown down according to a Poisson random measure with intensity approxi-
mately ypv;v9df dx (cf Theorem 2.3.3), as we pass to the limit vy — oo, the probability
that two such boxes intersect (and consequently the probability that two patches ever have
a chance to meet) vanishes.

In order to prove that a single patch remains within the box described in Figure 2.3, we
need to control the maximal width of the patch, its height (in the space-time plane) and the
displacement of its midpoint before death. The first of our lemmas controls the maximal
width of the patch.

LEMMA 2.8.16. Forall0 <w < C,

. n n 1 (e’ —1 2
limsupP[sup |W| > C | Wy = |wn]/n] < = —— + — ).
voso  I=T" C\ wu Vb

PROOF. When away from the origin, W” jumps to the right at rate with probability

. 2n%(1 — vy /n)
fn = 2n2(1 —vy/n) + 2n2(1 — vg/n)

and to the left with probability /, := 1 — r,. In particular, since we are assuming that
vo — 0 but v; remains constant, /,, > r, and so the width process is recurrent and returns

to the origin with probability one whenever it is away from it.
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FIGURE 2.3

Initially, Wi = w. Let T}’ be the first time W" hits zero. Before hitting zero for the first
time, the jumps of nW" have the same law as a simple random walk on Z jumping to the
right with probability r,,. By comparison to the gamblers’ ruin problem, which for com-
pleteness is recalled in Proposition 2.10.2 in the appendix to this chapter, the probability
that W" exceeds C before it first hits zero is given by the probability that a simple random
walk on Z, starting from wn and jumping to the right with probability r,, hits | Cn | before
it hits 0. Moreover,

Plsup W' > C |Wy' = w] =P[sup nW" > |Cn]||nWy = nw]
t<Ty t<T§
()P —1
(mlen -1
(1 + UI—UO)wn -1

n—uvo

=

Each time the patch width W returns to zero, it is killed off with probability

nys(l —vo/n)
nys(1=vo/n) +2n>(1 —vi/n)’

MUn =
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Otherwise, it jumps to 1/n and begins an excursion before returning to the origin with
probability one. Moreover, the number of excursions made before its eventual removal (not
counting the initial displacement from zero) is geometric. Letting G” denote the number

of excursions of W" before 7",

l—pun 2nl—vi/n
Mn )/bl—vo/”’

P[G" = k] = (1 — ) s,  E[G"] = (2.8.7)

for all k > 0. By a further comparison to gamblers’ ruin, the width exceeds C in any one

excursion independently and with probability

Plsup W > C | Wy = 1/n] =P[sup nW/ > |Cn] |nW = 1]

n n
t<T t<T)

bn
n

(ylen —1

. 1 V1 —
_n—vo(l—l—’;l_—_v’g’)LC"J—l

Moreover, applying Markov’s inequality, the probability there is at least one excursion

which exceeds a width C is bounded above by

1 V1 — Vg _21-wv/n n V1 — Vo
n—vo (1 +U=)Cn) — 1y, 1 —vg/nn — vy (1 4 UZL)lCn] —1°

E[G"]

The process W" exceeds C before being 7" only if it either exceeds C during its first
passage to zero, or if it at least one the subsequent independent excursions exceeds C.

Moreover, applying the union bound and the previous two calculations,

e —1 2 U1

limsupP[sup |W| > C | W =w] < — .
n—>°8p [t<7P”| ! =€l 0 I= en€ —1 +Vbevlc_1
vVo—> -

Applying the trivial inequality 1 + x < e*, the result follows. [

Given the estimate for the maximal width of the patch, the total region spanned during
the patch’s lifetime can be controlled if one can control the displacement of the midpoint

process. This is the substance of the next lemma.

LEMMA 2.8.17. Forallty > 0, C > 0,

t
limsup P[sup |M]' — MJ| > C] < —02.
Yoo =t ¢

PROOF. Recalling (2.8.1), M™ — M is a mean zero martingale. Moreover, since any
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convex function of a martingale is a submartingale, |[M" — M|? is a submartingale. Thus

by Doob’s submartingale inequality,

E[|M} — Mg ]  var[M]) — M{']
P M- M| >C] < ¢ = - .
[tsgtrél : ol=C]= ob o

Applying the law of total variance, ie first conditioning on C;* in equation (2.8.1) and noting
that E[M[; — My |C] =0,

11
var[M! — MJ] = E[var[M}" — MJ | C!']] < 5"{(1 —vy/n) 4+ (1 = vo/n)} < to,
so completing the proof. [

Finally, controlling the removal time of the patch gives us control on its height (in the

space-time plane).

LEMMA 2.8.18. Forall w > 0,

A _ |wn] !
E[T" Wy = [wn]/n] = 2n(vr —ve) | 2n2(1 = v1/m) + yon (1 — vo/m)

2nl1—vy/n ( 1 N 1 )
¥ 1 —=vo/n\2n2(1 —vi/n) + ypn(l —vo/n) = 2n(vy —vo) )’

and furthermore, for all C > 0,

1 1
limsup P[T" > C | W = |wn)/n] < — (2 + —).
n—00 v1C 2 Yb

v0—>0

PROOF. It is straightforward to see that the second statement follows directly from the
first by Markov’s inequality.

We break the total time until the death of the patch, 7", into the sum of independent
parts. First, there is the time it takes for W to hit zero for the first time, starting from
|wn |; then, W" waits an exponentially distributed amount of time, at the end of which, it
may die, or it may begin an excursion away from zero. For each excursion away from zero
we have to add the total time to return to zero, plus a further hold time.

Recall the notation for the successive arrival and departure times of W" at the origin.
We set 6] := 0 and defined inductively, for each k > 1,

T, =inf{t > 67 _, : W' =0},
O =inf{t > ;) : W' > 0}.

Letting G" denote the number of excursions W" makes away from zero after its first arrival
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and before 7",

Gﬂ

T" =1 +0F — 1)+ > A6 — i) + (T — 0D} (2.8.8)
k=1

The sequence of waiting times 6;) — 7}’ are independent and exponentially distributed with
parameter 2n%(1—v,/n)+ypn(1—vy/n), ie the sum of the rates at which the patch expands
and is killed when at width zero. Similarly, the return times ', , — 6}’ are independent and,

by Lemma 2.8.6, for k > 1 have expectation

1

B[, — 6= ——
[Fiesr = O] 2n(vy — vo)

Starting from |wn |/n, W" must make |wn | independent copies of passages from 1/n
to the origin. In particular, by Lemma 2.8.6,
lwn |

E[t] | Wy = lwn]/n] = lwn|E[T§ | Wy = 1/n] = Invr — )’

We wish to take expectations in (2.8.8). To do, we must establish how to compute the

expectation of the sum. Possibly surprisingly, the number of excursions G” is in fact in-

n
k+1

standard result from the theory of competing exponential clocks: if A and B are two in-

dependent of the random variables 67, — 7/, ;. Although not immediately clear, this is
dependent exponential random variables (possibly with different parameters), then A A B
is independent of 1{A < B}; moreover, how long W" spends at zero before either being
removed or beginning a further excursion is independent of which of these happens. We

may thus apply the Wald equation and obtain that

|wn | 1

E[T" | Wy = [wn]/n] = 2n(vy —vo) | 2n2(1 —vy/n) + ypn(l — vo/n)

2n1—vy/n ( 1 n 1 )
¥ 1 —=vo/n\2n2(1 —vi/n) + ypn(l —vo/n) = 2n(vy —vo) )’

as required. [
We are now able to prove that the patch does not leave the box in Figure 2.3. Denote by

A" = {sup MI — L7 > 2u5 "V U {sup R? — M > 2054 U{T" > 4ug M4,

t<Tn t<Tn

this event.
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PROPOSITION 2.8.19. Forall w > 0,

nll)nolo P[A" | W) = |wn]/n] = 0.

vo—0

PROOF. The key is to notice that

A" - {Sup |th| > U(;l/4} U { sup |Mtn _ M(;1| > 061/4} U {Tn > 4U(;1/4},

t<T" t<T"

so that by the union bound,
P[A" | Wy = [wn]/n] < P[sup [W/'| > vy /* | W' = wn]/n]
t<Tn

+P[sup [M] — MJ'| > v W = [wn]/n]

t<T"

+P[T" > 4,/ | W = |wn]/n].
Applying the previous three lemmas, the result follows. [

Notice that in the proof of Proposition 2.8.19, we did not use the form of the dimensions
of the box, ie that its edge lengths scale like v, 4 In fact, any increasing large box would
have sufficed since the patch has O(1) size. The dimensions will be useful in completing
the proof of Theorem 2.3.4 however: since the box has area scaling like v, 172 centring a
box on each potential arrival of a new patch, according to the Poisson random measure of
Section 2.3.2 with intensity measure (2.3.2), proportional to vy, we expect no boxes will
intersect. In particular, all new arrivals are admitted, and no clusters interact. We are finally

able to prove Theorem 2.3.4.

PROOF OF THEOREM 2.3.4. Consider the focal patch, containing the origin atz = 0
and its two nearest neighbours. Ignoring interactions, each of them have the same law,
given by that of (M", W",T") until the first time any of them meet. Moreover, none of
them leave a box described in Figure 2.3 centred on their initial midpoint with probability
P[A"]> — 0O asn — oo and vy — 0. Thus, as long as the focal patch does not meet
any new patches thrown down in its vicinity before its is removed, its law is described by
(M, W, £, T) after passing to the limit.

Recall that potential new patches are thrown down at initialisation, according to the
Poisson random measure P” with intensity measure

YbVoV1

1
Ldf,dx) = ———dt S, (dx).
i X) nl—uvy/n ®x’62l;n (dx)
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Therefore it is certainly the case that the focal patch meets no new patch if there are no
points of this random measure in the six-box-grid depicted in Figure 2.4. This is because,
again by the Proposition 2.8.19, no new patch (initially of width zero) can exit a box centred
on its initial midpoint.

Integrating out over the intensity measure, the expected number of points of the random
measure P” falling into this region is given by

—1/4
YbUOUL ¢ —1/4 [12v, ”J.

1—vy/n ° n
Thus by Markov’s inequality, the probability that there is at least one point of P" in this
region is bounded above by
96y vé/ zvl
1 —vo/n -
asn — oo and vy — 0.
Moreover, in the limit n — oo and vy — 0, the probability that the focal patch meets
any patch existing at # = 0 or any new patch vanishes. Thus, its law can be described by
the limiting processes (M, W, £, T') which ignore interactions with neighbouring patches,

as hoped. This completes the proof. []

2.9. Effective dispersal distance.

In Section 2.3.2 we sought to understand how potential new patches appear after passing
to the limit n — oo; we found that these potential new patches were thrown down accord-

ing to a Poisson random measure, with on average y,v,v¢ arrivals per each unit of area
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in the space-time plane. These patches are admitted if the habitat at the location of this
potential start point is bad at this time. Further, in Section 2.3.3 we sought to understand
the geometry of these patches. Passing simultaneously to the limit n — oo and vg — 0 —
the latter so that the distance between patches diverges and interactions between them may
be ignored — we found that an individual patch has boundaries which behave as reflecting
diffusions, and the patch dies out after an exponential amount of local time at width zero.

Given these results we, in this section, conjecture the speed of the lineages. Unfortu-
nately, time constraints have not permitted a full proof, but we will indicate the key steps
to proving such a result and leave it as an open problem.

Recall that the lineage process X" behaves as follows. In the interior of a patch or in a
region of zeroes it performs a nearest neighbour random walk, jumping a distance 1/n at
rate 0.2, choosing a direction with equal probability. A lineage inside a patch will reflect
off the patch boundaries, remaining inside the patch until the time at which it is removed
from the system; it then wanders around the empty region of space until it approaches the
boundary of a new patch, where it is immediate drawn in and behaves as before. This is the
substance of Theorem 2.2.7.

Our primary goal is to infer the effective dispersal of the lineages, as measured by the

time-average of the mean squared displacement:
: 1 ny\2
thm ;E[(Xt )°]. (2.9.1)

When a lineage enters a patch, it is constrained to pass through the points where it has
width zero and, moreover, remains within the patch until it is eventually removed from
the system. Its mean squared displacement within patches, then, is controlled by the mean
squared displacement of the midpoint of the patch.

Let p, denote the long-run proportion of time that the lineage spends within patches of

good habitat, ie
t

1
pn = lim — | BY(X])ds,

t—oo 0

and further define the ‘speed’ of the midpoint of patches

Mnn — Mr 2
Cp = E[—( Tn L

Wy = o]

where (M", W",T") are as in the statement of Theorem 2.3.4. We may then sensibly
suggest that the time-averaged mean squared displacement of X" defined in (2.9.1) is ap-

proximated in the limit as follows.
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CONIJECTURE 2.9.1. The effective dispersal of the lineages may be approximated by

1 o?
q',loi%lg Jim —E[(X7)’] = 210%18 {ons + (1= pa) -5},

The term on the right hand side is the weighted average of the speed within patches of
good habitat and regions of bad habitat — weighted by the proportion of time the lineage
spends within each, respectively.

Patches of good habitat are on average a distance O(vy') apart. Moreover, in order to
achieve a non-trivial limit where X" spends a positive proportion of time in patches, X"

will need to jump fast enough such that it traverses these distances in an O(1) amount of

2

». [on

o, =—].
Vo

Under this scaling, locally, ie away from patch boundaries,

time. We achieve this by setting

N

o

—,

d n n n
EE[(XI —Xg)? 1 X§ = x] ~ 02

as n — oo. In particular, taking a further rescaling of space so that one unit of space
corresponds to 7 /vy points of the one-dimensional lattice Z, it is not too difficult to con-
vince oneself that vo X" = Y, where Y is a diffusion process reflecting off the internal
boundaries of patches but otherwise behaving locally as a speed-0> Brownian motion; that
is, dE[Y?]/ dr = 0% away from patch boundaries.

Under the same rescaling of space, potential new patches are thrown down according to

a Poisson random measure as follows.

LEMMA 2.9.2. Let P" be the Poisson random measure of Proposition 2.3.3 which
throws potential new patches onto Ry X Z/n with intensity measure m,, given by (2.3.2)

on Ry X R. Denote by Q" the rescaled measure defined by
Q"(dt,dx) := P"(dt, vy " dx).

Then as n — oo and vg — 0, the sequence of Poisson random measures Q" = Q in
MRy x R) equipped with the topology of vague convergence, where Q is the Poisson

random measure with mean measure
YpU1 df dx.

PROOF. Referring to the mean measure of the random measure P” as given in equa-
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tion (2.3.2), observe that on rectangles of the form [s, ?) X [a, b),

E[Q"([s,1) x [a.b))] = E[P"([s,1) x [vy"a. vy 'D))]

1 YbVoV1 1

— t — E Sy b
P Yo/ ——(t =) = ([vo a, vy b))
1 YbVoV1

= t—s Sx([a,b
1 vo/n( )xGUEOZ/n ([a,b)).

Moreover, since measures on R? are uniquely determined by their values on rectangles of

this form, Q" has mean measure defined by

1
_VbUol1 Z 8. (dx).

nl—v n
O/ x'€voZ/n

Taking n/ve =: n’, we observe that the statement of the lemma is in fact the same as

Theorem 2.3.3 with a change of parameters. [

From the perspective of the increasingly fast moving process X", these patches, whose
geometries converge in the limit (cf Theorem 2.3.4), will have effective zero width. More
accurately, the process vo X" will have approximately zero speed inside patches. In an

attempt to make this rigorous we make the following conjecture.

CONIJECTURE 2.9.3. In the setting of Theorem 2.3.4,

Jim i =1
vo—0
Within a patch, the process vy X" travels at average speed va¢2 — 0 as a consequence.
The idea of a proof for this result is as follows. Since by Theorem 2.3.4 the triple
(M*, W", T") = (M,W,T) and M is a Brownian motion independent of (W, T), we

may readily believe that it is possible to show that

Mn Mn2
lim E[—( d ) WO”:O}
-0 re
[ (Mr — My)?
—E % WO:Q]

=E %E[(MT —MO)Z‘T, Wy = 0] ‘ Wy = 0]

1
=E —T|W0:0:|
T
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where the tower rule for conditional expectation has been used to arrive at the second
equality. Proving the first equality is the substance of establishing the conjecture.

We now turn our attention to the long-run proportion of time that X” spends in patches
of good habitat. This is of course equal to the long-run proportion of time that vy X"
spends in (rescaled) patches of good habitat. Furthermore, we conjecture that this long-run
proportion of time is proportional to the ratio of time spent within patches of good habitat

and time spent looking for patches of good habitat. This is formulated as follows.

CONJECTURE 2.9.4. Let E[t],] be the mean time it takes for vo X" to exit a patch of
good habitat after first entering it, at the time of the patch’s death; and let E[tj,] be the

expected time it takes to enter a new patch after exiting the patch at this time. Then

_ Emy
E[c]y] + E[z§,]

Pn

Let us begin by considering E[z]}], the expected amount of time the lineage spends in
a patch after hitting it. Since we have made no further rescaling of time, the height of the
patches (in the space-time plane) is given by 7", and 7" = T where T is also defined as
in Theorem 2.3.4.

LEMMA 2.9.5. In the setting of Theorem 2.3.4,

1
lim E[T" | Wy =0] = —,
n—-oo

v0—>0 ybvl
and
: n\2 n 2 1
Y050 YpV1 VbV

PROOF. The first limit follows immediately from Lemma 2.8.18.

Recall from the proof of Lemma 2.8.18 that we may write

Gn
T" =1 + (6] — 1) + Z{(GI?H — ) — (G — 0D
k=1

where 77 is the first hitting time of W" at zero; 6] —t7' is the first departure time (either be-

ginning an excursion or killing the patch); and ¢/, , —6; and 6,

(independent) excursions and hold times at zero respectively. The term G” is the geometric

n
—1;,, are the subsequent

number of excursions away from width zero. As noted in the proof of Lemma 2.8.18, all
of these individual random variables are independent and G" is independent of 7, | — 6

n n
and O | — 7/, .
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Conditional on W" = 0, t{ = 0 almost surely. This term is thus ignored. Denoting by

Gn
Yy = Z{(QII:—H — ) T (T — 00}
k=1

we may simply compute that
E[(T")*| Wy = 0] = E[Z; |W" = 0] + o(n™"),

where we have used that as 67 — 7] is exponentially distributed with parameter 2n?(1 —
vi/n) +nys(l —vo/n),

E[0 — ' |W" = 0] = O(n™?),

E[(0] —t[)?|W" =01 = O(n™),
and

E[S, | W" = 0] = E[G"){E[0; — 73] + E[¢} — 6]} = O(1).

In the last equality, the value of E[G"] is given by (2.8.7) in the proof of Lemma 2.8.16 and
E[t} — 07] from Lemma 2.8.6.

The random variable X, is independent of W' and we subsequently drop the condition-
ing from the notation. Referring to Lemma 2.10.3 in the appendix to this chapter, which

gives an expression for the second moment of a random sum of this type,

E[Zi] = E[Gn(Gn — DIE[(OF ;1 — T541) + (Tyq — 91?)]2
+ E[GLE[{ (O 1 — Ti1) + (they — 00}

Since G, is geometrically distributed with parameter p,, as per (2.8.7),

l—pp, 2nl—vy/n

E[G,] = —
Hn Yo 1 —vo/n
and R R 5
2(1 — up) 8n* (1 —vy/n
BIG, (G, - 1] = 20k T (L2
w2 Y \1 —vg /n
By Lemma 2.8.6 and since 6}/, ; — 7, is independent and exponentially distributed with

parameter 2n%(1 — vy /n) + nyp(1 — vo/n),

n n n n 1 _
E[(9k+1 - Tk+1) + (Tk+1 - Qk)]z = m +O(n 3),
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and

E[{(6 11 — tg1) + (Thgy — 91?)}2]

= varlf,, — tgy] + varlrgy, — 671+ E[(0F, — ) + (g, — 6]

= 2t —g O

Substituting these expressions, the result follows. [
Since we are arguing merely heuristically, we leave it as a conjecture that

E[T |W,=0] = nlggo E[T" | Wy = 0],
vo—>0
and similarly for the second moment.

Lineages wander the regions of bad habitat until they encounter a patch of good habitat,
where they become trapped. They are more likely to encounter patches which have long
lifetimes than short ones. Furthermore, we expect that the height of a patch hit by a lineage
will be distributed according to the size-biased distribution of 7", ie denoting by H" the
height of the encountered patch,

1
~ E[T" | W]

h
P[H" < h] 0 / tP[T" edt | Wy =0].
= 0
Furthermore, the distribution of the remaining height of the patch at the time when the
lineage hits it will be a uniform pick from this sized bias distribution. Moreover, one may

readily check that the residual height has expectation given by

LE[(T")* | Wy = 0]
2 E[T" | Wr =0]

where the factor of the half comes from averaging out over the uniform location, and the
ratio of the second and first moment of 7' is the expectation of the size-biased random
variable. Assuming the above exchange of limits and expectations is valid, we moreover

expect the following.

CONIJECTURE 2.9.6.

. ) . 1E[T?| W = 0] 1 1
lim E[z],] = lim - n - t o
n>% 1o 2E[T, [ W =01 ypvr - 207

Now let us turn to E[z{};], the time to re-enter a patch after exiting a patch of good habitat

at the time of its death. Outside of patches, vy X" approximates a Brownian motion with
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speed o2. Further, recall that under the stationary distribution for £”, the distance to the
right to the nearest patch after a rescaling of space by a factor of vy is distributed according
to

v .
20 % Geometric(vy/n)
n

which converges in distribution to an exponential random variable with unit mean in the
limit n — oo, v9 — 0. Similarly, the distance to the left to the nearest patch of good
habitat has the same distribution, is independent and likewise converges to an exponential
random variable with unit mean. On average then, the distances to the left and to the right
to the nearest patches from position of the lineage at the time it leaves the patch which
just died out are both 1. It is well known that the mean first time a speed > Brownian
motion starting at the origin hits either —1 or 1 is given by 1/02. This can, for example, be
proved by Dynkin’s formula: the expected time is given by u(0) where u is the solution to
o0?u”(x)/2 = —1forall =1 < x < 1 and u(—1) = u(1) = 0. We propose then that the

following is true.

CONIJECTURE 2.9.7. The mean time it takes for vo X" to exit a patch of good habitat

after first entering it satisfies

. ny_ 1
,,ll,ngoE[TOI] =
vo—0

Proving such a result seems incredibly difficult and will make substantial use of the
methods and results of the literature on random walks or diffusions in random environ-
ments. There is a great body of work which considers Brownian motions amongst a Pois-
son random field of static traps (see, for example, Sznitman [123] for a thorough review).
This contrasts with our setting, where the traps, in this case patches of good habitat, are
dynamic: a trap present at time # is not necessarily present at time ¢ + s. Even so, much of
this work on Poisson fields of traps is centred on computing the distribution of the Brown-
ian motion conditional on not hitting a trap by time . Here, we are interested in the mean
hitting time of the first trap.

Combining Conjecture 2.9.4, Conjecture 2.9.6 and Conjecture 2.9.7, we expect that it is

possible to prove the following.

CONIJECTURE 2.9.8. The long-run proportion of time that the lineage spends within
patches of good habitat satisfies

1 1
. YpU1 + 20?
Jim o=
0 + =+ =
vo— vwor T 202 T o

Finally, combining the conjectured results Conjecture 2.9.1, Conjecture 2.9.3 and Con-

jecture 2.9.8 we come to the main conjecture of the section.
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CONIJECTURE 2.9.9. The effective dispersal satisfies

lim lim hm —E[(X”) | =

vo—>0n—>o00 t

1 +L+L'

Ypv1 o 203 02

We conclude by partially verifying this result against our intuition. The first thing to
notice is that the limit is bounded above by o2, This makes perfect sense since patches are
only ever an impediment to the lineages, and always slow them down.

As yp — 0, so that patches never die, lineages become trapped within a patch and are
constrained to remain there forever. In this limit then, they move with speed zero. This
1s conﬁrmed by the result. Similarly, as vy — 0, patches, which have expected width
vy!, become very wide. In particular, they never ‘come down’ to zero width and are thus
given no opportunity to die out. The lineage, then, is constrained to be trapped in the patch
forever and has limiting zero speed, as predicted.

As v; — o0, patches are very thin and are killed off quickly. In fact, if we believe
Conjecture 2.9.8, then lineages spend asymptotically zero time within patches, because
they are killed off so fast. We are there for unsurprised that the conjecture predicts that in
this limit, the lineage has limiting speed o2, as a lineage which never encounters a patch
would.

The final limit, when y; — oo is more complicated. In this regime, patches which are
thrown down according to a Poisson random measure with mean measure proportional to
vp and Kkilled after a exponential, with mean proportional to ¥, amount of local time at
width zero. So in this limit, patches are extremely abundant, but are killed very quickly.

The limiting speed then depends on the parameters in a highly complicated way.

2.10. Appendix.

2.10.1. Hitting times of the simple random walk on Z. The following uses standard

methods (see, for example, Feller [42]) but is stated and proved for completeness.

PROPOSITION 2.10.1.  Let (Vi )k>o0 denote a simple random walk on Z jumping to the
right with probability r > 0 and to the left with probability | = 1 — r. Suppose that | > r
so that the walk is transient and drifts to the left. Define

Hy:=inf{k > 0: 1V}, =0}
to be the first hitting time at zero. Then

1
E[H0|V0=1]=Z—
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and
4lr

(=r)?

var[Hy | Vo = 1] =

PROOF. Let P(9) = E[07° |V, = 1] denote the probability generating function of H.
Since | > r, Hy < oo almost surely and thus P(6) is well-defined for all 8 € [0, 1] and
P (1) = 1. Furthermore, by conditioning on the first step of V, it is a standard technique to

exploit that P can be written as a solution to
P(0) =10 +roP(9)>. (2.10.1)
Applying standard facts about generating functions
E[Ho|Vo = 1] = P'(1)

and
var[Hy | Vo = 1] = P"(1) + P'(1) — P'(1)%

Differentiating through the recursion (2.10.1) and solving

1
[l —r

P'(1) =

and
4r 2r

_I_
(I=r2 (-=r)
from which one can readily verify the expressions for the expectation and variance of H,
above. []

P//(l) —

PROPOSITION 2.10.2. Let (Vi )k>o0 denote a simple random walk on Z jumping to the
right with probability r > 0 and to the left with probability | = 1 — r. Define for each
acl

H, =inf{lk >0:Vy =aj.
Then for0 <a < b,

(Ha—1
P[H) §H0|V0:a]:(§)b—_1'
2.10.2. Random sums.

LEMMA 2.10.3.  Suppose that (Yi)ren is a sequence of independent and identically dis-

tributed random variables with finite mean and variance, and G is an independent random
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variable, also with finite mean and variance. Define

G
Y= ZYk,
k=1

then
E[X] = E[G]E[Y1]
and

E[X?] = E[G(G — 1)]E[Y1]*> + E[G]E[Y/].

PROOF. Let Pg denote the probability generating function of G; and by My and My,
the moment generating functions of ¥ and Y; respectively. Then it is a standard computa-
tion that

Mx(t) = PG(MY1 (1))

Differentiating,
My (t) = Pg(My, (1)) My, (1),

and
Mg (1) = PG(My, (1)) (My, (1))* + P(My, (1)) My, (7).

Taking t = 0, it is clear that E[X] = E[G]E[Y;] and
E[3?] = Pg(1)My, (0)* + Pg(1)My, (0) = E[G(G — )|E[Y1]* + E[G]E[Y/],

and the result follows. [



CHAPTER 3

GENETIC DIVERSITY IN POPULATIONS SUBDIVIDED INTO
SELF-INCOMPATIBLE MATING TYPE CLASSES

Joint work with
GEORGE W. A. CONSTABLE, SARAH PENINGTON,
IAN LETTER AND DANIEL WILSON

The evolutionary mechanism that drove the establishment of self-incompatibility
in early sexual eukaryotes is still a debated topic. While a number of competing hy-
potheses have been proposed, each has received mixed theoretical attention. In partic-
ular, the hypothesis that self-incompatibility increases the benefits of genetic recom-
bination in sexual haploids has been comparatively understudied. In this paper we
address this topic by mathematically deriving how the probability of mating with a
genetically distinct individual changes as a function of the presence or absence of self-
incompatible mating type classes. We find that although populations with mating types
successfully engage in sexual reproduction less frequently than their self-compatible
competitors, they can nevertheless mate with genetically distinct partners more fre-
quently. This occurs when the number of sexual reproductive events per generation
is low (ie in small populations with low rates of facultative sexual reproduction). Fi-
nally we demonstrate the potential for frequency-dependent selection in competitive
dynamics between self-compatible and self-incompatible types. These analytic results
provide a baseline for studying the sex advantage enhancer model for the evolutionary
origin of mating types within each specific hypothesis for the evolution of recombina-

tion.

3.1. Introduction.

A primary challenge encountered by sexually reproducing organisms is that of locating
a suitable mate [87]. We might therefore expect that any mutation that increases an organ-
ism’s ability to find a mate should be selected for, while any mutation that decreases an

organism’s probability of encountering a mate should be selected against. Framed in this

155
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way, it is perhaps surprising that the vast majority of sexual organisms are not free to mate
indiscriminately, but rather must find a complementary partner [88].

Amongst most fungi, ciliates and algae, mating is restricted to occurring between indi-
viduals from distinct self-incompatible classes, termed mating types [5S1]. These mating
types are genetically determined by mating type loci that can be crudely understood as an-
cestral forms of the more familiar sex chromosomes present in many animals [17]. Indeed,
both empirical and theoretical studies support the view that mating types form an evolution-
ary precursor to the true sexes [86, 126]. Unlike the true sexes however, which are defined
by the morphological dissimilarity of their sperm-egg gametes (anisogamy), the gametes
of distinct mating types are morphologically similar (isogamy).

The lack of size dimorphism between the sex cells of isogamous species raises a number
of interesting evolutionary possibilities. For instance, in the absence of the disruptive selec-
tion that drives the evolution of the two sexes, the number of mating types is not restricted to
two, with up to 23,328 in fungi [82] and 100 in ciliates [109]. However this morphological
similarity also raises evolutionary questions. In anisogamous species, the evolutionary sta-
bility of self-incompatibility is intuitively clear; selection against sperm-sperm syngamy'
is driven by low viability of the resultant ill-provisioned zygote while selection for egg-egg
syngamy is weakened by their low encounter rate. With such factors not present in isog-
amous species, we can then ask if self-incompatibility can remain evolutionarily stable in
these systems and, more fundamentally, how it even first arose.

Most models of the early evolution of sexual reproduction suppose the existence of a
“unisexual” early ancestor that mated indiscriminately and from which mating type self-
incompatibility systems evolved [60]. However there is as yet no empirical evidence indi-
cating that such a unisexual system preceded the mating type self-incompatibility systems
in isogamous species. Therefore if this supposition is true (and this seems likely given
the difficulty of evolving mechanisms for sexual reproduction and two self-incompatibility
systems simultaneously) the rapid loss of this unisexual ancestor indicates a nascent advan-
tage to self-compatibility in the evolution of early sex. We next turn our attention to the
stability of isogamous self-incompatibility systems.

The loss of self-incompatibility has occurred in multiple isogamous species, with phylo-
genetic analyses showing that self-compatibility is a derived trait? evolving in the presence
of pre-existing mating type self-incompatibility systems [111]. This is termed homoth-
alism. Homothalism comes in many distinct forms [138] including: primary homothal-

ism (individuals possess multiple ancestral mating type alleles on the same chromosome),

I Syngamy refers to the fusion of two cells during reproduction. The two fusing cells are called gametes.
The resultant cell, termed the zygote, contains the genetic material from both gametes.

%In phylogenetics, an ancestral trait or characteristic is one that has been inherited from the last common
ancestor of the lineage. Other traits or characteristics, which have appeared since this time, are derived traits.
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same-sex mixing (individuals of the same mating type can mate) and mating type switch-
ing (individuals carry multiple mating type alleles with alternate mating types expressed in
alternate generations of asexual progeny). However the effect of each of these mechanisms
is to remove the barriers preventing the progeny of a parent (or recent ancestor in the case
of mating type switching) from mating with each other. It is clear that the evolutionary ad-
vantage of homothalism is the improved chances of finding a mate for sexual reproduction,
which can provide reproductive assurance for obligately sexual species or facultatively?
sexual species in which sexual reproduction is associated with the formation of a resistant
state. However in order to understand when self-incompatibility is selected against we must
not just identify what the costs of self-incompatibility are, but also its benefits.

Multiple theories have been proposed as to the evolutionary pressures that may have
driven the evolution of self-incompatibility in early sexual eukaryotic* ancestors (reviewed
in [9]). Some of these assume a physiological advantage to self-incompatible mating types.
These include the “by-product model” (that a bipolar pheromone-receptor recognition sys-
tem’ improves the efficiency of syngamy between gametes [52, 54, 61]) and the “ploidy
model” (that self-incompatibility brings together distinct mating type alleles that in concert
may signal a diploid form, with which syngamy should not be instigated [51]). Other mod-
els suggest that genetic conflict® may lie at the heart of the evolution of self-incompatibility.
These include the “organelle inheritance model” (that self-incompatible alleles in fact en-
code for donor-receiver roles in the uniparental inheritance of cytoplasm’ [53, 63]) and
the “selfish genetic element model” (that self-incompatible alleles emerged as selfish ge-

netic elements that evolved to target “uninfected” non-self gametes for mating [62]). A

3Reproduction refers to the general process whereby organisms replicate themselves. In asexual repro-
duction, individuals are able to reproduce without another organism; it does not involve the exchange of
genetic material between members of the population and offspring are clones or near-clones of their parents.
In sexual reproduction, new offspring are formed by the fusion of genetic material from two parents. A
species is said to be facultatively sexual if it is able to reproduce both asexually and sexually.

4 All organisms may be divided into two classes: eukaryotes and prokaryotes. Eukaryotes are organisms
whose cells contain a well-defined nucleus carrying its genetic material enclosed in a membrane. All animals,
plants and fungi are eukaryotes. Organisms which lack a well-defined nucleus are prokaryotes. Prokaryotes
are single-celled organisms; for example all bacteria are prokaryotic.

A bipolar pheromone-receptor recognition mating system is one where two mating type classes coex-
ist within the population, defined by the exclusive presence of either a pheromone or pheromone receptor
molecule. This bipolar system is used to identify and locate a mate.

A genetic element is said to be selfish if, in spite of having no net benefit (or in some cases possessing a
net-negative effect) to an organism’s fitness, is nevertheless able to enhance its own transmission, for example
through an increased productive rate. The resulting interplay between the positive selection for non-selfish
genetic elements and competing self-promoting selfish elements is referred to as genetic conflict.

"Uniparental inheritance is a form of genetic inheritance whereby offspring inherit their genotype from
a single parent. In some mammals — which reproduce sexually by fusing together the genetic material
contained within an egg and sperm cell of the mother and father respectively — the inheritance of genetic
material contained within the cell’s cytoplasm (all material within the cell’s membrane other than the nucleus)
is, unlike the nucleic genetic material, uniparental. This is because virtually all of the cytoplasm of the
resultant zygote is inherited from the egg cell, which is significantly larger than sperm.
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final class of models, and the focus of interest for this paper, investigates how the costs and
benefits to sex and genetic recombination may be respectively suppressed or amplified by
self-incompatibility.

The “inbreeding depression avoidance model” suggests that as self-incompatible pro-
motes disassortative mating®, it reduces the rate at which rare deleterious mutations be-
come homozygous in inbred offspring and may therefore be selected for [20, 128, 129].
However, because this hypothesis relies on species being diploid with sporophytic® self-
incompatibility determined in this diploid stage [9], it is not appropriate for isogamous
species which are mostly haploid with gametophytic self-incompatibility determined at the
haploid stage. While the model is appropriate for self-incompatible alleles in plants, in
this scenario self-incompatibility has evolved on top of a pre-existing anisogamous mating
system and therefore lays outside the scope of this paper.

In diploid populations, there has been a considerable amount of attention devoted to con-
sidering the number of self-incompatible mating type classes when this type is determined
by two alleles at a single locus (see, eg Vekemans and Slatkin [130], Clark [21], Karlin
and Lessard [71, 72], and references therein). In these models, the (plant) populations are
obligately sexual. Whilst the formulation of the models in these works permits a thorough
mathematical treatment, the models do not extend to the haploid populations which are
the subject of this paper. In contrast, the “sex advantage enhancer model”, which suggests
that self-incompatibility amplifies the benefits of genetic recombination!®, is suitable for
haploid isogamous species. However, with rare exceptions [26, 101], it has received little
theoretical attention.

From a modelling perspective, the reason that the sex advantage enhancer model has
been tackled infrequently is clear. The hypothesis is straightforward to to formulate ver-
bally: the benefits of recombination in haploids can only be realized if syngamy occurs
between non-identical haploid clones, and the probability this occurs should be increased
by the presence of self-incompatible alleles in the population. However, it is significantly
harder to formulate the hypothesis mathematically; the precise mechanisms that drive se-
lection for genetic recombination are themselves still an intensely debated subject [1]. A

complete investigation of the feasibility of this hypothesis therefore requires that the ef-

8Disassortative mating is when organisms with more dissimilar genotypes are more likely to mate with
one another than would be expected if mates were chosen merely at random.

9The life cycle of all land plants and many algae consists of two distinct alternating haploid sexual and
diploid asexual phases. A sporophyte is the diploid multi-cellular stage. Mature sporophytes reproduce
asexually; their offspring are haploid and contain half the genetic material of the parent. These haploid
offspring mature into gametophytes which reproduce sexually: they form gametes which fuse to form diploid
sporophytes containing the genetic material from both parents.

0Genetic recombination occurs during meiosis, the reproductive process whereby diploid cells divide to
produce two offspring each containing half the genetic material of its parent. The genetic material of a single
offspring is not an identical copy of either of the two copies held by its diploid parent but, rather, a mixture
of the two. The process through which this mixture is formed is genetic recombination.
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fects of self-incompatibility are tested within each recombination hypothesis framework
(eg Fisher-Muller hypothesis'!, the Hill-Robertson effect!?, and the Red Queen hypothe-
sis'? [58]), which themselves only yield selection for recombination under a limited range
of scenarios.

An alternative approach is to abandon any attempt to model selection for recombina-
tion and instead take a courser grained perspective. For instance one could impose an
advantage to non-self mating ‘by hand’, such that the progeny of self-incompatible par-
ents have a enhanced reproductive rate [26, 101]. However this leads to a rather circular
argument (self-incompatible is selected for if the reproductive rate enhancement exceeds
the cost of mate finding) and does not capture the feedback between sexual reproduction,
self-incompatibility and population diversity.

In this paper we take a simplified view that neglects specific hypotheses for the benefits of
recombination, but nevertheless cuts to the core of the verbal formulation of the sex advan-
tage enhancer model. In particular, by investigating the relationship between population-
level genetic diversity and self-incompatible systems, we calculate how the probability of
mating with a genetically distinct individual varies as a function of the presence or absence
of mating type alleles and with their varied number. We also investigate how these factors
interplay with the rate of facultative sex in the population, which recent theoretical studies
have suggested may play a role in the evolution of mating type number [23, 27, 83]. In the
context of the models of the evolutionary origins of self-incompatibility, considering the
role of facultative sex is important as it is highly likely that sexual reproduction was rare in

its early evolutionary history.

3.2. The model.

We consider a haploid population in which the mating type of an individual is deter-
mined by one of an infinite set of potential alleles at a single locus. We shall assume that
the genome is long and this locus is small so that we may approximate its position by a

single point m within the normalized genome length [0, 1] (see Figure 3.1). Using a Moran

""Under the Fisher-Muller hypothesis, sex benefits a population as a whole (but not single individuals
within it) by increasing the genetic diversity of offspring (through genetic recombination and merging of
genetic material from their two parents) and thus making less susceptible to environmental changes than their
asexually reproducing competitors.

12The Hill-Robertson effect describes a phenomenon whereby the increased likelihood of inheriting ge-
netic material close to one another in an gene sequence from the same parent hampers the efficiency of
selection. The effect leads one to conclude that genetic recombination is selected for, so that the likelihood
of inheriting nearby genes from the same parent is reduced.

3The Red Queen hypothesis states that organisms must continuously evolve, not just in order to adapt
to changing environments, but also because their competitors are. Like the Fisher—Muller hypothesis, it is
therefore proposed that genetic recombination is selected for, so conferring an increased genetic diversity of
offspring and increasing the speed of evolution.
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FIGURE 3.1. Each individual haploid cell in a finite population of size N begins a re-
productive event at rate N. With probability 1 — &, the event is asexual, and the parent
cell produces a clone of itself. With probability o the event is sexual. The focal parents
seeks a compatible mate and succeeds in doing so with probability GiN (c). If successful,
a recombination site r is selected uniformly on the genome, modelled by the unit interval
[0, 1]. The zygote inherits all genetic material to the left of r from the focal parent and
from the right of r from the chosen mate, or vice versa with equal probability. In either
the case of asexual or sexual reproduction and independently of everything else, the allele
at the neutral locus / is incorrectly copied from parent to daughter cell with probability ji.
The daughter cell replaces an individual of its mating type chosen uniformly at random.

modelling framework in which birth and death events are coupled, the population is fixed
to a constant size N.

For some fixed parameter 6 € [0, 1], we suppose that each individual reproduces asexu-
ally at rate N(1 — o). Upon being selected for an asexual reproduction event, an individual
is created that inherits its parental mating type. Meanwhile, at rate N &, each individual at-
tempts to instigate a sexual reproduction event. Observe that ¢ approximately captures the
rate of sexual to asexual reproduction. Furthermore, we see on average N2 reproductive
events in each unit of time, corresponding roughly to N generations which, more accu-
rately, are non-overlapping. For facultatively sexual populations (¢ > 0), we will consider
three scenarios for the mating dynamics.

Firstly, we will consider a ‘unisexual’ population in which the chosen individual can
mate with any other individual in the population irrespective of mating type. The prob-
ability that this individual can successfully mate with another chosen randomly from the
population is thus one. (We choose the terminology unisexual to emphasise that we here
may be capturing a sexual form that preceded mating type self-incompatibility [111]). So
to preserve the total population size N, birth and death events will be coupled and the

newborn individual replaces an individual chosen uniformly at random from the existing
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population.

Secondly we consider a population with k self-incompatible mating types. We denote
by N; the number of individuals of mating type i, such that Zf.;l N; = N. Having been
chosen to attempt a sexual reproduction event, an individual begins what we term a mating
round (described below) during which they are given a number of attempts to randomly
select a partner carrying a distinct mating type allele from the population. The resultant
zygote will carry genetic material which is a combination of that of its parents. How this
is formed is specified below. Mating type subpopulation sizes will be fixed and, to achieve
this, we specify that a newborn individual replaces an individual of the inherited mating
type from the existing population.

Finally we consider a case with k — 1 self-incompatible mating types and a single uni-
sexual (self-compatible) type. If one of the first k — 1 self-incompatible types is selected
for sexual reproduction it instigates a mating round during which it attempts to find a suit-
able mate. Meanwhile if the unisexual type is selected for sexual reproduction, it finds a
mate with probability one. As in the previous instance, zygotes will carry genetic material
which is a combination of that of its parent and replace an individual of the same mating

type chosen from the existing population (again preserving subpopulation sizes.)

3.2.1. Mating rounds. Self-incompatible mating types are, by definition, unable to
mate with those of the same mating type. They are however permitted a random number
of attempts to find a compatible mate. During each attempt, a potential mate is selected
uniformly at random from the N — 1 remaining individuals in the population. The attempt
is rejected if the selected mate is of the same mating type and accepted otherwise. The
mating round ends if either all allowed attempts are rejected or after the first reproduction
with a compatible partner. (Individuals thus sexually reproduce at most once per mating
round.)

The number of attempts an individual makes will be random and we will assume a Gibbs-
type distribution for the number of attempts: for a fixed parameter ¢ > 0, if A4 is the random
number of attempts made, we will take P[4 = n] «c e™" foralln > 1 and P[A = n] =0
otherwise. In particular, this implies that N is geometrically distributed with parameter

—C

1—e7€and

P[A = n] = e ¢0D(1 — ™), n>1.

We note that the limit ¢ — oo corresponds to each individual having exactly one chance to
find a compatible mate (ie a large cost to mate searching) and the limit ¢ — 0 corresponds
to case where individuals may make as many attempts as necessary to find a compatible
mate (ie no cost to mate searching). The parameter ¢ can thus be understood as inter-
polating between mass-action encounter rates at one extreme (¢ — o0) and active mate

searching on the other.
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For fixed ¢ > 0, an individual of mating type i mates with an individual of mating type

J # i with probability

oo n
N, — 1\m-1 N, 1 N,
N R — ! J _ J
6@ =Y Pla=m) (7—) 7= vy 62D
n=1 m=1 N-1

and thus successfully finds a compatible mate during a mating round with probability

oV (c) ::Ze}j(c)zl ! (1—N"_1).

_Ni—1, ¢ —1
i N-1°¢ N

3.2.2. Recombination. If the individual is successful in finding a compatible mate
during the mating round the juvenile inherits genetic material from both parents as follows.
A recombination site r is selected uniformly at random on the unit interval [0, 1] and the
offspring inherits all genetic material to the left of r from one parent and the genetic mate-
rial to the right of r from the other. The juvenile replaces an individual chosen uniformly at
random from the subpopulation of its mating type so that birth and death events are coupled
and subpopulation sizes remain fixed. Recombination events are depicted in Figure 3.1.

We also consider a highly polymorphic neutral genetic marker at position / € [0, 1] on
the normalised genome. It is one of an infinite set of potential alleles denoted by elements
in the set {a;, a,, . ..}. The allelic type of an individual at / is assumed to have no influence
on its mating type. We will denote by d = |m — [| the distance on the genome between the
locus determining the individual’s mating type and the locus determining its allelic class.
In a sexual reproduction event, both mating and allelic types may be inherited from either
parent or they may individually be inherited from distinct parents. As the recombination
site is chosen uniformly on the interval [0, 1] and the loci carrying the mating type and
allelic type are at distance d apart, the probability that these two traits are inherited from
distinct parents is d. Calling the individual which attempts sexual reproduction and selects
a mate the focal parent, the probability of each possible outcome can be tabulated as in
Table 3.1.

We note that the assumption that there is only one recombination site significantly sim-
plifies our analysis. In the case where we consider genetic diversity on a separate chromo-
some, we set d = 1/2 (ie there is no linkage between the mating type allele and the neutral

marker).

3.2.3. Mutation. In addition we will suppose that in either the case of sexual or asex-
ual reproduction, the genetic material at the neutral locus is incorrectly transmitted to the
progeny with probability & € [0, 1]. It is assumed that the mutation is to a selectively

neutral allelic type not yet seen in the population.
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Event type | Successful | Recombination | Mutation at / Probability

- - v (I-0)p

Asexual i i « (1= 5)(1— i)
X - - a(1—6N(c))
v v v 691.N (c)dp

Sexual v v X 50N (c)d(1 — 1)
v X v aON (c)(1 —d)jx
v X X a0N ()1 —d)(1 — i)

TABLE 3.1. Inheritance table showing possible outcomes and their probabilities when an
individual of the i th mating type begins a reproductive event.

3.3. Mathematical analysis.

In what follows we outline the results of our mathematical analysis. Proofs and mathe-

matical background may be found in the appendix to this chapter.

3.3.1. Allele frequencies at the neutral marker. In this section we analyse the dy-
namics of the allele frequencies at the neutral marker / under the different mating systems
specified in the previous section. As a proxy for a measure of ‘genetic diversity’, we cal-
culate the probability that two individuals sampled randomly from the population are ho-
mozygous at the neutral marker / in each of the cases of an asexual population, a unisexual
population and a population with k self-incompatible mating types respectively. We then
proceed to approximate this same quantity for a mixed population with a single unisexual
type and k — 1 self-incompatible types.

Readers less interested in the specific mathematical details may proceed to the Results

section.

3.3.1.1. The rare sex, rare mutation regime. QOur interest lies in the case that both sex,
and mutations at the locus / are rare; in particular, it will be assumed that for some param-

eterso > 0and u > 0,

_ o
o= —,
N
and
=t
N

The parameter 0 may be interpreted as the average number of initiated sexual mating
rounds per N reproductive events. The parameter ; may be interpreted as the average
number of successful reproductive events which terminate with a mutation per N success-
ful reproductive events. We stress that this is per successful reproductive event noting that
when an individual begins a reproductive event it may not result in the successful produc-

tion of offspring if the event is sexual and a compatible mate is not found. Moreover, as the
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average number of reproductive events per unit time varies with sexual reproduction (from
N in the asexual ¢ = 0 case to Zf;l N; 0¥ (c) in the obligately sexual & = 1 case) so too
does the number of mutations per N reproductive events. This leads to a natural definition

of the effective rate of mutation given by

k N
uli = (1-8)+ Y5067 ).

i=1

which is per individual rate of introducing a new mutation to the population. Equally, 2,
is the average number of mutations per N reproductive events.

In the same vein, we may define an effective recombination rate

Y
o = Z Wla@iN (c)d,
i=1
that is, the average per individual rate of beginning a sexual reproductive event with a
crossover between the mating type allele and allele at the neutral marker. Equally, pé\f’f is the
average number of crossovers between these same alleles per N reproductive events. The

metric p2. measures the degree of gene flow between self-incompatible subpopulations.

3.3.1.2. Diffusion approximation of allele frequencies at the neutral marker. In the rare
sex, rare mutation regime (as described in the previous section), as N — oo the allele fre-
quencies within mating type subpopulations are well approximated by a k-dimensional dif-
fusion process given by the solution to a system of stochastic differential equation (SDE). A
brief account of diffusion processes and how they may be used to approximate continuous-
time Markov chains is given in the appendix.

Recall that the allelic type at the neutral locus / is one of an infinite set of potential
alleles denoted by elements in the set {a;,a,,...}. For the reference type, a;, denote for

eachi =1,...,k,

#{Type i individuals carrying a; at [ at time ¢}

XN@) =
Mo N

That is, XY (¢) denotes the proportion of individuals of the i th mating type which carry the
allele a; at the neutral locus / at time ¢. Passing to the large population limit (N — 00), we
further define p; as the fraction of individuals of mating type i (N;/N — p;) and x; as the
frequency of a; in the i th mating type class (X iN (0) — x;). In the appendix section titled
‘Proof of the diffusion approximation” we then show that X converges to the solution of

the system of stochastic differential equations given by
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X;(1) :xi—/o /,LXi(S)dS-l-/ Zmij(p,C)(Xj(S)—Xi(S))dS

0o —
J#i

+A\ﬁgﬁn@a—xm»umg,@&n

where, foreach i, j = 1,...,k, B; is an independent Brownian motion and

od pibij(c) + p;bile) oy
mi;j(p.c):=1{ 2 pi ’ ’ (3.3.2)
0, i=J

3.3.2. Genealogy. By recording only the proportion of each subpopulation carrying
the ancestral type a; at the neutral marker, X;(¢), we do not retain information about how
individuals are related to one another. However, looking backwards-in-time, it is possible to
describe the genealogical trees relating individuals in a random sample from the population.

We wish to establish the genealogy at the neutral marker / of a finite sample of indi-
viduals taken from the population X~ . Denote by Y, (0) the number from this sample of
mating type i. We trace the ancestry of the neutral marker at the neutral locus, denoting by
Yl-N (¢) the number of individuals of the ith mating class that are ancestors to the original
sample ¢ units of time into the past.

Passing to the large population limit N — oo, it is shown in the appendix that the process
YN = (YN, ..., YkN ) approximates a structured coalescent process Y which evolves as
follows. If Y(¢) = (y1,..., yx) then

1. each pair of type i ancestral lines coalesces at rate 2/ p;, independently of one an-

3)’1‘,
pi\2)

2. each ancestral line of type i becomes an ancestral line of type j at rate m;;(p,c),

other; ie, y; — y; — 1 atrate

independently of one another; ie, (y;, y;) = (y; — 1, y; + 1) atrate
yimij(p, ¢);

and

3. each ancestral line experiences a mutation at total rate u, independently of one an-
other. (There is no change to the number of individuals that are ancestors to the

original sample during this event.)

The result is proved in the appendix. An illustration of this process is depicted in Fig-

ure 3.2.
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FIGURE 3.2. Figure illustrating the dynamics of the genealogical process Y(¢). In this
realisation, we see the genealogical history of a sample of four individuals A, B, C and
D. The individual C is of the ancestral type, having experienced no mutations in its ge-
nealogical history before the time of the last common ancestor of the sample. Individuals
A and B are of the same type at the neutral locus. All individuals in the sample have an
allelic type ancestral to an individual originally of the second mating type.

The parameter m;;(p, c¢) may thus be thought of as an effective per individual rate of
a crossover between a type i and type j individual. Models for genealogies of this type
are often referred to as a structured coalescent, or island model (cf Durrett [32]) and, since
the recombination events (item 2 above) manifest as an effective migration of ancestors
between mating type subpopulations, we will usually refer to such events as a “migration”.
This terminology is also consistent with the usual setting of the structured coalescent and
the island model.

In the appendix, we demonstrate that the processes X and Y are dual in the sense that
given X(0) = x and Y(0) = y,

k

k t k

E[HXi(t)yf] = E[foi(t) exp { — /,L/ Z Y;(s)ds}].
i=1 i=1 0 i=1

Relations of this kind are frequently of interest. In the appendix, we make explicit use of

this duality in proving the uniqueness of solutions to the system of equations (3.3.1).

3.3.3. Identity by descent. It is clear from our description of the genealogical process
that the two individuals sampled from the population will have a common ancestor if we
look far enough back into the past. We will say that the two individuals are identical by
descent if they are of the same allelic type at the locus /; this will be the case if neither of
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the sampled individuals experience a mutation before their eventual coalescence.

We calculate the probability that two individuals sampled from the population are identi-
cal by descent, first in the case of monomorphic populations (ie when the mating dynamics
are uniform across all individuals) and secondly in the case of mixed populations (ie when

some individuals are self-incompatible, but others are unisexual).

3.3.3.1. Monomorphic populations. Let us define 7;; to be the probability that an indi-
vidual sampled from the type i mating type subpopulation and an individual sample from
the type j subpopulation (distinct from the first if i = ;) are identical by descent, ie the
probability that they carry the same allelic type at the neutral marker /.

We begin by considering a population of k self-incompatible mating types. (Monomor-
phic asexual populations and unisexual populations can be obtained as limiting forms of
this scenario.) In the appendix, we derive recursions for the probabilities m;;, i, ] =
1,2,...,k, however, we are not able to find tractable solutions in this generality. To make
progress, we set p; = 1/k for all i. This approach has previously been taken by Ennos
and Hu [36], and in the case of k self-incompatible types is equivalent to working in the
regime k/N <« 1 and ¢ > 0, which is a biologically reasonable regime for scenarios in
which mating type extinctions are rare [28].

The above simplification induces some additional symmetry to the system and increases
the analytic tractability of the problem. In this setting, only two quantities are of interest;
they are 74, the probability that two individuals sampled from distinct mating type sub-
populations are identical by descent, and g, the probability that two individuals sampled
from the same subpopulation are identical by descent. Observe that 7;; = w1, =: 7g if
i # jand m;; = 7y =: 7, if i = j. Similarly, we can obtain an expression for 67 (¢)

(see equation (3.2.1)), where, in the large population limit,

. k—1
0;(c) = 01(c) := Nh_r)noo Ql-N(c) = o=
and |
6ij(c) = b12(c) := lim 6 (c) = ———. (33.3)

We can now define the “migration” rate, m, (see equation (3.3.2)), which is now equal

across types, by
od

k—e<

Recall that by “migration” we are referring to the effective migration of lineages between

(3.3.4)

subpopulations corresponding to gene flow between types resulting from a recombination.



168 A.S.A.SMITH

In the appendix it is shown that

K[+ (k= 1) s
g = k[1+(k_1)u+m 1_'_“’ ( . )

and K[+ (k — 1)-"1]
m + - -l-m_

. 33.6

T A mAL A (k- DT (3.3.6)

We similarly define my, to be the probability that two distinct individuals chosen uni-
formly at random from the whole population, are identical by descent. Since the pair are of
the same mating type with probability 1/k and of distinct types with probability (k —1)/k,

the quantity m, is given by the weighted average of my and 74 and, specifically

_ k-l
ntot_kns X T4
TR+ (k=) k[l+(k—1)u+m 1+M'

In the case of (monomorphic) asexual populations we may obtain the equivalent quanti-
ties by taking o = 0. The biologically relevant case is k = 1, when the population consists
of a single well-mixed asexually reproducing population, however, it will be convenient to
consider the case where k separated subpopulations reproduce asexually. In this setting,

the relevant quantities are
k

Tslo=0 = —, 338
s |0 0 k + m ( )
the probability that two distinct individuals sampled from the same ‘isolated’ subpopulation

are identical by descent, and
1 k

Torlo=0 = T (3.3.9)

Finally we consider a unisexual population. For a unisexual population, there is only a
single well-mixed population (k = 1). Importantly, while sexual reproduction is now pos-
sible between all individuals, this in fact has no impact on the probability of identity by de-
scent at the neutral locus. Without the population structure imposed by self-incompatibility,
the genealogies are the same as that of an asexual population. We thus find that the proba-

bility of identity by descent in the unisexual population is given by

1
Tiotlk=1 = m (3.3.10)

3.3.3.2. Mixed populations. We next consider a mixed population consisting of k — 1

self-incompatible mating types and a single unisexual type.
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Since a unisexual individual is always able to find a mate, it has a higher per capita
fecundity than its self-incompatible competitors. Moreover, in the absence of any costs
to unisexuality, the unisexual type always sweeps to fixation. We therefore consider three
scenarios in which the probabilities 7;; are calculated. In the first scenario the frequency of
the unisexual type is held at a constant frequency with respect to the k — 1 self-incompatible
types (each at equal frequency). In the second, a rare unisexual type arises in a population
of k — 1 self-incompatible types at equilibrium. In the third, & — 1 rare self-incompatible
types arise in a population of the unisexual type at equilibrium. Of course, in this last
case, the biologically relevant case is k = 2, when a single self-compatible type emerges.
Since the machinery developed allows us to consider general k£, we do so for reasons of
symmetry.

We first consider the setting of a population subdivided into k allelic classes, one of
which is unisexual. We will, without loss of generality, denote by u € {1,2,...,k} the
index of the unisexual subpopulation. For the sake of clarity, in this revised model individ-
uals of type u are able to mate indiscriminately, and so always find a compatible mate, and
individuals of type i # u may mate only with those belonging to a class distinct from that
of themselves.

In this setting, the probabilities Qilj\-’ , as computed in equation (3.2.1), are now given by

1 N; .
NN —1 ‘7%
05 (c) = N1
N; .
N—-1 Pew
converging, as N — oo, to
1 .
———Ppj, [ Fu,
Gij(c) =3 1—e“pi (3.3.11)
D, I = Uu.

Following the mathematical reasoning and methodology above, including the proofs in the
appendix, it is established that the proportion of type i individuals carrying the ancestral
type at the neutral marker / converges to the system of stochastic differential equations

defined in equation (3.3.1), with the “migration” rates m;; defined in equation (3.3.2) now
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depending instead on the new calculation of 8;;. To be explicit, they become

od 1 1 .
od 1

i (6, ¢) 1= 7(1—6“‘;71- * l)pj’ PR =
ﬂ(l-l—;)p i=u,j#u
2 l—e—<p; )" ’ ’
0, I =]

Similarly, the backwards-in-time genealogical process converges to the same structured
coalescent as above but with these migration rates. From this limiting genealogical process
we wish to compute the probabilities of identity by descent m;; but again find that whilst
theoretically possible, it is mathematically impractical to do so without imposing some
further symmetry. We will assume that a proportion o € (0, 1) belong to the unisexual
class, u, and so set p, = «, and that the remaining classes are held in constant frequency,

setting p; = (1 —a)/(k — 1) for all i # u. In this case we may write

m, i,j#u,
Moy, [ F#U,j]=u,
miy(@.c)i= {0 T
man l:u’.] #u’
0, i =],
where
J 1 l—«
m=o ,
l—e i =2k—1
od( 1 +1)
Moy = — |\ 77 — 1=« «,
2 1—e Ck—_all
and
od - 1 l—«
Myo = — .
S 1—eel=e Jk—1

These migration rates are depicted in Figure 3.3.

Let us denote by my the probability that two individuals chosen from the same self-
incompatible class are identical by descent; by m; the same probability, but for two indi-
viduals chosen from distinct self-incompatible classes; by m; again the same probability,
but for two individuals both of the unisexual class; and by 7 the same probability, but for
two individuals, one of the unisexual class and one of a self-incompatible class. A system
of equations given by (3.6.15), (3.6.16), (3.6.17) and (3.6.18) for the probabilities =y, 74,
mg and 7 is derived in the appendix.
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FIGURE 3.3. Migration rates between mating type classes in a population composed of
both self-incompatible and unisexual types.

Though straightforward to evaluate numerically, the resulting equations are too alge-
braically complex to be worthwhile reproducing here. Tractable analytic solutions are
available in case that « = 1/k (a case of interest in our simulations) and in the limit
¢ — oo. In this setting m = mg, = mye = od/k and two lineages within the same
class coalesce at rate 2k, independent of whether this class is self-incompatible or uni-
sexual. Because of this symmetry, 7y = 7 and 7y = 7 and the system of equations
(3.6.15), (3.6.16), (3.6.17) and (3.6.18) reduces to that of a population consisting of k self-

incompatible types held in constant frequency (with ¢ — o0). In particular, in this special

case,
" ku+od
TTg =7Ts = )
kpu+od 4+ pu(p+od)
u od

kpw+od + p(p+od)

Suppose next that we have a single unisexual mutant emerge in a self-incompatible pop-
ulation with k — 1 mating types, leading to k types (including the unisexual type) in the pop-
ulation in total. Initially the population is in the equilibrium described by equations (3.3.5),
(3.3.6), (3.3.7) with k replaced by k—1, but otherwise unaffected by the presence of the rare
mutant. Initially the mutant subpopulation will be fixed for single neutral marker, and so
the probability that two individuals both chosen from the new unisexual type are identical
by descent is (initially) one.

Next we consider the probability that the new unisexual mutant and an individual sam-
pled from the remaining (self-incompatible population) are identical by descent. Imme-

diately after the appearance of this mutant, these probabilities are identical to that of its
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ancestral subpopulation. Moreover, if the second individual belongs to the mutant’s an-
cestral population (with probability 1/(k — 1), then they are identical by descent with
probability given by (3.3.5)) and otherwise with probability given by (3.3.6). This leads to
the following expressions for the probability of identity by descent for individuals sampled
from the same (75 and 7’) or distinct (74 and ;) subpopulations, for self-incompatible

and unisexual types respectively:

(k — D1 + (k —2)-2 ]!

T k= DI+ (k- 2)M+L/;+T1 T (3.3.12)
= e (3.3.13)
,u+m(k—l)[1+(k_2)M+Lm_1+M,
7 =1 (3.3.14)
1 k-2
i e £ (3.3.15)

and m taken from equation (3.3.4).

Finally, we envisage a scenario in which k — 1 mutant self-incompatible types emerge
in a unisexual population at equilibrium. We note that this is a rather artificial scenario
(except in the case k = 2), in the sense that it is unlikely that multiple self-incompatible
mating types will evolve simultaneously. Nevertheless we consider this case as the natural
symmetric situation to that discussed previously. The probability of identity by descent for
individuals sampled from within the unisexual subpopulation will be initially unchanged
by the presence of these rare mutants (ie will still be given by equation (3.3.10)), a property
that will also be inherited by individuals sampled between the ancestral unisexual popu-
lation and mutant self-incompatible populations who, immediately after their emergence,
have yet to experience mutations at the neutral marker. In the unlikely event that two indi-
viduals are sampled from within a given self-incompatible subpopulation, the probability
of identity by descent is one. This leads to the following expressions for the probability of
identity by descent:

s = 1, (3.3.16)

g =7y =1y =——. (3.3.17)

3.4. Results.

The calculations of the probability of identity by descent in the large population limit,
accessible because of the tractability of the limiting genealogy, allow us to consider notions

of genetic diversity and what we term the rate of effectual sex. We consider each of these
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in turn.

3.4.1. Genetic diversity. Nei [102] defines the heterozygosity or gene diversity of a
population at a fixed locus / to be the probability that two individuals sampled uniformly at
random carry distinct alleles at /. Since we are considering a haploid population, we prefer
the term gene diversity and will use this exclusively henceforth. Nei’s measure of diversity,
which we denote by %, and A, for the total population and mating type subpopulations
respectively, can be expressed as hgy, = 1 — 75 and hy, = 1 — m,. We proceed to con-
sider these calculations in scenarios of particular interest, focusing on how genetic diversity

within the monomorphic populations changes as a function of the population parameters.

3.4.1.1. Monomorphic asexual population. The first case of interest, and used as a
basis for comparison, is that of a purely asexually reproducing population. This situation
is recovered by taking 0 = 0 in equation (3.3.7).

The case k = 1 corresponds to the whole population reproducing according to Moran
model dynamics and the subsequent genealogical process being given by the unstructured
Kingman coalescent. In this case, m4 has no meaning since the single ‘subpopulation’ and
the total population coincide. The probability of identity is given by

B 1
Totlo=0k=1 = Tslo=0k=1 = m
Thus Nei’s gene diversity, i, = 1 — my increases as a function of mutation probability,
i, and population size, N, where © = N

While mating type classes are lost when o = 0, it is nonetheless useful as a basis of com-
parison to consider the above quantities when the mating type frequencies are held constant
artificially at 1/k. In this case, the population is reduced to a set of k non-interacting asex-

ually reproducing subpopulations, and

k

Tslo=0 = KT (3.4.1)
de|O'=0 == 09

1 k
Tiotlo=0 = % m (3.4.2)

These quantities have natural probabilistic interpretations: two lineages in the same sub-
population of density (that is, the limiting proportion of the total population, as N — o0)
p, coalesce at rate 2/ p; each experience mutations at rate ;. They will be identical by
descent if and only if there has been no mutation before their eventual coalescence, with
probability 2p~!/(2p~! + 2u). This gives meaning to 7,|,—¢ when taking p = 1/k. In-
dividuals from differing subpopulations are necessarily non-identical at the neutral marker
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since subpopulations evolve independently of one another. Thus 74|,=0 = 0. The total
probability of identity, 7|s=0, iS given by the product of the probability that the two lin-
eages are from the same subpopulation, 1/k, and the probability that they coalesce before
either mutates, 7.

We thus see that in the extreme (if artificial) limit of non-interacting mating type sub-
populations, Nei’s gene diversity at the population level (h,, = 1 — ) increases as a
function of the number of mating types. Meanwhile gene diversity within the mating type

subpopulations (hg, = 1 — ) decreases as the number of mating types increases.

3.4.1.2. Monomorphic unisexual population. As addressed previously, the probability
of identity in the unisexual population is the same as in an asexual population (see equa-

tion (3.3.10)):
1

Tiotlk=1 = m (3.4.3)
Thus Nei’s gene diversity at the population level is independent of the rate of sexual re-
production in the population. We stress that we do not expect the genetic diversity to be
independent on the rate of sexual reproduction in general. Rather, only the diversity at
the neutral locus is unchanged, with the issue of genome-wide diversity obscured by Nei’s

measure, which focuses on a single locus.

3.4.1.3. Monomorphic self-incompatible population. 1In a facultatively sexual popula-
tion with £ mating types held in constant frequency, the probability of identity within the
subpopulations and total population are given by equations (3.3.5) and (3.3.7) respectively.
By comparing these quantities to the base case 0 = 0, when k asexually reproducing
populations held in constant frequency evolve independently of one another (see equa-
tions (3.3.8) and (3.3.9), we are led to a natural definition of an effective subpopulation and
total population density, as we discuss below.

Assigning a ‘mass’ N ™! to each individual in the population at the N th stage of rescal-
ing, the density of a subpopulation i is given by N; /N . The limiting subpopulation density
is given by p; = limy_.o N;/N. In this case of interest, where we artificially hold sub-
populations in constant frequency, each subpopulation has limiting density k~!. The total,
or meta-, population density is 1. In the absence of all other interactions, two lineages in an
asexually reproducing subpopulation of density p are identical by descent with probability

p~Y/(p~! + w). It is reasonable then, that a population with probability of identity 7 has

1/1
Deft := —(— — 1)-
w\

A similar notion of effective population size is defined by in Section 4.6 of Durrett [32]

effective population density

which he calls the heterozygosity effective population size.
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Substituting 75 as given by equation (3.3.5), the effective subpopulation density is

panar = £ [1+ (6 = D]

and substituting m, as given by equation (3.3.7) the effective total population density is

oteff = 1 k—1 )
Prot,eff + ( )M-I-km

Elegantly, the quantities given by equations (3.3.5) and (3.3.7) correspond to a purely asex-
ually reproducing population divided into independently evolving subpopulations held in
constant frequency with density given by pgp efr.

For large N, we can translate back to a notion of effective population size, writing

N od
Nie ~ —|1 k—l ,
ot k[ *( )M(k—e_c)—i-ad]
and |
Ngg~Nl1l+k -1)—m—|.
f [ ( ),U,—I—O'dk_]z_cjl

We have used that m = od /(k — e™¢). The quantity N; . is approximately equal to N/ k,
what we would expect for k independent asexual populations, multiplied by a factor which
is larger than 1, increasing in k, and increasing to 1 + od/u: subpopulations are less
susceptible to genetic drift, ie invading genotypes are less vulnerable to loss or fixation
within subpopulations, when the probability of mutation is small relative to the probability
of sex. Similarly, the total effective population size is approximately equal to N multiplied
by a factor larger than 1; this factor increases approximately linearly in k, scaling like
k/(u + od). We observe that if 0 = ©(k), ie if the rate of sex is on the same order as
the number of mating types, then there is no linear growth in the effective population size.
Conversely, when the rate of sex is small, the total effective population size can be very
large indeed.

In a final remark, we observe that taking ¢ — oo, that is, taking the rate of sex to be very
large, equations (3.3.5) and (3.3.7) are all given by the probability of identity for two lin-
eages in a homogeneously mixed asexually reproducing population given by my|s=0k=1-
This is consistent with a phenomena called ‘the collapse of structure’ in structured coales-
cent models; the reader is directed to the informative summary in Chapter 6 of Etheridge
[37] and the original paper by Nordborg and Krone [106].

In summary, the Nei’s gene diversity at the population level (h,, = 1 — ) increases
with the number of mating types, while genetic diversity within a subpopulation (hy =

1—m5) decreases as a function of the number of mating types. However both these responses
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FIGURE 3.4. Total population genetic diversity (as measured by Nei’s gene diversity)
for asexual, self-incompatible and unisexual populations. Theoretical results (solid lines)
well-predict the results of simulations (markers). Theoretical predictions for an asexual
population with k non-interacting demes are obtained from equation (3.4.1), for a unisex-
ual population from equation (3.4.3) and for a population with k self-incompatible mating
types from equation (3.3.5). Model parameters: N = 7560, i = 2.5 x 1074, ¢ = 5,
d = 0.5. Simulations are averaged over 103 time points sampled regularly over 107 gen-
erations following an allowed 10° generation equilibrating period (initial conditions are
all individuals homogeneous at the neutral marker). Note that in the setting of monomor-
phic asexual or unisexual populations, only the case k = 1 is useful for comparison, being
the only biologically relevant setting.

are muted by an increasing number of attempted sexual reproductive events per generation,

o =0N.

3.4.1.4. Comparison of monomorphic populations. In Figures 3.4 and 3.5 we compare
our analytic results for total population diversity and subpopulation diversity respectively
to the results of Gillespie simulations'*. We see excellent agreement across a range of
parameters.

For unisexual populations we find that diversity at the neutral locus is unmodified from
the asexual case and thus independent of rate of sexual reproduction.

In self-incompatible populations, we see that the total population level diversity increases
monotonically away from the unisexual baseline as a function of the number of mating
types (although at a decreasing rate as more types are added). While this effect increases
as the rate of sexual reproduction decreases, this is entirely a result of the division of the

population into mating type subpopulations. (This can be understood intuitively by con-

YA Gillespie simulation or Gillespie algorithm is a method for simulating a stochastic jump process pop-
ularised by Gillespie but initially proposed by Doob. If X is a Markov process taking values on a discrete
space S and g;; is the rate at which X jumps from i to j, then its trajectories are simulated as follows. The
initial value X is sampled according to some pre-specified distribution. If Xy = i then the time of the first
jump is sampled by sampling from an exponential distribution with parameter j+i 4ij- The value of X
after this jump is determined by sampling from the distribution proportional to ¢;;, j # i. The algorithm
then proceeds in the same fashion.
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FIGURE 3.5. Subpopulation genetic diversity (as measured by Nei’s gene diversity) for
asexual, self-incompatible and unisexual populations. Theoretical results (solid lines)
well-predict the results of simulations (markers). Theoretical predictions for an asexual
population with k& non-interacting demes are obtained from equation (3.4.2), for a unisex-
ual population from equation (3.4.3) and for a population with k self-incompatible mating
types from equation (3.3.7). Model parameters are the same as those in Figure 3.4. Note
that in the setting of monomorphic asexual or unisexual populations, only the case k = 1
is useful for comparison, being the only biologically relevant setting.

sidering recombination as providing a mechanism for a “migration” event between mating
type backgrounds acting as demes.) As a result the genetic diversity in the total population
is in fact maximised when sex is entirely absent. However this is a rather artificial case;
in this regime, there is no selection for mating types and so the mating-type population
classes would be lost to drift. Similarly when sexual reproduction is rare and selection
for equal mating type frequencies weak, mating types become increasingly susceptible to
extinctions as their number increases. Meanwhile in the converse limit of obligate sex, the
total population diversity relaxes to the values found in the unisexual and asexual cases.
Again this can be intuitively understood by considering “obligate migration” between mat-
ing type “demes”, which erodes the effect of population substructure. This corresponds to
the limit 0 — oo.

While genetic diversity within the total population increases as a function of the number
of mating types, the genetic diversity within a mating type subpopulation decreases. This is
a result of smaller subpopulation sizes (N/ k), which simultaneously decreases the effective
mutation rate and increases genetic drift within each class. The effect is amplified by
low rates of sexual reproduction which increases the genetic isolation of the respective
subpopulations.

We note that in both the cases of total population genetic diversity and subpopulation
genetic diversity the key parameter with regards to facultative sex is the number of sexual

events per generation, 0 = N0, rather than simply the probability a sexual reproductive
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event is attempted, 0. Thus increasing the population size while keeping ¢ fixed has a sim-
ilar qualitative effect to increasing ¢ with fixed N ; the response of 4, and /; to increasing

k is decreased.

3.4.2. Rate of effectual sex. In this section, we seek to understand how the benefits
of sexual reproduction experienced may be affected by the presence or absence of mating
types and their number. As the benefits of recombination, what ever they may be, can only
be realised when sex occurs between genetically distinct individuals, we calculate the per
capita probability that an individual successfully mates with an individual that is genetically
distinct at the neutral locus. We term this the probability of effectual sex, which is given by

the probability that a compatible mate is successfully located multiplied by the probability

that this mate is not identical by descent at the neutral marker. For eachi = 1, ..., k, this
can be expressed
(pi = ZOij(c)(l — 7Tij). (344)
J#i

We note that this term is decreases with the probability of finding a mate (eg in self-
incompatible populations) but increases with increasing genetic diversity between selected
mates (caused, for example, by mating type population structure). It is the balance between
these competing factors that we will explore in the following subsections. We first explore
the behaviour of ¢; in the cases of monomorphic unisexual and self-incompatible popula-
tions, before proceeding to consider how ¢; changes in mixed populations of unisexuals

and self-incompatible mating types.

3.4.2.1. Monomorphic unisexual population. Because there is no self-incompatibility
in the unisexual population, the probability of finding a mate is one. Meanwhile the proba-
bility of identity by descent for two randomly selected individuals is 7w |x=1, With o |x=1
given in equation (3.4.3). Thus the probability of effectual sex in a monomorphic unisexual
population is given simply by "
u _
P = m (3.4.5)

From this we see that ¢* is independent of the frequency of sexual reproduction.

3.4.2.2. Monomorphic self-incompatible population. When the population is divided
into self-incompatible mating type classes, the probability of finding a compatible mate is
now generally less than one (see 6;;(c) in equation (3.3.3)). Meanwhile the probability of
identity by descent for two individuals selected from distinct and compatible mating type

subpopulations i # j is w;; = mg, with 4 given in equation (3.3.6). Thus the probability
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of effectual sex in a monomorphic self-incompatible population is given by

k—1
k—e¢

¢i =¢:=01(c)(1 —my) = (1 —mya),

where we note that ¢ is the same for all mating types as we have assumed each is held
at equal frequency 1/k (see Section 3.3). Rewriting this in terms of the original model

parameters, we find

(3.4.6)

¢:k—1|:u m i

+ .
k—e=<|pu+m /L—l—mk[l—l—(k—l)ﬁim_l-i-u]

Thus we see that the probability of effectual sexual reproduction increases with decreasing
¢ (which increases the probability of locating a compatible mate) and with an increasing
number of mating types (which increases the probability of mating with a genetically dis-

tinct individual).

3.4.2.3. Mixed self-incompatible and unisexual population. In this section we consider
a mixed population consisting of k — 1 self-incompatible mating types and a single uni-
sexual type. As discussed in Section 3.3, when calculating the probability of identity by
descent in the mixed population we are forced to consider simplified cases of the model
in order to make analytic progress. This is because the unisexual type will always sweep
to fixation in the absence of any reproductive benefits to self-incompatibility. We there-
fore consider three scenarios under which ¢; is calculated in turn: a unisexual type held at
frequency o and k — 1 self-incompatible mating types each at frequency (1 — «)/(k — 1)
in a population at equilibrium; a rare unisexual type arising in a population of k — 1 self-
incompatible types previously at equilibrium; and k — 1 rare self-incompatible types arising
in a population of the unisexual type at equilibrium.

Recall that we denote the probability of identity by descent as w; for two individuals
sampled from distinct mating type classes, 7y for two individuals sampled from the same
mating type class, 7 for one individual sampled from a mating type class and another
sampled from the unisexual class, and ;' for two individuals sampled from the unisexual
class. We then denote by ¢ and ¢* the probability of effectual sexual reproduction for self-
incompatible mating types and unisexual types respectively. Using equation (3.4.4), these

probabilities can be expressed as
¢ = (k—2)0;;(c)(1 —mq) + Oi(c)(1 — 7)), (3.4.7)

and
¢* = (k — DOy () (1 — 7y) + Ouu(c)(1 — 1), (3.4.8)
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where i, j are arbitrary indices representing self-incompatible classes (ie chosen such that
i # jandi,j # u)and the forms of 6;;(c) and the probabilities of identity by descent
depend on the scenario under consideration.

When the unisexual type held artificially at a constant frequency and the remaining self-
incompatible mating types at equal frequencies, expressions for ¢;;(c) can be taken from
equation (3.3.11) with p, = o and p;x, = (1 — «)/(k — 1). Substituting these into
equations (3.4.7) and (3.4.8), we obtain

_ (k=2)A —a)(1 —mg) + (k — Da(l —x})

k—1—e(1—a) G492

¢

' =1—-a)(1 —my)+a(l —mx), (3.4.10)

with 74, 75, )y and 7! taken as the solution to the equations (3.6.15), (3.6.16), (3.6.17) and
(3.6.18). The full expressions are too algebraically complex to reproduce. However we find
the following general patterns. When the frequency of unisexuals is very low (¢ — 0), the
rate of effectual sex is greater for unisexuals than self-incompatible mating types: ¢* > ¢
for all k. Conversely when the unisexual frequency is very high (¢« — 1), the rate of
effectual sex is greater for self-incompatible mating types than unisexuals: ¢ > ¢ for all
k. The precise value of « for which this transition occurs is dependent in a complex manner
on the model parameters. We shall explore this more thoroughly in the following section.

Next we consider the case that a unisexual mutant emerges in a self-incompatible pop-
ulation with k& — 1 mating types, previously at equilibrium. Expressions for 6;;(c) can be
taken from equation (3.3.11) with p,, ~ O and p; = 1/(k — 1) for all i # u. Substituting
these into equations (3.4.7) and (3.4.8), we obtain

_ k=21 - ma)

¢ k—1—e—< ’

(3.4.11)

" =1—my, (3.4.12)

with 7y, ms, 7 and 7 taken from equations (3.3.12), (3.3.13), (3.3.14) and (3.3.15). We
find that this qualitatively captures the prediction of equations (3.4.9) and (3.4.10) in the
limit @« — 0.

Finally we consider the scenario in which k — 1 mutant self-incompatible mating types
simultaneously emerge in a resident unisexual population, previously at equilibrium. Ex-
pressions for 8;;(c) can be taken from equation (3.3.11) with p,, ~ 1 and p; = 0 for all
i # u. Substituting these into equations (3.4.7) and (3.4.8), along with expressions for 4,

s, 7wy and 7y taken from equations (3.3.16) and (3.3.17), we obtain

=" =—. (3.4.13)
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FIGURE 3.6. Probability of a effective sexual reproduction, ¢, for monomorphic self-
incompatible and unisexual populations. Theoretical results (solid lines) well-predict the
results of simulations (markers). Theoretical predictions for a unisexual population are
taken from equation (3.4.5) and for population with k self-incompatible mating types from
equation (3.4.6). Model and simulation parameters are the same as those in Figure 3.4.
Note that in the setting of a monomorphic unisexual population, only the case k = 1 is
useful for comparison, being the only biologically relevant setting.

This indicates that upon emergence, the mutant self-incompatible type has exactly the same
probability of effectual sex as its unisexual ancestor.

We note that while this qualitatively disagrees with the prediction obtained in equa-
tions (3.4.9) and (3.4.10), (for which ¢ > ¢, at « = 1), this is not unexpected. The
approximation in equations (3.4.9) and (3.4.10) is obtained assuming that the population
is at equilibrium; thus in this limit there is non-zero probability that the self-incompatible
types (each at infinitely low frequency) carry a distinct neutral genetic marker to those seen
in the unisexual population. The approximation in equations (3.4.13) on the other hand is
obtained assuming that the self-incompatible types inherit the neutral marker of their uni-
sexual ancestor; thus in this limit there is zero probability that the self-incompatible types
(each at infinitely low frequency) carry a distinct neutral genetic marker to those seen in

the unisexual population.

3.4.2.4. Comparison of cases. In Figure 3.6 we compare our analytic results for the
rate of effectual sex, ¢, to the results of Gillespie simulations. Once again, we see excellent
agreement across a range of parameters. We see that for self-incompatible populations, the
probability of effectual sex increases with an increasing number of mating types, k, and a
decreasing probability of instigating a mating round, o, both of which increase the effect
of population structure. When the rate of sexual reproduction is extremely low and the
number of mating types moderately high (¢ = 1073, k = 5), we see that the probability

of effectual sex in the self-incompatible population can in fact exceed that of unisexual
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FIGURE 3.7. Theoretical predictions for the ratio of effectual sexual reproduction for
self-incompatible mating types, ¢, over unisexual types ¢*, in monomorphic populations
(see equations (3.4.5) and (3.4.6). In all panels i = 107 and d = 1/2. The ratio
¢/p" decreases with increasing population size (compare (A) to (B) and (C) to (D)), but
increases with a greater number of mating types (compare (A) to (C) and (B) to (D)).

populations. Thus while the unisexual population engages in more sexual reproduction
overall, many of these opportunities to realise the benefits of sex are essentially wasted by
same-clone mating.

In Figure 3.6, N and c are held fixed. In fact ¢ = 5 in these plots, which is approximately
equivalent to mass-action encounter rates (a large cost to mate finding). In Figure 3.7 we
explore how the relative advantage to the self-incompatible populations over the unisex-
ual population in terms of the rate of effectual sex ¢ varies with these parameters. We
note that since the key parameter in equations (3.4.5) and (3.4.6) is in fact the number
of instigated mating rounds per generation, 0 = o N, for the self-incompatible popula-
tion to have a higher ¢ than the unisexual population for k = 2 requires either extremely
low o or relatively low N (see Figure 3.7(A) and Figure 3.7(B)). However an increased
number of mating types can appreciably alleviate this requirement (see Figure 3.7(C) and
Figure 3.7(D)).

In the above paragraphs, we have started to identify the potential advantages garnered by
self-incompatibility over unisexuality at the population level. However we have done so by
comparing populations consisting of purely self-incompatible or unisexual types. We next
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FIGURE 3.8. Probabilities of a effective sexual reproduction, ¢ and ¢*, for mixed popu-
lations with a unisexual type at frequency « and k — 1 self-incompatible mating types at
frequencies (1 — «)/(k — 1). Theoretical results (solid lines) well-predict the results of
simulations (markers). Panel (A): Scenario of a rare unisexual type invading resident pop-
ulation of mating types, with theoretical results taken from equations (3.4.11) and (3.4.12).
Panels (B) and (C): Scenario of each type held at a constant frequency so that the pop-
ulation has time to equilibrate to a quasi-stationary state, with theoretical results taken
from equations (3.4.9) and (3.4.10). Panel (D): Scenario of a set of rare self-incompatible
types invading a resident unisexual population, with theoretical results taken from equa-
tion (3.4.13). Model and simulation parameters are the same as those in Figure 3.4.

discuss how these insights are altered in the mixed population.

As previously described, we began by calculating the probability of effectual sex (see
equations (3.4.5) and (3.4.6)) for unisexual and self-incompatible types (¢* and ¢ re-
spectively), under the condition that the frequencies of each of the types was fixed. This
is equivalent to making a quasi-static approximation which assumes that the population
reaches an equilibrium in the distribution of allele frequencies at the neutral marker on
a much faster timescale than that on which the frequency of unisexuals changes. In bio-
logical terms this can be understood as assuming very weak selection for unisexuals over
self-incompatible mating types, or vice versa.

The results of this quasi-static approximation are illustrated in Figure 3.8(B) and Fig-
ure 3.8(C). The probability of effectual sexual reproduction for self-incompatible types
(solid lines) behaves in a qualitatively similar manner to that in the case of a monomorphic
self-incompatible population (see Figure 3.6): ¢ increases with an increasing number of
mating types k and a decreasing probability of instigating a mating round 6. However we
see qualitatively different behaviour of ¢* when comparing the monomorphic and mixed
population cases. When rare, they are now able to exploit the diversity generated by the
self-incompatible types (see Figure 3.8(B), dashed lines) to increase ¢* beyond what is
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observed in a monomorphic unisexual population (see Figure 3.6). As, in addition, they
are compatible with the entire population, their rate of effectual sex can exceed that of the
self-incompatible types. However, as the unisexual frequency increases (see Figure 3.8(C))
their probability of same-clone mating increases, while simultaneously the costs paid by
self-incompatible types in terms of restricted mating opportunities decreases. Together
these factors can combine to give a higher rate of effectual sex for the self-incompatible
population than the unisexual population when mating types are numerous, and sex and the
self-incompatible types themselves are rare.

While the quasi-static approximation described above assumes that the population is at
equilibrium, we also developed out of equilibrium expressions for the probability of effec-
tual sex, ¢* and ¢, under the scenarios of a unisexual type was invading a resident popu-
lation of self-incompatible mating types (see equations (3.4.11) and (3.4.12)) and of self-
incompatible mating types invading a unisexual population (see equations (3.4.13)). These
results are illustrated in Figure 3.8, in panels (A) and (B) respectively. We see that a unisex-
ual invader is able to exploit the genetic diversity generated by resident self-incompatible
types (see panel (A)), in qualitative agreement with the quasi-static approximation. How-
ever invading self-incompatible mating types initially receive no advantage in terms of an
increased ¢ (see panel (D)), in disagreement with the quasi-static approximation. This
implies that while self-incompatible types may experience a higher rate of effectual sex
than the unisexual population when the self-incompatible types themselves are rare, during
their invasion this advantage is contingent on them surviving long enough to genetically
differentiate from their unisexual ancestors.

In summary we can paint the following picture. When self-incompatible mating types
first emerge in a unisexual population, they will have an equal rate of effectual sex to the
resident population (see Figure 3.8(D)). As they are rare they pay no costs in terms of
a reduced number of mating opportunities, but simultaneously receive no benefits from
self-incompatibility, having not had time to differentiate themselves from their unisexual
ancestors. Any initial growth in their frequencies will be driven primarily by drift. How-
ever, if these mating types can survive at low frequencies for a sufficient amount of time,
they will differentiate genetically from their unisexual ancestors. In this case, when sex is
rare (0 < 1), self-incompatible types will mate more frequently with genetically distinct
individuals than unisexuals (see Figure 3.8(C)). If the benefits of sex lie in recombination,
then the mating types may experience a selective advantage over their unisexual ances-
tors. Although this may temporally drive an increase in the frequency of self-incompatible
types, this advantage is short-lived. As the frequency of self-incompatible types increases,
their opportunities to find a compatible mate decrease. Simultaneously the unisexual type
increasingly exploits the genetic diversity generated by the self-incompatible types. To-

gether these factors can drive the probability of effectual sex in unisexuals above that of
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the invading mating types (see Figure 3.8(B)) an effect that becomes ever stronger as the
self-incompatible mating types approach fixation.

Conversely, when unisexual types first emerge in a population of self-incompatible mat-
ing types, they are able to exploit the genetic diversity of the resident population to obtain
all of the benefits of self-incompatibility (decreased probability of mating with an individ-
ual of the same allelic type at the neutral marker) while not paying the costs of missed
mating opportunities (see Figure 3.8(A)). They will thus receive a selective advantage and
increase in frequency. However as they increase, their probability of effectual sex drops
below that of their self-incompatible ancestors, an effect that becomes stronger as the uni-
sexual types approach fixation (see Figure 3.8(B) and Figure 3.8(C)). If the benefits of re-
combination are sufficiently strong, this will generate selection against the unisexual type.
Taken together, these results suggest that we may in fact see negative frequency dependent

selection for self-incompatibility in haploids.

3.5. Discussion.

The existence of sexual self-incompatibility between gametes has posed an evolutionary
puzzle for many years, and a variety of theories to explain the evolution of this discrimi-
natory behaviour have been proposed Billiard et al. [9]. Among these the hypothesis that
mating types, by preventing haploid selfing, enhance the advantages of recombination has
remained poorly investigated theoretically [10]. With the precise benefits of recombination
still a widely debated topic, the reason for this deficit is clear; a full investigation of the
theory in fact requires distinct studies testing it within the context of each separate hypoth-
esis for the evolution of recombination. In this paper we have circumvented this issue by

first studying a more general problem; as stated succinctly in Billiard et al. [10]:

If recombination has an advantage, whatever it is, individuals gain this ad-
vantage only when the haploid genomes that are recombining are not strictly

identical.

We have shown that although self-incompatibility decreases the probability of successful
sexual reproduction, it can in fact increase the probability of effectual sexual reproduction
between non-clone mates, even exceeding the rates of effectual sexual reproduction in uni-
sexuals. However the strength of this effect is highly dependent on population parameters
including its effective size, the rate of sexual reproduction and the population composition.

We have demonstrated that monomorphic unisexual populations are less diverse than
populations composed of self-incompatible mating types and further, that the probability
of effectual sexual reproduction with an individual genetically distinct at a neutral marker

can be lower in a unisexual population than in self-incompatible population. Both of these
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population-level benefits to self-incompatibility vary in a qualitatively similar way as the
remaining parameters in the model are varied. Increasing the number of mating types and
decreasing the number of sexual events per generation (¢ = N &) increases the relative
benefits to self-incompatibility over unisexuality. Meanwhile decreasing the cost to mate
finding (ie allowing more opportunities for the self-incompatible types to find a compatible
mate) has a particularly prominent effect on the probability of effective sex in the self-
incompatible population, allowing it to more readily exceed that in a unisexual population.

The above discussion is limited to considering the population level benefits of self-
incompatible over unisexuality. However for an evolutionary perspective, we must instead
understand the costs and benefits of self-incompatible at an individual level. Here our
simplified “recombination hypothesis free” approach (where the benefits of recombina-
tion have not been explicitly defined) runs into some trouble; as we have shown, without
any emergent benefits to mating with genetically distinct individuals, the unisexual type
is positively selected for. Although the strength of selection against self-incompatibility
is decreased with lowered costs to mate finding, the unisexual type will always sweep to
fixation in finite time.

To make progress we investigated how the rate of effectual sex (an individual benefit)
varied between unisexual and self-incompatible types in a population held artificially at a
polymorphic equilibrium. This approximation to the dynamics of the full model (in which
the frequencies of unisexuals and self-incompatible mating types are allowed to vary) is
likely to hold when selection for either of the types is relatively weak. We found that in this
mixed population, the unisexual individuals can exploit the diversity generated by mating
types, obtaining a higher rate of effectual sex than in their monomorphic populations. This
scenario is reminiscent of the tragedy of the commons, a comparison previously utilised to
explain selection for low-recombination rate modifiers in general models for the evolution
of recombination [81]. While this leads to unisexuals having a higher probability of effec-
tual sex than their self-incompatible mating type competitors when rare, this advantage is
frequency dependent; as the frequency of unisexuals increases, their rate of effectual sex
dips back below that of their self-incompatible competitors. While the precise frequency
at which this transition occurs depends in a complex way on the model parameters, our
intuition from the case of monomorphic populations carries over: the advantage of self-
incompatibility over unisexuality diminishes as the number of mating types decreases, and
the number of sexual events per generation (0 = N o) and costs to mating finding increase.

We next turn our attention to the key biological motivation for this paper. In the context
of the sex-advantage enhancer hypothesis: (i) how did self-incompatibility first evolve and
(i1) how does self-incompatibility remain robust again invasion?

Regarding the first question, we note that initially (when rare) a mutant self-incompatible

type would only be weakly selected against. However, in order to drift to more substantial
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frequencies, the costs of mate finding would have to be sufficiently low. This requires the
possibility of many mating rounds and thus suggests that self-incompatibility first evolved
in an aquatic environment, in which individuals have more opportunities to actively find a
compatible mate. Such an environment is the natural case for algae. While fungi are more
associated with terrestrial environments, empirical evidence suggests that early fungal an-
cestors lived in water [100]. With the MAT locus that determines mating types in fungi
appearing ancient and displaying a remarkable conservation of core homeodomain pro-
teins over trans-specific evolutionary periods [46], it is conceivable that self-incompatibility
in fungi arose in just such an environment. However in order to see selection for self-
incompatibility, it is not sufficient to simply have low costs; self-incompatibility must also
have benefits.

As we have addressed, if the self-incompatible mating types can be maintained in the
population for a sufficient amount of time at low-frequencies, they can obtain a higher ef-
fective rate of sex to their unisexual ancestors. If genetic recombination with non-clone
mates is sufficiently advantageous, this could generate selection for mating types. How-
ever the magnitude of this effect is strongly dependent on the remaining population pa-
rameters. Crucially, this benefit to self-incompatibility requires that the number of sexual
events per generation, 0 = N0, is low. While it seems natural to assume that when
self-incompatibility first evolved, the rate at which sexual reproduction and mate finding
was triggered was very low (6 < 1), low effective population sizes (eg N < 10°, see
Figure 3.7) are harder to justify biologically, especially if we consider these dynamics oc-
curring in a well-mixed aqueous environment. Such low population size values are more
consistent with a spatially structured population, within which the costs to mate finding are
expected to be larger. We proceed with this caveat in mind.

Assuming that the self-incompatible mating types are selected for at this stage of their in-
vasion trajectory, we emphasise that this advantage over unisexuals is necessarily fleeting.
Once the self-incompatible types reach a critical frequency, unisexual types will be able to
parasitise their diversity and regain the upper hand. Thus in terms of self-incompatibility
having a higher probability of displacing unisexuality than vice versa, the very best that can
be hoped for is that this transition occurs at a high frequency of self-incompatible types,
far into their invasion trajectory. We note that once a resident population of two mating
types has established, an evolutionary pressure for the number of mating types to increase
arises. New mating types experience a selective advantage both in terms of increased mat-
ing opportunities relative to the two resident populations and a (shared) decrease in the
probability of mating with a genetically distinct individual. There is then selection for an
ever greater number of mating types, which are only kept bounded by genetic drift [23, 28].

We now consider the second question, of how self-incompatibility can remain robust

again invasion from unisexual, or homothalic, mutants. Our model suggests that in fact
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self-incompatibility may never be truly robust against invasions from unisexuals, as uni-
sexuals can always free-ride on the genetic differentiation of resident self-incompatible
mating types. However fixation of unisexuals might be prevented if their probability of
effectual sexual reproduction drops below that of self-incompatible residents at sufficiently
low frequency. We have shown that in this context, the presence of multiple resident mating
types can markedly enhance this possibility, such that self-incompatible types can maintain
a higher rate of effectual sex even as the number of instigated sexual events per generation
becomes moderately high (see Figure 3.7). It is therefore interesting to note that among
the Basidiomycota, which are characterised not only by their comparatively high rates of
sexual reproduction [85], but also by their large number of mating types [22], homothalism
is relatively rare [68]. Homothalism is also far from ubiquitous in isogamous algae, with
only a handful of species known to employ this indiscriminate mating strategy [113]. Here
our model suggests qualitatively that self-incompatibility may be protected by the rarity
of sex in these species [59]. However in a quantitative sense, our model predicts that this
rarity should be more offset by the large effective population sizes observed in isogamous
algae [103].

Taken together, we see from the above discussion that the sex advantage enhancer hy-
pothesis may agree qualitatively with observed scenarios under which self-incompatibility
first evolved (ie an aquatic environment with low costs to mate searching and very rare sex-
ual reproduction), is maintained (ie in population with a low number of sexual reproductive
events per generation and a large number of mating types) or is displaced by homothalism
(ie populations with more frequent sexual reproduction, a low number of resident mating
types and high costs to mate finding). Although in a quantitative sense we see that our
model predicts that self-incompatibility may be selected for over a rather restricted range
of biologically reasonable parameters, we have made a number of simplifications in order
to make the problem tractable, but that may provide an overly stringent estimation of when
self-incompatibility may be selected for. Below we detail some of these key simplifications,
as well as discussing their potential effects.

First, for simplicity, we have considered only the dynamics of a single neutral genetic
marker, and defined sex as ‘ineffectual” when when two mating individuals carry the same
marker. In reality, particularly in populations undergoing recombination, it is of course pos-
sible that while individuals are identical at the neutral marker, they are genetically distinct
throughout the rest of their genome. Thus our estimate very much provides an underesti-
mate for the rate of potentially beneficial sex between non-clone mates. Despite this we
believe that the qualitative intuition that we have developed will remain valid; frequent sex-
ual reproduction erodes population structure, and is thus likely to diminish the advantage
to self-incompatibility in well-mixed populations.

Second, while we have assumed a well-mixed population, it is clear that spatial struc-
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ture, by increasing the probability of mating with genetically related individuals, is likely a
strong driver of the evolution self-incompatibility. While within our modelling framework
we view this effect as manifesting for small population size. While it would be interesting
to consider how explicitly accounting for spatial structure would affect the results we have
described here, we note any additional insights would likely come at the cost of generality,
with any model necessarily having to account for species-specific details of asexual growth
environment, mate searching and non-local dispersal. Such models also prohibit tractable
analytic results.

Third, we note that our modelling approach is based on the assumption that mating with
a genetically distinct individual increases the advantages of sexual reproduction. However,
the benefit of sexual reproduction is not restricted to such recombination advantages. In
many species, stress-induced sexual reproduction has evolved to be coincident with an en-
vironmentally resistant dormant form. In cases such as these, the primary advantages to
recombination (survival) are achieved regardless of the genetic identity of the partner. For
instance, in the yeasts Saccharomyces cerevisiae and S. pombe, sexual reproduction is fol-
lowed by the formation of environmentally resistant spores [47]. Thus while these species
fall well within the range where we would expect self-incompatibility to be favourable
(with rare rates of sexual reproduction [127] and spatially structured populations with
small local effective population sizes [105]) mating type switching has still evolved in
these species [104]. This homothalism, while metabolically costly during asexual repro-
duction, provides reproductive assurance and survival over the longer term can can thus
still be selected for [105].

Finally, and perhaps most importantly, our model does not include any explicit benefit
to genetic recombination. This was very much a conscious decision, as it allows us to
avoid ‘baking in’ an advantage to non-self mating, in contrast to earlier studies [26, 101].
While our approach falls short of what must be the ultimate goal of investigating how self-
incompatibility can be selected for in models in which the benefits of recombination are
emergent (ie arise under a recombination hypothesis framework), our results nevertheless
provide intuitive insight as to how these models might behave.

For instance, consider a prototypical model of the Red Queen Hypothesis in a haploid
population, with two biallelic loci and with selection for recombination generated by gene-
for-gene interactions. If sex is regular, we might expect the frequencies of the genes in each
mating type subpopulation to be roughly equal. In this scenario we might expect there to be
no advantage to self-incompatibility, only a cost in terms of mating opportunities. However,
if sex were rare, drift would drive deviations in genotype frequencies between mating type
subpopulations, increasing the probability of mating with a genetically distinct individual
under self-incompatibility. Our hope is that this problem will be tackled in the near future,

and that the results of this paper will help guide future research that specifically look at the
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evolution of self-incompatible within each evolution of recombination framework.

3.6. Appendix.

3.6.1. Diffusion processes. A k-dimensional diffusion process denoted

X(@) = (X1(@0), ..., Xi())}=0

is a continuous time Markov process with continuous sample paths. It is described by two
groups of quantities, called the drift and diffusion coefficients, which describe the mean
and covariance in the change in each coordinate X;(¢) over an infinitesimal time period: if
foreachi,j =1,...,kand h > O one sets A, X;(t) := X;(t + h) — X;(¢),

bi(x) = lim TE[A X (0)]X(0) = ],

iy () = Jim 84 X,(0) - 44X, O)X(0) = ],

then {X(#)};>0 is described as a solution to the system of stochastic differential equations

t k t
X0 = X0+ [ B+ Y [oxeae. 6o
j=1

often denoted

k
dX; (1) = b;(X(1)) dt + ) 03 (X(2)) dB; (1),
j=1

where By, ..., By are independent Brownian motions and the coefficients o;;, i, j =
1,...,k, are defined by the relation a(x) = o(x)o(x)T. Commonly, the coefficients
b(x) = (bi(x))i=1,..x and a(x) = (a;j(x))i j=1,.k are referred to as the drift and dif-
fusion coefficients respectively. Approximately speaking, we may interpret this as saying
that
k
Xi(t + h) ~ Xi(0) + bi(XO)h + Y 03y (X)) Vg (),
Jj=1

where foreach j = 1,...,k and r > 0, §;(?) is a Gaussian random variable with mean
zero and unit variance such that &;(¢) and &;(s) are independent if either i # j or¢ # s.

The diffusion may equally be characterised by its infinitesimal generator L defined by

Lf () i= im JE[A f(X@O)X(0) =
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: 0 1 k K 52
; i) 0x; AN 2 Z Z @i (X) dx; 0x; J ).

i=1j=1

The reader is referred to Karlin and Taylor [73] and Durrett [31] for a further introduction
to diffusion processes.

Diffusion processes often arise as the limit of a sequence of Markov processes with
increasingly frequent but increasingly small jumps; the canonical example is Brownian
motion, which arises as the limit of a suitably rescaled simple random walk. Suppose that
we have a sequence of continuous time Markov processes { XV }%9—1> Where, for each N,

the process XV takes values in Sy C R¥. If we define for x € Sy.,i,j =1,....k,
1
b (x) := lim —E[A, XY (0)| X" (0) = x],
t\O
1
al (x) := lim ~E[A, X (0)A, XY (0)| XV (0) = x],
t\O [

and suppose that
lim sup |bl-N(x) —b;j(x)| =0,
00 xeRk
lim sup |af}’(x) —bij(x)| =0,
00 xeRk
and |
lim sup lim —E[| XY () — XY 0)[*| XY (0) = x] =0,
N—o0 XERK ! ot
then the sequence of processes XV approximates the solution X to the system of equations
(3.6.1). This is a version of the seminal result of Stroock and Varadhan, see eg Durrett [31].
A full statement of the result is given in the next section. The fourth moment condition
can be relaxed to a condition which controls the size of the jumps of the Markov chain,

although, as in our case, it is often easy to check.

3.6.2. The Stroock—Varadhan Theorem. In this appendix, we state a version of the
Stroock—Varadhan Theorem for continuous-time Markov chains; it follows after combin-
ing the results of Theorem 7.1 and Lemma 8.1 in Durrett [31], Chapter 8. The Stroock—
Varadhan Theorem provides the conditions under which a sequence of Markov chains, in
either discrete or continuous time, converge to a solution to a martingale problem; a further
result states when such a solution may be expressed as a solution to a system stochastic
differential equations. An analogous version of the result we state exists for discrete time
processes; the reader is directed to Chapter 8 of Durrett [31] for further details.

Let {XV }%—; be a sequence of continuous-time Markov chains, where for each N the
process XN takes values in Sy € RX. Define foreach N = 1,2,...,x € Sy, A C
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R*, x ¢ A a sequence of measures
1
0N (x,A) = li\r‘n ;P[XN(t) e A| XN (0) = x]. (3.6.2)
1\0

The measure OV (x, A) records the instantaneous rate at which the process XV jumps from

a state x into the subset A. Let us further define the sequence of moments

ajy (x) = /R i = x) 0y = x) Q" (x.dy). (3.6.3)
b (x) := /Rk(yi —x;) OV (x,dy), (3.6.4)
yN(x) = /Rk ly — x|*ON (x,dy). (3.6.5)

Let us suppose that

(A) for any closed bounded set K R,

sup ON (x, RF\{x}) < o0,
xeK

(B) b; and a;; are continuous coefficients for which, for every initial condition x € Rk,

there exists a unique process X such that X(0) = x and

X, (1) — / b (X(s)) d. (3.6.6)
0
Xi(t)Xj(l)—/ a,-J-(X(s))ds (3.6.7)
0

are both local martingales,
and foreachi, j = 1,...,k, it holds that
(C) limy o0 SUP, g |afy (x) — aij (x)| =0,
(D) limpy 00 SUP,cpr b7 (x) — bi(x)| = 0, and
(BE) limy—c0 SUp,cpr ¥~ (x) = 0.

If, in addition to conditions (A-E), it holds that P[X ¥ (0) = x¥] = 1 and x¥ — x in R¥ as
N — oo then, in the same limit, X = X, where X the unique process such that X(0) =
x,and (3.6.6) and (3.6.7) are local martingales. Here, ‘=’ denotes weak convergence in the
space of right-continuous paths @ : [0, T] — R¥ with left limits (so-called cadlag paths)
equipped with the Skorokhod topology. The space is frequently denoted D ([0, T'], R¥) and
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the reader is directed to Section 8.6 of Durrett [31], Chapter 3, for further details of this
notion of convergence.

Let us now address the circumstances under which there exists a process X satisfying
condition (B). Defining o such that a = oo, Theorem 4.5 of Durrett [31], Chapter 5,
asserts that there is a one-to-one correspondence between processes X with X(0) = x
satisfying the condition that (3.6.6) and (3.6.7) are local martingales, and weak solutions
to the system of stochastic differential equations defined in equation (3.6.1). Uniqueness in
distribution of solutions to equation (3.6.1), then, guarantees uniqueness of such a process

X . Verifying (B) is thus equivalent to verifying that

(B’) b; and a;; are continuous coefficients for which, for every initial condition x € Rk,
solutions to the system of equations (3.6.1) witha = oo’ and X(0) = x are unique

in distribution.

One approach to proving such uniqueness is the method of duality, outlined in the fol-

lowing appendix.

3.6.3. The method of duality. In this appendix we outline a working version of the
method of duality. This technique, although seemingly contrived, has found widespread
application proving distributional uniqueness of solutions to stochastic differential equa-
tions and, more generally, martingale problems. Here, we state a special case of a more
general version appearing in Section 4.4 of [40].

Distributional uniqueness of solutions to this system of equations is implied by unique-
ness of one-dimensional distributions (see, for example, Theorem 4.2 of Ethier and Kurtz
[40], Chapter 4); that is, if X and X are two solutions to the system of equations (3.6.1), it

is sufficient to show that, for each ¢ > 0,
E[F(X(1))] = E[F(X(1))] (3.6.8)

for a sufficiently large class of functions F. For example, the set of all smooth and com-
pactly supported F : R¥ — R would be one such class (although much smaller classes, as
we will make use of later, do exist).

Fix x € R¥. We outline a method for proving distributional uniqueness of solutions to
the system of equations (3.6.1) with initial condition X(0) = x. Let f : R* x R — R and
B : R — R be functions. Take y € R! and suppose that

(F) there exists a R!-valued Markov process Y such that Y(0) = y and, for every so-
lution X to the system of equations (3.6.1) with initial condition X(0) = x, X is
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independent of Y and
E[/(X(t), )] = E[f(x. Y (1)) eXp{/O B(Y(s)) ds}].

If, furthermore, for each t > 0,

(G) fot |B(Y(s))| ds < oo almost surely,

(H) E[| f(X(¢),y)|] < oo almost surely, and

D E[| f(x,Y(2)) exp{fot |B(Y(s))|ds|}] < oo almost surely,

then we say that solutions to (3.6.1) with initial condition X (0) = x are dual to the process
Y with respect to the functions f and . Thus the problem of proving uniqueness of
solutions to (3.6.1) with initial condition X (0) = x is transformed into one of establishing
the existence of Y for a large enough choice of initial conditions y: if such a Y exists for
all initial conditions y € § C R!, where S is a set large enough so that the collection
of functions {F = f(-,y) : y € S} is large enough for determining the one-dimensional
distributions of solutions to equations (3.6.1) in the sense of equation (3.6.8), then solutions

to equations (3.6.1) are unique in distribution.

3.6.4. Uniqueness of solutions to the system of SDEs. In this appendix, we establish
a duality relation between solutions X to the system of equations (3.3.1) and the genealogi-
cal process Y. Applying the result of the previous appendix, we determine the distributional
uniqueness of solutions to this system.

Let X be a solution to the system of equations (3.3.1) with X(0) = x and Y the ge-

nealogical process with Y (0) = y. The process X has generator

k

9 i 9
Lxg(x) = = Y pxig () + 3 Y miy(p. ) = %) 5 -(x)

i=1 i=1 j#i
k
1 0%g
+ E —x; (I —x;)—(x),
o pi l( l)axlz( )
and Y has generator

Lyg(y) =
k
SN i (i (fCyi— Ly + 1) = fO)
i=1 j#i

2 (i 1

+ o\ (fC..,yi—=1,..0=f»)).

~

i=1
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Proceeding informally, for a function f : R¥ x R* — Rand 8 : RF — R

d_i]«][f()((s),Y(t—s))exp{/0 : B(Y () du]

= E[(Lx f(.Y(t = $)(X(s)) = Ly f(X(5). ) (¥ (t = 5))
— B (1 —5) f(X(5). Y(t —5)))

t—s

xexp{ ; ,B(Y(u))du}].

(3.6.9)

If, then, we can identify judicious choices of f and 8 such that

LXf(" J’)(x) = LYf(x»)()’) + IB(y)f(x’ y)’

integrating equation (3.6.9) over 0 < s < ¢ establishes (F). It is easy to verify that tak-
ing f(x,y) = ]_[f;l x7"and B(y) = —p Zle y; is sufficient, and, given the informal
calculation (3.6.9) is valid,

k k .k
E[HX,-(t)y"]=E[Hxiy"(t)exp{—uv/0 ZY,-(s)ds}].

Moreover, since X;(¢) < 1 and, because Y; is a decreasing process, Y; () < max;=1,._k Vi
foralli = 1,...,k, t > 0, the estimates (G), (H) and (I) hold trivially. In particular,
since the genealogical process ¥ can be constructed for any initial condition y € N¥, we
have derived an explicit formula for all mixed moments of X(¢), t > 0, and, thus, the
one-dimensional distributions of all solutions X to equations (3.3.1) with initial condition
X(0) = x coincide. In turn, solutions are unique in distribution.

It remains to justify the informal differentiation of the expectation. We loosely follow
the more general arguments of Ethier and Kurtz [40], pp. 192-195. Restricting the analysis
to the special case of our setting, the simplicity of the arguments is not lost to abstraction.
Setting

F(s.1) == E[f(X(s), Y()) exp { fo B(Y (u)) du}],
it is clear that

F(s+h,t) = F(s,1) _
- _

JX(s +h).Y(0) — f(X(s). Y (2))
h

E[
xexp{/o ,B(Y(u))du}].

For all test functions g, Mx(s) := g(X(s)) — f(f Lxg(X(r))dr is a martingale and, in
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particular, we may therefore express the right hand side of this equation as

F(s+h,t) = F(s,t) _ _1

s+h
L Bl [ Lefe YO

><exp{/0 ﬂ(Y(u))du}], (3.6.10)

using that X, and hence My, is a process independent of Y and that E[Mx(s + h) —
Myx (s)] = 0. We proceed to pass to the limit # — 0. With our choice of 8, the exponential
term inside the expectation on the right hand side is clearly bounded by one; furthermore,

by the mean value theorem,

1 s+h
z/ Ly fC.Y@))(X(r))dr = Lx f (. Y())(X(r)), as.,

for some s < r < s + h, and so, if there exists some constant I’ < oo such that

sup [Lx f(. YO))(X(r)| =T, as., (3.6.11)
r,t>0
then, by Lebesgue’s dominated convergence theorem, passing the limit # — 0 under the

the expectation on the right hand side of equation (3.6.10) is valid, and

a t
—aF (s.1) :=E[Lx f(-.Y(1))(X(s)) exp { / B(Y (u)) du}].
) 0

Since, as above, X;(t) < 1 and Y;(f) < max;—y,_ xy; foralli = 1,...,k,t > 0, itis

.....

straightforward to verify the estimate in equation (3.6.11).

Proceeding in the same vein,

F(s,t +h)— F(s,t)

h
_ E[f(X(S), Yt +h)— f(X(s),Y(2))
h
XCXP{/O B(Y (u)) du}] (3.6.12)

+ E[f(X(s), Y (¢ +h))exp{/0 B(Y (u))du}

U B duy — 1
. .

For all test functions g, My (s) := g(Y(s)) — fos Lyg(X(r))dr is a martingale. Moreover,
My (t +s) — My (t) is independent of Y (1), u < t, and so the first expectation on the right
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hand side may be written as

1

t+h t
B [ Lo dres ([ pran ],

Again applying the mean value theorem, one can show that

1 t+h t
. / Ly f(X(5). )(Y(r)) dr exp { /0 BOY(w)) du) < Ly f(X(s).)(Y(r). as.

for some t < r < t+h. Since this right hand side is bounded uniformly in r, s > 0, we may
apply the dominated convergence theorem to pass the limit # — 0 under the expectation,
exactly as above.

Turning now to the terms in the second expectation on the right hand side of equa-
tion (3.6.12), with our choice of the function S,

t+h t+h
|exp{/t B(Y(u)) du} — 1‘ = l—exp{ft B(Y (u)) du}

<1 —exp{—uk max_ yih}
i=1

.....

.....

By a second application of Lebesgue’s dominated convergence theorem, passing to the

limit # — 0 in equation (3.6.12),

8 t
3—1;(&0 = E[(Ly f(X(5),)(Y (1)) + B(Y (1) f(X(5). Y(1))) exp{/o B(Y (u)) du}].

Finally, we note that

T T 9 P
/0 /0 (|8_I;(St)| + !a—f(s t)‘)dsdt < 00,

then, by the Fubini—Tonelli Theorem, exchanging the order of integration yields that

T pt T
/ / (01F(s,t —s)— 0,F(s,t —s))dsdt = / (F(s,0) — F(0,5))ds.
o Jo 0
Differentiating with respect to 7', we have verified equation (3.6.9) in its integrated form.

3.6.5. Proof of the diffusion approximation. We will verify the conditions of the
Stroock—Varadhan Theorem. Condition (B’), and thus (B), was verified establishing a du-
ality relation with the genealogical process in the previous appendix.

Let QN be defined as in equation (3.6.2), then, since there are N individuals each inde-
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pendently entering a reproductive phase at rate N, it is clear that OV (x, RF\{x}) < N?
and thus condition (A) is trivially satisfied.

Let biN be defined as in equation (3.6.4). By considering each possible outcome of an
individual’s reproductive phase,

b (x) =
1
+ Nixi - N(1 —0)(1 —p)(1 —x;)
—% . N,-x,- . N(l — 6’),ELX,'
—% . Nl(l —X,‘) . N(l —6))61'
1 _ 1 _
o Ni- NG Z@iy(c)i(dxj + (1 =d)xi)(1 — )1 — x;)
' J#i
1 _ 1 -
o ZNj : NO’Q};-](C)E(dxj + (1 =d)x;)(1 = @)1 —x;)
Lo
1 _ 1 _
— Nt NG Y 0 (@ (d(1 = xp) + (1= d) (1 = x0) (1 = ),
' J#i
1 _ 1 -
N ZNj - NUG}Z’(C)E(d(l —x;) + (1 =d)(1—x;)(1 = f)x;
Lo
1 _ I_
N N;-No ZQiIJY(c)E,ux,-
' J#i
1 _ I_
N ZNj . NU@ﬁ-’(c)i,uxi.
Lo

The first term on the right hand side covers the case that the proportion of type i indi-
viduals carrying the ancestral type a; at [ increases by N;! during an asexual reproductive
phase; this is the case only if one of the N;x; type i individuals carrying a; enter an asexual
reproductive phase (at rate N(1—0)), there is no mutation (with probability 1 — /i), and one
of the type i individuals not carrying the ancestral type a; at the neutral marker is replaced
(with probability 1 — x;).

The second and third terms on the right hand side cover the case that the proportion of
type i individuals carrying the ancestral type a; at [ decreases by N;”' during an asexual
reproductive phase; this is the case if, either one of the N;x; type i individuals carrying a,
enters an asexual phase (at rate N(1 — o)), there is a mutation (with probability 1), and
one of the same group is replaced (with probability x;), or if one of the N;(1 — x;) type
i individuals not carrying a; enters an asexual phase (at rate N(1 — ¢)) and one of the

a-carriers is replaced (with probability x;). Note that whether a mutation occurs or not



GENETIC DIVERSITY IN FACULTATIVELY SEXUAL POPULATIONS 199

during this latter phase is immaterial since we have assumed there can be no backwards
mutation.

The fourth and fifth terms on the right hand side cover the case that the proportion of
type i individuals carrying the ancestral type a; at [ increases by N;™! during a sexual
reproductive phase in which there is no mutation at /. The fourth term corresponds to the
first (of two) cases that one of the N; type i individuals enters a sexual reproductive phase
(at rate No) and, for any j # i, successfully finds a mate of type j (with probability
01.1}' (¢)); then, with probability (dx; + (1 — d)x;)/2, the offspring inherits the mating type
from the focal parent and the ancestral type a; at the locus /; there is no mutation (with
probability 1 — 1) and the replaced individual does not carry a; (with probability 1 — x;).
The fifth term is derived similarly, except the focal parent is of any type j # i and the
chosen mate is of type i.

The sixth and seventh terms cover the case that a type i individual carrying a, is replaced
during a sexual reproductive phase and there is no mutation. These may be derived similarly
to the fourth and fifth terms.

Lastly, the eighth and ninth terms correspond to the case that, during a sexual repro-
ductive phase, a type i individual carrying the ancestral type a; at [ is lost due to being
replaced by a mutant type. The eighth term is the case that one of the N; type i individuals
enters a sexual reproductive phase (at rate No) and for any j # i finds a compatible mate
(with probability 93.’ (c), the progeny inherits the mating type from the focal parent (with
probability 1/2), there is a mutation (with probability i), and a type i individual which
carries a; is replaced (with probability x;). The ninth term is derived similarly, except the
focal parent is of any type j # i and the chosen mate is of type i.

Recall that, in the regime of rare sex and rare mutation, ¢ = o/N and it = u/N. The

first three terms sum to
o

_(1 - N)/"inv
the subsequent four terms sum to
(1- ﬂ)ﬂ Z N (©) + N6 ) (xj — x;)
. J L)
N” 2 i N;
and the final two terms sum to
—ﬁgx- Z N,-@i’}’(c) + NJGJIY(C)
N2 N; '
J#i
Setting
od 10;5(c) + p;0;i(c)
bi(x) = —UX; =+ 7 Z PiYij p~p] J! (Xj —x,-),

JF#i
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it is straightforward to show that

16N (x) — b (x)| <

o
+ﬁl/«xi
Lod Nibj () + Nib(c)  pibis(c) + pjbsi(c) X — x;

] 14
2 = Nl' Di
od N;ON (c) + N; 0N (c)
T D A
J#i '

and, since we may easily bound x; < 1, thus that condition (D) is satisfied.
Let ag be defined as in equation (3.6.3). By considering each possible outcome of an

individual’s reproductive phase, following the calculation of b (x) exactly,

af\i](x) =
1
tNz Nix; - N(1 —0)(1 — )1 —x;)
1
+W . Nixi . N(l — 6’)/1)(?1'
1
ty3 Ni(1—x;)- N(1 —0)x;
1 i 1 _
+z Vi NG > 9,7(c)5(dx,. + (1 =d)x)(1 = )1 —x;)
i Jj#i
1 _ 1 _
o7 2N NGO (05 (g + (1= d)xi) (1= ) (1 = xi)
Lo
1 i 1 _
+z Vi NG > 9,7((:)5(61(1 —x)+ (1 —d)1—x)(A - @)x;
i J#i
1 _ 1 _
+7 2N NGO (©)5(d(1 —x)) + (1 = d) (1 = x) (1 = )i
Lo
1 _ N, 1
+W -N;-No Z 0;; (c)i,uxi
i J#i
1 _ 1_
+W . ZNJ -NU@}}J(C)EMX,-.
Lo

The first three terms sum to

AR S S T RCA EL P
2(1 = ) (1= ) gl =) + G (1= ) (4 26),
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the subsequent four terms sum to

N;i6N (c) + N;6N
%(1 _ %)% I i (C); 191 ) (2x:(1 = x;) + d(1 — 2x:)(x; — x1)) ],

N:OY () + N;0N ()

Setting
2
aii(x) == —xi (1 —x;),
p.

1

it is straightforward to show that, as with the case of the sequence b (x) and its putative
limit b;(x), that condition (C) is satisfied for i = j. Considering now i # j, since
there may be at most one replacement of an individual during any one reproductive phase,
we note that there cannot be simultaneous changes in the proportion of type i and type j
individuals carrying a, at /. In particular, a; (x) = O for all i # j and condition (C) is
satisfied with a;;(x) = 0.

Let ¥V be defined as in equation (3.6.5). It follows from Jensen’s inequality that,

k
x — y[* SkZ|Xi—J’i|4

i=1

and thus that

k
yN<x)sk§/Rk — oM, dy)—kZNz N ().

Condition (E) then follows from (C).

3.6.6. Proof of the approximation of genealogies. The dynamics of the genealogical
process form a continuous-time Markov chain. Since this process has a bounded Markov
generator, it is sufficient to check the convergence of the individual rates.

Consider first a sample of two type i individuals in a large population of size N. Let
us determine how far back in time we have to look until we see an asexual reproductive
phase from which our focal individuals were the two outputs (the surviving parent and its
progeny). Looking backwards-in-time, either of the ancestral lines we are tracing encoun-
ters an asexual phase where it is the parent at total rate 2N (1 — &); this event concludes by
replacing the second ancestral line with probability N;,”'. Thus, we encounter a common

ancestor (for the allelic type at /) after an exponentially distributed amount of time with
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rate parameter
2N(1—a6)N; .

This reproductive phase concludes without mutation with probability 1 — &, in which case
we say that the two individuals coalesce, and with a mutation with probability . Passing

to the limit N — oo, the two individuals coalesce at total rate

Nli_l)noo 2N(1—0)N, ' — ) = %

Now let us proceed to the more general setting, considering a sample of n individuals
from a population of size N > n. Denote by n; the number of this sample who are of type
i. In particular, Zle n; = n. We proceed by establishing the genealogy of the sample at
the locus / in the large population limit N — oo.

We begin by thinking about what happens to the genealogy when we encounter an asex-
ual reproductive phase in the total population. Let us first restrict our attention to the case
that these conclude without mutation. These events occur at total rate N2(1 — &) (1 — j1) so
only events of probability O(1/N?) or greater will be seen after passage to the limit. With
probability n; /N - (n; — 1)/ N; this is an asexual phase involving two ancestral lines in our
sample. In this case, the two individuals are said to coalesce. In the limit, this happens then

at total rate
n;yn; — 1

2 [n;
lim N?(1 —6)— 1l—p)y=—|.]
Jm ( O)N N, (1—p) pi<2)

and, after this event, we need only continue to trace n; — 1 ancestral lines in order to

establish the genealogy of our original sample. We must also consider the case that either,
or both, of the ancestral lines involved during an asexual phase are not in our sample of n

individuals. Although this happens at total rate

k
201 = ni Ni—n;  Ni—ni Ny —n;\ - _
N

which blows up as N — oo, we still continue to need to trace n; ancestral lines of type i
and thus do not see any change in the observed genealogical history.

We consider the effect on the genealogy now when we encounter sexual reproductive
phases; again, we begin by restricting our attention to those which do not conclude with
a mutation. These events occur at total rate N26(1 — ft). Recalling that & = o/N, we
thus need only consider events of probability O(1/N) or greater, since only these will be
retained after passage to the limit. Consider when we will encounter a sexual event where

one of the sampled 7n; type i individuals inherits its allelic type from a type j individual.
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This occurs with probability

N; — njdn; N;— nid n;

()jZN N (),-2N

+ O(1/N?),

ie, when the focal parent is of type i but not in our sample of ancestral lines; it successfully
finds a type j mate; this type j mate is also not in our sample; the progeny inherits the
mating type from the type i individual and the allelic type from the type j ; and the replaced
type i individual is in our sample. This similarly happens when the focal parent is of type j
and the chosen mate is of type i, corresponding to the second term in this sum. It would also
be the case if either, or both, of the parents are in our sample, but this event is of probability
O(1/N?) and thus neglected. Thus, after passage to the limit, we need to continue to trace

one fewer type i ancestral line and one further type j ancestral line at rate

N; —n; N; —n; N; —n; —n;.d n;
. 2= i i AN J J i gN i i
aim NG (0 (©) N, b o TR AR
d i0; 0
:‘72 P /(C)+PJ J(C) l_ml](p )i
Di

Sexual phases which conclude with the replacement of an ancestral line not in our sample,
although possibly occurring with O(1) probability, are not seen when tracking just the
number of ancestral lines needed to establish the genealogy of our original sample of n
individuals.

Let us turn now to events which also involve a mutation. In order to observe a change in
our genealogical process, the progeny of the event must be in our sample. This occurs with
probability n; / N; if the inherited mating type is i . Thus, a reproductive phase is sexual, in-
cludes a mutation, and actually observed with probability of order O (o i Zle n; N7 =
O(N ~3). Since events occur at total rate N2, all such events may be neglected. Turning to
asexual phases, we observe a mutation when the ancestral line we are tracing is the progeny
of an individual not in a sample and a mutation occurs; a type i ancestral line experiences

a mutation at / total rate

Jim N2(1 - A/
im N*(1-0) N s N nijt

3.6.7. Identity by descent in a population with & self-incompatible mating type
classes. In this section we derive a system of equations for the probability that two indi-

viduals are identical by descent; our system is specialised to and subsequently solved in the
case that p; = 1/k foralli =1,2,... k.
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To ease notation we will write m;; (p, ¢) = m;;. Conditioning on the first event,

2 i 2”ni~
= /p + Z]Tij / .
210 + 2/ pi +2Zj;éi mij i 210 + 2/ pi +2Zj;éi mij

TTii

Fori # j,

mi i
T = Ty + i1 :
; 200+ Yy Mar D M ; 20+ Dppi Ml F 2 M1

Tractable solutions to this system of equations do not exist in general. Specialising to
the case that p; = 1/k, writing ;; = my, =: g ifi # j, mjj = myy =: nsifi = j, and

mij = myy =:m = od/(k —e™°), this system of equations may be rewritten as

k + Gk = Lym (3.6.13)
Ty = T . 6.
ptk+G—1m “urk+k=-Dm
Fori # j, o
py— _K=2m o oom (3.6.14)
i+ (k—Dym i+ (k—Dym

A simple rearrangement of equation (3.6.14) yields that

. m
_/L—i-m

T[d 7Ts,

and subsequently substituting this into equation (3.6.13) gives that

k
Sk (k=D

_om k
o mk e p(l+ (k=12

TTs

Td

3.6.8. Identity by descent in mixed self-incompatible and unisexual population. In
this section we derive a system of equations for the probability of identity at the neu-
tral marker / for pairs of individuals chosen from a population consisting of k — 1 self-
incompatible mating type classes of equal size, and a unisexual class consisting of a pro-
portion « of the total population. Let the probabilities 7y, 74, 7y and 7 be as defined in
the section ‘Mixed self-incompatible and unisexual populations’ above.

We use the limiting genealogical process to compute the probabilities of identity by
descent. Two individuals will be identical by descent if they coalesce before either experi-
ences a mutation.

Two lineages of the same self-incompatible type coalesce at rate 2(k — 1)/(1 — ) and
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two individuals of the unisexual type coalesce at rate 2 /«. Conditioning on the first event,

which may be a coalescence, a mutation or a migration,

25l ok —)mmg + 2moy Y

T, = , (3.6.15)
T 2u 285l 4 23k — 2)m + 2m,
2(k = 3)ymmy + 2mmg + 2 u
g = 2k —3mmd s T “Mouly (3.6.16)
2u 4+ 2(k —2)m + 2my,
21 L2k — Dmyon®
= 1( oty (3.6.17)
2/L+2E+2(k—1)mu0
m(k —2)7% + mo, ¥ + (k —2)myomyg + myom
T = ( ) d oully ( ) u0/td u0/ls (3.6.18)

2u + m(k —2) 4+ moy + (kK — 1)myg

We now consider the case that @ = 1/k and ¢ = oo; in this case, as discussed in the
main body of the paper, symmetry between the self-incompatible and unisexual classes is

introduced and

" ku+od
Ty =m, = ;
kpu+od + p(p +od)
" od

kp+od 4+ pu(pn+od)
Let us now turn to computing ¢ and ¢*, the probability of mating with an individual distinct
at the neutral marker for self-incompatible and unisexual individuals respectively. The
symmetry does not carry over to these quantities because the unisexual types retain the
ability to mate with themselves. The quantities are straightforward to compute:
k—2 1
¢ =——(1—m) + (1 - )
k—1
=—(~N—-r
(¢ d)
k=1 kp+p(u+od)
k kp+od+ pup+od)

and E_1 .
¢ ===+ (=)
k—1 1
= (1- —(1 — 7,
k( 7Td)+k( 7s)
_ (k=Dpu+pu+od)
kp+od + p(u+od)







CONCLUSION AND FURTHER WORK

In this last chapter, we review the contributions of this thesis and comment on possible

extensions for further work.

Ancestral lineages.

In spatially structured populations there is a substantial interest in understanding gene
flow and the resultant patterns of genetic variation in the population. If we begin with
a single individual from some population alive today and choose a particular bit of her
genome, then, looking back through history, we can imagine recording the geographic
location of the ancestor from whom that individual inherited that bit of genome. This spatial
motion, as a function of amount of time in the past, we called a lineage. Understanding the
spatial motion of these lineages is fundamental to explaining patterns of genetic variation
in spatially structure populations.

The demographic details of an individual-based stochastic population model determine
not only the time evolution of population sizes, but also the dynamics of lineages. Whilst
in the simplest models the motion of the lineage is given by a simple random walk, in more
general models they are given by a random walk in a random environment. We sought to
understand the motion of these lineages for two contrasting models of spatially distributed
populations: in Chapter 1, where the population size dynamics depend on nonlocal interac-
tions between adults and juveniles; and, in Chapter 2, when the population size dynamics

are determined entirely by exogenous factors.

Gene flow in a population model with nonlocal dispersal of juveniles.

In Chapter 1 we defined a model where the demographic parameters depended on the
local population size in a near neighbourhood. We defined a sequence of individual based
models, indexed by n € N where, for two sequences t,, 1,, of non-negative real numbers,
individuals live in demes indexed by Z¢ and the population evolves in discrete generations
with inter-generation time t,. Each individual in the population is assigned ‘mass’ n,. We

write X' (x) for the size of the population in deme x € Z¢ at time ¢, that is

X[ (x) := n, x number of particles alive at x at time ¢.

207
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Reproduction is described as follows. For each ¢ € {t,,21,,..., T/t ]},

1. at each point x € Z¢, each individual, independently, produces a Poisson number of

juvenile offspring with parameter y, (X" (x));

2. at each point x € Z¢, after production of juveniles, each adult at x, independently,
dies with probability w, (X} (x));

3. with probability mt, each juvenile, independently, migrates to a neighbouring deme
(chosen with equal probability from among its nearest neighbours), otherwise it stays

in its parental deme;

4. after migration, for each x € 74, each juvenile at x, independently, establishes (and
so becomes an adult in the population) with probability r, (X,—(x)). (We treat this

maturation as instantaneous.)

Defining g, by R
n/n — Mn
T,

8n =

and assuming 7, — 0, n, — 0, n,/t, := 6, — 6 € [0, 00), we proved that the sequence
of processes (X"),en is weakly convergent in the Skorokhod topology to the interacting
system of SDEs

Xo(x) = u(x),

X = Xo0) + [ K@ ds + [ Dri)ai@o X ds

t
+ | VRGN @ — )Xol dWi o)

’ (3.6.19)

under the conditions of Assumptions 1.2.3. This was the statement of Theorem 1.2.5.
Furthermore, denoting by L% the process which records the location at time ¢ before
the present of the lineage ancestral to a lineage sampled from the origin (if it exits), under
the same rescaling, and after imposing further minor conditions on the parameters, the
sequence of processes (X", L"),en is weakly convergent to the pair (X, L), where the
law of L is given conditional on X and satisfies the stopped martingale problem: L is the

unique process such that Ly = 0 and

tAT¢
F(LO) — f(Lo)— /0 AX F(Ly) ds

is a P[-| X ]-martingale for each f € B(Z), where
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lr(XT—t (x))

X -
A S0 = 2 Xr—(x)

(@Xr—x + (S + D = £()
+ (X7 (x = D)(f(x = D) = () ).

and 7¢ :=inf{t > 0: Xy, (L;) <c}.
Taking § = 0, under the conditions of Assumptions 1.2.12, the system (3.6.19) has a

stable fixed point where the population size is equal to u at all demes x € Z. Defining

XH(x) —uy

Z7(x) = 5172

to be the fluctuations about this stable fixed point, the sequence of processes (Z”"),en 1S
weakly convergent to a system of Ornstein—Uhlenbeck processes, coupled through an ad-
ditional drift term. This is the result of Theorem 1.2.14.

Under further conditions of the parameters which guarantee that the drift term in this
system of Ornstein—Uhlenbeck processes is sufficiently regularising (Assumptions 1.2.17),
the limiting process Z admits a reversible stationary distribution.

Whilst we are able to make initial progress on the behaviour of the lineages in this
regime there is significant scope to push our analysis further. We do however, see two key
quantities, (log @)/, and (log(ry), which determine the speed and direction of the ancestral
lineages. If @, > 0 is positive, ancestral lineages jump to demes of higher population
density, and if (ry), < 0, once at a local maximum, they tend to stay there, in the sense
that they jump more slowly than average. On the other hand if @/, < 0, the lineage tends to

jump to regions of lower population density, and will loiter in local minima if (ry), < 0.

Gene flow in patchy habitats.

In Chapter 2 we sought to quantify the patterns of genetic variation in populations
with structure engendered exogenously, by the presence or absence of transient, patchy
resources. In our model, the habitat at each location of space may take one of two values,
good or bad, indicating the presence or absence of such a resource. We assumed that the
population was distributed across the infinite one-dimensional lattice and the population
size at each site was determined by the quality of the habitat there: G in regions of good
habitat and B in regions of bad habitat.

We denoted by N(x, k) the population size at location x € Z k generations ago and
by m(x, y) the probability that offspring of an ancestor at x establish at location y. The
lineages (Lk)k>0, Where L is the location k generations ago of the (maternal) ancestor

of a given individual who is today randomly chosen from L, form a Markov chain with
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transition probabilities

m(x,y)
> m(z,y)
N(x,k)ym(x,y)
Y. Nz k)m(z,y)

ifZ N(z,k)ym(z,y) =0,
P[Lk:lek_lzy]: z

otherwise.

We passed to a limit where B — 0 so that, when given the opportunity, lineages will
always move from bad to good habitats and remain within them until their origination.
We set, without loss of generality G = 1. In spite of its apparent simplicity, our model
allows us to explore a variety of scenarios, while retaining some analytical and numerical
tractability.

By varying the spatial and temporal autocorrelation of habitat quality in several models,
we can highlight how these determine the long-term behaviour of lineage movement, and
hence spatial patterns of relatedness and gene flow. In order to control the spatial auto-
correlations we specified that dynamics of the habitat be stationary and reversible and, for

po > 0and p; > 0, with stationary distribution given by the Fortuin—Kastelyn measure

N,
_ Nog1 N PoP1
== (G i)

where Ny and N, are the number of zeroes and ones, respectively, and N, is the number of

patches of good habitat, ie the number of runs of ones.

In Section 2.2.2 we found that when resampling the environment after each discrete
generation we found that lineages could be both faster or slower than one moving in a
homogeneous environment. In Section 2.2.3, the same phenomenon was encountered when
the environment was held fixed for two generations.

However, this is a rather unnatural thing to do. In Section 2.2.4 we passed to a limit where
the patches and the lineages evolved in continuous-time. The system of habitat quality
evolved as an interacting particle system; the quality of the habitat at each location x € Z
flipped from bad to good, or vice versa at a rate dependent on the state of the habitat in
some finite neighbourhood. In this same limit, the lineage was given by a continuous-time
random walk in a dynamic random environment. Whilst the lineage jumps at a constant
rate o2 it always chooses the jump to areas of good habitat when they are available.

Our goal was to compute the long-run mean square displacement of the lineages, or
their effective dispersal. Since lineage speed is determined by the length of time they are
trapped within patches of good habitat and motion of patches during this time, a thorough
understanding of patches in the space-time plane was required. In Theorem 2.3.4 it was

shown that after making a suitable choice of parameters, after a diffusive scaling of space
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and time and passing to a limit where patches do not interact with one another, the midpoint
of the patch and its width are well-approximated by independent diffusion processes. The
limiting midpoint process M is given by a standard Brownian motion. The width process

W is given by the solution to the Skorokhod problem for the diffusion process S given by

S, = Wy —2vyt + 2B,

where BY is a Brownian motion independent of M and vy}

> ( is the average width of
patches. Moving backwards through time, the patch reaches its origination at time 7". For

some constant y, > 0, it was shown that 7" is given by
T =inf{t >0:¢, >2U/yp},
where £ is the local time process

l, =0V (—iIgSs),
and U is an exponential random variable with unit mean independent of M and B" .

The behaviour of the patches of good habitat in this limit allows us to make a number of
qualitative inferences about the speed of lineages as the parameters of the model are varied.
In a limit where the lineages move fast enough so that they encounter these increasingly far
apart patches in finite time, we give an argument to support the conjecture that the speed
of the lineage will be proportional to the proportion of time spent in regions of bad habitat.
Moreover we conjecture that the effective dispersal rate, after suitable rescaling, should be

given by

Genetic diversity in populations subdivided into self-incompatible mating types.

In Chapter 3 we considered a model for a population structured by its reproductive strat-
egy. Most fungi, ciliates and algae, mating is similarly restricted to occurring between
individuals from distinct self-incompatible classes, termed mating types. However, the
number of mating types is not necessarily restricted to two, with up to 23,328 in fungi and
100 in ciliates. We sought to understand when such population structure would evolve and
the reason for such variability in the mating type number.

The novelty in our methods is that we abandon any attempt to model selection for recom-
bination, a major obstacle to previous work, and instead take a courser grained perspective.

Our approach is to quantify the patterns of genetic variability by computing the probabil-
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ity of identity by descent for individuals sampled from either the same or distinct mating
types. For our model, we are able to express this probability as a function of the number
of mating types and the frequency of sex. Assuming that k£ mating types occur in constant
frequency in the population, in an infinite population limit, the probability that two indi-
viduals sampled from the same mating type class are identical by descent for an allele at a
neutral marker on the genome is given by

KL+ (k= 1))

TR+ G- D )

T

and, for two individuals sampled from different mating type classes, is given by

mo K[+ k=D

T mkI 4 k- DT

T4

where o is the average number of sexually reproductive events per generation, w is the
average number of mutations, and m is the effective gene flow between mating type classes
due to recombination. The parameter m is proportional to the probability that an individual
is successfully able to find a mate when it attempts sex. Our methods involved using the
Stroock—Varadhan theory of approximation of Markov chains by diffusions and construct-
ing the corresponding genealogical process in the limit. This genealogical process is given
by the structured coalescent where, unlike in classical models, the structure refers to mating
type classes rather than spatial locations.

We have shown that although self-incompatibility decreases the probability of successful
sexual reproduction, it can in fact increase the probability of effectual sexual reproduction
between non-clone mates, even exceeding the rates of effectual sexual reproduction in uni-
sexuals. However the strength of this effect is highly dependent on population parameters
including its effective size, the rate of sexual reproduction and the population composi-
tion. Increasing the number of mating types and decreasing the number of sexual events
per generation o increases the relative benefits to self-incompatibility over unisexuality.
Meanwhile decreasing the cost to mate finding (ie allowing more opportunities for the self-
incompatible types to find a compatible mate) has a particularly prominent effect on the
probability of effective sex in the self-incompatible population, allowing it to more readily
exceed that in a unisexual population.

We found that in this mixed population consisting of k — 1 self-incompatible subpop-
ulations and a single unisexual class, the unisexual individuals can exploit the diversity
generated by mating types, obtaining a higher rate of effectual sex than in their monomor-
phic populations. While this leads to unisexuals having a higher probability of effectual sex

than their self-incompatible mating type competitors when rare, this advantage is frequency
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dependent; as the frequency of unisexuals increases, their rate of effectual sex dips back be-
low that of their self-incompatible competitors. While the precise frequency at which this
transition occurs depends in a complex way on the model parameters, our intuition from
the case of monomorphic populations carries over: the advantage of self-incompatibility
over unisexuality diminishes as the number of mating types decreases, and the number of
sexual events per generation o and costs to mating finding increase.

In regard to when we would expect self-incompatible classes to be selected for we found
that initially (when rare) a mutant self-incompatible type would only be weakly selected
against but that in order to drift to more substantial frequencies, the costs of mate finding
would have to be sufficiently low. If the self-incompatible mating types can be maintained
in the population for a sufficient amount of time at low-frequencies, they can obtain a higher
effective rate of sex to their unisexual ancestors. If genetic recombination with non-clone
mates is sufficiently advantageous, this could generate selection for mating types.

Answering the question of the number of maintained mating types, we found that new
mating types experience a selective advantage both in terms of increased mating opportu-
nities relative to resident population and a (shared) decrease in the probability of mating
with a genetically distinct individual. There is then selection for an ever greater number of
mating types, which are only kept bounded by genetic drift.
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