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Summary

The focus of this thesis is on the extension of mathematical models in population genetics
in order to capture the effects of highly skewed offspring distributions or of strong selection
on the genetic variation within a population. The population models which are considered
in this work in particular include the biological phenomenon called recombination. Roughly
speaking, recombination corresponds to a split and subsequent reassembly of the genome
during reproduction due to which a new configuration of genes appears in the offspring. The
specific interest was to study neutral gene genealogies where the considered genes are in the
vicinity of a genetic locus experiencing high selective pressure. The main results of this thesis
therefore add to the understanding of the dependence structure of many partially linked loci
on the same chromosome when one of them carries a highly advantageous gene.

In the main part of this thesis, Chapter [2, we consider the partition of a sample taken from
a population at the end of a so-called selective sweep. More precisely, we approximate the
distribution of the ancestral relationships of neutral genetic loci which are partially linked
to one locus under selection. The evolution of the population is here described by a Moran
model with selection and recombination. After explaining our model in detail, we proceed
with presenting the main result, an approximate distribution for the partition of a sample
after such a sweep. The order of the error term in the derived approximation is the recip-
rocal of the logarithm of the population size. This result is an extension of the findings of
Schweinsberg and Durrett [36] towards the multi-locus case and gives insight into the precise
dependencies of two neutral loci on the same chromosome as the locus under selection. In
a related work, Pfaffelhuber and Studeny [31] studied the same three-locus geometry, how-
ever, their analysis was based on a different model which requires to first take the limit for
infinitely large population sizes meaning that the resulting approximation only allows for a
vague interpretation of its actual accuracy. Further, in contrast to them, we here present the
sampling formula which can be used in order to construct a typical sample.

In the subsequent Chapter [3| we present joint work with Charline Smadi from CMAP, Ecole
Polytechnique, Paris-Saclay. The research question was basically the same as in Chapter
namely to approximate the distribution of the neutral genealogies of a sample taken from a
population at the end of a selective sweep. Here however, we modeled the evolution of the
population by a birth and death process with varying population size and transition rates
depending on the genetic types of the individuals and the current state of the population.
This model mirrors the influences on a population more realistically and allows to incorporate

several biological parameters, such as the influence by competition. This work relies strongly
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on the results presented in Chapter [2]and further benefits from the findings of Charline Smadi
in [38].

Chapter [4] focuses on two aspects of so-called A-coalescent processes which arise as the limit
genealogies for large populations with more variable offspring distributions. By means of
a genetic data set from a population of Pacific oysters, Eldon and Wakeley showed in [16]
that the classical coalescent approach does not capture the reproduction behavior of these
marine organism. Their work revealed that there are reproduction events where a significant
proportion of a new generation of the population consists of offspring of one single individual
and hence a description by a binary coalescent is not suitable. The motivation for the study
of A-coalescent processes in this present work results from questions in the field of animal
breeding as such skewed offspring distributions can also arise when only a few breeding bulls
account for most offspring in the total cattle population. We therefore seek to better under-
stand processes with a large variance in the number of offspring per individual and which
at the same time incorporate more complex biological processes such as recombination. It
is essential to fully understand the dynamics of such processes in order to develop statistical
methods which help to determine which processes and distributions best describe the evolu-
tion of the population given the genetic data.

In this last chapter, we first give a formula of recursive nature for the expected height of a
coalescent tree for a general measure A. For particular cases such as the Kingman or the
star-shaped coalescent, this quantity is derived easily. For a general measure however, there
is no closed formula so that investigations in this area have so far focused on the study of dual
processes where asymptotics for the height and length of the process are known. In addition
to the formal statement, we provide a MuPAD algorithm which calculates the expectation
for measures A = ¢, for some a € (0,1]. Second, we describe a spatial algorithm on how to
generate an ancestral recombination graph for these more general coalescent processes. This
is an extension of the spatial algorithm of Wiuf and Hein [41] who only considered populations
whose evolution can be well described by the Kingman coalescent.

In the following Chapter [I] we will give a broad introduction into stochastic population mod-
els which helps to understand the concepts that are developed in the later chapters. We will
focus mostly on models with constant population size and only in the end describe a birth and
death process modeling a population of varying size. We start with defining a general model
for generating new generations which was first introduced by Cannings in [12]. Here, we also
state specific examples for different offspring distributions leading to well-known models such
as the Wright-Fisher or the Moran model. Further, we investigate the limit behavior for large
population sizes which leads to the introduction of coalescent processes. A core part of the
introductory chapter will be the description of how biological features such as selection and
recombination can be included into the population models since the main results of this thesis

are based on the study of exactly these more complex models.



CHAPTER 1

An introduction into models in population genetics

Before we start with the introduction of some mathematical models which are used to describe
the evolution of populations through time we will briefly list some definitions of biological
terms and processes which are needed along the way.

A population, that is, an aggregation of individuals, is said to be panmictic, if all individuals
have the same probability of mating with each other (so-called random mating). This means,
that neither genetic properties nor physical appearance, nor any sort of environmental or
social aspects influence the mating and reproduction ability of an individual.

The genotype, that is, the genetic information of an individual is stored in the DNA which
consists of coding parts, called genes, and non-coding parts. A gene can have different vari-
ants, the alleles, and the different alleles of one gene can lead to different phenotypic traits,
that is, a different appearance such as eye color. We call a part in the DNA which encodes a
gene a locus, with plural loci.

In organisms whose cells contain a nucleus, so-called eukaryotes, the DNA is organized in
chromosomes. Fach chromosome consists of two identical chromatids which are connected
with each other through the centromere (see Figure . The number of chromosomes

varies amongst the different species.

centromere

chromatids

Figure 1.0.1: Schematic drawing of a chromosome.

An organism is called haploid, if its cells have a single set of chromosomes, whereas it is
diploid, if the cells have a double set of chromosome. In this case, generally a maternal and
a paternal chromosome build a pair of so-called homologous chromosomes. These have the

same genes at the same loci but not necessarily the same alleles as they are inherited from
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different individuals.

In case of sexual reproduction, special cells, so-called gametes, are formed which fuse with
the gametes of the partner during fertilization. In diploid individuals the gametes are formed
during a cell-division process called meiosis, where the double set of chromosomes is reduced

to a haploid one.

1.1 Cannings Model

Throughout this section we will study panmictic haploid populations with fixed population
size N over time. We will first define a stochastic population model with well-defined non-

overlapping generations in a general form.

Definition 1.1 (Cannings Model). Label the individuals from 1 to N and define for i €
[N]:={1,2,...,N} and t € Ny the random variables

Vf := # offspring produced by individual i from generation t.

A population model with an offspring mechanism v' = (vi,...,v§) fulfilling the following

properties is called a Cannings Model:

1. (Equilibrium, Markov property) For different t the variables Vi, ... v are independent.

2. (Exchangeability) For each t the vector (Vi,...,vY) is exchangeable, that is,

(Vit?Véa--"V}fV) ~ (Vfr(l)vyfr(Q)a--wVfr(N))
for any permutation © on [N].

3. (Constant population size) For each t we have

Many of the classical population models can be defined within the above framework.

Example 1.2 (Wright-Fisher Model). In a Wright-Fisher model, a new generation is created
by sampling from the previous generation, independently and with replacement. The number
of times an individual is drawn corresponds to its number of offspring. In the formulation of
a Cannings model, we have v = (v1,...,vy) ~ Mult (N, %, cees %) An alternative interpre-
tation is obtained by considering the process backwards in time: each offspring chooses its
parent uniformly at random out of the previous generation, independently of the others. See

Figure for a graphical representation of this model.
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gen. 1
gen. 2
gen. 3

gen. 4

Figure 1.1.1: Four generations under a Wright-Fisher Model.

&

Example 1.3 (Moran Model - discrete generation version). In one step of the Moran model,
a pair of individuals is chosen uniformly at random, the first one reproduces and has one
offspring, the second one dies, all other individuals just persist. A generation in the sense
of the Cannings Model thus corresponds to the reproduction of only one individual. We

therefore speak of steps in the Moran model rather than generations. If we define
Pyio:={Py-(2,1,...,1,0)7 | Py a N x N permutation matrix}.

then the offspring distribution v = (v1,...,vn) ~ U (Pa19) describes the evolution of the
population under a Moran Model.

A version of the Moran Model is obtained when drawing twice from the population with

step 1
step 2

step 3

Figure 1.1.2: Three steps of a Moran Model.

replacement. Then however, the offspring distribution is different as the vector (1,1,...,1)
has positive probability.

The classical Moran model is defined by the same reproduction mechanism but with expo-
nentially distributed random times between two events. More precisely, each individual 7 has
a clock which rings with rate 1, that is, after a time t; ~ Exp(1), independently of all other
clocks. When this clocks rings, individual ¢ is replaced by an offspring of a uniformly chosen

individual from the population (including 7 itself). This implies that in a population of size
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N, an event happens after a time ¢ ~ Exp(/N). As this rate does not change the reproduction
mechanism and is constant over time, we can impose the specific event times afterwards and

stick with the definition of the discrete time Moran model. &

Example 1.4 (Modified Moran model with skewed offspring distribution (cf. [16])). We can
generalize the above defined Moran Model towards a skewed offspring distribution with higher
variance. This can be realized by choosing a random number of individuals which are replaced
by the offspring of only one individual: we here first choose randomly the number U — 1 of
killed individuals and then uniformly at random the labels of the corresponding individuals.
The variable U can have any distribution on the set {0,1,2,...,N}. As an example, we
restate the distribution from [16]:

1-N" ifu=2
Py(u)={ N—7 if u= N

0 otherwise,

with constants v > 0 and ¢ € (0,1) which control the frequency and the extent of larger

merging events, respectively. Conditional on U = u, the offspring vector then is in the set

Puo:={Pyn-(u,1,...,1,0,...,007 | Py a N x N permutation matrix}.
—— ———

step 1
step 2

step 3

Figure 1.1.3: Three steps under the modified Moran Model.

o

In these population models with exchangeable offspring distribution, it is easy to impose
different, neutral genotypes on the individuals of the first generation. We can then study the
evolution of the number of a given type over time, assuming that an offspring always copies
the type of its parent. By neutral we mean, that no type has any advantage over any other
type (otherwise, the exchangeability would not hold anymore). By definition of the Cannings
model we can see that the process X = (X;):eny which indicates the proportion of individuals

with the distinguished type at each time step ¢ is a Markov chain with transition rates
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determined by the offspring distribution. If we continued in this direction, an appropriate
time scaling of the process allows us to set up the generator of the corresponding continuous-
time Markov process. This combined with taking the limit of large population sizes shows
that the frequency of alleles of a given type can be described by a diffusion process given

through the following stochastic differential equation:

dX; = \/X:(1 — X;)dB, (1.1)

with B; a standard Brownian motion. As the focus of this thesis lies on different aspects,
namely genealogies rather than frequencies, we do not go into details regarding the derivation
of the above equation or results which have been obtained by this approach. We will only
later, in Chapter [2[ compare our findings with the results from [31] obtained by the study of
this so-called diffusion approximation.

At this point, we pursue another approach motivated by the following observation: when
looking at the above realizations of the population models, we notice that not all individuals
from the starting generation will have passed on their genetic material to an individual from
the last/present generation. Consider as an example the ancestral lineages of generation 4 in
the Wright-Fisher Model from Figure [I.1.1

gen. 1
gen. 2

gen. 3

gen. 4

Figure 1.1.4: Ancestral lineages in a Wright-Fisher Model.

Already those four generations indicate that by simulating the evolution of a population
forwards in time, we create lots of genetic material which is not relevant for any individual
living at the present time. Therefore, depending on the aspects that we want to study, it
may be more efficient to consider a population backwards in time, and generate its genealogy
starting with the individuals from the present generation. Whenever two or more individuals
are offspring from the same parent in the forward-in-time population model, they find a
common ancestor in the backward-in-time model and their ancestral lineages merge into one.
This is one of the reasons for the analysis of so-called coalescent processes in the field of

population genetics.
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1.2 The limit of large populations - coalescent processes

The great strength of the above formulation of the Cannings Model is the related theory
concerning the limit behavior for large populations. We will shortly introduce coalescent
processes as a self-contained concept and then draw the connection to population models in
general and in particular to the discrete models introduced above. For further details on

exchangeable random partitions and general coagulation processes see [33}, [5].

Definition 1.5. Denote with Py the space of all partitions of N, and analogously P, =: P,
the space of all partitions of the set [n]. The number of blocks of a partition & € Py, for
N € {N,[n]}, is denoted by |£|. We further define the following relations for &, n € Py:

ECn if n can be created from £ by merging blocks of &,

k
E<n if £ Cnandn is created from & by merging exactly (1.2)
k blocks of £ into 1 block, |&| = |n|+ (k —1),

2
where we will write < instead of <.

Definition 1.6. We call a continuous-time process TV := (TEN ) =0, with values TV in Py,
N € {N,[n]} a coalescent process if

1. TV is a Markov PTOCess,
2. the transition rates qg, are positive if and only if £ C n,

3. TV is exchangeable: TIM is called exchangeable if any partition of [n] into k < n blocks
of sizes by, ..., by has the same probability, independent of the contents of the blocks but
only dependent on the number of blocks and their sizes. TIN is called exchangeable if the

restriction to [n] given by 1" s exchangeable for all n € N.

We further call IV consistent if for any k with [k] C N its projection onto the smaller set
[k] is again a coalescent process where the probabilities of a certain partition can be derived

as marginal probabilities from the original process.

The name coalescent process is motivated by the dynamics of such a process: we only observe
the merging or coalescence of blocks. An event where such a fusion of blocks occurs is called

a coalescent event.

Remark 1.7. As we can identify every partition in P, with an equivalence relation on [n]

and vice versa, we also denote the set of all equivalence relations on [n] by P,,.

Obviously, once the coalescent process reaches the state where there is only one block left, it

never leaves it again. In terms of genealogies, this motivates the following definition:
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Definition 1.8. The first time when I s equal to the trivial partition with one block,

T = inf {t >0 [ =1} (1.3)
s called the time to the most recent common ancestor. It is the first time that all sampled
lineages can be traced back to the same ancestor and thus, it is the height of the coalescent
tree (see also Definition .

We can analogously define this height for coalescent processes on Py but then T}gim is not
necessarily finite, depending on the rates g, of that process (see [35] for a necessary and
sufficient condition for this property, which is called coming down from infinity). In this
work, we only consider genealogies of finite samples out of a population.

We will now define two specific coalescent processes which are widely known in the setting of
population genetics. The first one is the well-studied Kingman coalescent where coalescent
events always involve exactly two blocks, the second one the more recently studied and more

flexible A-coalescent process, introduced by Pitman in [32] and Sagitov in [34].

Definition 1.9 (Kingman coalescent). The Kingman coalescent process T := (I15);5o
is a consistent coalescent process with values in Py and initial partition T = Ay :=
{{1},{2},{3},...}, the partition of N into singletons. Furthermore, for & # 0, the tran-
sition rates fulfill

qan{ N (1.4)

0 otherwise.

In other words, there are only binary mergers and no simultaneous coalescent events. In
particular, the rates do not depend on the sizes of the blocks in .

The Kingman n-coalescent process I = (Hf(’n)gg for n € N is the projection of II¥ on
[n].
The concept of partitions may be rather abstract, alternatively, we can keep the following

image in mind when it comes to coalescent processes on P,,:

Remark 1.10. Start drawing a mathematical tree with n leaves which represents the starting
configuration A,. The rates of the Kingman n-coalescent process stated in indicate that
any specific pair of lines starting from the n leaves merges with rate one. Therefore, with
k < n lines present, the time until the next merger happens is distributed exponentially with
parameter (g) As the process is exchangeable, each pair has the same probability of being
chosen at the time of an event, and due to the Markov property of the process, the time until
the next merging event is independent of all previous times. As the process stops when there is

only one line (or block) left, we obtain a graphical representation as shown in Figure (1.2.1a]).



8 An introduction into models in population genetics

Definition 1.11 (A-coalescent). Let A be a finite measure on [0,1]. The A-coalescent process
T := (I1})4>0 is a consistent coalescent process with values in Py and initial partition TIY =

Ay, the partition of N into singletons. Furthermore, for & # n, the transition rates fulfill

Jiom 21— 2) kA (da) if € Zn

(1.5)
otherwise.

den =

Put differently, there are no simultaneous coalescent events and if the process is in state
§ with |{| = b, any k-tuple of blocks of & merges together to one block with rate \pj :=
f[o,l] xF=2(1 — 2)>"FA(dz). The consistency of the process holds due to the following property

of those rates:

Abk = Aot1k + Aby1 ksl
The A-n-coalescent process TIN 1= (H?’")@O for n € N is the projection of TI™ on [n].

We can think of the A-n-coalescent in the same way as described in Remark for the
Kingman n-coalescent. The only differences are that in one merging event more than two
lines may coalesce, and that the times between events are distributed with a different rate,
according to the measure A. We only list some examples at this point and will discuss the
properties of these coalescent processes in detail in Section where we in particular give an
intuition on the structure of the rates from .

Example 1.12 (Examples of A-coalescent processes). 1. The Kingman coalescent is identical
to a A-coalescent with A = §g, the Dirac measure at zero.

2. If A = 41, we call the process a star-shaped coalescent as in case of a merging event, all
blocks coalesce into one.

3. The coalescent with A(dx) = dz, the uniform measure on the interval [0, 1] is called the

Bolthausen-Sznitman coalescent, introduced in [10].

If we consider a coalescent process in reversed time, that is, starting with only the root, it is

nothing else than a pure birth process in continuous time.

Definition 1.13. For a coalescent process I define the times of coalescent events recursively
for1<k<n—1by

T&‘[[n] _ O,
Tkn[n] —inf{¢>0: m)[fn” < ‘H[g]j_l‘} if ‘H%_J >1, and (1.6)

n]

~11("] ~ 11l .
o =l =1
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t t
4k—\ T7=...:'1:'11 4‘—\ N7_1
To Ne =2
Te
Ts N5 =3
Ty Ny=5
|
TS T N3 =9
T, Ny =10
’1:1 N; =11
7l
123456 789101112 0 123456 789101112
(a) A Kingman coalescent tree. (b) A A-coalescent tree.
Figure 1.2.1: Coalescent trees.
Further, denote the number of blocks TI" has after the k-th jumps by
il
N = ), (1.7)
and define the duration of time Hl[tn] spends in one state by
[n] ~17[n] ~17[n]
T = ity (1.8)
We denote by
n~l _ grel it _ alalnd
H — +tn—-1 — Z Tk ( Tmrca) (1 9)
k=1
the height of the coalescent tree corresponding to ™ and by
DR =S R——
=N N (1.10)
k=1

the (branch) length of the coalescent tree. Whenever there is no ambiguity, we omit the

superscript TIM™ or replace it by an n in order to ease notation.

Both quantities, HI and 0™ play an important role in the investigation of biological
processes: if for example mutations happen on the same time scale then their impact will be
visible in a sample from the population (see Sections and .

Note that in case of the Kingman coalescent all states from n to 1 will be attained, that is,

we indeed have n — 1 coalescent events and the Tj’s are all distinct. This is not necessarily
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the case for a A-coalescent where the number of blocks can decrease by more than one at
a time. However, in any case we have TE? =T ,{{L’ja An example of the times T and the
corresponding block sizes is given in Figure [I.2.15]

We will now turn back to the population setting and consider the situation where we want
to trace back the ancestry of a sample containing a fixed number n of individuals out of
a (infinitely) large population. In this case, there exist some very nice convergence results
which in particular show the universality of the Kingman coalescent: many of the standard
population models will in fact converge to the same limit object. Although this latter aspect
was introduced by Kingman in [27], 26] we here follow the formulation by Mohle, [28]. In his
work he considered an even more general population model, a Cannings model with varying
population size for the different generations. Here, we will restate his result only in the case
where the population size is constant over time and where the distribution of the offspring
mechanism ¢! is independent of the generation ¢. Recall Remarkwhere the correspondence

between partitions and equivalence relations was addressed.

Theorem 1.14 (Theorem 3.1 (Remark), [28], Kingman). Consider some Cannings model
given through v with v' identically distributed for all t and constant population size N as
introduced in Definition . Fiz a sample size n € N and denote by (nyﬁn)meN the process

with values in Py, which is created by the following equivalence relation:

i A" J &= 1 and j have a common ancestor m generations backward in time (L11)
under a realization of v, '
and 11" = A,,. Define
1
If the below stated conditions (1)-(3) are satisfied, the time-changed process (H@?wj)po con-

verges weakly in Dp, (]0,00)) to the Kingman n-coalescent process for N — 0o:

(1) lim eny =0,

N—oo
1 N
k1), _
(2) ]\}l—{%o N3CN; (V™ (v —1)) =0, forallk €N,
1 N
. 2y
(3) A}gnoo Tox ijzzzlE(Z/i(ui - rs) =0

Here, Dp, ([0,00)) is the Skorokhod space on [0,00), that is, the space of all cidlag (right

continuous with left limits) functions on [0,00) with values in Py,.

In the following remark we give an intuition on the conditions (1) to (3) from above.
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Remark 1.15. Note that we needed to speed up time by the factor 1/cy in order to see
convergence to the Kingman n-coalescent. The value cy defined in (1.12)) is the probability
of the event A, that two individuals picked at random from the population find a common

ancestor in the previous generation:

P(A) =E(1{4y) = E(E(1{4|v))

N oy —1 1 1
:E(izlzy\lnyxlf—1):N—1N.

2

N

(E(@w?) — E(m)) = E <”1(]\’;1_11)) — .
=1 B
Thus, the new time scale is such that we expect to see one merging event in the sample in one
time unit.
The conditions (2) and (3) on the offspring distribution v stipulate that neither the probability
for a parent to have more than two offspring nor the probability of two different parents
producing offspring in the same generation is big enough for an occurrence of these events in

the limit process.

Lemma 1.16. The Wright-Fisher model as introduced in Ezample[1.3 and the Moran model
from Ezample both fulfill the conditions (1)-(8) and thus converge weakly to the Kingman

coalescent as N tends to infinity.

Proof. The proof can be done by straightforward calculations and we will therefore not state
it here but only derive the value of ¢y for both offspring distributions as it also gives insight
in the needed time-change.

For the first introduced formulation of the Moran model we have E(vy) = 2/N+(N—-2)/N =1
and E(v?) =4/N + (N —2)/N =1+ 2/N and thus cy = 2/(N(N — 1)).

In the Wright-Fisher model, each v; is distributed binomially with parameters N and 1/N.
Hence, E(v1) = 1, E(v?) =2 — 1/N and thus cy = 1/N. O

As we will later focus on A-coalescents, we here state a more general convergence result as it

was formulated by Schweinsberg in [37]:

Proposition 1.17 (Proposition 3, [37]). Suppose

E[(mn( —1) - va(va — 1)]

A}gnoo ey =0 and ]\}1_1)1100 Nen =0. (1.13)
Also, assume that for some probability measure A on [0, 1], we have
N 1
lim —P(v; > Nx) :/ y2A(dy) (1.14)
N—oo CNy T

for all x € (0,1) at which the limit function is continuous. Fir a sample size n € N and

denote by (1‘[;’,’[“‘)”1eN the process with values in P, which is created by the equivalence relation
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given in (L11) with 1" = A,. Then, as N — oo, the process (HIE£7CNJ)t>O converges to

(Hé\’n)go which has the same law as the restriction to [n] of a A-coalescent.

The moment condition stated in (1.13|) can be interpreted as follows: in the limit of large
populations and with respect to the new time scale, the probability that two individuals
reproduce at the same time should be negligible. This implies that we will see no simultaneous

mergers in the limit process. Again, the time change is given through cy.

Example 1.18. Let us resume the example of the modified Moran model introduced in
Example [I.4] and consider different values for the parameter v which regulated the occurrence
of a multiple merger. For v > 2, the authors from [16] showed that the limit process is indeed
a Kingman coalescent. However, as observed in [16], if v < 2, the probability for a merging
event with more than two lineages is high enough such that those events can not be ignored in
the limit process. We will here apply Proposition [I.17]in order to reach the same conclusion.
Let 0 <y <2and v € (0,1).
EEM - |Vl _EES+1-%-1]_ |

N = N -1 - N —1 = yw 20 -NT)+ YNII(HN - 1)],

and thus cy — 0 as N — oo (holds true for all v > 0). Further, the discrete model does
not allow for simultaneous mergers and thus E[v(v; — 1) - va(v2 — 1)] = 0. Now we want to
look for a measure A which might fulfill . By definition of the distribution of U we find
P(v1 > Nz) =0 for all z € (0, %) U [1),1). Now, for z € [2/N, 1)), we have

N N _r11 1 1
Py > Nx) = —E|—1_ = N7 =

1
—>E, N — 00, asy<2.

Hence, for A = ¢y, the Dirac measure at 1, the equality in holds true for all x €
(0,1). With time scaled by 1/cy, the ancestral process of an n-sample following the offspring
distribution v therefore converges to (wa,n)t20 as N — oo. In particular, for 0 < v < 2, the
two-mergers will not occur in the limit process.

As mentioned by Eldon and Wakeley, the case v = 2 is special in the sense that both kind of

mergers will be seen in the limit process. This can be deduced from the following calculation:

N 1 1 1
—P(y >Nz)=—N"2= - , N — o0,
CN (1 ) CN m@(z\f? — 1)+ 9NN 1)) 24?2

and hence, A = 52380 + 570y fulfills (T1) for = € (0,1). o

With this theory of convergence at hand, there are now two possible ways to reflect the

evolution of a population for large, constant population sizes. On the one hand, we can
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study the discrete-time model and specify in every detail how the reproduction mechanism
is supposed to work. On the other, we can first take the limit for infinite populations and
then work with the limit process. Often, the latter is chosen since the analysis of coalescent
processes is usually simpler and by now there is a vast variety of theoretical work to rely on.
In addition, many discrete models actually converge to the same limit and hence, the study

of the one limit object allows to draw conclusions for several schemes.

1.3 Biological complications: recombination, mutation and se-

lection

In this section, we want to introduce some biological processes which influence the evolution
of a population and which we have ignored up to this point. We will consider the discrete
population models introduced before and also show how these biological complications can
be incorporated into processes in continuous time. We will in particular introduce and study

the impact of recombination as this mechanism is one of the key aspects of this work.

1.3.1 Recombination

In contrast to Section we will first explain recombination for diploid populations, that
is, populations where the individuals have a double chromosome set. In the models which
are introduced later we however consider the framework of sexually reproducing haploid
populations, that is, we consider a gene pool of single chromosomes and disrespect the diploid

pairing. For a rigorous mathematical model for diploid individuals see for example [§].

Definition 1.19. Recombination denotes the chromosomal crossover (or crossing-over) which
may happen during the meiosis when the parental gametes are formed. Before the cell division
starts, each chromosome is duplicated and during this process the two chromosomes of one
parent can entangle and thus interchange genetic material. The resulting chromatids after
meiosis then are not a simple copy of one parental chromatid but are a unique combination

of genetic material from both of the parental chromosomes.

Remark 1.20. 1. If we go back to the level of one chromosome, we see that in contrast to
the previously described models it can have up to two parent chromosomes, while each locus
is still copied from exactly one individual. Note that in particular in the case of a double (or
multiple) crossover as shown in Figure the offspring’s chromosome still only copied
material from the two maternal (or paternal) chromosomes.

2. When we later, in Chapter[3, indeed restrict ourselves to the chromosomal level, we will

consider population models where the two parents of an offspring are drawn randomly from
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(a) Single crossover. (b) Double crossover.

Figure 1.3.1: A pair of homologous chromosomes of the offspring.

all the individuals in the population. We have to keep in mind though that this is only an
approximation. In the diploid scenario, the second parent of the newborn’s chromosome is
known to be the second homologous chromosome of the first parent and not some randomly

chosen partner.

Let us now consider different ways of modeling the evolution of a population when taking care
of the phenomenon of recombination. We will give an example of a discrete time model in a
similar spirit as in the Examples and and then introduce two different approaches

of modeling the process in continuous time.

Definition 1.21. Consider a neutral, discrete-in-time model with constant population size
2N. In each individual, the gemealogical relationships of | € N distinguished loci are con-
sidered. At each locus Lj, an individual can have one of n; possible alleles. We study the
alignment L1 — Lo — --- — L; and assume that during a reproduction event, a recombination
happens (independently of everything else) between each adjacent pair of loci Lj and Lj1 with

probability rj, j =1,2,...,1 —1. A new generation at time t + 1 is then created as follows:

e cach individual i from generation t has v; offspring, where 2351 vj = 2N and v follows
some distribution (as in Definition [1.1)

e independently for each offspring, the number and places of recombinations are given by

the outcome of | — 1 independent Bernoulli random variables B1, ..., Bj_1 with Bj ~
Bernoulli(r;),
e define the recombination points mi, ma,... by my := min{k > 1: By = 1} and forj > 1

mj := min{k > m;_1 : B =1}
e if there is no recombination (all B; = 0), the offspring copies all alleles from the parent,

o if there is at least one recombination, a second parent is chosen uniformly at random
from all individuals of the t-th generation and the offspring copies the alleles from both

its parents as follows:
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— the alleles at the loct 1,2,... . mi,ma+1,...,m3,mqg+ 1,... are copied from the

first parent

— the alleles at the remaining loci (my + 1,...,ma,m3 + 1,...,mg,ms +1,...) are

copied from the second parent

Figure 1.3.2: Example of the offspring’s alleles for
l=r.

e parent’s alleles: @,
e second parent’s alleles: @
L] (Bl,...,Bg) = (1,0,0,1,0,1)

= offspring’s alleles: -O—E—8—E-0—O011

For a better understanding, we will exemplarily describe a Moran model with two loci and

two alleles in the next example.

Example 1.22. For a population size of now 2N individuals, we use the offspring distribu-
tion from Example in which the Moran model was introduced. Let us consider [ = 2 loci,
with possible alleles A,a at L1 and B, b at Ly. Recall that one step of this model consists of
uniformly choosing one individual which reproduces and one individual which is replaced by
the offspring of the former. Here, with probability 71, the offspring copies the allele at Lo not
from the parent but from an again uniformly chosen individual of the parental generation. If
for example we have drawn an (A, B)-individual as the parent and an (A, b)-individual as the
second parent, the offspring is of type (A, B) with probability 1 — r; and of type (A,b) with
probability 7. See Figure for an illustration.

Figure 1.3.3: A step in a Moran model with recombination, 2N = 8,
type of offspring at second locus depends on whether there is a recombination.

%

In continuous time, one would like to generate an analog to a coalescent tree in order to de-

scribe the genealogy of a sample (or the whole population). Trying to interpret the genealogy
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of some group of individuals by means of a coalescent brings problems as soon as a recombi-
nation causes one chromosome with two parents. Such ancestry can no longer be described
by a tree but we need a graph in order to capture the different ancestral paths of the different
parts of one chromosome. The resulting construction is then called an ancestral recombination
graph, or short, ARG. As already mentioned in Remark [I.20] each single locus in the genome
can still be traced back to exactly one individual from each previous generation, although
the whole chromosome may have two ancestors. Thus, we can indeed build a coalescent tree
for each locus of the present population. However, all those coalescent trees will be highly
correlated as neighboring loci are inherited together if there is no recombination. As pointed
out in Durrett [I4], it is rather hard to obtain analytical results considering the properties of
genealogical processes which account for recombination. While there are explicit formulas for
the covariance of the coalescent trees for partially linked loci in case of a sample size of two
individuals, most other results for a higher number of individuals are of a recursive nature.
Instead of reproducing known analytic results here, we concentrate on the algorithmic con-
struction of processes with recombination.

However, before we do so, we need to think about the correct time scaling of the recombina-
tion probability, similar to the line of thought from the previous Section [1.2

In Theorem [I.14] and Proposition we saw that, for constant population size 2N, we need
to scale time in the discrete process by a factor of 1/cony in order to obtain convergence to
a coalescence process. In the discrete model with recombination, each individual recombines
(independent of all others and previous events) with probability » within the time span of
one generation. Thus, during 1/con generations the expected number of recombinations for
an individual is r/con. Inspired by this, define the scaled recombination rate (also called the

population recombination rate)
p r
P 1.15
5 (1.15)

and denote by 7°¢ and T the time until a recombination happens in one ancestral lineage
with respect to the continuous and the discrete process, respectively. Then, if T¢ is greater

than ¢ time units, 7% needs to be greater than t/coy time units. This implies:
P(T¢ > t) = P(T? > t/con) = (1 —r)t/e2n

:(1_71”;%)%%: ( _F){Q)C;N}tﬁexp(—ptﬂ), (1.16)

C2N

which is the probability that an Exp(p/2)-distributed random variable exceeds ¢. Hence, for
the rescaled process in continuous time, the time until one lineage experiences a recombination

is distributed exponentially with parameter p/2, which is in general assumed to be finite.
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Remark 1.23. In biology and as well in mathematical models describing biological processes,
often we do not measure the length of some DNA sequence with respect to the physical dis-
tance between the endpoints or the number of base pairs included in the sequence. Instead,
the length is expressed in the expected number of recombination points along the sequence.
A unit of that length measure is called a centimorgan, or a map unit. More precisely, one
centimorgan (cM) is equal to that distance between positions on the chromosome in which the
expected number of recombinations per generation is equal to 0.01.

The existence of so-called recombination hotspots on the genome implies that those two dis-
tance measures, number of base pairs and centimorgan, are in general not directly proportional

to each other.

In the following we will measure distances between genetic loci in the expected number of

recombinations occurring between them.

Remark 1.24. Recall Definition and assume that the probability to recombine is identical
between all loci, that is, 11 =19 = ... =1;_1 = r. Then the number of recombinations on one

sequence in one step is binomaially distributed:
P(# recombinations =n) = (

As each generation is created through the same mechanism, this can be extended to the fol-
lowing thought: suppose we are interested in the number of recombinations in a genealogy of

time length 1/con (keep in mind that we will scale time by 1/can ). Then,

P(# recombinations during time 1/cany =n)

_ ((l - 1)/C2N> T‘n(l i T)(l*l)/CQN*TL'

n

If we assume the following limit behavior,
1/con — o0, | = 00, 1 — 0 such that r-(l—1)/can — p/2,

then, by the Poisson limit theorem, we get

(P/z)n. (1.17)

P(# recombinations during time 1/con = n) — exp(—p/2)=—"—
n!

Thus, the number of recombinations in 1 unit of the new time is Poisson distributed with

parameter p/2.

Note particularly that in the rescaled process with time sped up, there are almost surely no

simultaneous recombination and coalescence as both events can be modeled by Poisson Point
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processes (with intensity proportional to the Lebesgue measure).

The construction of an ancestral recombination graph (ARG)

We will now describe two possible algorithms for the construction of an ARG and focus here
on Kingman coalescents with binary mergers only, as defined in Definition An algorithm
for the ARG in case of a more general A-coalescent is then given in Section

The ARG as a birth and death process. The first approach, as described by Griffiths [20],
Griffiths and Marjoram [21], is to directly generate a graph starting at time 0 with the current
sample of individuals and going back in time until all loci in the sample have found a common
ancestor. The genealogical line of an individual then can split whenever a recombination
produces two different ancestors of the genetic material of that individual, or the line merges
with another lineage in a coalescent event. We will here only consider a two-locus version with
a one-step recombination probability of r between those two loci. This model however can be
extended straightforwardly towards multiple loci with different strength of linkage between
them.

Algorithm 1.25 (cf.[20],[21]). The ARG can be constructed as a birth and death process
where the rates depend on the number of ancestral lineages present at a given time. If we use
the scaled recombination rate from ((1.15), the rates of the process are as follows:

k
birth rate = kp/2, death rate = <2>,

in case there are k lines present in the graph. A birth corresponds to a recombination of the

affected lineage, a death to the coalescence of two lineages. &

Note that the death rate is quadratic in & compared to the linear birth rate, which implies
that the process will almost surely reach the state where there is only one line left in the
graph. Although the process could be continued from that time on (as the birth rate is
positive) we stop the process at the first time it reaches one line as no further information on
the genealogy is gained from that point on.

The death rate is known from Remark the birth rate follows the intuition from Equation
(1.16)). For a better understanding of the shape of such a process, see Figure in which we
consider a two-locus model and recombinations are illustrated by stars. We further indicated
the embedded coalescent tree which describes the history of the rightmost locus by slightly
shifted orange lines. The leftmost locus only finds a common ancestor when the whole graph
reaches the state of one line.

This straightforward construction however can lead to the creation of edges in the graph

which contain no genetic material ancestral to the sample, such as for example the dashed
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|

Figure 1.3.4: Ancestral recombination graph as a birth- and death process.

line in Figure a result of two successive recombinations. The true time until the most
recent common ancestor of all sampled genetic material is found can therefore be smaller
than the generated height of the graph. This is an important difference between ancestral
recombination graphs and the coalescent trees from Section [I.2]

As we will later focus only on the second possibility to construct the ancestral recombination
graph, we will give no further detail to the properties or extensions of the above birth- and

death process but continue with the definition of a spatial algorithm.

A spatial algorithm for the construction of the ARG. The second idea was introduced by
Wiuf and Hein in [41], and can be thought of as “walking along the genome” instead of going
back in time. In this algorithm, each sampled sequence is taken from the same part of the
genome for all individuals and the sequences are thought of as a continuous interval rather
than a discrete alignment of loci. The basic idea is to first generate a coalescent tree which
models the ancestry of the leftmost point in the observed part of the gene sequences. Then,
in order to check whether this tree also describes the history of the neighboring parts, we
need to define a process which defines the number, point and time of the next recombination
event. Here, “next” is meant with respect to the spatial position in the genome, independent
of time. If there is a recombination, we adapt the existing coalescent in a specific way and
subsequently continue this process for all successive loci, each time based on the most recent
coalescent tree.

We borrow the notation from [41], where the authors start from a constant population size
model for N diploid individuals, each with two sequences which consist of L nucleotides. The
next generation is then formed by sampling with replacement N pairs, that is 2N sequences,

of the previous generation and allowing the pairs to recombine between any two nucleotides
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with probability . Similar as described in Remark [I.24] the limit of large populations is then
taken as follows:
time is measured in 1/cony = 2N generations and

(1.18)
N — oo, L - 00 and r — 0 such that 2NLr — p/2.

This way, the authors measure the sequence length in expected number of recombinations per
2N generations (cf. Remark [1.23]). The findings from Remark and in particular (1.17))
then justify the following, which is stated in Section 1 in [41]: let X be the sequence length

until a recombination occurs, and b the total branch length of the complete genealogy, then

P(no recombination in the genealogy | b) = exp(—bp/2),
and for x < p/2 we have  P(X > x| b) = exp(—bz),

that is, X given b is exponentially distributed with parameter b, truncated at p/2. As all
generations are constructed in the same way and the individuals are exchangeable, the re-
combination event takes place uniformly at random over all ancestral lineages: denote by T
the location of the event on the graph, then 7'~ U(0, ).

It is helpful to define the concept of a local tree before we continue.

Definition 1.26. Let L be the length of each of the sampled sequences, and p € [0,L] a
position in the genome (which can be either a point or be identified with a gene). Then the
local tree at p, denoted by T (p), is the coalescent tree which describes the genealogy of the

sample with respect to the point p.
We can now state a pseudo-code of the spatial algorithm.

Algorithm 1.27 (cf. [41]). Assume the model from [41] as described above with limit
behavior of the parameters as stated in (1.18)). Each of the (finitely many) sampled sequences
is thus identified with the interval [0, p/2].

1. Generate a local (Kingman) coalescent tree 7 (0) for position 0.
2. Determine the total branch length b(0) of 7(0) (as defined in Definition |1.13)).

3. Put By = b(0), Py = 0 and Gy = T(0) and repeat the next steps for i = 1,2, ... while
P11 < p/2:

4. Choose the next recombination point P; on the sequence through p; ~ Exp(B;_1) and
then P; = P,_1 + p;. Break if P, > p/2.

5. Draw the location (time and lineage) via t; ~ U(0, B;_1).



1.3 Biological complications: recombination, mutation and selection 21

6. Split the concerned line a position ¢; in two and thus create a new edge e;.

7. Coalesce the new recombined edge e; to the graph G;_; according to the rates of a
Kingman coalescent: if there are k lines present in G;_1, the rate for coalescence of e;
to the graph is equal to k (as we have a pair coalescence rate of 1 and there are k pairs
of e; and one other line of the graph). The edge e; starts at t; and ends at the point

where it coalesces with the previous graph.
8. Set G; = G;_1 U e; and B; the total branch length of G;.
¢

We will look at an example in a more complex context in Chapter [4 and finish this section

on recombination with a few remarks on the spatial algorithm.

Remark 1.28. 1. B; is strictly greater than B;—1 but not necessarily equal to B;—1 + |e;|.
It may happen that the new edge coalesces only with the root, thus the height of the ancestral
coalescence graph can increase.

2. As the branch length is strictly increasing, the recombination points will be closer on the
sequence the further the algorithm advances. However, many of them will fall at a position t
on some edge e of the graph where there is no ancestral material affected by a recombination
at a breaking point p, as the edge e might only describe the ancestry of positions p < p. We
still have to continue the algorithm in those cases as it might happen that later, a new edge
coalesces with that edge e and endows it with ancestral material which is indeed affected by a
recombination at p. Only in the very end we can delete edges (and recombinations on them)
which have no influence on the ancestry of the sample.

3. The authors of [{1] show that their graph is embedded in the graph resulting from Algorithm
[1.27] and thus the algorithm as described above will indeed stop after a finite time almost surely.
4. We need to keep track of the whole graphs G; and can not formulate the algorithm as a
Markov process on the set of local trees {T (p), p € [0,p/2]}. This can be seen by the example
given in Figure where in the graph construction, the positions (y, p/2] on the sequences
find a common ancestor at the same point A as positions [0,x]. Now, if we only kept track of
the last local tree, T ((z,vy]), the event that the tree for (y,p/2] indeed has the same shape as
the tree for [0, z] would have probability zero, in contrast to the positive probability obtained

in the graph construction.

In Chapter [4 we will see which changes are necessary in order to adapt this algorithm for the

use in the context of A-coalescents.

1.3.2 Mutations

As this thesis focuses mainly on the impact of recombination and selection on the genealogy of

a sample, we will only briefly discuss the process of mutation. So far, the offspring’s genome
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[0,x] (x.]

(a) ARG for two individuals, z < y. (b) Local trees.

Figure 1.3.5: A counterexample.

was an exact copy of the DNA of its parent(s). In real life, this copying process holds the

risks of errors which can lead to a mutation.

Definition 1.29. The word mutation is a generic term for any event that leads to changes
in the DNA sequence of an individual. This could be for example a transversion or transition
of one nucleotide to another, such as the substitution of a G by an A, or the insertion or
deletion of parts of the DNA. We speak of synonymous or silent mutations if the change in
the DNA does not lead to a change of the thus coded protein.

For an extensive list of the different types of mutations, see for example Chapter 5 of [22].
We will here consider only neutral mutations which lead to no advantage or disadvantage of
the affected individual. Only in the next section, where we introduce the concept of selection,
we discuss some models which take care of the influence of advantageous gene mutations. As
neutral mutations do not change the character of the underlying population model, it is very
easy to include them into our theory for Cannings models and the coalescent.

Regardless of the exact effect of the mutation, we can incorporate this biological process into
the discrete time models by allowing each offspring to mutate with a certain probability u,
independently of all others. As in Section we can define the scaled mutation rate

— = (1.19)

and can determine the probability of witnessing a certain number of mutations in the corre-

sponding continuous time process in the same way as in Remark By the Poisson limit
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theorem we get

P(# mutations in 1/cy generations = m)

_ (1/CN> um(l - u)l/cme N exp( 0/2) (g)

m

which implies that for a coalescent tree with total branch length b we can uniformly distribute
a Poisson(bf/2)-distributed number of mutations on the tree. This is one of the reasons why

it is interesting to consider the height and in particular the length of coalescent processes.

Depending on the point of interest, we can choose between two different types of models, both
introduced by Kimura in [25] and [24]: the first is the so-called infinite alleles model (IAM),
the second is called the infinite sites model (ISM).

For the IAM we assume that every new mutation leads to a different characteristic of the con-
cerned gene, that is, each mutation leads to a new allele. This makes it rather simple to model
the allele types of individuals sampled from a present population as only the first encountered
mutation, when following the ancestry back in time, is relevant and fully determines the type
of the individual.

gen. 1
gen. 2

gen. 3

gen. @C@é@‘@)

Figure 1.3.6: Wright-Fisher Model with mutation, TAM; different mutations
in different colors; sample from present time in gray box.

The importance of the second model, the ISM, increased substantially when the newer se-
quencing methods led to a finer decoding of the DNA, enhancing the demand for a more
accurate model which can capture sequences of mutations. As the name suggests, we here
assume an infinite number of sites in the considered sequences which implies that every new
mutation hits a new site with probability 1. The present generation from the example in
Figure [I.3.6] then could be represented as shown in Figure [1.3.7]

There exists a vast amount of literature concerning these two different models, which also
gives theoretical answers about the distribution of types in a sample. As this topic is not

within the scope of this work, we continue with the concept of selection.
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Figure 1.3.7: Sample from present time under the IAM; different mutations
in different colors, all mutations recorded.

1.3.3 Selection

When recalling the Definition[I.I]of a Cannings model, we see that we might run into problems
when adding the concept of selection to the reproduction process. Even if the assumption
of constant population size can be met approximately, the request for exchangeability clearly
contradicts the idea of selection, which is, that some individuals have a higher chance of repro-
ducing than others. We will therefore not try to fit models with selection into the Cannings
framework.

Within this thesis we will only consider non-spatial models and assume that selection is ex-
pressed only through the genotype of an individual and not by its phenotype or environmental
properties. In order to study the impact of different selection mechanisms we therefore label
all individuals in the population with respect to their genotype. We will in particular focus
on a so-called one-locus-two-allele model where each individual has either the allele A or the
allele B at some distinguished locus in the genome. Based on this simple model one can
then add more loci, more possible alleles or other structures, such as interactions between the
different allele combinations at a number of loci.

Let us first consider only one locus. If the gene expression at the locus is not neutral, it has
some influence on the fertility or lethality of an individual and hence, it exerts some kind of
selective pressure. This pressure can either be negative or positive and leads to so-called di-
rectional selection. In this directional selection, one genotype is favored over the other which
leads to fixation of the advantageous genotype and thus at the same time to extinction of the
other type. Here, the process of favoring one allele can be expressed by different mechanisms.
Either, an individual having the favorable allele is less likely to die than an individual with the
other type, or the probability to produce offspring is higher, or else, the number of offspring
produced by an individual with the advantageous type is higher. Before we give an example
of a population model with directional selection we introduce the notion of relative fitness

and the selection coefficient for a population with two possible genotypes A and B.

Definition 1.30 (see Chapter 6 in [22]). Let Ng(t) be the number of individuals in the
population with type G € {A, B} at time t. We suppose that the growth rate of the population
is genotype specific and that those rates A\g for G € {A, B} do not change over time. Then
Ag is said to be the absolute fitness of the genotype G and

Ne(t+1) =g Nea(t), Ge{A B}
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Ag can therefore be understood as the average number of offspring produced by an individual
of type G. The relative fitness wf of the genotype B with respect to the genotype A is given
through the fraction of the absolute fitnesses, wﬁ = Ap/Aa, and the selection coefficient is
then defined by

sB :zl—wf, st = 1—w§.
Note that s¢ can be positive or negative, depending on which allele is favored over the other.
p g P g

We will later drop the type-dependent sub- and superscripts whenever the reference is clear.

Example 1.31 (Wright-Fisher model with selection). Recall the Example of the Wright-
Fisher model and let s > 0. Selection in a two-allele model where individuals with allele A
have relative fitness (1 + s) : 1 with respect to type-B-individuals, can be expressed through
a change in the probability of sampling an individual with a specific genotype from the

generation at time ¢ to be a parent of an individual from generation ¢ + 1:

Na(t)(1+s)
(14 8)Na(t)+ Np(t)’
Np(t)
(14 8)Na(t)+ Np(t)

P(A-individual is sampled) =

P(B-individual is sampled) =

Note that we could have replaced Np(t) by N — Ny4(t) here as the Wright-Fisher model

assumes constant population size N. &

Example 1.32 (Moran model with selection). We here present two different ways of con-
structing a Moran model with selection where the relative fitness of the A-allele is 1 + s.
The first version is taken from [40] and very much like the above Wright-Fisher model with
selection whereas the second example is introduced (with different parameter and additional
complication) in [36]. Recall that a step in the Moran model is equivalent to choosing one
individual which reproduces and one individual which dies.

Model 1. We assume that the selective pressure acts through the choice of the parent,
whereas the killed individual is chosen independently of the genotype. Suppose, Na(t) = k
and hence Np(t) = N — k. Then the following transition probabilities follow for the process
Na(t):

B k(1 +s) N—k
Pkt =gargsov_n N
Nk k
IP)(kﬁkfl)zl<:(1+s)+(J\f—l-c)N
 k(1+s) k Nk N—k  (2+s)kN -k
P ) = i )TN N TRt r Nk N 1 N-ks
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thus the ratio of the absolute fitnesses is indeed

P(k—k+1) _k(l+s)(N—k) _1+s

Pk —k—1) (N—-kk 1

Model 2. In this version, we suppose that both parent and killed individual are chosen
uniformly at random regardless of their types. However, whenever the parent is of type B
whereas the killed individual has the advantageous type A, the whole event is declined with
probability s/(1 + s) (in [36] this probability is set to be s, resulting in a relative fitness of
1:(1—s)). We get the following transition probabilities:

k N—k
Pk —k+1)=— — "
(k—k+1) N W
N—-k k S
Pk k= 1) = == (1= 155)
N-k k s K  (N-k? (N — k)
Pk — k)= ———  —. AR Ch Rt 2 B i E .
ok =Ny i twet NZ

The calculation of the relative fitness results again in 1 + s, as in the first version. However,
despite the fact that in both cases we considered a Moran model with two types and relative
fitness 1 4+ s, we get two different models as we have different transition probabilities. Note
that in the first model, the selection clearly acted through a higher birth rate of A-individuals.
In the second model, the interpretation is not that easy as both parent and dying individual
are chosen uniformly at random. The decline of a proposed replacement can either mean that
we reject the death of an A-individual, and thus selection acts through survival probabilities,
or that we reject the birth of a B-individual, which would imply a higher fertility of the A-
individuals compared to the B-individuals. A further discussion of this aspect is postponed

to Section %

There are different possibilities to describe a process with selection in the limit of large
population sizes. On the one hand, there is the so-called ancestral selection graph, which was
rigorously introduced by Krone and Neuhauser in [29] and [30]. It is similarly constructed as
the ancestral recombination graph, only that in this case a branching backwards in time is
interpreted as a selection event rather than a recombination.

On the other hand, one can also include selection into the diffusion approximation. Coming
from a discrete process such as the Wright-Fisher model with selection, we obtain a different
stochastic differential equation than for the frequency process of the advantageous type.
Assuming a scaling s = a/N of the selection coefficient and rescaling time appropriately, we

obtain in the limit of N — o

dXt = Xt(l - Xt)dBt + CKXt(l — Xt)dt (120)
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As both approaches are not pursued within this work and only used as a reference during a
comparison of our results with related work in Section we do not go into further details

here.

1.4 The evolution of a population of varying size as a birth

and death process

So far, we have focused on populations with constant size over time. In this last introduc-
tory section we want to briefly mention another possible way to describe the evolution of a
population to which we will go back in Chapter For once, our focus does not lie on the
determination of the genealogies of individuals of the present time but we consider a forward
in time model capturing the number of individuals of a certain type which are present in the
population at a time. The evolution through time is assumed to be a Markovian birth and
death process: each individual of the population gives birth or dies at a certain rate which
may depend on the genotype of the individual and can further include dependencies on the
current state of the population expressed through a competition kernel which acts within the
total death rate of an individual. Such an approach is called a model for Darwinian evolution,
as it assumes type-dependent reproduction- and survival success including competition. Its
mathematical properties were in particular rigorously studied in Fournier and Méléard [19]
and Champagnat, [I3]. We will here define a simple model for an asexual haploid popula~
tion without recombination or mutation and later, in Chapter |3, consider a more advanced
adaptation of it. Further, we will state, without proof, some results from [I3] which help to

understand the underlying dynamics of the model which will be studied in Chapter

Notation and Population dynamics

We suppose that each individual has some genotype « from a type space A which is supposed
to be finite. In this simple case, we consider A = {A,a}. The following microscopic biological

parameters define the dynamics of the population process:
Definition 1.33 (cf. page 3 (1129) in [13]). For a,o’ € A let

b(a) € Ry be the rate of birth from an individual of type c,

D(«) € Ry be the rate of natural death of an individual of type c,

Cla,a’) € Ry be the competition kernel evaluated at (o, o). It (1.21)
defines the pressure felt by an individual of type o

from an individual of type .
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Further, K € N is a parameter which rescales the competition kernel C'. The scaling parameter
K reflects the ability of the habitat to nourish and accommodate a population and is often
referred to as the carrying capacity.

At each time, the state of the (finite) population scaled by the parameter K can be described
by a finite point measure v/ on A. Let N,(t) denote the number of individuals of type
« present in the population at time ¢ (note that in the varying population size model we
actually need to keep track of both values N4 and N, over time). If there are in total
N(t) = Na(t) + Ng(t) individuals present, we have

N(t)

1 1
Vi = 7 2 Ba, = 2 [Na()da + Na(t)da], (1.22)
=1

where «; denotes the type of the i-th individual. The death rate of an individual of type «

is composed of the rate for natural death and competition and it can be calculated by using
(1.22):

Na(t)

Na(t)
i :

K

d(a) = D(a) + /A Cla, 'YK (da') = D(a) + Cla, A) +Cla,a)

We can now define a birth and death Markov process as follows:

Definition 1.34 (Definition 1(b), [13]). Let K > 1. Using the notation from Definition[1.5

we denote by

Q) = Q) (b(4),b(a), D(A), D(a), C(4, 4),C(A, a), C(a, A), C(a, a), N3 (0), N (0))

(1.24)
the law of the birth and death Markov process
N = (N N = (N (0, NI (0) g, with
(N (), N 1) = (MalD) 2Dy, )

NE) has values in [%}2, initial value (NAK) (0), NI (0)) and transition rates as follows:
with rate nab(A) from (na/K,n./K) to (na+1)/K,n./K),
with rate ngb(a) from (na/K,n./K) to (na/K,(n,+1)/K),
with rate na(D(A) + C(A, A)na/K + C(A,a)ng/K) from (na/K,n./K)
to ((na—1)/K,n./K),
with rate nq(D(a) + C(a,a)na/K + C(a, A)ng/K) from (na/K,n./K)
to (na/K,(ne—1)/K).

(1.26)
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Results for the limit of large carrying capacities

Define

b(a) — D(«) .

o = = G a) (1.27)

We now state a Proposition from [I3] which describes the behavior of the process defined in
(1.25) in the limit of K — co. It can be proven by applying results from Chapter 11.1 and
11.2 in [I8].

Proposition 1.35 (Proposition 2(b), [13]). Recall and (1.25) and assume I/(()K) =
N(ElK) (0)64 + N (0)dq. Then, for any t >0, yt(K) = NIE‘K) (t)oa + NéK)(t)éa and Nf(lK) from

[T.25) has the law Q) as defined in (T.24). Assume that
NIgK)(O) —n4(0), and N)(0) = ng(0) in probability for K — co. (1.28)
Then, for any T < oo, (NI(L‘K),NO(LK)) converges for K — oo in probability on [0,T] in the

uniform norm to the deterministic solution (na,ng) of the system

na = [b(A) — D(A) — C(A, A)ny — C(A,a)ng|na,
nq = [b(a) — D(a) — C(a,a)ng — C(a, A)nalng (1.29)

and initial condition (n(0),n4(0)).

The system ([1.29) has at least three steady states (0,0) (unstable), and (na,0), (0,n,) with
Nng from (1.27]).

System is composed of two logistic differential equations, known as the competitive
Lotka-Volterra equations for two species. The proposition tells us that, in contrast to the
limit processes from Section the scaled birth and death Markov process converges (under
certain conditions) to a deterministic process if we consider the limit K — oc.

It is however not sufficient to only study the deterministic process in order to gain insight
in the structure of a population which experiences the intrusion of a mutant. As Barton al-
ready pointed out in [2], random effects have a non-negligible influence as the ancestral lines
strongly interfere with each other when the frequency of the mutant population is small. This
is reflected in the condition which says that the convergence to the deterministic system
only holds for sufficiently large starting configurations of the number of a- and A-individuals.
Champagnat showed in [I3] that, in the case where one sufficiently advantageous mutant a
enters a monomorphic A-population, we can divide the invasion process in three phases with
different dynamics considering the behavior of the populations of distinct types: an initial

phase in which the fraction of a-individuals does not exceed a fixed value € > 0 and where
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the dynamics of the wild-type population is nearly undisturbed by the invading type. A
second phase where both types account for a non-negligible percentage of the population and
where thanks to the result from Proposition [I.35] the evolution of the population can be well
approximated by the deterministic competitive Lotka-Volterra system . And finally a
third phase where the roles of the types are interchanged and the wild-type population is near
extinction such that we can no longer apply the above proposition. The durations of the first
and third phases of the selective sweep are of order log K whereas the second phase only lasts
an amount of time of order 1. We will return to the ideas developed throughout this section
in Chapter 3]

We will now interpret the expression sufficiently advantageous in terms of the model param-
eters. We say that a population is in its genetic equilibrium, if the allele frequencies do not
change from one generation to the next. Motivated by the statement of the above Proposi-
tion [1.35] 71, is called the equilibrium density of a monomorphic type a-population. Define
the so-called inwvasion fitness of a mutant individual of type o/ who enters a monomorphic

a-population at equilibrium as
S(d/,a) =b(a') — D(d) = C(, a)ng. (1.30)

The name of this quantity is explained by the following proposition which states a criterion

as to which of the equilibrium states is taken in the limit.

Proposition 1.36 (Proposition 3,[13]). Recall the definition of the invasion fitness S(a/, )
from (1.30). If the rates from Definition fulfill

S(a,A) <0, (1.31)
then (na,0) is a stable steady state of (1.29). If the rates are such that
S(a,A) >0 and S(A,a) <0, (1.32)

then (na,0) is an unstable steady state, (0,n,) is a stable steady state, and any solution to

1.29) with initial state in R2, converges to (0,74) for t — co.
>0

The sign of the invasion fitness therefore is crucial for the limit state of a population which
experiences the intrusion of a new mutant allele. Further, the proposition tell us that even
if we considered a starting configuration for a population with only one mutant individual
whose allele a is sufficiently more successful compared to the wild-type A, that is, the rates
are such that holds true, then Proposition says that in the limit K — oo the
mutant allele will fix in the population and fully replace the wild-type. We will come back to
the here presented results in Chapter [3



CHAPTER 2

The partition of a sample at the end of a selective sweep

In this chapter, we study the influence of an advantageous gene mutation on the genealogy
of neighboring loci in a population model with recombination. Precisely, we consider a so-
called hard selective sweep where at some time in the past an advantageous mutation B
appears in one individual of the otherwise monomorphic diploid population with wild-type b.
Conditioning on the fixation of this new allele means conditioning on the completion of a so-
called selective sweep after which each individual of the population has type B at the selected
locus (SL) and thus, with respect to that locus, all ancestral lineages will go back to the
first mutant. In contrast, the genealogy for neighboring loci may differ due to recombination.
We here approximate the distribution of the ancestral partition of a sample after a selective
sweep from the point of view of two partially linked neutral loci in order to gain insight in
the haplotype structure after a selective sweep. By ancestral partition we mean that we can
distribute the neutral loci of all individuals into equivalence classes defining whether their
alleles share a common ancestor at the beginning of the sweep or not. In addition we will
mark that equivalence class which contains loci who are descendants from the first, hence we
consider marked partitions.

Our results generalize the first approximation of Schweinsberg and Durrett in [36] for one
neutral locus partially linked to a selected locus. There the evolution of the population was
modeled by a generalized Moran model with selection and recombination, a combination of
the model from Example and Model 1 from Example In the main theorem in [36] a

simple approximation for the ancestral partition with respect to the neutral loci was obtain:

Theorem 2.1 (Theorem 1.1, [36]). Fiz a sample size n € N. Let o = rlog(2N)/s, where
r < C/log(N) is the recombination probability in one reproduction event and the selection
coefficient s € (0,1) is independent of N. Let p=e~% and let © denote the true partition of
the sample. Then there exists a positive constant C such that for all marked partitions m of

the set [n] we have
[P(© = m) — Qp(m)| < C/log(N).

Here, Q) is the distribution of a so-called p-partition on [n] which is obtained as follows: mark
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every element in the set [n] independently with probability p. All marked elements are in the
marked block, every non-marked element forms its own equivalence class (where it is the only

element).

We will show that we can obtain a similar, but more complex structure in the case that each
individual has not one but two neutral loci linked to the locus under selection. In the next
section we will give a rigorous description of our three-locus version of the generalized Moran
model. Throughout this chapter, we will in detail consider the case where the two neutral
loci N1 and N2 are situated to the right of the SL,

SL — N1 — N2 (G1)

and describe the model, results and proofs with respect to this alignment. Based on this
we then also briefly discuss the partition in case of the other possible geometric alignment

(assuming the exchangeability of the two neutral loci):
N1 —SL — N2. (G2)

Whereas many results can be easily extended to the two- or multiple locus case, the relation-
ship between the neutral loci of one individual has to be studied in detail as they are highly
dependent in the sense that in the case of , a recombination between SL and N1 also has
an impact on the ancestry of N2.

In the case of two neutral loci next to a locus under selection the partition of a sample at
the end of a selective sweep was already studied in [31] and later in [39]. However, different
assumptions on the model were imposed and the results are based on the diffusion approx-
imation rather than the precise discrete model. We will discuss in detail the impact of the
different approaches on the possible ancestral relationships in a sample in Section [2.3.2] and
emphasize the benefits of our result. The remainder of this chapter is organized as follows:
we give a rigorous definition of our model in Section [2.I] and subsequently present the main
results in Section 2.2l In Section 2.3] we state a number of results which address the main
issues throughout the proof of the approximation result, followed by a brief discussion of the
most interesting aspects of all obtained results in as well as the actual proof of the
result. The remaining part of this chapter is then devoted to the proofs of the auxiliary

propositions.

2.1 Model and Notation

Recall the Moran model which was introduced in Example [1.3]and again considered in Exam-
ples and We here consider a multi-locus version of the Moran model in continuous
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time with selection and recombination which was introduced in [36]. As a simplification
we model the evolution of N diploid individuals by 2N haploid individuals (each can be
thought of as one chromosome) where in each step each individual gets assigned a label
i € 2N] :={1,2,...,2N} and an allelic type at the selected locus, B or b. A reproduction
event happens with rate 2N and consists in drawing three individuals at random with re-
placement where one of them will be replaced by the offspring of the other two in the next
step. In case of no recombination the offspring is an identical copy of the first parent.

The selective advantage of type B individuals is modeled similar as in Example if the
parent is of type b and the killed individual is of type B we reject the reproduction event
with probability s, where s is independent of the population size N. The parameter s is the
selection coefficient and models the higher fitness of type B individuals.

In case of a recombination event the offspring copies one or two neutral alleles from the second
parent. A recombination happens independently of all other events during reproduction. In
the alignment , such a break in the genome happens with probability 1 between SL and
N1 and 79 between N1 and N2. Whenever a recombination happens, the locus or loci which
are separated from the selected locus by this break are copied from the second parent. In
case of two recombinations, only the middle part, that is, N1, does not descend from the first
parent but is inherited from the second parent.

For the second geometric alignment, , a recombination happens with probability r; be-
tween SL and Nj, j = 1,2. Again, the allele at the neutral locus which separates from the SL
due to the recombination is copied from the second parent, whereas the other neutral locus
and the selected locus get copies from the first parent’s alleles. If two recombinations happen

in one reproduction event, both neutral loci are copied from the second parent.

\\\\(9
00 p leles e00 @00
Figure 2.1.1: A declined Figure 2.1.2: A recombination which
replacement of a B-individual (red) connects N2 to a b-individual, while N1
by a b-individual (blue). and SL are copied from the first parent.

If the type at the selected locus to which a neutral locus is linked changes due to a recombi-
nation event from B to b when looking one step in the past, we say that the locus recombined
or migrated into the b-population (and analogously for a change from b to B), or that the
locus changed its background. If a locus descended from an individual of type b from the
beginning of the sweep, it is also said that this locus escaped the sweep.

For both geometric alignments we assume that the recombination probabilities are bounded
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by a constant over log(/N) which is inspired by the order O(log(/N)) of the expected time
duration (with exponentially distributed times between any two events) of the sweep (see
for example Theorem 6.3 in [14]). Both assumptions on the parameters are essential for our

results and are summarized as follows:

Assumption 2.2. We assume that s € (0,1), a constant independent of N, and further

C.
ri < —2—. j=1,2, for some constants C1,Cs.
J\log(QN)v J s 4 f 1,2
For simplification, we study the propagation of the B-alleles with time parameter ¢t € Ny, in
contrast to the continuous time Moran model. We can however easily replace the discrete time
steps with independent Exp(2N)-distributed random times in order to transfer the results to
continuous time. The time-discrete jump chain of the number of B alleles present at a certain

time step is denoted by X := (X¢)i>0, where
X, := #{ individuals with type B in the population at time ¢ }. (2.1)

Define the number of steps it takes the beneficial allele to fix or to be extinct in the population

as
7:=inf{t: X; € {0,2N}} (2.2)

and further let
Tm = inf{t : X3 > m} (2.3)

be the first time that there are m B-individuals in the population. Similarly, denote the time
of the last visit to m of the walk X by

75 = sup{t: X; < m}. (2.4)

In the following, we will always condition on the event of a selective sweep:

Definition 2.3. The measure P is the probability measure of the above Moran model condi-
tioned on Xo =1 and X, = 2N (the same holds for E). The unconditioned measure will be
denoted by IP'.

We will mostly consider the backwards-in-time process: when stating that some event E
happened before an event F we mean that for ¢tg the time E happened and ¢z the time F
happened, we have tg > tp.

We use the same evolution describing random variables as in [36] except that we additionally

need an indicator for a possible second recombination event:
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e I;1 ~U([2N]) is the label of the individual which will be replaced at time ¢
e I; 5 ~U([2N]) is the label of the parent of the new individual at time ¢
e [;3 ~U([2N]) is the label of the other parent of the new individual at time ¢

e I; 4 ~ Bernoulli(s) is Bernoulli-s distributed and determines whether a replacement of

a B-individual by a b-individual is rejected (I;4 = 1) or not (I;4 = 0)

e I; 5 ~ Bernoulli(ry) indicates if a recombination between SL and N1 takes place (and

the event I; 5 = 1 implies a recombination)

e I; ¢ ~ Bernoulli(ry) indicates if a recombination between N1 and N2 takes place (again

I; 6 = 1 implies a recombination)

Note that the I; ; are all independent of each other and that Iy 1, I; 2, I; 3 refer to the labels
of individuals from the previous time unit ¢ — 1.

In the end, we want to describe the ancestral relationships of all sampled neutral loci and
denote with (4,7) the j-th neutral locus from the i-th individual. Analogously to [36] we
introduce variables which indicate ancestry and type of the allele at a neutral locus at a

certain time during the sweep:

o AY(i,j) € [2N] is the label of the individual living at time u from which the j-th locus
of the i-th individual at time ¢ originates, 0 < u <t — 1,

e By(i) € {0,1} is the allelic type at the selected locus of the i-th individual at time ¢: a
1 stands for type B at the SL, a 0 for b.

With this notation, B;(AL(4,j)) specifies the type at the SL of that individual living at time
t from which the locus (i, 7), sampled at time 7, the end of the sweep, originates.

We can now define a process in discrete time M = (M;);>0, where each array
M, € (2N x {0,1})*"

contains the information about the ancestry up to time ¢ of both neutral loci of all 2V
individuals (where time is running forward, starting with ¢ = 0) and the type at the SL to

which the neutral loci are connected to at that time:

My = (My(1,1), My(1,2), ..., My(2N, 1), My(2N, 2)), with
My(i,j) = (AL(i, ), -, AT (0, 9), Be(3)), t >0, and
My (i,5) = (Bo(i)), i € [2N], j € {1,2}.
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To illustrate this notation, we list the possible event types in one step of the population model
and give the adjustments for the process M. Note that across all the possible events, the
construction of My from M;_1 only differs in the coordinates which relate to the new offspring
replacing the killed individual I; ;. That is, independent of the event which happens, we set
for all 4 # Iy 1:

Bt(l) = Bt_l(i), Ag_l

(1, 7) =1,
Ap(i,J) = A (65), 0<

): (2.5)
uLt—2, j=12.
The entries describing the ancestry of the offspring are constructed as follows:

1. a reproduction event with no recombination happens: Iy 5 = 0 = I; 6, I;1 # I;2 and the
event is not rejected, i.e. either I; 4 = 0 or (By—1(I¢,1), Bi—1(1t2)) # (1,0).

By(I;1) := Bi-1(Li2), A7 NIia1,j) := Lo,
Af(I1,5) =AY (L2, §), 0<u<t—2, j=12

2. a proposed replacement is rejected: Iy 4 = 1 and (By—1(I¢1), Bi—1(It2)) = (1,0). Then
we adjust M as stated in (2.5)), for all i € [2N].

3. one recombination happens between SL and N1: I; 5 =1, I; 6 = 0.

Bi(Ii1) = Bi—1(Li2), AN, ) = (I3, 4),
Al(Lin,7) =AY 1 (Li3,7), 0<u<t—2, j=1,2.

4. one recombination happens between N1 and N2: I;5 =0, I; s = 1.

Bt(It,l) = Bt—l([t,Q))
AT I, 1) == (L2, 1), AP(Ii, 1) =AY (T, 1),
Ai_l(ft,l, 2) = (It,372), A?(It,lﬂ) = A?_l(lt,3,2),

u<t—2,

t—2.

NN

0<
0<u

5. two recombinations happen: I;5 = I;g = 1. This means that the allele at N2 is
again inherited from the first parent as in this case we have a double crossover of the

chromosomes.

Bi(I11) := Bi—1(1t2),
A1, 1) = (La, 1), A¥(Ig,1) = AL (Ii3,1), foru=0,...,t—2,
AN 11,2) = (L2,2),  A¥(11,2) =AY 1 (I12,2), foru=0,...,t—2.
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As an example, the event described in[dl can be illustrated as follows:

Ii2 -@-@@ @O Ii3

offspring - @—®—Cr

Figure 2.1.3: Event {4} a recombination between N1 and N2 leads to a new
composition of alleles in the offspring.

While the offspring copies the type at the SL and the allele at N1 from the parent, I; o, the
ancestral line of the allele at N2 now is identical to the line of the second neutral locus of the

second parent, Iy 3.

2.2 The distribution of the partition of a sample

In this section we will state the main results of this thesis. In general, our aim is to approx-
imate the partition © describing the ancestral relationships of the set of all sampled neutral

loci,
n;1,2] :={(4,1),(i,2), i € [n] :={1,...,n}}. (2.6)
Definition 2.4. With our notation, the partition © = ©([n;1,2]) is defined through
(i, i) ~o (M, jm) = AV, j;) = A2(m,jm), for i,m € [n], ji,jm € {1,2}.

That is, two neutral loci (i,7;) and (m, jm) are in the same block (equivalence class) of that
partition if and only if they descend from the same individual at the beginning of the sweep.

As we want to distinguish the loci which are descendants of the first mutant we mark the block
{(i,5i) | Bo(A2(i,4:)) = 1} by a *.

Consider Figure as an exemplary partition of a group of six individuals sampled at the
end of a selective sweep.

A block of the partition which contains only one element (one locus {(i,7)}) is called a
singleton. We call a block which consists of exactly two elements a double-singleton. The two
loci of the double-singletons which appear in the below stated result will necessarily come
from the same individual.

Before stating the main result we introduce the notion of a marked p-partition (inspired by
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@2 1) @y @2 61 62 6162
o

Figure 2.2.1: Partition for 6 individuals sampled at the end of the selective sweep:

{{(1,1),(1,2),(2,2), 3, D} {2, D} {3, 2)} {4, D}, {42}, {65, D}, {(5,2)}, {(6,1),(6,2)}}

the definition of a p-partition in [36]) for a d-dimensional vector p € [0, 1]¢, for some finite d.

In this work, we are interested in the case d = 5.

Definition 2.5. Let ¢ = (q0,q1,---,q4), with 0 < qx < 1 for all k = 0,...,4 and |q| =
Zizo qr = 1. Let &1,...,&, be independent and identically distributed random variables with

P& =k)=qg, for k=0,...,4, Vi € [n].
We call a marked q-partition of [n;1,2] the random partition where

(i,1) and (i,2) are both in the marked block if & = 0,
(i,1) is in the marked block whereas (i,2) is a singleton if & =1,
(1,2

)

)
i,2) is in the marked block whereas (i,1) is a singleton if & = 2,
1
1

{(3,1),(4,2)} is an unmarked double-singleton if & = 3 and
(

{

i,1)} and {(i,2)} are both unmarked singletons if & = 4.
We denote with Qg the distribution of a marked q-partition of [n;1,2].

Note that in a g-partition the only unmarked blocks are singletons {(, j;) } or double-singletons
{(4,1), (¢,2)} where the two elements are the two neutral loci of one individual i € [n]. There
are no unmarked blocks with loci from different individuals.

Formally, the main result of this paper then reads as follows:
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Theorem 2.6. Fiz n € N and suppose that Assumption holds true. Let
1 _ _n —1_ _"
pr=1 exp( . log(N)), py =1 exp( . log(N)>. (2.7)
Define qa1 = (qo, q1, - - - qa) with

g =(1—p1)(1=p2)(1 —=p1p2), @ = (1 —p1)p2(l+pi(1—p2)],
@ =pip2(1—p1)(1—p2), q3=(1—p2)°p1, (2.8)
g4 = pip2[1 + p1(1 — p2)].

For the alignment (G1|) there exists a positive constant C such that
IP(© =) — Qg (7)| < C/(log N),

forall m e 73[";1.1 9] the set of marked partitions of [n;1,2], and the true partition © as defined
in Definition [2)

The result can be interpreted as follows: up to an error of order 1/log(NV), the typical partition
of a sample of individuals taken at the end of a selective sweep has the same structure as a
qag1-partition. In particular, this implies that the ancestral relationships of the two neutral
loci of a single individual arise nearly independently of all other sampled loci. Furthermore,
the only block in the partition which contains loci of different individuals will be the marked
block. Hence, no neutral loci will find a common ancestor outside the mutant’s family. For a
better perception of this result, we have displayed a possible structure of a sample in Figure
In Section we will discuss in detail the partition structure and also the order of
approximation obtained in this theorem. Further, we give an intuition on the structure of the

probabilities from ¢g1.

chromosomes
N1 ® o o o o o | ° °
N2 o (] (] | o | [ ] | o | (] ([ J
marked block singletons

Figure 2.2.2: An exemplary partition of a sample taken at the end of a selective sweep.

For the geometric alignment (G2 we get a simpler structure of the sample.

Theorem 2.7. Fizn € N and suppose that Assumption holds true. Let p1,ps be as in
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(2.18) in Theorem (2.6 and define gca = (qo,q1, - - -, qa) with

g=0-p)(1=p2), @ =(1-p)p (2.9)

@=p1(1-p2), @=0, qis=pipo.

In the case that we consider the alignment (G2)) there exists a positive constant C' such that
[P(© = 7) — Qgu, (m)| < C/(log N),

forallm € 73[“:“72], the set of marked partitions of [n;1,2].

Note that this Theorem shows that (up to the approximation order) an individual’s two
neutral loci aligned as in behave independently in the sense that whether one of them
escapes the sweep or not has no influence on the ancestry of the other locus. Furthermore,
there are no double-singletons {(i,1), (7,2)} as the probability that both loci migrate at the
same time is negligible, in the same way as the probability that two escaped lines find a

common ancestor in the b-population.

Unless stated otherwise, we will from now on only consider the alignment (G1)) and only
briefly go back to (G2) when giving the proof of the above Theorem in Section [2.3.3]

2.3 Preparatory results and proof of the main theorems

The main theorem comprises three kinds of assertions: first, there are no other than the five
different block types for the two neutral loci of all sampled individuals. For this, we have
to show that events leading to unmarked blocks with loci from different individuals have
probabilities of order less than or equal to 1/log(N).

The second statement of the Theorem is that the claimed marking probabilities are the
correct probabilities for all respective block types. For this, we need to consider all sequences
of events which would lead to a specific ancestral relationship and determine their probability.
Fortunately, we can exclude many events beforehand by applying results from Schweinsberg
and Durrett, [36]. Lastly, we need to show that we can label the individuals independently
from each other, that is, that the partition approximately has the structure of a marked

qg1-partition.

2.3.1 Notation and auxiliary results

We introduce some characteristic times which help us to describe important events during

the sweep:

Definition 2.8. Define the following times of events:
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(i) Denote the first time the j-th locus of the i-th individual migrates into the b-population
with

R(i,j) :=sup{t = 0: B;(AL(4,7)) = 0}. (2.10)

(ii) The first time that individuals i and m find a common ancestor with respect to their j;

and jm,-locus, respectively, is defined as
GIoIm (i, m) = sup{t : AL(i, ;) = AL(m, jm)}. (2.11)

Whenever we address the same neutral locus j in the individuals i and m, we write
GI(i,m).

(iii) Define the first time that the genealogies of the two neutral loci of lineage i go back to
different B-individuals

RE°(i) :=sup{t > 0: AL(i,1) # AL(3,2) and By(AL(i,1)) = 1 = B;(AL(3,2))}. (2.12)

(iv) Similarly, the first time that the two neutral loci of lineage i split within the b-population
and go back to different b-individuals is defined through
Ryee(i) :=sup{t > 0: AL(i,1) # AL(3,2) and By(AL(i,1)) = 0 = By(AL(4,2)), (2.13)
A1) = AP, 2)) '

(v) Last, we define the first time that a double-recombination in one reproduction event leads
to the escape of the first neutral locus into the b-population while the second neutral locus
stays in the B-population:

REFe(i) == sup{t > 0: By(AL(i,1)) = 0, By(AL(i,2)) = 1, and

(2.14)
A0, 1) = A0, 2), B (A (3,1)) = 1.

We here use the usual convention that sup & = —oo.
Furthermore, we will use the following notation:
7’(]) =7y + 1{j=2} . (7"2 — 7’17"2), T*(]) =7+ 1{j=2} . (7"2 -2 7’1T2), 7 =1,2. (2.15)

Here, r(2) is the probability to have a recombination in front of either neutral locus, whereas
r*(2) gives the probability to have exactly one recombination in front of the first or in front

of the second neutral locus. Note that (1) = r*(1) = r;.
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First of all we state the proposition which tells us that a split within the B-population of some
sampled lineage ¢ will most likely occur before any neutral locus of some other individual m

recombines into the b-population.

Proposition 2.9. For all i,m € [n],i # m and all j = 1,2, the probability to see a locus
migrating into the b-population before (seen backwards in time) the two neutral loci of another

individual split within the B-population, can be bounded as follows:

C

P(R(m, j) > RE*(i) 2 0) < Tog (V) (2.16)
More precisely, it holds that
P(R(m,j) > 7n) < ¢ , and
log(NV )C (2.17)
P(0 < RE(i) < 7v) < log (V)"

This proposition is a key result as it allows us to consider the event of a separation within
the B-population separately of events which influence the escape of any locus into the b-
population. All calculations which deal with the escape of neutral loci into the b-population
when following the ancestral lines backwards in time will then only assume that either
R$°(i) > 7v or R°(i) = —oo and will not distinguish between the concrete event time
of RE°(i) in the former case. Precisely, we will consider the time intervals [0, 7x) and [Ty, 7]
separately and hence only have to consider those times where the Markov chain X is less than
or equal to N in all calculations concerning migration events. The separation of the two time
intervals will again be of great use when we prove the multinomial character of the partition
of a sample.

The following propositions are concerned with the structure of possible partition elements,
that is, they bound the probabilities of events during the sweep which would lead to other
than the claimed block types. With the first proposition we bound the probability that a

double recombination in one reproduction event leads to the escape of the first neutral locus.
Proposition 2.10. The probability to witness a double recombination during the sweep can
be bounded as follows:

P(Rj5(i) > 0) < C/log(N),

for alli € [n].

The Proposition below states that we will indeed not see a back recombination into the the
B-population. Hence, once a lineage or a locus migrates into the b-population it escapes the

sweep. Here, the proof is the same as in [36] and will not be given here.
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Proposition 2.11 (cf. Prop. 2.1, [36]).
}P’(Bt(AtT(i,j)) =1 for somet:t< R(z’,j)) < C(j)/(log(N))2.

where C(j) fulfills r(j)2/s* < C(j)/(log(N))2.

This proposition combined with the statement from Proposition implies that the only
way to have an unmarked singleton {(i,1)} while (7, 2) is in the marked block, is a split of the
two neutral loci within the B-population prior (seen backwards) to a migration of (i,1) into
the b-population and combined with the event that the ancestral line of (i,2) never escapes
the sweep.

Further, note that for ¢ = m, the probability of the event {R(m, j) > R$°(i) > 0} can be
bounded by ¢/(log(N))? by the definition of the time R%°(i) and the above Proposition m
The following result bounds the probability that a coalescence which involves an individual

of type b can be witnessed during the sweep.

Proposition 2.12 (cf. Prop. 2.3, [30]).
(G777 (i,m) = 0 and B, g ny 11 (AS"C™ (i, j;)) = 0) < C(log N)/N.

The proofs for this and the following proposition can be taken from [36] and are not repeated

here. We only need to adapt the recombination and coalescence probabilities to match the

three-locus model (see Lemmas and [2.26]).

In this next proposition, we bound the probability of the event that a coalescence precedes
a migration into the b-population which then would lead to a bigger family of a wild-type

b-individual.

Proposition 2.13 (cf. Prop. 2.4, [30]).
P(0 < R(i,ji) < G?7m(i,m)) < C/(log N) .

Before we formulate the auxiliary propositions which concern the success probabilities from
dc1 in (2.8)), we define two quantities which appear in the proofs and also the statements of

those propositions:

), j=1,2. (2.18)

x| =

N
q(ﬂ:l—exp(—ﬁz
5 =1

In the main result, the ¢\9) are approximated by the probabilities p; and po from (12.7) (as we
can approximate the harmonic sum by the logarithm).
Let us now consider the separation of the two neutral loci of one individual within the B-

population. Here we know from Propositionthat we only need to consider times t € [y, 7).
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Proposition 2.14. Let
o 2N—J 1
q}BB ::1—exp<—g Z E>’ and ¢PB = ¢PB. (2.19)
k=1

With T as defined in (2.3) we have for any J =1,2,...,2N — 1:

P(RE(i) > 7)) = ¢35 + O(logi N)).

In particular, with pa from (2.7) in Theorem we get

¢"% = q§” + O(1/1og(N)) and
¢P8 = pa + O(1/1og(N)), that is, P(RE(i) > 7n) = p2 + O(1/log(N)).

We here introduced the notation g% in order to better understand which effect adds in which
way to the marking probabilities. In the end, we will of course replace ¢®2 with py thanks
to the last equation in the above Proposition [2.14]

Next, we consider the probability that a locus recombines into the b-population after a certain
time 7 for some J € [N]. For J = 1 this corresponds to the escape probability if we can
exclude a back-recombination into the B background. Note that this proposition does not give
a joint statement for the two loci and thus the proof can be taken from [36] when replacing
their recombination probability » with r*(j) as reasoned in the next section. Since in addition
we will later recapitulate the main ideas during the proofs of other results, we refrain from

giving a proof of this proposition.
Proposition 2.15 (cf. Prop. 2.2, [36]). Let qf,j) =1—exp (— TT(J) Z%:VJH %) and recall the
stopping time Ty from (2.3). Then

P(R(i,j) > 7)) = ¢§ + O((loglN)2 " (log Zif)\/ﬁ

We denote the possible ancestral relations which the two neutral loci of one individual can

take at the end of the sweep as follows:

Ao = (i,1), (i,2) are both in the marked block,

Aj = (i,1) in the marked block, (i,2) descends from a b-individual,

Ay = (i,2) in the marked block, (7,1) originates from a b-individual, (2.20)
As = (i,1) and (,2) are descended from the same b-individual,

Ay = (i,1) and (¢, 2) originate from two different b-individuals.

Note that the formulation here is different from the block types listed in the Definition [2.5
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as we do not specify whether an escaped neutral locus is a singleton or not. With this, we

can now state the probabilities for each of the A;:

Proposition 2.16. Recall ¢V, ¢ from [@2.18) and ¢P8 from [2.19). We have the following

marking probabilities:

1—g¢M)[gWgPB(1 - ¢?) + ¢@] + O(1/log(N)),
= ¢"PqW(1 - ¢W)(1 - ¢@) + O(1/log(N)),

(
! (2.21)
(1—¢PP)(1 - ¢?)qM + O(1/log(N)), '

q

and P(Ao) = 1 — Y-, P(A;) + O(1/log(N)).

As the proof of this proposition is rather long we devote the whole Section [2.4.3] to it.

With the above statement we have shown that the probabilities stated in the definition of
a1 indeed hold for one individual. What is left to show is that the probabilities for one
individual still hold true when considering jointly all n > 1 sampled individuals. This is
covered by the following Propositions which show the approximate multinomial structure of
the sample. To emphasize this again: for proving the main result we need to make sure that
we can mimic a sample by marking each lineage approximately independent of the others
in order to determine which of its loci escaped the sweep and which not. This is analogous
but more involved than the statement of Proposition 2.6 from [36] because we here have five
different possible states for each individual and hence need the multinomial rather than the
binomial approximation.

The idea is to make use of Proposition [2.9] and give separate statements on the one hand
for the number of individuals who experience a split within the B-population at some time
t with 7y < t < 7, and on the other hand for some sample taken at time 7. We will
show that the latter is approximately distributed as a multinomial random variable with
four different categories. If we apply this multinomial statement to a sample from time 7x
which consists of 2k individuals, half of them with only locus N1 and half of them with
only locus N2 ancestral to a sample from time 7 then we can deduce probabilities for the
multinomial distribution concerning those individuals whose neutral loci separated within
the B-population. Combining both results for the first phase of the sweep with the result on
the BB-split for the second phase will then lead to an overall multinomial statement with the
correct probabilities as given in the vector gg;. The statement of Proposition [2.9] is again
crucial in order to be able to consider the time intervals separately.

Before we state the result on the binomial behavior of the number of individuals whose neutral
loci split toward the end of the sweep we need a statement which guarantees that a coalescence

prior to such a split is unlikely, similar as the statement from Proposition [2.13
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Proposition 2.17. For any i,m € [n],j = 1,2 we have

B0 < RF(i) < G (i,m)) < C/ log(N),

for some constant C.

Further, we will need the following statement which is similar to Proposition 2.5 in [36] but

considers a different time interval. The proof is however identical and therefore omitted here.

Proposition 2.18 (cf. Proposition 2.5, [36]). We have the following bound on the probability
that two sampled individuals will coalesce with respect to any of their neutral loci after time

TN .
P(G77m (i,m) > 7x) < Clog(N)/N.

Now we can turn to the number of individuals whose neutral loci separate within the B-

population.
Proposition 2.19. Define for v <t <7

KPP .= #{i € [n]: RE(i) > t}. (2.22)
Then for any J > N it holds that

BB = d) - (Z) (@)1~ 7P| < O/ log(V),

for some constant C' and q?B as in (2.19). In particular,

n n—
[P(K7S =d) — <d> (g®)*(1 = ¢®)" " < O/ log(N),
with ¢ from ([2.18).

Note that Proposition tells us that with high probability, KEVB is indeed the total number
of sampled individuals whose neutral loci separated within the B-population during the whole
sweep.
Define the event that the two neutral loci of an individual 7 split within the B-population,
that is,

S = {R5°(i) = 1n}, (2.23)

and similarly to the definition of the ancestral relations Ay, ..., A5 from (2.20)) define further
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the following events for an individual ¢ which is sampled at time ¢:

AL(i) = (i,1), (4,2) never leave the B-population during times 0 and t,
At (i) = all ancestors of (i,1) are of type B, whereas (i,2) descends from a
b-individual at some time ¢, 0 < ¢ < ¢,
AL (i) = all ancestors of (i,2) are of type B, whereas (i,1) descends from a
b-individual at some time ¢, 0 < t' < ¢, (2.24)
AL(i) = (i,1) and (i,2) have a common ancestor of type b at some time #',
0 <t <t, and do not find different ancestors within the b-population,
Al(i) = {(i,1)} and {(4,2)} originate from two different b-individuals

at some time in the past ¢, 0 < ¢’ < t.

The difference to is that we only consider times ¢’ with 0 < ¢’ < t and do not make any
statement about events which may happen after that specific time ¢ where a A is fulfilled.

We will now formulate a result for the multinomial character of a sample of n?? individu-
als taken from the population at time 7n. Note that we will later choose this number n?8
depending on the number of individuals whose neutral loci originate from two different indi-

BB

viduals living at time 7y, that is, n®” can be interpreted as a placeholder for n — KEVB here.

B

The proposition however makes a statement for the ancestry of all 2 - n®% neutral loci from

the sample drawn at time 7.

Proposition 2.20. Define for fized sample size n®8 € N the random vector
D :=(D° D' D? D3 D%, (2.25)

where DI equals the number of individuals from Tn whose neutral loci fulfill the relationship

AN (i),
DI =#{i e [nPP]: AN (i)}, j=0,...,4.
Let
&1 = (1= ¢ (1= ¢®), (1=¢"M)g®, 0, ¢V(1—¢?), ¢Mg?), (2:26)
with ¢V, ¢ as in and further
D = (D° D', D? D3, D) ~ Mult(n?B g&,). (2.27)

Then, for any d = (do,dy,ds,ds,dys) with do,...,ds € [nPP] and |d| = E?:o d; = nPB we
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have
[P(D = d) —P(D = d)| < C/log(N),

for some constant C.

BB in the notation.

Note that we did not indicate the dependence of D on the parameter n
We will clarify this dependence by writing D(n”?) whenever there is a possible ambiguity.

Here, D? = 0 almost surely reflects the fact, that with high probability we will not see a
singleton (7, 1) while (7, 2) is in the marked block as we only consider times between 0 and 7y

and thus all events which would cause such a relationship have only small probability.

Proposition [2.20] implies that, approximately, each individual sampled at 7y takes one spe-
cific ancestral relation for its two neutral loci, independent of the others. This allows us to
conclude a similar multinomial structure of the random vector which describes the relation
of the neutral loci if they separated within the B-population at some time ¢ > 7. We will
abuse notation here in the sense that we still use the formulation of the relationships from
although we assume that (i,1) and (4,2) reside in different individuals at the time 7y
where the sample is taken. We can make this slightly more rigorous by using the notation
A;N(A?’ (1,1), ATv(4,2)) and replacing (4,7;) by (A (4,7:),ji) in the definition for
every j; = 1,2.

Corollary 2.21. Define for fized sample size KBB € N the random vector
D :=(D° D' D* D3 D%, (2.28)

where the coordinate DI equals the number of individuals from Tn whose neutral loci fulfill
the relationship .%UN (AN (3,1), ATV (i,2)), § = 0,...,4, assuming that all 2KPB neutral loci

reside in different individuals at time Tn. Let

81 = (1 — ¢M)2(1 — ¢?), (1 —¢M)[gW +¢@ — ¢Wg?], (D (1 - ¢W)(1 — ¢?),

2.2
0, ¢V g +¢® — M), (229)
with ¢V, ¢® as in (2.18) and
D = (D° D', D? D D*) ~ Mult(K®3; g&,). (2.30)

Then, for any d = (dg,dy,ds, d3,ds) with dy,...,ds € [KBB] and |d| = Z?’:o dj = KBP we

have

IP(D = d) — P(D = d)| < C/log(N),
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for some constant C.

Note that D3 = 0 almost surely as, with high probability, we will not see a double-singleton
{(,1), (,2) } if the two loci already separated within the B-population. Corollary follows
directly from the above Proposition [2.:200 We will nevertheless briefly state the idea of the

proof in Section
The result for the whole sample which follows from Propositions 2.19]and [2:20| and the above

Corollary

Proposition 2.22. For fixed sample size n € N define the process
D* = (D*°, D*! D*? D*3 D*%), (2.31)

whose coordinate D*J equals the number of individuals at the end of the sweep whose loci
fulfill the relationship Aj, for 7 =0,...,4. Let

D* _ (E*,O’ﬁ*,l,D*Q’D*,S’D*A) ~ Mult(n; qu)’ (232)

with ga1 = (90,q1,---,q4) as in (2.8). Then, for any d = (dy, dy,da,ds,ds) with dy,...,ds €
[n] and |d| = Z?:o d; = n we have

‘P(D* = (do,dl,dQ,dg,d4)) — P(D* = (do,dl,dQ,dg,d4))’ < C/ log(N),

for some constant C'.

Before we apply all of these statements in order to prove the main Theorems [2.6] and we

will point out several aspects of the main results and also of the above preparatory statements.

2.3.2 Discussion of the main result

As the true partition can be approximated by a marked ggi-partition, which comprises the
multinomial structure from D*, we know that we can mimic a sample by taking n individuals
and deciding independently for each individual in which relationship the alleles at its two
neutral loci were at the beginning of the sweep. Moreover, the statements of Propositions
and Corollary allow an easy construction of a typical sample taken after a

selective sweep. Consider three marking processes as follows:

e a mark M, stands for a recombination within the B-population between the neutral
loci N1 and N2 at a time ¢ € (7, 7),

e a mark M stands for a recombination between SL and N1 and an escape of the locus

N1 into the b-population,
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e a mark Ms stands for a recombination between N1 and N2 and an escape of the locus

N2 into the b-population.
First, we mark each individual with a mark M with probability ps from (2.7)), independently

of all others in the sample. Subsequently, we perform two independent rounds of marking,
where the probabilities for the marks depend on the outcome of the first round. In detail:
all individuals with an Mgy-mark are marked independently of each other with My with
probability pi, as in , and independent of the outcome there, with a mark My with
probability 1 — (1 —p1)(1 —p2) = p1(1—p2) +p2. On the other hand, all individuals which did
not receive an My-mark get an Mi-mark with probability p;, and again independent of the
outcome and independent of each other, they get an Ms-mark with probability po. For each
individual, the vector (mg,m1, ms) € {0,1}® which indicates the absence (0) or presence (1)
of a mark My, My and Mas, respectively, then fully determines its ancestry. As an example,
the vector (0,1,1) corresponds to an individual whose alleles are inherited by two different
b-individuals, (1,1,0) means that N2 is copied from the mutant while N1 originates from
some b-individual.

The interesting aspect of this marking model is that conditional on the outcome of a first
binomial experiment, we conduct two independent binomial trials in order to model the escape
or captivity of each neutral locus separately. Thus, from the time 7y on up to the beginning
of the sweep, we can decide independently for each neutral locus of each individual whether
it originates from the mutant or not, even in the case of the geometric alignment .

This simple structure suggests that the result of the Theorems and can actually be
transfered to the multiple locus case. The calculations for the ancestral relation of the neutral
loci of one individual should be of the same nature, only with more cases to distinguish.

Let us now focus on the block types and the order of approximation of our result. Projecting
our result to either the first or the second neutral locus gives again the result from Theorem
1.1, [36]. In the second approximation by Schweinsberg and Durrett which results in their
Theorem 1.2, the authors show that in the case of one neutral locus, a typical partition may
in addition consist of bigger families different from the mutant’s family. This statement then
holds true up to terms of order 1/(log N)2. From the results obtained here, it is not clear if
the methods which were used to obtain this second approximation will allow us to make a
similar statement with the same accuracy in the case of two neutral loci in geometry .
This will in particular depend on whether it is possible to improve the result of Proposition
the probability of a split within the B-population, using the methods from the second
part of [36].

We will now compare our results to the approximate partition derived by Pfaffelhuber and
Studeny in [31] where the authors generalized the work from Etheridge, Pfaffelhuber and
Wakolbinger [17] towards the two-locus case. In [31] the authors considered first the diffusion
limit of the population process, resulting in , and subsequently studied large selection
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coefficients o ox sIN. Whereas this diffusion approximation adds additional uncertainty on the
error made for large N in comparison to the underlying discrete model, the results presented
here in Chapter [2 enable a clear interpretation of the error term. Theorem 1 in [31I] says
that up to an error of order 1/(log «)?, the partition of a sample will consist of blocks of the
above type and again bigger families different from the mutant’s family, as in Theorem 1.2
from [36]. This additional block type is non-negligible in their approximation as the partition
of the sample results from a marked Yule tree where recombination marks may hit already
coalesced lineages. The phenomenon of a separation of the two neutral loci within the B-
population is modeled by generating a refined starting partition for the Yule tree construction:
with a certain probability the two neutral loci of one individual split towards the very end
of the sweep. This probability indeed equals our probability po (qBB ). Furthermore, the
probabilities for the different recombination marks and thus block types from Table 1 in
[31] show a similar pattern as the above claimed g¢-structure, in particular when focusing
on events which happen between time 0 and 7). Thus our results are consistent with the
ones obtained from the diffusion approximation. However, in [31] the impact of the marks
distributed according to these probabilities depends on the realization of the Yule tree. This
makes it difficult to derive an explicit sampling formula (which is thus omitted in [3I]). As
the authors point out, however, their construction still lends itself to simulations with fast
algorithms, though more complicated than the above proposed marking model with marks

Mg, M1 and M.

2.3.3 Proofs of the main results

The proof of the main Theorem uses the propositions from Section which deal
with the three different aspects of the theorem, as described in the beginning of Section
the exclusion of improbable block types, the marking probabilities and the independent
evolution of the individuals. Although the ingredients are all at hand, the formal statement
of the proof is rather cumbersome. As we considered the time intervals [0,7y) and [Ty, 7]
separately, we need to rigorously formulate a suitable resampling mechanism for time 7 in
order to guarantee that we can combine the results for both time intervals to a joint statement
concerning the whole sweep. We will use a similar idea as Schweinsberg and Durrett in their

second approximation, as stated in Section 2.3, [36].

Proof of Theorem[2.6. We proceed in four steps. First define the marked partition ©; on

[n;1,2] as follows:

(17]1) ~O, (m7]m) = R(’Lv.]z) <17TN, R(m7]m) < TN and Ag(%]l) = A?’(mvjm)a
mark the block {(4,7;) : R(i,5;) < v and Bo(A2(4,j;)) = 1}.
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We have © = O; unless there exists some (i, ;) # (m, jm) € [n;1,2] with either

™~ and  (i,ji) ~e (m,jm) or

~ and Bo(A%(i,75)) = 1.
By Proposition these events are bounded even in the case i = m such that we obtain
P(©1 =7) —P(© =n)| < C/log(N)

for every partition m € 73[";1.1 9" (Note that for i # m we have a bound of order at least

1/(log N)2.) For the second step consider the population at time 7y and let
nPP =n+ KPP <2.n (2.33)

be the (random) number of individuals at time 75 which corresponds to the number of
individuals carrying genetic material which is ancestral to the sample from time 7. Precisely,
there are n — KEVB individuals at time 7 where both neutral loci are the ancestors of both
neutral loci of a single sampled individual from 7 and there are 2- KEVB individuals who carry
the genetic ancestor of either the first or the second locus of an individual sampled at time 7.
For each possible value ¢ < 2n of nPP we define a new marked partition ¥, on [¢;1,2] as
follows: first let

o0 [0] = {i: By (i) =1}

be an injective random map where each of the (ZZ ) - ! possibilities are equally likely. In that
way, o¢(1),00(2),...,0¢(f) is a random sample from all N B-individuals living at time 7.
With this define

(i,40) ~w, (mygm) o AL (00(i), 5i) = A2 (06(m), jim);
mark the block {(i, ;) : Bo(AY, (0¢(3), ;) = 1}.

Note that the partition W, is defined with respect to time 7 rather than 7.

We now define two maps which ensure a random choice of the labels of the ancestors living

at time 7y of sampled loci from time 7. First, let f! be a random bijective map
el = [nl,

where again all n! possibilities for f! have equal probability. Then, suppose KEVB = k and
define for each possible k € {0,1,2...,n} a surjective map f7 which assigns a name i € [n+k]

to a locus (i, ;) in that way that for exactly n — k individuals the two neutral loci get the
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same label, and for all others, the two neutral loci get different labels in [n + k]:

i if i<n—k,
21,2 = [+ k], fE(i5) =14 i if i>n—k and j; =1,
i1+ k if i>n—Fk and j; =2.

In the following we will consider 755 (f'(4),ji). Define a new marked partition using ¥, f*
™N

and f7 as follows: let ©2 be a random partition on [n; 1, 2] with

(Zajl) ~O2 (m7]m) = R(Zajl) < TN, R(m7]m) <7y and
mark the block {(i,j;) : R(i,5;) < 7v and fzps(f(i),j;) is in the
™N

marked block of ¥, z5}.

For a comparison of ©; and ©9 consider the following arguments: we have

(f?{f]\? (fl (1)7]2)7]1) ~V BB (f?(_f?’]\? (fl(m)a Jm)u Jm)

& A?.N (UnBB (f?{%? (fl(z),ﬁ)), ]z) = A,OFN (UnBB (]"12{7]_5,13[B (f1<m)7]m)), ]m)

The criterion for the equivalence with respect to © as given in Definition [2.4] can be rewritten

as follows:
A, i) = Ad(m, jm) & AL (ATV(6, i), i) = A2 (AN (m, Gm), Gm)-

By Proposition [2.18]it is unlikely that any two sampled individuals will have found a common
ancestor at some time ¢ > 7y. Therefore, we know that with probability 1 — O(1/log(N))
the equality AN (i,7;) = AIN(m, jp,) implies ¢ = m. Further, Proposition states that with
high probability no neutral locus from the sample will have found an ancestor outside the
mutant population, again up to terms of order 1/log(N). That ensures that the considered

resampling by f! and f;B 5 indeed only needs to consider the current B-population of N
™

individuals at time 7. In addition, Proposition states that we will have nB8 different
individuals at time 7y who are ancestral to the sample, n — KJ_EJ;VB of them with two neutral
loci and 2 - KEVB with one neutral locus.

Since 7y is a stopping time and the process which describes the evolution of the population
is strong Markov, we know that events happening in (7x,7] are independent of events in
[0,7n), given the current state at time 7. The last argument is that by construction of the

Moran model all individuals within one background, B or b, are exchangeable. From these
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observations it follows that
‘P(@Q = 7'(') - P(@l = 7[')’ g C/log(N)

The next step of the proof is to compare the partition ¥, sz with a marked partition defined
entirely through the characteristic times from Definition 2.8 with respect to a sample of size

nB8 from time 7y. Define the marked partition Y55 on [nP5;1,2] as follows:
e For i,m € [nBB],i #m and j;, jm € {1,2},
(1235) ~T s (M) 26 R(i,5:) = R(m, ji) = —o0.
e For i€ [nPB],

(i,1) ~r gy (,2) & R(i,1) = R(5,2) and R(i) = —oo.

e Mark the block containing {(¢,7;) : R(Z, ;) = —o0o}.

The partition Y, sp then consists of one marked block which contains all those neutral loci
which were never connected to a b-individual at any point in the past, and otherwise only
singletons with one neutral locus or double-singletons composed of the two neutral loci of one

individual. For a comparison of Y55 and ¥, 55 consider the following for the time interval
[0, 7n):

e Proposition 2:.12] implies that the probability of a coalescence within the b-population

is small enough to be ignored.

e Proposition [2.13|says that we can ignore the event that two lineages recombine into the

b-population after they have coalesced.

Hence, with high probability, we will not see unmarked blocks with loci from different indi-
viduals in ¥, s5. By definition, the same holds true for Y, 55 and thus with high probability,
namely 1 — O(1/log(N)), the block types of both partitions coincide.

Further, Proposition [2.11] says that with high probability there is no back-recombination of
any locus into the B-population. Therefore, we only have to consider the event that a locus
(i, j;) migrates at all into the b-population (alone or jointly with its counterpart (¢, j;), ji # Jji)-
This corresponds exactly to the above definition of Y, ss and hence we know that the latter

produces the same blocks as ¥, 5. For any marked partition 7 € 73[}';15 B, 9 WE therefore get

|P(TnBB = 7'(') - P(\I’HBB = 7T)| < C/ log(N). (2.34)
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Further, from Proposition it follows that with cjé)l as in ((2.26))

[B(T 55 = 7) — Qg (7)] < €/ log(V),

4G1

where Q‘?& is the distribution of a marked cjgl—partition on [nBB ;1,2] and hence by the

Triangle inequality

B8 = )~ Qgo ()] < O/ log(N).

It remains to draw the connection to ©5. For this, we need to define another random marked
partition which mimics the separation within the B-population. We pursue a similar idea as
in Definition 2.9 in [36]. Let Qz_gf be the distribution of a random marked partition II* on
the set [n;1,2] obtained as follows: let (1, ..., ~ua Bernoulli(¢B?) with ¢®F from (2.19).

Further consider a random marked qgl-partition 1P and a random marked qgl—partition g ,
with q_é)l defined in (2.26)) and (jgl as in (2.29). Then define

(ZJJ’L) ~TT* (m7]m) <= (27]1) ~11D (m,jm) and C’L = 07 or
(Zh?l) ~1b (myjm) and ¢ =1;
mark the block {(i, ji) : (i, j;) is in the marked block of II” or TIP}.

By Propositions 2.19 and [2.20} Corollary 2.21] and the construction of O it now follows that
qBB
B(©2 = m) - @1y () < C/log(V)
and finally by Proposition [2.22] we get the statement

BB
|Qgp, (M) = Qugy (m)] < C/log(N).
Applying the Triangle inequality finishes the proof. O

Proof of Theorem [2.7. The proof of this theorem essentially uses the same ingredients as
the proof of Theorem [2.6] Here however, the construction of the discrete model implies
that a recombination which separates one neutral locus from the selected locus does not
change the ancestry of the other neutral locus of that individual in this particular step. In
addition, the probability for two recombinations in the same reproduction event is again
bounded by 1/(log N)2. Hence, for the events happening before time 7y, in the interval
[0,7n), it is irrelevant whether the neutral loci separated within the B-population before.
The statement of this theorem thus follows similarly as Corollary [2:21] only with simpler
recombination probabilities as in the alignment the second neutral locus only escapes

due to a recombination between the SL and N2. This indeed gives us the entries of the vector
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Dao as stated in ([2.9). O

2.4 Proofs of the auxiliary statements

First of all note that the background Markov chain X defined in ([2.1]) is the same here as it
is in Schweinsberg and Durrett, [36]. This implies that all results concerning this walk, such
as the expected number of up-jumps, holds and down-jumps, still hold true when following

two or more neutral loci back in time. This will be the argument for referring to [36] for the

proofs of the Propositions [2.15] [2.11] 2.12]and [2.13] In the following part we will restate some

results from [36] concerning the properties of the Markov chain X.

2.4.1 Properties of the Random Walk

By definition of the Moran model, we have the following transition probabilities with respect
to the unconditioned measure (cf. Equations (3.1) to (3.3) in [36]).

2N—ki
2N 2N’
i2N—k( )
2N 2N ’

2N — k)? + k* + (2N — k)ks (2 — 5)k(2N — k)
P(X, = k| X,y = k) = . —1_
( t | t—1 ) (QN)2 (2N)2

P(X;=k+1X;1 =k) =

P(Xy=k—1|X;o1 =k) =

Define for k,j € {1,...,2N — 1} and 7; as in (2.3)):

number of up-jumps: Uy ; = #{t > 7; | Xy = k and X; 1 =k + 1},

>
number of down-jumps: Dy ; = #{t > 7; | X; = k and X; 1 =k — 1},
number of holds: Hy, ; = #{t > 7; | X; = k and X; 1 = k},
with Jj, = Jy1 for J = U, D, H.

Then Lemma 3.2 from [36] states the following:
Lemma 2.23 (Lemma 3.2, [36]). Suppose j,k € 2N — 1]. Define

pla,b k) =P (inf{s >t: Xy =b} <inf{s >t: X;=a}| X; = k), (2.35)
with P’ the unconditioned measure. Let qo = 1 and

_ p(k,2N,k+1) s (1-(1=9))
%= D0,2N k+1)  (1—(1—s)2NF) (1 (1_s)k+) =

S.
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Further define rg; =0 and r; =1 for j < k. If j >k, let

k,2N,j 1—(1—=s)7F) (1-(1-s) ;
RPN (5.28) BRI (e o W (R (s ol IS
and let
E(2N — k)
= . 2.
Pei= oy (2N — k)2 + sk(2N — k) (2.36)
Then
ro
E(Us) =2,
dk
1 Y
E(Dk,])zi_la fOT'k>j, E(Dk,]):rk 17]7 forkéj,
qk—1 qk—1 (2.37)
1 k2+ (2N — k)2 +sk(2N — k) '
E(H..) = F 1Dy ) - .
(Hk,j) (Uk,j + Dr.;) 2 _ s k(2N — k)
- 1
<min{(1 —s)’7F 1} —.
(a-sptap
Further, the following relations hold in case of fixation:
Dyj=Uk-1y, fk<j, Drj=Ur1;—-1, ifk>]. (2.38)

We will state here only the idea on how to show the statements concerning Uy, ; and Dy, ;, as
we will pursue a similar idea in the proof of Lemma (see Appendix [B]), and refer to [36]

for the remaining ideas of the proof.

Proof. The essential idea is to firstly show that the number of up-jumps is in fact geometrically
distributed and secondly, to find relations between the number of up-jumps and the number
of down-jumps and holds.

Consider the variable Uy, ;. As we condition on fixation we know that in the case j < k, X
will necessarily jump from & to k + 1 for some ¢ > 7;. Once it has reached the state k + 1
we can determine the probabilities for the complementary events that X will go back to k
or that X will reach its final state 2N without returning to k. We can deduce that Uy ;
is indeed geometrically distributed and that the probability of the latter event corresponds
to the success probability and hence parameter of the distribution. We can express this
probability of no return to k by using the definition of p(a, b, k) from with respect to

the unconditioned measure P’ and get with the identity

S

P(X,; =2N)=p(0,2N,1) = w
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and using Bayes’ formula the equality

p(k, 2N,k +1)
P(X,>kV t| Xy =k+1)=——"T——2 =gqp.
(Xs >k Vs >t| Xy =k+1) p(0,2N,k+1) &
For j > k, Uy ; = 0 with probability
p(k,2N, j)
P(X: > k Vit NI g
(Xe >k VE> 1) = 0,2M, ) Tk

and Uy ; is only positive on the event {7}, ; > 1}. Conditional on this event, which has
probability 7 ;, the same calculations as above lead to the conclusion that again Uy ; ~
Geometric(gy) and both observations together result in the claim for E(Uy ;).

The results for Dy, ; and in particular follow easily as an up-jump from k to k + 1 can
only occur after a down-jump from k + 1 to k, except for the first up-jump starting in k. [

Applying Lemma we can easily calculate expressions for the following expected values

which will be needed later:
Corollary 2.24.

TON—k—1,2N—I
E(UzN—k—1,2N—l) -
2N —k—1

—(1=8)k+1)(1—(1—=g)2N—k
(-Q-p -G k<l—1

C(1—s)kt1)(1—(1—s)2N—k L (1—s) k1) (1 (1—s)2N—k
L S i S e BT S EL s I AV Y g

0, k=2N -1

E(Han-raon-1) = E(Usn—k2n—1 + Dan-ran-1) - o5 - 5

(1-(1=8)")(1—-(1=s)>N—F)
_ 1 A9 k<l
Be | 0=0-9M0-0-5N"F) _ (1-(1-s)"H(1-(1-5)>N k) Py
s(1—(1—s)2N) s(I—(1—s)2N=1) ) .

Further, the following bounds hold for k > 1:

E(Uan—k—12N-1) < w, E(Hon—kon—1) < Lﬁ)kl
s Pk
These expressions come in handy when we use the symmetry of the Markov chain X condi-
tioned on fixation, as it was mentioned in [36] in the proof of their Proposition 2.1.
We will now define the probabilities that specific lines coalesce in one step, and that one line
experiences a particular type of a recombination. Note that in some cases, when the individ-

uals have the same background, we calculate the values of these probabilities without asking
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for Iy 1 and I; 2 (or Iy 2 and Iy 3) to be different individuals. However, we can satisfy ourselves
that the error thus made is small enough as it is not likely to draw the same individual twice
for N large.

Define for k € 2N — 1] and [,i,m € [2N] such that |k — | < 1 and ¢ # m the probabilities
for a coalescence of individuals ¢ and m with respect to their j-th locus conditional on the

transition of the Markov chain and their background:

p%jB(kJ) :]P)(At 1( ) At 1( ) ’Xt—l :kvXt:lvBt(i) :1:Bt(m>)7
pi (k1) == P(A (i, 5) = A7 (myg) | Xoor = b, Xo = 1, By(6) = 0 = By(m)),  (2.39)
Pk, 1) = P(AL (i, §) = AN m, §) | Xeo1 = k. Xi = 1, By(i) = 1, By(m) = 0)
Lemma 2.25 (cf. Lemma 4.1, [36]). We have
Pk, k —1) = pyi (k, k+1) =0,
Ptk + 1) = gy [ ) B = g [ T
2 r*(7)k .y 20 r*(5)k
phil (k k= 1) = (2N—k)(2N—k+1){1_ 2jj\f ] pbbj(k’k):k@zvk—k){l_ 2}7\7 }
() ()8 i)
Pk k+1) = INk+ 1) Pk, k) = K2N _kk)a Pk kb —1) = INCN —k+ 1)

Proof. The derivations are straightforward and we refer to [36]. We only have to replace
their recombination probability r with our r*(j) from . Here we need r*(j) for j = 2
as a double recombination would cause the second neutral locus to have the same parent as
the selected locus. This is favorable in the coalescence events within the same background
but would prevent a coalescence of lineages with respect to N2 when we consider mixed

backgrounds. O

We further calculate the probability of the event that a lineage (or one locus of a lineage)
changes background due to a recombination. For k € 2N — 1], j = 1,2 and [,7 € [2N] such
that |k —1] <1 let

pg(j)(k,l) =P(Bi_1 (A N0,5) = 0| Xeo1 =k, X = 1, By(i) = 1),
pz*(j)(k:,l) =P(B;_1(A7Y(6,5) =1 | X4y =k, X; =1, By(i) = 0),

PR (1) = P(Bioa (A71(6,2)) = 0, Bia (A7 (0,1) = 1| X1 =k, Xy = 1, By(i) = 1),
p" (k1) = P(Bima (A7 (0,1)) = 0, B (A1 (6:2)) = 1] Xy = b, X = 1, Bii) = 1),
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Lemma 2.26 (cf. Lemma 3.3, [36]). Forr € {r*(j),r2(1 —r1),rira} we have

prB(k7k - 1) = pZ(k, k+ 1) =0,

r(2N — k) rk
Pk 1) = e T e ke — 1) =
Pp(k,k+1) ON(k+ 1)’ py(k, k= 1) ONGEN —k+1)
e

Wk k) =op(k k) = —.
pB(’) pb(a) IN

Proof. Again, see [36]. Note that N2 also changes background if a recombination between SL
and N1 causes the migration. However, when two recombinations happen at the same time,

N2 stays with the SL in the former background. Therefore, we have to use the recombination

probability 7*(j) from ([2.15). O

In the setting of two neutral loci we also need to consider the following event: a recombination
between the two neutral loci N1 and N2, where both parents are of type b.
Define for any i € 2N], t € {1,...,7}

Pk ) =Py =1, Bi1(L12) =0 = Bi_1(I13), It = 1| X4—1 =k, Xy =1, By(i) = 0).

This is exactly the probability for a recombination event between N1 and N2 (I, = 1)
where parent and second parent have the b-type at the SL (B;—1(lt2) = 0 = B;_1(l;3)) and
where a particular individual (the i-th individual), conditioned to have the b-type in the next
generation t, is the newborn (I;; = i). Note that this probability is different from zero only

if | =k,k — 1 as otherwise the parent cannot be of type b.

Lemma 2.27. We have for [,k € 2N — 1] and |k —1| <1

9 (2N—k)2 _ 1y N=k)Bk =k
2N K2+ (2N—k)2+sk(2N—k) — 2N 3 -
P (kD) = 3% oy l=k—1 (2.40)

0 else.

We here give a very detailed proof in order to give an example of how to calculate the

probabilities stated in Lemma [2.25[ and Lemma, [2.26

Proof. First of all note that by construction of the model, the outcome of I; ¢ is independent
of all other events. In addition, the value of B;_1([;3) here only depends on the number of B

individuals in generation ¢ — 1. Thus,

pgi(k,l) = P(Itﬁ = 1) . P(Bt_l(]-t,g) =0 ’ Xt—l = k,Xt = l)
P(Iiq =14, Bi—1(It2) = 0| Xem1 =k, X¢ =1, By(i) = 0)
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2N —k

o P =i Bia(li2) = 0] Xeoy =k, Xo = 1, By(i) = 0).

= ’]"2 .
With Bayes’ formula we can rewrite the last factor:

Py =4, Bi—1({42) =0 Ity =4, X1 = k, Xy = [, B(i) = 0)

P(By(i) = 0, Br1(Iy2) =0 | L1 = i, Xo1 =k, Xp = ) - P(Ipy =i | X1 = k, X = 1)
)
1

P(B,(i) = 0| X;—1 =k, X; = |

C P(Bi(i) =0,Bi-1(L12) =0 | 11 =i, X4 1 =k, Xy = 1) - 55
- 2N—1 ’
2N

Distinguishing between the cases | = k and | = k — 1 yields the following;:

. : (2N — k)?
PB() =0, Bia(lea) =0 [ iy = 6 Kooy = b Ko = k) = oo GoN — h)

P(By(i) = 0,By_1(Lis) =0 | Ly =4, Xpy =k, Xy =k — 1) = 1.

Recalling the definition of Sy in (2.36)) this implies,

/Bk 2N—k 1
P(I;1 =4, Bi-1(li2) = 0| Iy =i, Xyo1 = k, Xy = k, By(i) = 0) = — £ 2N = B
2N
1.4
P(I;y =i,Bi1(I12) =0 | Lip =4, X;1 =k, X; =k —1,B,(i) = 0) = 2N_(3ﬁl) = QN_},H),
2N

and putting all together gives the result.

Analogously to the above, we here also need to calculate the probability that the two neutral

loci split within the B-population:
Pk, l) =Py =i,Bi-1(Li2) =1=By_1(Lt3), s =1 | Xem1 =k, Xy =1, Bi(i) = 1).

Lemma 2.28. Forl,k € 2N —1] and |k —1| <1,

sk Broanp L=k
PEpk.D) =1 3% - 5 l=k+1 (2.41)
0 else.

Proof. The proof is very similar to the above, we will therefore leave out the details.

pepk,l) =Pl =1) - P(Bi-1(li3) = 1| X4o1 =k, Xy =1)
P(By(i) = 1, Byr(Liz) = 1 | Iy = i, Xoo1 =k, Xe = 1) - P(Ly = i | Xooy = k, X; = 1)
P(B(1) = 1| X1 = k. X, = 1)
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ko P(B(i)=1,Bi1(ly2) =1| L1 =i, Xio1 =k, Xy =1) - 5%

:’,"2- ﬁ. ﬁ
ro k . .
= ﬁj . P(Bt(z) = I,Btfl(ft’g) =1 | It,l = Z,Xt,1 = k,Xt = l)

A distinction of cases results in

12
T2+ (2N —k)2+ sk(2N — k)’
P(Bi(i) =1,Bi—1(lt2) =1 L1 =4, X1 =k, Xe =k+1) =1,

P(Bt(z) = I,Btfl(]—t’g) - 1 | It,l = 2.,th1 = k‘,Xt = k‘)

and using (2.36)) and plugging in ends the proof of the lemma. O

2.4.2 Proofs of the auxiliary propositions

With the above lemmas and the remarks concerning the background Markov chain, we can
cite [36] as a reference for the proofs of Propositions [2.11] [2.12] [2.13] and [2.15. We just
have to insert our probabilities for coalescence and recombination from Lemma [2.25 and
into the calculations from [36] in order to receive the same bounds. All remaining

ideas and calculations can be transfered straightforwardly. Instead of restating the proofs of

those statements here, we recapitulate many of the ideas and calculations used in [36] in the
following proofs of Propositions and and in the next section which deals with the
proof of Proposition

Throughout this section, we will denote by ¢, ¢/, C, C’ constants which are independent of N
and which may vary from line to line.

In order to prove Proposition we first restate (without proof) a bound on the probability

that the Markov chain X is in a certain state at recombination events of interest.
Lemma 2.29 (cf. Lemma 3.4, [36]). We have fori € [n],j =1,2 and k € [2N]

()

P(Xpgj ) = k) < P

(2.42)

Further we state a result from [36], which was obtained in the proof of their Proposition 2.1.

For T = R(i,j),G?(i,m) or T = 7,7 with i,m € [n],j = 1,2, J € [2N], we have

E[#{t <T:Xy=kand Xy11=k+1 | X7 = j] = E[UQN_k_LgN_j],
E[#{t<T:X,=kand Xps1 =k — 1| X7 = j] = E[Dan—rs12v—]. (2.43)
E[#{t <T:X¢y=kand X1 =k | Xr= ]] = E[HQN,kQN,j].

These relations, which are explained by a symmetry argument and the strong Markov property

of X, will be used in many proofs throughout this whole section.
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We start with giving a proof of Proposition [2.9 following similar ideas as the ones which are
used in the proof of Proposition 2.4 in [36] in order to reach the statement given in Equation
(12.16]).

Proof of Proposition[2.9. We start with the first statement:

ON-_12N-1
P(R(m, j) > RS°(i =Y Z ) > RE(i) 2 0, XR(m,j) = k, Xpreeiy = 1)
k=1 I=1
ON-12N-1
= > Z P(R ) > RE(i) 2 0, Xpreeiy = U Xr(mj) = k) - P(Xp(m,5) = k).
k=1 I=1

In order to bound the first probability, we apply the symmetry argument from ([2.43) and do
not take into account that R5¢(¢) is actually the first time a BB-split happens.

P(R(ma]) > Rr}fe( ) 0 XRrec =1 | XR(mj) k:)

<pppl1) -E(Hon_1on—k) + 5,1+ 1) - E(Uan—_1-12N )

rp 1 5 min{(1 — s)"7%, 1} I min{(1 - s)"*F*1 1}
T 2N 2N -1 sB 2Nl+1 s
[+2N —1 7y min{(1—s)"" 1}

. I—k
< — . - _“.
< 5 mind(l =)0 oNeN T T ON — 1

Together with (2.42) from Lemma

2N—12N— 1742 min{(1 — s)!~* 1} *(5)

P(R(m, j) > RE*(i) kzl g . N =
- T*(]) . T2 2N -1 1 k 1 2N—-1 (1 _ S)lfk
T g2 ,;k'{l;m-ﬁlz;l ON — }
() - 2N—1 4 L 00 " 2N—1 4 C
<= Ll rau-tcero e X p<gy

as both recombination probabilities can be bounded by a constant over log(N).
The first line of ( - ) follows from Proposmon as Zk Nil k: < 1 for all N. This implies

() e 1 c
P(R(m.,j) > 7v) =1-exp (- =2 > ) +0(5y)
E=N+1

~1-5 5 (I [ 5 3] =1 [1- 0] < iy
N R o tos() log(N)
=0(1/(log N)') 27—

For the second bound from (2.17)) we sum over the possible states of the Markov chain X at
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the time of the separation and translate the event {R}5°(i) = t} for some ¢ into the variables

which describe the ancestry of the loci during the evolution of the population:

N-1
P(0 < R(i) < ) = > P(0 < RE°() < v, Xppesegiy = 1)
=1

= Z ZP(AFI'(% 1) # Afr(iv2)7Bt(A$'(i7 1)) =1= Bt(Afr(iv2))a
Vi >t AY(i,1) = AV (i,2), By (AL (i,1)) = 1 = By (AL (i,2)),t < v, Xy = 1, Xypy = k)
= Y D P < TN, Xe =1, X1 = k) P(AL(0,1) # AL(3,2), B(AL(, 1)) = 1,

|
Bt(AtT(i,2)) = 1|Vt >t:AY(i,1) = AY(i,2), By (AL (i,1)) = 1 = By (A (4,2)),

<N, Xe =1, X1 = k)
POV >t AV (i, 1) = AY(4,2), By (ALY (i,1)) = 1 = Bp(AY(i,2)) | t < 7, Xy = 1, Xyy1 = k)

<1

o0
+ PR+ 1) D P < T, Xo =1, Xppr = 14 1)]

=0
N-1 N-1
<X P25, 1) - B(H) + pgp(l,l+1) -E(Ul)} <X [Mgf;ll) : 5?9 +2% ﬂ
_ NS LN e N-1 _mn_ ¢
s &/ 2N(2N —1) s & 2N—l s 2N (N—-1) = s " log(N)’
Note that we also could have derived the first inequality in in the same way. O

Proof of Proposition[2.10. The idea of the proof here is very similar to the one for the second
line of ([2.17) (see proof above).

o
=3 NPt <7 Xy =1, > t: AV(i,1) = AY(i,2) and By(AL(3,1)) =1,

By(AL(i,1)) = 0, By(AL(3,2)) = 1)
-y i P(Bi(AL(i,1)) = 0, Bi(AL(3,2)) = 1 | t <7, Xy = |, Xpy1 =k,

vi' >t AY(i,1) = AY(i,2) and By (AL(i,1)) =1) Pt < 7, Xy = |, X4 = k)
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/

POVE >t AY(i1) = AV (3,2) and Bp(AY (i, 1)) =1t <7, Xy =1, X¢p1 = k)
<1
2N 00 0o
<SPG Y PE <7 Xy = 1= X)) A P LI+ )Y P < 7, Xy =1, Xy =1+ 1)]
=1 t=0 t=0

o
2

=" [PE" (D) - B(H) + (1, 1+ 1) - E(U)]

N
Il
—

7’17“25[ 1 7“17“2(2N — l) 1 rro 2N 1 . 1
et - RO i TS = 0y

7
[

~

—

O]

2.4.3 Calculation of the success probabilities for the different block types

Before we now come to the proofs regarding the marking probabilities we will first state
the following Lemma which is used for many essential simplifications throughout the whole

section.

Lemma 2.30. Forr,s € (0,1), r < 7/log(2N), r < s and M € [2N] we have

' (-0 Dot (- LS Y ro( )
s i+l P\ T s e BT PAT5 &% log(N) /"

A proof of this lemma can be found in the Appendix [A] Here we continue with proving the
result for the probability of the event {R'$°(¢) > 7;}. The proof follows the steps of the proof
of Proposition 2.2 in [36]. As we will repeat the same ideas in different contexts throughout
this whole section, we will briefly summarize the idea beforehand.

The aim is to show that we can approximate the probability P(C) of an event of interest C by
a value exp(—E[7X]).

In a first step we consider C conditional on the Markov chain X and perform a Poisson
approximation (see Lemma and the comment in the proof below) such that we can
express the desired probability through some exponential exp(—né( ) with né( chosen such
that the error made by the approximation is small. The expression ﬁé( is chosen such that it
is close to the argument né( in the sense that the expectation of their difference is small. With
the Triangle inequality and the Mean Value theorem applied to the exponential function we
first get

P(C | X) — exp(—ng )| + | exp(—n¢") — exp(—7i)]

Then the aimed approximation fulfills the following inequality by taking expectations in the
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above and applying the Jensen inequality:

< |P(C) = E[exp(—iig)]| + [E[exp(=7)] — exp(=E[77]))| (2.44)
<

E’P(C\X)*GXP —n&)| +End — i |+ Elig” — E[F]].

IP(C) — exp(—E[fig )]

We aim at bounding the right-hand side: the first term can be small if the 772( obtained by
the Poisson approximation has suitable properties. The second term then depends on the
choice of ﬁé{ and hence can be made small with the right pick. The last term is equal to the
square root of the variance of ﬁ()f . In the next proof we will see that the most evolved part is

actually to prove a sufficient bound for the latter.

Proof of Proposition[2.1f We will follow the above described path. Let 078 := pi25(X;_1, X;).
Then R'%$°(i) < 77 for some i € [n] if in all steps from 7 up to 7, this line was never the
newborn of two B-individuals when the reproduction event included a recombination be-
tween the two neutral loci. Conditional on X, the complementary event P(RS°(7) > 75) =

P(R5°(i) < 77), then can be written as follows:

P(RE() =7 | X)=1— ][] (1-6FP). (2.45)
t=15+1

Theorem 3.6.1 in [I5], a limit theorem in the context of Poisson Convergence, now states that

for n#B =37 | 41 0P the following holds true:

1= JI =687 — (1 —exp(-nF)| < 3 (60FP)?,
t=1y5+1 t=15+1

We will give a short proof of this statement in Lemma [A72] After taking expectations, the

above reads

T

[P(RES(0) > 77) = (1~ Elexp(—n7P))| <E[ > (0F)].

t=15+1
In the next steps we follow the recipe from page [65} first, we bound the expectation on the

right-hand side, then we calculate E[777] for 777 := S2__ 1 0PP1;x, |- and show that
E[7578 — 77 J B] < ¢/log(N). Last, we bound the variance of 777 in order to approximate

Elexp(—77?)] by exp(—E[77P]).

T 2N—-1
Bl Y 0P < X {(s.DPEMH) + (50,1 + D?EW) |
t=15+1 =1
2N—-1

r3l? 1 B 1
pS Vv Ly o )
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2 ,2N—-1 2 N 2
_ 7“2{ ! ! s }
s L& N2+ (2N -2 +sI2N —1)2N 1) & (2N)2(1+1)?
9 ,2N-1 2N-1
r3 C
<2 , 2.46
AL o & ave) < mor (2.46)
and thus,
rec BB C
P(RE"() > ) — (1= Blexo(=n*)])| < oy (2.47)
For ﬁffB defined as above, we have
J—1
E[7? - 777 <E| Z 07 x,_ey| = D [P DEHL) + pEp(l, L+ DE(UL))]
t=715+1 =1
_ “[ pl (=9’ (1-s) l]
S = [2N(2N - ) s 2N s
<oy loyen S S
S =1 5 1ZN+1 - og(N)
¢ =) < ¢ (2.48)

S Nlog(N) + (2N — J +1)log(N) ~ log(N)’

and hence we can work with 777 instead of n¥P. Let us calculate the expectation of 77:

2N—-1
E[i7P] = Y [P DE(H)) + pg(, 1+ DE(U))] (2.49)
l=J
& rofil (1= =N - (-5
; [zN 22Nl —1) sB(1 — (1 — s)2N)
rol (1—(1—38)2V"H(1—(1—-s)*h
ToNGT D s(1—(1—s)2N) )
&= 1 - s>2N Hi-(1=-sh)  (1-(1-9"

- ; ECHG) | ON@N —1) | 2N |+ O (s )
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As in [36] we can approximate the above expression in three steps:

i O e (e ) L (O D B (R (R )
W 2 iy )| ]

Z 2N(2N — 1) 2N
72 2Vd 2 c
< - (1 - S)QNil < )
s ZZZJ 2N —1 " log(N)
implying that we can replace the fraction by 1,
s = 2N 2N s &4 2N Nlog(N)’
implying that we can substitute 1 — (1 — )" by 1 — (1 — )},
2N—1 2N-1
T2 2N =1 " c
3 2 1-(1-(1—s) = =72 1— < ,
®) 3 l:J[ A== 5yan—1 =% l;( VIN =TS Tog(V)
implying that we can substitute 1 — (1 — s)" by 1,
and make an error of at most order 1/log(N). Hence,
[ X ry 2NZT X
Elfjy ") = S Z; IN — | + O(log(N)) - ; 1 + O(log(N))‘ (2.51)

With the Mean Value theorem and Jensen’s Inequality we get as in (2.44)

IE(exp(—n5B)) — exp(~E(75P))| < E|exp(—nFP) — exp(~E(75P))| < E[nF? — E(77P)]
=E|nF? —iFP + 352 — E@G7P)| < E[nFP — aF5| + (Var(775))1/?
C

< Tog(V) + (Var(7f?))"/2

and the last step is therefore to bound the variance of 755. By (2.49) and (3.13) from [36]

we have

2N—-1 2N—-1

Var(778) < 4r3 max {Var[ Z ;pr(Z,l)Hl},Var[ Z EPEB(Z,Z+ l)Ul} }, (2.52)
1=J I=J

and thus it suffices to bound each of the inner variances by a constant. Define

o= ppplll+1) = IN(I+1) " 2N’

Bl 2
< .
N(2N —1) ~ 4N3

1
bPP = —pEs(l1) =
I 7"2pBB( 1) 9

Then, (3.17) in [36] gives us a bound on the covariance of the number of up-jumps and similar
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as in (3.18), [36], we deduce

2N—-1 2N—-12N-1

Var[ > L1+ 1 il = > 3 afPafPCov(Uy, Uy)
= 2 =) k=J
2N 12N-1 (k l)/ c
52 sz ; 2N (1=s) SN

The bound on the covariance of H; in [36] reads

Cov(Hy, Hy) < L= pg;i =) (g _ gD/, (2.53)

for I < k and with p; = P(X; # X¢—1 | Xe—1 =1) =1(2N = 1)(2 — 5)/(2N)?. As

bPP(1—pr) Bl 12N -1 (2N)? _ ! < !
Dy ~ 2N(2N —1) (2N)26; I(2N —1)(2—s) 2N(2N —1)(2—s) ~ 2N(2N —1)

this fraction increases with [ and we derive similar as in (3.19),[36]:

2N—-1 2N—-12N-1

Var{ Z ipBB(l l) Hl] Z Z blBBbBBCOV(Hl,Hk)
=7 2 =] k=J

2N—12N— 1bBB 1_pl) bEB(l—pk)

<2y Y 4 (1—s)B=072
I=J k=l P Pk
2N212Nzl l Lk (k)2

< 2c (1—s)"
& £ 2N(2N —1)2N(2N — k)
2N—-1 l 2N—-1 k k2

= 2c — (1 — )"/~ (2.54)

l; 2N (2N —1)(1 — s)/2 kz::l 2N (2N — k)

The straightforward attempt to bound this double sum leads to an upper bound of order
O(log(N)) instead of O(1). We therefore need to do more evolved calculations. Let g :=
(1 —s)Y/2, then g < 1 as 0 < s < 1. Consider first the inner sum over the k. We will treat
it as a lower sum in the context of Riemann integration (see the proof of Lemma in the

Appendix for more details concerning this topic) and bound it by an integral.

2N-—-1 kgk ON_1 2N—-2 gk aN—1 2N—1 ng—l
e PN < g dz.
kz::lzN(QN—k) g +;2N—k g +/l ON —z "

The integral then can be calculated using substitution and integration by parts:

2N—-1 x—1 2N—I ,—Yy -y 2N —1 -y
g _ g —g g
/ dz = 2N 1/ dy = g2V~ 1{{ _/ : dy}.
! x 1 ylogg 1 y*logyg

:|2N—l
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Keep in mind that ¢ < 1 and thus —log(g) > 0. For 1 < y < 2N — [, the function f :
y +— g~ Y /y? is always bounded by g2V /(2N —1)? as, on the one hand, it is monotonously
increasing for all y > 2/(—logg):

—log(g)g™¥ 297" g

/ 2
fo)=—— = = (el + ) >0 & y>

—log(g)’

and on the other hand, f'(y) <0 for all 1 <y < 2/(—logg) with f(1) =1/g. Consequently,

_ - gy N g 2N+
< it 2N - )—————
‘ kz 2N@N — k)Y ) g * {ylogg}l * )(2N—l)210gg’
—2N+1 1 —2N+1 9 -1
:g2N—1{1+ g + 4 g }< { g +92N—2}_
(2N —1)logg glogg (2N —1)logyg log(g) \2N —1

Inserting this in the sum over all [ from (2.54]) gives us the following:

2N—-1 9 2N—-1-2

29

l ! 2 g 2N -2
z; 2N (2N — )¢’ log(g){2N Y < ,;, {(2N —1)2glog(g) (2N —1) log(g)}

2 2N—-J 1 2 -2 2N—-J

Zﬁ—i_ Zgl<07

gi
glog(g) = log(g) =

for some constant C as we have 1/[? in the first sum and g < 1 in the second. As a result,
the variance in (2.54]) can be bounded by a constant:

2N—1 2N—1 2N—1
l kg

1 /
Var[ l;] ngB(l Z)HZ} ZZ; 2N(2N — 1)g! kzzl INEN —F) S ¢

With the factor r3 in front of the maximum in (2.52)), we therefore get

_ c
Vo) < g Ny
and hence, together with (2.48)):

log(N)

|E(exp(—n7?)) — exp(~E(777))] <

Using the above and the result from (2.51)) in (2.47) ends the proof of the first statement.

The second equation follows from the first when considering J = 1 and using the result from

(A.1)) in the proof of Lemma m O

Recall the notation S; from (2.23) which denoted the event that the two neutral loci of
individual ¢ separated within the B-population, with complement Sf. Due to Proposition
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we do not have to worry about any chronological overlapping of a migration event and S;.

From now on,
P () =P(- | &), and P%() =P(-|S).

and all calculations will consider only times ¢t < 7)y. We will describe for all of the five poten-
tial block types the possible (and probable) events leading to the particular ancestral relation
of the two neutral loci of an individual 7. A key argument for the exclusion of many event
types will be that by Proposition[2.11] a recombination from the b- back into the B-population
only happens with a probability smaller than ¢/(log(/N))2. Hence, once the ancestral line of
some locus goes back to a b-individual, it will never connect to a B-individual again.
Likewise important is that, as a consequence of Proposition 2.13] once the event S; holds
true, the lineages of (i, 1) and (4,2) will never coalesce again, except if they both stay in the
mutant population during the whole sweep.

In the following list, which refers to the ancestral relationships as defined right before Propo-
sition we will ignore events which have probability < C/log(NN) for some constant C'.

1. Ap: this happens only if R(i,1) = R(i,2) = —o0, independent of whether S; or S¢ holds
true. However, the probabilities differ depending on the value of R}$°(7).

2. A;: again, independent of S; or Sf, we need R(i,1) = —oo and R(4,2) > 0, but again,
the probabilities differ depending on the value of R5°(7).

3. As: by Propositions and the event S; is necessary for this relation of the two
neutral loci. Further, we need that R(i,2) = —oo and R(i,1) > 0.

4. As: in contrast to Ay we here, by Proposition [2.13] necessarily need Sf to be true. In
addition it is necessary that R(i,1) = R(i,2) > 0 and R;(i) = —o0.

5. Ay: either (i,1) and (4,2) recombine into the b-population at different times, R(i,1) >
R(i,2) > 0 (only in case of S;) or vices versa, or they recombine together, that is,
R(i,1) = R(4,2) > 0, and in addition R}*(i) > 0.

We will focus on calculating the probability of A4 (corresponds to (i) of Proposition [2.16|),

and deduce the other statements through easy adaption.

Probability of the ancestral relation Ajy.

Let us first consider A4 conditional on the event that the two loci of individual 7 are still
connected to the same individual at time 7. By Propositions [2.10] and [2:13] there are now
exactly two ways for the N1 and N2 locus to appear as two unmarked singletons in the

partition of the sample. Note again that we only consider the time span [0, 7x] here.
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el) R(i,2) > R(i,1) > 0: first (4, 2) recombines into the b-population, then (7, 1) recombines
into the b-population (and connects to a different individual than (7,2)). This event
will be called [2, 1]3.

e2) R(i,2) = R(i,1) > R;*°(i) > 0: the tuple (4, 1), (4,2) recombines into the b-population,
afterwards a second recombination splits them and (7,2) is attached to another b-
individual. This event is denoted by [12, 2]5%°.

As we know from Propositions 2.11] and [2.12] the events which would annihilate the singleton
status after an event of type el) or e2) are of order at most 1/log(/N)? and hence we do not

need to account for them. All in all,
P(Ay | ) = P ([2,1]55) + P ([12, 255 + O(1/ log(N)).

If the two loci of an individual 7 split within the B-population, that is, if S; is true, then the
chronological order of the migration of the loci into the b-population is not important. Thus,

the event [2, 1]2’? is again one possibility, in the same way as the following:

e3) First (4, 1) recombines into the b-population, then (4, 2) recombines into the b-population
(and connects to a different individual than (7,1)). This event will be called [1, 25"

In this case, we get
P(As | &) = P¥([2,1]55) + P ([L, 215%) + O(1/ log(N)),
and hence in the end we have
P(Ay) = PSi 1(Ag) - P(S;) + PS¢ (A4) P(Sy)
_ (P‘Si([ ]rec) —I—PS rec ) IP; Sz) (2.55)
+ (P (2, 1]7"“)+PS ([ ,2055)) - P(S7) + O(1/ log(N)).

We start with the case of S¢, and first consider the event from e2), then el) and finally add
them up. In the following calculations we will assume that ¢ was sampled at 7 and hence,

by definition its two neutral loci are still linked to each other at that time, which enables us

to use the measure P instead of PSP,

Lemma 2.31. With the notation from e2) we get

([12,2]5%) %{”1_” exp(_@ g: l>(1_(1_s)l+1).i}

=1 m=it1

{r—ew (=23 D)+ (i)
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Proof. Recall the definition of R;*(i) from and note that by Proposition we have
that

P(R (i) = 0) = P(R(3,1) = R(3,2) > 0, R;*°(i) > 0) + (9(%).
With this, we get
P([12,2]5%) = P(R(i, 1) = R(i,2) > 0, Ri**(3) > 0) + O(*5™)
= ZP(R@%) >0 R(i,1) = R(i,2) > 0, Xp(i2) = 1)
TP(R(i,1) = R(i,2) > 0, Xpga) = 1) + O(542).
We will abbreviate the event considered in the second probability by
R(is1) :== {R(i,1) = R(3,2) 2 0, Xp(i2) = I}, [ €[N]. (2.56)

The following Lemma states the result of the calculation of P(R;*(i) > 0 | R(i51)).

Lemma 2.32. Recall the notation from Lemma the times 17, and 7 defined in ({2.3))
and (2.4), respectively, and define

7—1 Tl**l T F—1
0 = pj2(Xe, Xeq1), and m:= > 0%, nf = > 0, i = Z 001 x, <1}
t'=1 t'=1 t'=1

Then we have the following statements, where C is some constant which may vary from line

to line:
rec( ) B ¢
L PR > 0| R(:D) > 1= B(e7") + o
PR“(0) > 0| R(51) < 1= B(e7) + oo
2. E(i —m) < z1ogC(N)’ Blni =) < llogC(N)'
l
3. 5216211134'0(1% )

4. ]E(e—ﬁl) Eﬁﬂgc//log(N).
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From this it follows that

P(Ry“(i) > 0| R(i:0)) = 1—exp (= =37 2 ) + O(1/log(N)).

??‘\H

z

Cn‘w

The proof follows the recipe described on page [65] and uses essentially the same methods as
were presented throughout the proof of Proposition However, the proof here is more
delicate as we have the additional information that Xpg(; 2y = [. This makes it necessary to
perform two Poisson approximations, one as a lower and one as an upper bound, as stated
in 1. of Lemma [2.32] as we only know that we are in state [ but not that it is the first time.
Hence we make the detour via the bounds with the first and last time the state [ was visited
by X. Claim 2. however says that both approximations can again be approximated using the

same exponent 7).

Proof. With p7 (k, k") from (2.40)) we have a lower and upper bound as follows:

X
7l 7]

=TT —620) <P(RYC() > 0| R(i:0), X) <1 - JJ(1—62y).

t=1 t=1

After taking expectations, the above reads as follows

1- E(ﬁ(l —011)) <P(RI(3) > 0| R(;:0) < 1 —E(ﬁ(l — o)), (2.57)
t=1 t=1

1. Consider first a Poisson approximation of the lower bound. Applying the limit theorem
from [I5] which is stated in Lemma yields

Tl—l

‘1— (1—9 D= (=) <> o

t=1 t'=1

Taking expectations and using the results from Lemma as well as (2.37)) from Lemma
[2:23] this inequality gives us

=Tl - o) - (o) <25 @) <B(3 o)
t=1 t'=1 t'=1
= 2]§1E(Dk Py (ks k — 1) + Hy - prp (k. k)°)
k=1
2N-1 ' (7"2)2 (2N _ k)2

(r2)* (2N — Wﬁ%)

+E(Hk) ’ (2N)2 k2

- kZ::l B GNe N k112



2.4 Proofs of the auxiliary statements 75

2%1 1< (2N — k)2 8 (2N—k)2>
S (N —k+1)2 Fg2
-~ 7 —_——
<1 <(@2N)?25

9 2N—1

ry 1 1 C
< = — )< — . .
<5 2 (@ve * 2) <y (2:58)

For the upper bound note that we can again use the sum from 1 to 7 as a bound.

w0 -a) - (-2 < 5 2(0) < £ 5(07) < o

Both lower and upper bound in (2.57) can therefore be approximated by 1 — E(e_“) with

p =1 or =1, respectively.
2. Next, we show that both 7, and 7, can be approximated by 7;. Indeed, on the one hand

we have
Tl —1 1
E( — m) ( > o 1{Xt,<l}) > {Pbb (k, k)E(Hyy) + pyp (ky k — 1)E(Dk,l)}
t'=7 k=1
i{(QN—k:)B 1—s)k L2 2Nk (1—s)l—k+1}
= = 12N k sBs 2N2N —k+1 s
<r£zl:(1—s)l’k_ (1—3)1263 1 <7°2(1—3)E 1
s = k k(L= s)k s I(1—s)t
< C
~ llog(N)’

where we used Lemma (Lemma 3.5 in [36]) in order to bound the sum. On the other
hand it holds that

Tl —1
E(n; — i) ( Z et’ 1{X />l})
=1
2N
< Y {pbb(kf k)E(Hon—kon—1) + ppp(k, k — 1)E(D2N—k+1,2N—z)}
k= l+1
ro (2N — k)ﬁ (- sty (1 —s)k!
Sz MR
k=i+1 5Bk 2N 5
2N k—1 00
9 (1—3) 79 & C
< = < 1—-s5)"< .
s z;z% k s(l+1) kz::o( ) llog(N)
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3. In the third step, we calculate the expected value of 7:

=1 l
E(i) =E( Y. 0" x,<y) = D {phi (k. k)E(Hy) + pii (b, k — DE(Dy) }
t=1 k=1
! 2N—k 2N —k+1
) L (2N —k)1—(1—s) IN—k  1—(1—s)
T s ;(1 -9 557 —(1-s2 TON@N _k+D) 1-(1_s2N }
T9 2N — k
2 kz::l IN(2N —k+1)
o . (N -k (2N —k+1+k .
I ,;1(1 =958 {k(QN—k:+1) b+ 0(it)
l k l
T 1—(1-s) 1 9 1
_;; k +O(10g ) ?ZE (log )

Here we used similar simplifying approximations as in ([2.50)).
4. In order to show the last inequality, we have to bound the variance of 7;. Analogously to
the proof of Proposition 2.14] we define

1, 2N — k 1
= —pl2(k,k—1) = S o
@k szbb( ’ ) 2N(2N —k+1) ~ 2N
1 (2N — k)? (2N — k)”
b = —pl2(k, k) = S 5
k T2pbb( k) IN (k2 + (2N — k)2 + sk(2N — k)) 4N3

Note that the here defined aj is smaller than the corresponding aj from Schweinsberg and

Durrett. From equation (3.13) of [36] we have

Var (7)) < 4r2 max {Var( Z ay Dk ),Var( i kak) }

k=1 *Uk 1 k=1
= 41"% max {Var( zl: akUk> , Var( zl: kak) }
k=1 k=1

Thus, as the a; are bounded uniformly by 1/2N, the variance in the first argument can be

treated in the exact same way and with the same result as in [36]:

l

Var(ZakUk) < Var( Nz:: akUk>

k=1
For bounding the variance in the second argument, consider the following:
l l l l l
Var(Zkak) = Z Z bkbk/COV(Hk,Hk/) < 2- Z Z bkbk/COV<Hk,Hk/)
k=1 k=1k'=1 k=1k'=k
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l
1 '
> by ——(1 — 5)F=R/2)
1k/:k pkpk’

MN

<C-

k

where we used (2.53|) which states a bound on the covariance of the number of holds from

[36]. Here py = % thus
by, (2N k)? (2N)? _2N-k 1 2
pk 4N3 k(2N —k)(2—s5) N@2-s)k  (2—s) k'

With this we can bound the variance of the holds by some constant:

l l l l l
Var(Zkak) <Yy by, b (1— s)F=R)/2 ¢ de 3D 1 (1= s)K=H)/2

2
k=1 k=1 k/—k PkPK (2 =) (= i FK
I, Ik I
4e 1 1 1
= - 1— — <
(2—8)2Z/€ PR z:: 2

As 73 is bounded by a constant times 1/(log(N))?, statement number three follows from the

Mean Value Theorem and Jensen’s inequality as described on page

_ _ _ C
=7y _ o~ E(M) =7 _ o~ E() 5 T(F ANt ——
E(e) — e 0| <R[ — e B0 < B[~ B(2)| < (Var@)'* < o (2:59)
Combining the statements from steps 1. to 4. and recalling results in
l
rec( - T2 1 C
[P(RI(0) > 0| R(;0) — (1—exp (~ ;k; NIE o)
O
It remains to calculate P(R(;1)) for an individual ¢ sampled at time 7.
Lemma 2.33.
_ (1 —7g) 11— (1—5)2Nt r(2) &1
P 1) = _ Y il
R0 === (e (-0 3 5
(2N —1)(1 — (1 —s)*1) 7(2) 11— (1 — s)! 1
[ IN(I+1) +eXp< s z) 2N }+O((Z+1)-logN)'

Proof. By decomposing the event and conditioning appropriately we get

=Y P(R( t <7y, and X; =1, R(i,1) = R(3,2))
t=0
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=3 P(t < 7, Xy = 1, Xe1 = kYt >t By(AL (i,2)) = 1 = By(AL_(i,1)),

Bi(A7,(3,2)) = 0= By(AL, (i,1)))
= P(B(AL, (i,2)) = 0= By(AL (i,1)) | t < 7, Xy =1, Xyy1 = k,
t=0 k=l,l+1
Ve’ > t: By(AL (i,1)) = 1= By (AL (i,2))) - P(¢
PVt > t: By(AL (3,1)) =1 = By(AL (3,2)) | ¢
=3 3 TR P < T, Xe =1, Xe oy = K)
t=0 k=l,l+1
(Vt >t Bt/(A (’L 1)) =1= Bt/(A (Z 2)) | <N, Xy = l,XtJrl = k) (260)

::Plz.

8

TN7Xt - l7Xt+1 == k)
TN,Xt = Z,Xt—i—l = k)

VAN

As before, the idea is to do a Poisson approximation for P,ﬁ. Thus, we condition on the

Markov chain X and get a lower and upper bound as follows

TN

11 (1 — PP (X1, Xt'))

t' =1y
<P =P >t Bu(AL (i,1)) = 1 = Bu(AL (i,2)) | t < 7, Xe1 = &, X)
=P((i,1), (4,2) do not migrate into the b-population during steps
at times t + 1,t +2,...,7 | t < v, X¢41 = k, X)

TN

< H (1—p’§2)(Xt/_1,Xt/))-

I %
t'=1p

As not only the idea but also the calculations are very similar to the ones in the proof of
Proposition and Lemma we will not give many details here. Define

TN 2 TN 2
= > R (Xe, Xe), mf = Y pRY (X1, X)), and

! — I — %
t'=T1y t'=1;

N
= Z pg2)(Xt’—laXt’)1{Xt/>k}‘

t'=Ty

Then, the statement for the Poisson approximation implies that

‘E{ ﬁ (1 T(Q)(Xt' 1,Xt/))} —E[exp (771;)]‘ < E[ % (rs At )(Xt/ 1, X)) }
t'=Ty t'=my,
2! (ri+72)” 2N —k)* |

< X [EW -y e B’C(TE;\[;Q)}
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(T‘l + 7"2)2 Eing) 1 1 C
< + < , 2.61
- = et eve S temr 200
and analogously,
e r(2) n c
‘]E[ H (l—pB (thflaXt/)):| —E[eXp (T]k )]‘ < W
t'=rp;
Furthermore, by applying (2.37) from Lemma and Corollary we first get
SIC)
E(ne — k) = E( > P (Xt’—laXt’)l{Xt/<k})
t' =Ty
k—1 )
< Y {EUnn)pE? (mom + 1) + E(Hp )0 (m,m) |
m=1
_ N (-9t m((r(2)(2N—m) . 7’(2)) _Cr2) __C
\mzl s 2N(m +1) 2N/ = kT klog(N)’
and similarly, by using the argument from ([2.43)),
Th *—1
E(ijx — i) E( Z pB Xt’ 1aXt’)1{Xt,>k}>
t/:Tk
< - r(2) r(2)
<> {E(U2me71,2N7k)pB (m,m +1) + E(Han_m2N—k)Pp (m,m)}
m= k

(1—s8)k™ (r(2)2N —m)(1 —s5)  7r(2) C
S Z ( 2N (m +1) + 2N> S klog(N)’

Both 7, and 77: can therefore be approximated by 7. The expectation of 7 is obtained
using very similar approximations as stated in in the proof of Proposition and as
done in the proof of Lemma 3.8 in [36]. Note however, that we only consider times up to 7y
and that the following holds true for any [ =1,2,..., N:

0 TN
SRt < T, Xo = 1= Xip1) = B[ > Vxmimx,,0y| = E(H) — E(Hyn). (2.62)
t=0 t=0

By (2.37) we can bound E(H; x) by (1 —s)¥=!/(sf3). Both considerations can be transfered
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to > g P(t < 7, Xt =1, X441 =1+ 1) and the number of up-jumps. We obtain

N . .
B = 3 [E[U = Una] - %VH)) +B[Hy — Hon] - 52
N . .
= X [Bion) SRy B s O] )
'r(2

N
:Zk: (1 +k101gN)’

where the error in the second line is due to E(H,, n) and E(H,, n) and follows from the
formula of geometric sums and the bound on r(2). Further, we use the result from Lemma
3.10 in [36] (obtained by similar calculations as performed in step 3 of the proof of Lemma
in order to bound the variance of 7,

C

I
Var (7j) k(log N)?

Finally, by the same calculation as in (2.59)) we obtain

P =P, = eXP( Q > m) +O((loglN)2 T x/EligN>'

m=k

We finish the calculation with the Lemma and using again the equality stated in (2.62]):
o0
P(R(i;1)) = 1(1-r2) ZIP <N, X =1=Xi41)

o0
+ P o T ) S P < T X = 1, X = 1+ 1)

t=0
ri(l—r) (1—-(1-s)")(1 - (1-5)*N" r(2) e 1
= ON : s(I— (1— 5)2N) 'eXp(_Sg_:lm)

(1 —7r9)(2N —1) (1 — (1 — )T (1 — (1 — 5)2VN ) r(2) & 1
TN+ s(1— (1—s)2N) 'eXp(‘smgilm
+O((l+1)+0gN) +O( (logN) +l%-(lolgN)2)

(=) 1 (1—s)2N r(2) & 1y (2N D1 - (18
== s : .(1—(1—5)2N>'exp(_Smgl;lm)'[ 2N(l+1)
r(2) 1y 1—(1—s)
rexp (= 127) - 20 + O
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Combining both results now yields the statement of Lemma [2.31

N
P([12,2]3%) = Y P(R(i;1)) - P(Ry(i) > 0| R(3;1))
=1

N1 —rg) 1 —(1—s)2N r(2) & 1y (2N =11 — (1 - s)t!
:Z{( ) 1=(1—5) -exp(_ﬁz )[( )(1—(1— )"+

s 1—(1—s)2N

k=1
N (1= 1) r2) &1 2N +1
ZZZI{ : s 2 'eXp<_smgl;lm)u_(l_s)m)'2N(l+1)
!
+O(amteem) {1 e (= 32 5) + 0 (iw) } O iew)
!
s {nlr) gy (1) Ly 1—e (<23 1)
=1 m=I+1 k=1
+O(log1N>
O
Lemma 2.34. With the notation from el) we get
N N
= (a0 e (<12 S L))
=1 m=Il+1
5 I 1= (1= g)ktty. 1 o1
{z:: ( Sn:zk;i-ln>'( — (=) )m}+ ((logN))'

Proof. In terms of the random times R(i,1) and R(7,2), we have

N
P([2,1);5) = Y _P(R(i,1) 2 0 | R(,2) > R(i,1), X2 = 1)
=1

“P(R(3,2) > R(i, 1), Xp(0) = ).

We now consider separately the two probabilities that make up the product. Revisiting the
calculation of P(R(i;1)) in the proof of Lemma[2.33] we notice that the event R(i,1) = R(i,2)

only influences the recombination probability. Therefore, we only need to change p”(1 r2) (I,k)
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into pg(l Tl)(l, k) and get

ro(1—ry) 1—(1—s)2Nt US|
JE R

i
_ — (1 — )it r — (=)
S T

P(R(l7 2) > R(Y’a 1)7XR(i,2) = l) =

Now consider the first probability. Similar calculations as for (2.60) lead to
P(R(’L: 1) =20 | R(Za 2) > R(Za 1)7XR(i,2) = l)
oo N
=> > pp (b, m)P(X; =k, Xp1 = m,t < R(3,2) | R(4,2) > R(i,1), Xp2) = )

=0 k=1 m=k,k+1
P(VE >t : Bu(A” (i,1) = 1|t < R(i,2), X; = k, X131 = m, R(i,2) > R(i,1), Xpz) = 1)

~+

t,(1)
_Pkml

The calculation of P (1 )l is done as in the proof of Lemma [2.33l However, we here additionally

condition on the event R(i,2) > R(i,1), Xp(;2) = | and thus have extra information. Keep in
mind that we know neither the number of visits of the state m before ¢ + 1 nor the number
of visits of state [ after time R(i,2). We will use a similar idea as in the proof of Lemma
and bound the probability P,ng)l from above and below using at the one hand the time span
between the first visit of m and the last visit of [ and on the other hand the last visit in m
and the first visit in [.

As we will see later, we only need to calculate an explicit value for the case where m < [. In the
other case m > [ we can bound the above probability by one and still are able to drop the terms
in question while making an error of order at most O(1/log N). With 0;* := p3 (X¢, Xy11)

and assuming 7, < 7; we can write

Tl*—].
[T (1-0) < Poni? =B > 2 By(AL (5,1) = 1| ¢ < R(i,2), X, = k,

t'=Tm
Xi41 =m, R(la 2) > R(Z? 1)5 XR(Z',Q) = laX)

= P((i,1) does not migrate into the b-population during steps at times ¢ + 1,
t42,...,7n |t < R(3,2), X; = k, Xey1 = m, R(i,2) > R(i, 1), Xp(ia) = 1, X)

—1

< II (1-6p). (2.64)

I — %
t'=1y,

We will see later that the assumption 7,5, < 7; for the upper bound can be dropped by replacing

the range of the product with the minimal distance between a visit in m and a visit in [.
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The idea is to do again a Poisson approximation for both products and then to compare their

difference. We will first consider the lower bound. Define

Tl*—l Tl*—l

(1)7_7* R 1 ”‘(1)7_7* R T1

Nl = E 0,', and Tl = E 04 Lim<x, <1}
t'=Tm t'=Tm

Very similar to the previous proof of Lemma [2.33] and in particular by the same argument as

in the proof of Lemma 3.6 in [36] we get

< ZT: (6:,1)2, and further

t'=Tm

X,t,(1 1),— %
‘Pk;m,§ /- eXP(—U( ) )

m,l

[Pt = Eexp(—nly) )] < E(;;:1 (9;,1)2) < (105\[)2, (2.65)

(1)7_7*

for some constant C'. We will now show that the expectation of the difference between 7, ’;

(1)77>*

m,l

and 7 is small enough.

*
7 -1

e M )

t'=Tm

=

m—1

<Y (Ekm) - P (ko k+ 1) + E(Him) - pi (k. )
=1

o

2N

+ > (E(U2ka71,21vfl) pp(k,k+1)+E(Hon_g2on—1) - Pg (K, k))
k=111

m—1 m—k 2N k—1
(1—29) ri(2N —k) r (1—25) ri(2N —k) r
< L L
k; s (2N(k:+1) o)t X (2N(/<:+1) + )
< 017"1 + 027’1 + C37’1 < C :
m—1 2N 1+2 = (m—1)log(N)

k=Il+1

where we applied and used Usn_p—12nv—; and Hon_jon—; as upper bounds for the
number of up-jumps and holds, respectively, and did not account for the fact that we only
need to count the jumps from time 7, on. To receive the bounds in the last line we used on
the one hand Lemma [A71] and on the other hand the formula for a geometric sum. As we

have

.
~(1),—,*
Var(nﬁn?l ) < Var( Z 0 l{Xt,>m}),
t'=Tm
and the latter is known to be at most of order 1/(m - (log(N))?) by Lemma 3.10, [36], we can
here as well approximate E(exp(—ﬁ(l)’_’*) by exp(—IE(ﬁ<1)’_’*)) in (2.65) and still have the

m,l m,l
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order of approximation we need. The last thing to do is therefore to calculate the expected

value of 177(7?[’ )

Tl*—l

EGYT) =ECY 00 ix, smyLix, <)

-1
=3 [EWPY (k. + 1) + E(H)p (5, 5)]

k=m
LS N R - (1) - (1 - sk
it { 2N (k +1) 5(1 — (1 —s)2N)

i1 (A=(1=s) M)A -1 =)+ (1 - (1= - (1-5)N

+tona—s( s(1— (1= )N -1)]
e (- (1—8)2N"“)<(2N k)(1—(1—s)"*h) (11— (1—8)’“))
s 2 1-(1-9)%) 2N (k +1) 2N

2N +1 58 (1—(1-9)k) r 1
= ,;m kot 1 +0(%) = ;k%k+o(mlo§<N))‘

The approximations in the last two steps of the above calculations follow the same reasoning
as stated in .

The lower bound in can be treated just alike. We will approximate the number of
up-jumps and holds between the last hit of m and the first hit of [ by the same number of
jumps as above, namely those happening between 7, and 7;* starting from a k between m
and [ — 1. Define

-1
1),%,— ~(1),%,— (1), =
() = Z ¢;', and 77(,) =Y O lpex, < 277() ;
t'=Tp, t'=Tm

and consider the expectation of their difference. Similar calculations as for the upper bound
lead to

Th—1 =1
W= W)=Y _ c
B o) =B S e+ S B ex,en) € o
t'=Tm t'=m+1

From this calculations we see that regardless whether 7%, < 7; holds true we can approximate

ﬁg)l’*’_ which looks at the minimal number of steps between visits in m and [ again with

772)[’7’* with the same error bound.
This shows us, that both bounds from (2.64]) can be approximated by the same expression

and therefore they coincide up to terms of order less or equal to 1/(mlog(N)). For m <[ we
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get:

l
1
P;;S?l = exp ( - %1 Z %) + (9((10g1N)2 + \/ﬁllogN)' (2.66)

n=m

We can finish with applying again (2.43)), plugging in the results from above and making

similar calculations as in the end of the proof of Lemma [2.33

P(R(i,1) > 0| R(i,2) > R(i, 1), Xp(a) = 1) ZZ S ppkom) - PR,

t=0 k=1 m=k,k+1
’ ]P)(Xt =k, Xip1=m,t < R(Za 2) ’ R(Za 2) > R(Za 1)7XR(i,2) = l)

=P(Xe=k,Xt41=m,t<R(4,2)| X g(s,2)=1)

-

(pTBl(k: k) - Pg) - B(Haon ran—1) +pj (ki +1) - Pl - E(U2N—k71,2Nfl))

)

k=1
S (-7 S a0y
=2 orley 2 ) 0m Iy Ol

Together with the first part of the calculation this yields

P

—~~

[2 1]T€C)

tnﬂz

]P)(R(Z’ 2) > R(Za 1)7XR(i,2) = l) ) ]P(R(Za 1) =0 | R(Za 2) > R(Za 1)a XR(i,Q) = l)

~

1

M=

ra(1—r1) r2) g Ly [@N-DEI-(1-9)t) 1o (19t
S e ) T ey
+O( ) |
-1 l
Bl 2 0 st
k=1 n=k+1
SNl e S
= (e asa e (<1 30 ) )
=1 m=Il+1
-1 l
(82 (2 £ 50 am ) elst)
k=1 n=k+1

It remains to add up both probabilities given in Lemma [2.31) and Lemma [2.34] Recall that

r(2) =11+ 1o —1rirg =T1+r2+(9(1/(logN)2) (2.67)
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and that we hence can approximate as follows:

exp(—r@) i\f: %)zexp(—rl—:rz g: %)—FC’)(l/log(N)).

m=Il+1 m=Il+1

With this, the sum is calculated easily using the statement of Lemma [2.30

IPS?<A4>= T2, 105) FB([12,205%)
) r(2) &1y Eeo1 o 1
lzl; ger(-0 Y ) S e (- X))
o1 p(_T(2 g: i)(l—exp(—rj Zl))_i_(r)( 1 )
25141 s Sm =k log N
“ien (<Y D) e (<03 (1w (- 250 )
s =k s ik Sk
ry O 1 e 1 1
_exp(_Skz::lk) (l—exp(—SkZ::lk))+O<1ogN)
r1 N1 T2 Ny 1
(o2 D) (e (- 25 ) o)

Let us now consider the case ;. Here, the situation is very simple as Proposition [2.20] tells
us, that the two neutral loci of one individual can be treated as two independent individuals
after they split within the B-population. We have to keep in mind though, that on the lineage
which represents the ancestor of (i,2) also a recombination between the selected and the first
neutral locus leads to an escape of N2. A double recombination in one step however is again

not conducive. We therefore have to use r*(2) when we apply Proposition here.

P(As | 5i) = P%(R(i, 1)
S(R(i, 1)

, R(i,2) = 0) + O(1/log(N))
) - P (R(i,2) > 0) + O(1/ log(N))

~ (e (= 2 0) - (1 e (- 25 ) o)

k=1

=0
=0

Turning back to Equation (2.55) and using the definition of ¢V, ¢ and ¢® from Equation
(2.18]) in Proposition we get:

P(A1) = (1= ¢"%)a® ¢ +¢PP¢ V1 — (1 = ¢)(1 = ¢P)] + O(1/ log(N))

— (D [gWgBE — ) 1 ¢P] + O(1/1log(N)). (2.68)
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Probability of the ancestral relation As.

We will briefly calculate the probability of a double-singleton, A3. As mentioned before, this
block type only has a non-negligible probability under PSi. By Proposition we have

P (A3)
= PS5 ((4,1), (i,2) recombine together in the b-population and do not separate) + O(log(N)/N)

N
=D P (R(i,1) = R(i,2) > 0, Rj*(i) = —00, Xp(;1) = 1) + O(log(N)/N)
=1

BE (R (i) = —o0 | R(i:1)) - P (R(is1)) + Olog(N) /N),

M=

N
Il
—

with R(i;1) as in (2.56). We now can plug in the results from the last section, make similar
approximations and use in particular (2.67) and the statement of Lemma in order to

receive the following:

N o ’ (1 — g)2N-1
]P’Sf(_Ag)_Z{exp(—;;;)exp(0<&))+(’)(lo]ng)}_{81.11_(11_2)2N

1
r2) L 182N = D)(1 = (1 — s)l+? r2) 1y 1—(1—s)
e (-2 3 OE =TT e (120 i Ot}

/

+ exp

e (-2 ) e (-0 3 D) o)
Cep (2 Y (e (— s L ;
_ exp( : k;) (1 exp( p > k)) +(9(1ogN>

k=1 k=1

The total probability of the block type described through A3 then reads

P(A3) = (1 - ¢"P)(1 - ¢@)q) + O(1/log(N)). (2.69)

Probability of the ancestral relation As.

We continue with a short derivation of the block type describing Ao, which we only need to
consider under PSi. Similar as for PSi(A,) we get by Propositions and then

PSi(A) = PSi(R(i,1) > 0) - PY(R(i,2) = —o0) + O(1/log(N))
1 1

:(1_exp(_%zg)).exp(_“g”z%)w(@).

k=1 k=1
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Thus,

P(Az) = ¢"P¢ (1 - ¢V) (1 = ¢®)) + O(1/log(N)). (2.70)

Probability of the ancestral relation A;.

For proving the result for A; under P we go a bit more into detail: let i be an individual

sampled at time 7. Then,

PSi (A;) = P(3t : (4,2) solely recombines for the first time into the b-population,
(i,1) stays in B in (0,7x)) + O(1/(log N)?)

o0
= Z Z]P’((z', 1) stays in B in (0,¢) | at ¢, (¢, 2) solely recombines for the first time into
I=11t=0

the b-population, (i,1) is in the B-population in [t, 7x],t < 75, Xy =)

. Z P(at t, (i,2) solely recombines for the first time into the b-population, (i,1)
k=l,l+1

is in the B-population in[t, 7x],t < 7n, Xy = I, X411 = k) + O(1/(log N)?).
We first have a look at the last probability. Similar as before,

P(at ¢, (i,2) solely recombines for the first time into the b-population,
(i,1) is in the B-population in [t, 7n],t < 75, Xt = 1, X¢41 = k)
— P(BA(AL, (1,2)) = 0, Bi(AL, (i, 1)) = LYE > ¢ Bu(AL, (i,1)) = 1,
By(AY (i,2)) = 1,t < v, Xy = 1, Xe11 = k) + O(1/(log N)?)
=2 k) Pt < 7, Xy =1, Xy 1 = k) - P+ O(1/(log N)?),

with Py as in (2.60)).

The first probability can be treated as follows:

P((i,1) stays in B in (0,¢) | at t, (4,2) solely recombines for the first time into the
b-population, (i,1) is in the B-population in [t,7n],t < 75, Xy =)
= P((i,1) stays in B in (0,t) | (4,1) is in the B-population in [t,7n],t < 7w, X; = 1) =: P},

and we can again bound this from below and above as follows:
=1 =1

H (1 —pg(Xi, Xe11)) < P < H (1 —p3 (X, Xi41)).
t=1 t=1
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This inequality however corresponds to (2.64) with m = 1 and 7,,, = 7,5,. The result therefore
follows from (|2.66|):

R=eo (<X ) <o

k=1

With this, we can close the proof with

N
P (A1) = exp (- Z o) Zexp(% > )t p e
+p§5“‘”)(l, [+1) P -E(Uz)} +0(1/(log N)),

where we again used that the terms resulting from the number of holds and up-jumps starting
from [ after time 7y can be bounded (see proof of Lemma [2.33). The expression in the curly
brackets is known from Lemma With the simplifications used before we finally get

psf(Ag:exp(—”%l)- Nexp(ﬁ S L LS G S Ly
s ko S Sk si+1 S Sk

The probability of A; under P can be easily calculated by applying again Propositions m
and [2.15]

D) (e (< TS 1) oy

k=1 k=1

| =

PSi(Ay) = exp (

Cn‘\g

Together,

P(A1) = (1 —¢P8)(1 = ¢M)g® +¢PP(1— ¢W)(1 — [(1 - ¢V)(1 — ¢?)]) + O(1/ log(N))
= (1 - ¢ [gWePB(1 — ¢?@) + ¢@] + O(1/log(N)). (2.71)

Probability of the ancestral relation Ay.
The probability of Ag can easily be deduced from the previous calculations and in particular

by applying Proposition [2.15

P(Ao) = ¢ (1 = ¢")[(1 = ¢)(1 = ¢®)] + (1 = ¢"P)(1 = ¢)(1 = ¢?) + O(1/ log(N))
= (1= ¢M)(1 = ¢®)(1 - ¢Mg"P) + O(1/ log(N)), (2.72)
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and a test shows that indeed, Y.3_qP(Ax) = 1. Recalling that ¢%8 = ¢ 4+ O(1/log(N))
(see for example Proposition [2.14)) we can check that all derived probabilities correspond to
the entries in gg1 up to error terms of order at most O(1/log(N)).

2.4.4 Proof of the multinomial marking property

The proof of Proposition is very similar to the proof of Proposition (c.f. Proposition
2.4 in [36]) which was omitted in this work.

Proof of Proposition|[2.17. As in the proof of Lemma 4.2 in [36] we can derive the following
bound for the probability that a coalescence with respect to any locus j happens within the

B-population:

P(Xai(im) = k> Bai(imys1 (AT ™ (i, 5)) = 1 = Bai i my11 (A" E™ (m, 5)))

<SP(Xgi(im =k | Bgi(imys1 (AT O™ (i, 5)) = 1 = Basimy11 (A8 0™ (m, 5)))
2 2 AN

< .

K2N —k)s | Rkt 1)s S sE2@N —F)

P55 (k, B)E(Hy) + pgs(k, k + DE(U) <

With this, we can continue as follows by making again use of the symmetry argument from
(2.43) for the first inequality:

2N—-12N-1
P(0 < RY%°(i) < = > Z P(0 < RE°(i) < G (i,m), X (5,m) = k> Xpee(iy = 1)
k=1 I=1
2N—-1 . )
T(i,m) (5 I (i.m .
= Y P(Xai(im) =k Basimy 1 (AT ™ (6, 5)) = 1= Baigimy 1 (AS ™ (m, 5)))
k=1
2N—-1

Z IP) Rrec G (Z m) Xchc ) — l | XG] Zm) = k’BGJ(Z,m)+1(A§](Z7m)(Z’])) = 17

B (5,41 (AY” @) (1m, j)) = 1) + O(log(N)/N)
2N-1 4N 2N-1
<Y =g 2 {PBe(k K)E(Han—128—1) + PEp(k, k + DEUan1-128-k)}
= sk?(2N — k) P

+ O(log(N)/N)
2N—-1 AN IN-1 - l .
< N T
h kg SkQ(QN Z { 2N8 2N mm{(l )5 1+ o5 2N l+ 1 min{(1 — s) 71}}
< (1-s)—k 1} 0
+ O(log(N)/N)

2N—1 AN 2N—1 I—k

<2 pen- {Z 2N—l 2 T22§v_—53 J+o(52)

k=1 l:l I=k+1
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4y N2 N k 1
<7 kz::l k2(2Nk)[2Nk+2N/zJ*O(log( )
N 2N -2
<Xyt X vl HOlem) <Ot

k=N+1

O]

Before we come to the binomial and multinomial statements, we state a coupling Lemma

which is needed in each of the following proofs and which generalizes Lemma 5.1 from [36].

Lemma 2.35. Let Vy and Vy, be {0,1,...,n}-valued random variables with
E(Vy) =E(Vy) + O(e(N)), (2.73)

where e(N) is a function of N with e(N) — 0 for N — co. Then there exist random variables

Vn and f/](, on some probability space such that

VN and VN have the same distribution,
Vi and Vi have the same distribution, and

P(Vy # V) <n-max{P(Vy > 2),P(V{ = 2)} + O(e(N)). (2.74)

The proof is straightforward and follows that in [36]. We will however give more details in

order to be sure that the generalization indeed holds true.

Proof. By the general idea of coupling we can construct two random variables Vy and f/](, on
the same probability space such that their distributions coincide with Viy and V}, respectively.

Further, the coupling can be done in such a way that

+ mln{IP’( N =0),P(Vi =0)} + min{P(Vy = 1),P(V§ = 1)}
min{P(Vy = 0),P(V{ = 0)} + min{P(Viy = 1),P(V}{, = 1)},

P
<1 —min{P(Vy = 0),P(V{ = 0)} — min{P(Vy = 1),P(V{ = 1)}. (2.75)

P(Vy # V)

By standard calculations we can now derive bounds for the two minima on the right-hand

side:
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= min{P(Vy = 0),P(V} =0)} > 1 — max{E(Vy),E(VL)}.

In the same way,

VN):ik'P(VN:k):P(VN:1)+ik-P(VN:k)gIP(VNzl)Jrn.P(VN;z)
= j=2

& P(Vy=1)>EWVy) —nP(Vy >2); and analogously, P(V{ = 1) > E(V}) — nP(Vy > 2),

= min{P(Vy = 1),P(V§ = 1)} > min{E(Vy), E(V})} — nmax{P(Vy > 2),P(Vy > 2)}.
Both inequalities together with (2.73) give the following:

min{P(Vy = 0),P(V{ = 0)} + min{P(Viy = 1),P(V}, = 1)}
> 1 — max{E(Vy),E(V{)} + min{E(Vy),E(VA)} — n- max{P(Vy > 2),P(V{ > 2)}
=1-0(¢(N)) —n-max{P(Vy > 2),P(Vi > 2)}. (2.76)

Finally, (2.76)) in (2.75) gives the statement of the lemma:

P(Vv # Vi) <1—[1—O(e(N)) — n - max{P(Vy > 2),P(
= n-max{P(Vy > 2),P(V} > 2)} + O(s(N)).

=~
WV
N
=

In the following proofs we will always define certain binomially distributed random variables,
show that we have approximate equality of appropriate expectations and that we can bound
the right-hand side of by terms of order at most 1/log(/N) before applying the above
lemma.

We will start with proving Proposition [2.20] as it is the most involved and subsequently deduce
briefly the proofs of the remaining statements dealing with the multinomial character of the

partition of a sample.

Proof of Proposition[2.20. Suppose that we sample n®5 individuals at time 7y and follow

back their neutral gene genealogies. Consider for ¢ with 0 < ¢t < 7y the process
K} = #{i e [nPP]: R(i,1) > t}, (2.77)

with K} = 0. Then, by Proposmon H 9, K := (K})ry>t=0 is approximately identical to the
process (K;)r>¢>0 from [36] and therefore we have the statement from their Proposition 2.6,
that is
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Lemma 2.36 (cf. Prop. 2.6, [36]). Let qgl) =1—exp(—= Z{cV:JH ). For J € [N], it holds

BB

1o [n (Dydq _  (1)ynPP—d ¢
P(K}, = d) ( d >(qJ =) ‘< log N

ford=0,1,...,nPB.

From the proof of Lemma 5.2, [36], which leads to the above stated Proposition, we know
that K can be coupled with a process K such that they are almost surely equal in the limit

of N — co. Precisely we have for any J € [N] (cf. equation (5.1), [36])

_ C
]P’(Kt1 # Ktl for some Ty >t > 75) < g N’
and
KL | X ~Bin(nPP F}), with Fi=1— J[ (1—6"), and 6;' = p}i(Xe—1, X)-
t=1y5+1

Note that the statement in [36] gives a better result for J < CN/log(NN) for some constant
C. For our purposes, the above (which holds for all J € [N]) is sufficient.

We now define the process which counts the number of individuals whose second neutral locus
recombines into the b-population during the first half of the sweep whereas the first neutral

locus stays in the B-population,
K?:=#{i e [nPP]:R(i,2) > t,R(i,1) = —0c0}, 0<t< T, (2.78)

and will study its behavior conditional on X and the value K}. Again, K?N = 0 and K7 only
increases if a recombination happens that strikes the N2-locus of an individual which was not
counted by the process K!. We will see that with a similar reasoning as in [36] we get the

following analogous statement:

Lemma 2.37. Define for 6;? := p'3(X¢—1,X¢) the process

K?% = (K?)ry>t>0 with K’ZN =0 and

S ) ) (2.79)
KtQ—l - Kt2 ’ X? K017 (KZ)TN2U>15 ~ Bin(nBB - K& - Ki,‘27 9:2)

Then, for J € [N],

- C
P(K? # K? for somet > T1;) < g N’

Proof. The proof is very similar to the one of Lemma 5.2 in [36], nevertheless we will be
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much more detailed here in order to show that the arguments can indeed be transferred to
the somewhat more delicate situation at hand.
First of all, we will check if the expected values of the differences of both processes are identical

(under some specific measure) such that we can apply the general coupling Lemma

From (2.79)) we have
E(KP ) = K7 | X, Ko, (KD ryzust) = (077 — Ko — K7)6;”.

Let us define the set of all individuals ¢ living at time t from which exactly k£ of the sampled

loci (m,2), m € [nPP], from time 7y originate:

GHF .= {i € 2N] : AL (m,2) =i for exactly k different m € (BB},

(2.80)
k=0,1,...,n%8, 0 <t < 7n.

In other words, exactly k of the sampled N2-loci are descendants of an individual ¢ € gf ok

from time ¢. In particular, this implies the following identities:
nBB n
Zk-\gf’k]:nBB, Ugf’k:[QN], 0<t< 7y, and Qzl’vl:[nBB]. (2.81)
k=1 k=0

By translating the event K? ; —K? = k into the evolution defining random variables from page
and applying Proposition which bounds the probability of a double recombination we

obtain

TZBB
k=0

nBB 2N
- Z ke Z (1 B O(@))P(Itvl =1,1 € gtg’k’Bt(i) =1,Bi(I12) = 1vBt—1(It,3) =016 =1,
k=0 =1

It,5 =0,Vs <t: BS(Af(Za 1)) =1 ‘ X, K(%a (Kg);]lt)

nBB 2N

=Pl =1)(1-0(ix)) - D kY P(Bra(lg) = 0] Ly = i,i € G%, Bu(i) = 1,
k=0 =1

By(Iio) = 1,15 = 0,Vs < t : Bg(Af(i,1)) = 1, X, K, (K2)IX,)

= no constraint on the type of I3
P(Bi(It2) =1, I;jn=i|i€ gf’kat(i) =1,1;5 =0,Vs < t:By(Aj(i,1)) = 1, X, Kj, (K2)X,)
P(ls =0]i€ G Bi(i) =1,Vs < t: B(Ai(i,1)) = 1, X, K}, (K2)™Y,)
=1-0(1/log(N))
P(i € GPF By(i) = 1,Vs < t: By(Aj(i,1)) = 1| X, K¢, (K2)™,)
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IN — X;_ , .
= (1= () ZkZPzegf”ﬁBm=1,v5<t:Bs<At<z,1>)=1

‘ X, K(%: (KZ)Z:t) 'P(Bt(ltﬁ) = 17[15,1 =1 | (RS gtzk:Bt(i) = 17[15,5 =0,

Vs < t: Bg(A(i,1)) = 1, X, K¢, (K2)IV,).

Consider first the conditional probability that the parent is of type B and the offspring will
replace a specific individual ¢. This probability depends on the values of the process X and

in particular its type of transition from time ¢t — 1 to t:

P(Bi(Li2) =1, Iis =i | i € GOF Byli) = 1, I5 = 0,Vs < t : By(Aj(i,1)) = 1, X, K¢, (K2)7X,)

no constraint on the choice of I 1

X;-1 ﬁX —
_ ) mevxotemen—x) — av-xo X=X (2.82)

X%, Xi=X1+ 1L

This can be seen as follows: if there is a hold, then there are X2 + (2N — X;)? +sX; (2N — X;)
possible combinations for I;; and I;». The parent is of type B if we draw one of the X;
individuals, the offspring however needs to be one particular individual ¢, so there is only one
way to choose it. If the chain jumps by one in the ¢-th step, then the parent is necessarily
of type B, as well as the offspring. Here we have to consider the probability that the new
offspring is indeed the i-th individual, so one specific of all B-individuals in the next generation
t. Note that this probability is independent of k£ and ¢ and thus can be taken out of the sum.
The statements in let us treat the remaining part:

ON nBB
ST kPG € GPF, Bi(i) = 1,Vs < t: By(Aj(i,1)) = 1| X, K}, (K2)7Y,)
=1 k=0

BB 2N
2\ T
=E kzk Zl{egkat() 1,Vs<t:Bs (A$(3,1)) 1}’XK0=(Ku) }
1 =1
BB

= Z k-|{i € 2N]:ieGPF Bi(i) =1,Vs < t: By(AS(i,1)) = 1}| | X, K¢, (KZ);L}

= E[n"P — K§ — K7 | X, K3, (K27,
FE[[{m € 1BB): AL (m,2) € G2, By(AL, (m,2)) = 1 = Bi(AL, (m, 1),
Bg(AS, (i,1)) =0 for some t < s < 7} | X, Ky, (Kg):fit}

=P8 — K§ - K + O kvp ) (2.83)

as the second expectation can be bounded by Proposition and hence only those from the
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set Qtz * count (k-fold) who will never leave the B-population with respect to their N1-locus
and who currently reside in the B-population.

Recall the value of 0;* = p3(X;_1,X;) given in Lemma [2.26 - We see that it is exactly the
result from multiplied by 73 - M This together with the result from gives

BB
(K, — K| X, K¢ (K2)7%,) = 072 (072 — K¢~ K2 (1~ O(ng))
We notice that, up to terms of order at most 6;%/(log N), the above calculated expectations
are equal on the event that {K? = K?} and apply Lemma in order to conclude the
statement of Lemma [2.37 Note, that we use Lemma in the sense that the inequality
holds for each specific configuration of {X, K}, (K2)/Y,

P(K} # K7 for some 7y > t > 75 | X, Kj) = ZIPKt £ K2and K2 = K2Vs >t | X, K})

t=1y

N
= 3 B[B(KZ, — KP # K2y — KA K2 = K2 Vs > t| X, K, (K27, (K2)72) | X, K]
t=15+1
N ~
= Z E[P(Kf—l _Kt2 #KE I K2 | X, KOa(KZ)
t=715+1

u=t» (KS)ZNm

K2 =K2Vs>t) - P(K2= K2 Vs > t| X, Kg, (K7, (KD7Y,) | X, K]
< Y E[(nPPmax {P(KZ, - K? > 2| X, Kj, (KDY, (K27, K2 = K2 Vs > 1),

u=t>
t=715+1

u=t»

~ ~ ~ 0T2
P(RE, — K2 > 2| X, Kb, (K2, (R K2 = K2 Vs > )+ 0((2))

P(K2 = K2 Vs > | X, K3, (K27, (RD7Y,) | X, K¢

TN
Z E[nBB ’ [P(Ktzfl - Kt2 2 27K2 K2 VS t | X K07 (Kg)u ts (KS)Z—LNt)
t=15+1

+P(RE, = KP > 2, K2 = K2 Vs > t | X, K§, (K2, (K2)TN,)] | X, K]

u=t>’
TN 07‘2
+ O( Z logN>
t=15+1
TN ~
> E[nPP[P(KE, — K7 > 2| X, K§, (K2, (K27
t=715+1
~ ~ ~ T2
+P(REy — K > 2| X, K§, (K27, (R2X,)] | X, K| +0( 5 )
t= TJ+1
TN TN 7
=nPB S [P(KE, - K} >2| X K +P(RE, - kP >2 | X, KD +0( Y y).
t=15+1 t=715+1

(2.84)
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From this, we can get the statement of the lemma by calculating the expectation from the
above sum. First, as mentioned above, the error term with the sum over the 6;? is bounded
by C/log(N) from the calculations in (2.63). Next, consider the part which deals with the

process K2

TN oo
E[ > P(KP, - K >2]X, K&)] = E[Z Ly icter B(L ez | 20y | X, K&)}
t=15+1 t=1

BB Kl
0 1{K2 —K2>2, for some T +1<t<TNy }
t—1 t =4 J Itx }

= E[E[i L Kzsa, ryiciemy) | X0 K3 <E[”
t=1

nBB
< T]P’(Kf_l — K} > 2, for some 77 +1 <t < 7y)
nBB
< = P(3i,m s.t. G2(i,m) > R(i,2) = 7;) < C/log(N), (2.85)

due to Proposition Last, by definition we have for the process K2 that

TN
B[ 3 P(RE, - KP>2|X K}
t=15+1

SB[ S R[P(RE, - B2 > 2] X, KL (R2)) | X, K4)]

t=715+1
TN BB Kl _ K’Q ., BB . C
<E[t_;+lﬂ«:[<” N t) (07) | X, K| < (" )E[t %:H 6)?] < T

by similar calculations as for (2.61)). From ([2.84]) we then get the statement of the Lemma:

P(K? # K} for some t > 77) = IE[IP’(KE + K? for some t > 75 | X, K&)}

1 1
<nt? <logN + (log(N))2) +O(1°glN> S log N’

Lemma 2.38.
K2 | X, K} ~ Bin(n”? — K}, F3),

with F7 =11~ (1 —6;?).

Proof. Consider the process K7 := nPP — K} — K2_,. Then, KZ = nPP — K} and further,
K? ~ Bin(KZ,1 — 672), as only those who were not counted by K2_; will be a “success“ for
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the process K?. Next, K2 | K} ~ Bin(K?,1 —60">,) and in general
™

KE | RtQ—l ~ Bin(}?tQ—lv 1- 0:—2_(15_1))? Le. RtQ ~ Bln(ng H (1 - 9;/2))7
t'=17—t+1

by the properties of binomially distributed random variables. This implies
™

K} =nPP - Kj— K2 , ~Bin(n"? — K5, 1— [[ (1-6;?)).
t'=t+1

O]

So far we have considered the following three groups: individuals who account for DJ (those
who were not counted by neither of the processes K! or K?), individuals who add to Dé
(counted by K?) and those who are either part of D3 or Dj. It remains to distinguish
between the last two groups. This consists in deciding whether an individual who experienced
a recombination between SL and N1 experiences any recombination between N1 and N2 during
the sweep. Here, we have two possibilities to consider: either locus N2 did already recombine
into the b-population before that individual leads to an increase of the process K. Or, the
loci recombined together into the b-population and split within this background.

Conditional on K} we define the process which counts the individuals which are affected by

either event. Let 0 <t < 7w,

K} o= #{i € [nPP): AL (i,1) # AL (3,2), By(AL (i,2)) = 0 for some ¢’ > ¢, R(i, 1) > 0}.
(2.86)

If we assume that an individual’s two neutral loci, of which one already found an ancestor
of type b, will never coalesce again after separation and do not migrate back into the B-
population (approximately true thanks to Propositions and , Kt?"l is exactly the
number of those lineages out of K} where the two neutral loci are no longer connected within
one individual and at least the second neutral locus resides in the b-population. In any case,

K}* is exactly the number D¢ defined through A4. We will now prove the following Lemma.

Lemma 2.39. Define for 0?’4 =pp(Xi-1, Xt) - 1{x,=x,_, 41} the process

K3 = (K3 >0 with f(ﬁé =0 and

K - KM X KL (KDY, ~ Bin(K¢ — K71, 634).

u Ju=t

Then, for J € [N],

P(K3* # K3 for some t > 75) < e N’
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Proof. The proof uses the same idea as the proof of Lemma [2.37 but is more involved in the

calculation of the expectation of the difference K34, — K34.

Analogously to (2.80) we define

gt””“ :={i € [2N]: AtTN(m, 1) = AZN (m,2) =i for exactly k different m e [nPB]},

k=0,1,...,n%8, 0 <t < n.

We can proceed as follows by distinguishing between the different backgrounds of locus N2
and describing the event with the help of the variables from page

55
BIA, — K3 | XK () = Y ke BOKE, — K9 = k| XKL (K2)7)
nBB 2N =
= > kY {P( =i € G Bia(lig) = 0, Is = 1, By(3) = 0, Bi(l2) = 0
k=0 =1
| X, K, (K3 ) +P(Iey = iyi € G127, Bi1(Iis) = 0, Itg = 1, By(i) = 1,
Bi(It) = 1,115 = 0,3s < t: Bs(47(i,1)) = 0 | X, K, (KS4)Z]it)}- (2.87)

We will calculate both probabilities separately.

P(I;1 =14,i€ gtm’k,Bt—l(It,:a) =0,116=1,B:(i) =0, By(I;2) = 0 | X, K§, (K2*)IY,)

=P(l;6=1) -P(Bi—1(Li3) =0| X) -P(i € gtw’k’Bt(i) =0]X, K(%v (K34);Jlt)
P(By(Iin) = 0,11 =i | i € G/*F, By(i) = 0, X, K§, (K3H)™,)

u Ju=t
2N — X;_ ) .
=7y - Ttl P(i e gtm’k,Bt(Z) =0]X, K&, (K34)Zjit)
(2N—X¢)-1 _ Bx —
XIFON- X)X @N-X) — X = X (2.88)
- X=X, — 1.

by similar arguments as for (2.82)). The calculation of the other probability from ([2.87))
involves some more thoughts. Note that the condition {3s < t : Bs(A7(i,1)) = 0} does not

provide any information on the type of (i,1) at time ¢ — 1 if it is combined with the condition
that {It75 = O}

P(l1 =i € G2F Bioi(Ii) = 0, Iyg = 1, By(i) = 1, By(Ly) = 1,
L5 =0,3s < t:Bs(Ai(i,1)) = 0| X, Kg, (K3)N,)

u

no information on time t—1
=P(lis=1) -P(Bi-1(li3) = 0| X)
P(Bi(li2) = 1,11 =i | i € Gi2F By(i) = 1, X, K¢, (K3H™,)

u Ju=t
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P(Is =07 €G> Bi(i) =1,3s < t: By(A5(i, 1)) = 0, X, K¢, (K31,
—1-0(1/log(N))
P(i € Gi2* By(i) = 1,3s < t : By(A{(i,1)) = 0 | X, K}, (K3*)X,)
ON — X;_4

=1y e P € G Bu(i) = 1,35 <t Bu(A} (1) = 0| X, K, (KX,
2]5)_(3(157 X = X¢1,
et Xi =X 1+1,

where the last equality is true by ([2.82)). Using (2.88) and the above result in (2.87)) gives us

E[K}, — K| X, K, (K3YN,]

nBB

2N X . T, t
- = 121@{ B(i € 6%, Bili) = 0| X, K, (K2 (541 (x=x, )

B
+ 2N—Xt 1{Xt:Xt71_1}] + (1 - O(log%N))) [ZN)—(SQ Lix,=x, 1y t Xitl{Xt:thl-i-l}]
P(i € Gi**, By(i) = 1,3s < t : By(Aj(i,1)) = 0 | X, K}, (K34);ﬁt)}.

Similar as in (2.83) we can now rewrite the sums over k and i. To this end, define the number
b,34
K7 = #{m e [nPB] . (At (m ))zO,AtTN(m,l):AtTN(m,Q)}.

Then,

2N
S kY P(ie G Bii) = 0| X, Ky, (KiH)Y,)

2N nBB

T, b,34 R
= E[Z Z k- 1{i€gt12’k,Bt(i):0} | X, K37 (K34)u]it] =E[K” | X, K&: (K34)Zit]7
i=1 k=0

and, by definition of K} and K}* we further have

nBB

Z k:ZIP’ (i€ Gi*F By(i) = 1,3s < t : By(A{(i,1)) = 0 | X, K}, (K3*)7X)

2N nBB

— 34
= Z Z k- 1{ thuk By(i)=1,3s<t: BS(AS(’L 1))=0} | X KO? (Ku );Nt]
=1 k=0

b,34 -
= Ké - K?4 - E[Kt ‘ X7 K&? (K24)uit}
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Hence, letting

b,34 b,34 T
Et = E[Kt | X) Ké?(K34)u1it:|’

u

and consulting the values of the recombination probabilities from Lemma [2.26] and Lemma

[2.27) we get

E[KH, — KM | X, K, (K3,]

2N = X148 b,34
T{ [Xi:l{xt=Xt71} + ﬁl{Xt=Xt71*1}]E[Kt | X, K&? (KELA)Z—LJlt]

B
+ [1 — O(m)} [T)_(txfl{Xt:thl} + %tl{Xt:Xt*1+1}]

K - K- B[R | XK, (37}

u

:T2

b,34 b,34
= pz; (Xt—l? Xt)l{Xt:Xt—l}Et + pTB? (Xt—la Xt)l{Xt:Xt—1+1} [K(% - Kt34 - Et ]

: {1 - O(@)} + 7o 2N ;]\i(t_l [gNixtl{Xt:Xt_l—l}EgM

+ e lx=x, K — K = EP¥[1- Oy ]
= pg (Xt—17 Xt)]'{Xt:Xt71+1} [Ké - Kt34] {1 - O(m)}

b
+ [pgi(thlaXt)l{Xt:XH} - DPg (thl,Xt)l{Xt:thﬁl}} LB

+ O(Ndolgi(N)) Bxilxy=x,1) T 1xo=x,,-1}]-

We will now show that we can define the process K34 as stated in Lemma that is, in
particular independent of the unknown value of the expectation Ef 34 and still get sufficient
correspondence in their expectations in order to be able to apply Lemma [2.35]

With 634 = pg (Xi—1, Xt) - 1{x,=x,_,+1} as defined in the statement of the Lemma the expec-
tation of the auxiliary process is

B[R — KM XK, (K0Y] = 07 (Ko — K7 = pg (Xem1, Xo)Lix,=x, ey [KG — K77,

u

and hence the difference in the expectations of both processes on the set {K3* = K3* t <

u < 7} is equal to the following:

b34y
e(N: X, Ko, K7 B = Oy )PE (Xe1, X)L x,=x, 11y [ Ko — K]
- [PZ?,(thlaXt)l{Xt:XH} - g (thl,Xt)l{Xt:XHH}} Vo
- O(N~1olg(N)) [6Xt1{Xt=Xt—1} + 1{Xt:Xt—l_1}]

_ b3t T2 2N — X

t N X, [1{Xt:Xt—1+1} - BXt]‘{Xt:Xz—l}]
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+ O iaghiy P (X1, X)L g, oy [ — K3

B O(N'IOQ(N)) [ﬁxtl{Xf:thl} + l{Xt:thl—l}]’ (2.89)
that is, on the set {K3* = K3* t < u < 7y} we have

E(KP — K| X K, (KGN = B(KY — K7 X K, (KX
— O(e(N; X, Kg, K, Bp™Y)),

and can apply Lemma in order to get a bound on the probability that Kt34 is different
from f({g"l for some t. By proceeding similarly as in (2.84)) from the proof of Lemma this

bound reads as follows:

TN
P(K}* # KP* for some v >t >7;| X, Kj) < Kg- Y [P(Kf’fl —KM*>2| X, K})
t=15+1

+P(RP, - K > 2| X, K§) + E|O(e(N; X, K§, K2 BP™) | X K| + O (gt )-

(2.90)

This inequality however will only be of use if we can show that in particular the error
term given through ¢(N; X, K, K34, Ef ’34) will only contribute with terms of order at most
1/log(N) even we consider its sum over all ¢ up to 7. This statement is given in the following

Lemma.

Lemma 2.40. We have the following bound for the function € from (2.89):

TN
E[ > e(N; X, Ky, K, BP*| < Cflog(N).
t:TJ+1

Proof. We first observe that we know from , that the expectation of the sum over all
0;? is bounded by a constant and hence the term in the second to last line in only
contributes with terms of order 1/log(N) in the end.

Even more obvious is that the term in the last line of will as well only give terms of
order at most 1/log(V) as we have only terms of order at most 1/(N log(V) in each summand.
It remains to bound the remaining term from . Consulting and from Lemma
, we can calculate the following expectation for k € [N]:

Uk"‘Dk}:E{l—S Uk_l—l}

E[Uk_ﬁkﬂk]:E{Uk_ 2—s 2—5.Uk_ 2—s

sl = (=) — (1 =)V - [1 = (1= s)"[1 = (1= s> *H] + 51 — (1 — 5)*"]

(2—5)-s[1—(1-s)*N]



2.4 Proofs of the auxiliary statements 103

_(1 _ S)k+2 4 (1 _ S)2N+2 4 (1 _ S)k _ (1 o S)2N+1 _ 8(1 _ 8)2N
(2—5)-s(1—(1-s)*N)
1=9 1= (1= (s+(1-5)= (1= Q-5 (1-5?>"

(2—s)-s(1—(1—s)2N) o (1-(1-s))
p A= (2.91)

R e Ty

With this we can continue using that the unknown expectation Ef 34 is bounded by the sample

size, that is n®® here, independent of N.

TN

E[ 3 E(N;X,Ké,KE’A‘,Ef’M)}
t—TJ+1
2N — X,
= E{ Z lE'b 34 72 Tﬂ[l{Xt:Xt—l+l} — Bth{Xt:thl}H + O(log( )>
t= TJ+
b,34 ro(2N — X;-1) ra(2N — X,_1)
[t ZHE 3 |:1{Xz=Xt—l+1}2]V—m - 1{Xt=Xt,1}ﬁXt2]V—h]} +O<10g( )>
TJ
(2N - X
n? E[t Z . W{l{){tzxt_lﬂ} - 1{Xt:Xt_1}BXtH "+ O(log( ))
T+
N ry(2N — k)

_ BB . ’;] W[E[Uk — BeHy] + O(m)

N 2N—k
_ . B ™ 2N —k p (1=(1-5) ) 1
=n ﬁzik (1—5) : (1—(1—8)2N) +O(log(N))’ by 7

k=J

7“2 2N ol 2 1 ¢
S L0 4 0(h) <0 L4 0 (i) < iy

O

Returning to (2.90) it remains to bound the expectations of the other two terms. By the
definition of 63* and (2.61)) we get

E| % PR, - K> 2| X, Kg)| < (”BB> E| Z (0 + (0)?] < ¢
t=715+1 2 t=715+1 (IOgN)

and by similar calculations as in (2.85) and using Propositions and we obtain

C
= log(N)’

TN
E > P(KY - K >2] X, K| <
t=15;+1

as K}* can only increase by more than one if we have a coalescence prior to the particular
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split of the two neutral loci. Both bounds and Lemma [2.40| result in the final statement

- C
IP’(KE4 £ K3 for some v >t > 77) < oa(N)’

Lemma 2.41. We have
K21 | X, Kg ~ Bin(Kg, F3'),
with F3* =1 — | J O 034) and 63* = p'2 (X1, Xy) - Tix,=x, 141}

The proof is exactly the same as for Lemma and is thus omitted here.

Let us summarize the result for K3* at this point: we know that conditional on X and K{ the
number of individuals whose neutral loci find different b-ancestors is approximately binomially
distributed with parameters K} and F?*. What is left to show is that we can approximately
calculate the expectation of F3% and that it gives us E(F3%) = E(F?) + O(1/log(N) with

F3 as in Lemma m This can be done very easily by performing similar calculations as in

(2.63) from the proof of Lemma

Lemma 2.42. With 03* = g (Xe—1,Xt) - 1ix,=x,_,+1} as above and it = Zgrﬂ—l 63* we

have

Further, it holds that
[E(F3") — (1 - exp(=E(77")))| < C/log(N).

In particular, this Lemma implies that E(FP) = ¢® 4+ O(1/log(N)), with ¢/® as defined in
213).

Proof. Recall the calculation of the expectation of a similar 7 in (2.63]) and note that the term
from the holds in 0:(2) = p;@)(Xt,l, X}) only contributed as term of order at most 1/log(NV)
to the expectation of the there considered 7. With this, we indeed get the same result with

the same error bound using ry instead of r(2):
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The fact that we can indeed perform a Poisson approximation for F34 holds true as 9?4 <

PE(Xi—1, Xy) < pg2) (X¢—1,Xy), and (2.61]) from the proof of Lemmam
Applying the Mean value theorem and Jensen’s Inequality ends the proof as described in
(12.44)):

[E[F7] = (1 - exp(=E[73"]))|
C C

< ]E’ exp(—ﬁ§4) — exp ( - E[ﬁ%ﬂ” + O(m) S m+ log(N) S log(N)'

O]

Taking all previous results together, we can prove our claim due to the following observations:
First, look at the joint distribution of the approximating processes K := (f(tl, f(tz, f(f"") and
note that we could have defined the processes K2 and K2 additionally conditional on Kg*
with the same result since K34 and K2 operate on disjoint sets and the information on which
individuals are not available for the process K? is already included in the condition K}. With
this argument in mind we get by the Lemmas [2.36] [2.38] and [2.41}

P(K} = ki, K§ = ko, Kg* = k3y | X) = P(KZ = ko, K3* = kay | K§ = k1, X)P(K} = k1 | X)
=P(KE =k | K} = k1, X)P(K3* = kay | K§ = k1, X)P(K} = k1 | X)

_ (nBBkz_ k:1> (Flg)kQ(l _ Ff)nBBfklka (;fi;) (F134)k34(1 B F134)krkg4
(" ) - pppes
nBB|
" kalksal (k1 — k30)!(nBB — ky — ky)!
[FH(1 = B ] e

=P(Kg = (n"P — k1 — kg, ko, k1 — ksa, k3a) | X), (2.92)

(1= P = FH k(1 - B PP

with K | X distributed multinomially,
K | X ~Mult(n®P5 (1= F)(1 = FY), (1= F)FY B (L= FY), FLFYY).

Second, let K; := (K}, K?, K}*). Then, combining the statements from Lemma
and 2.39 results in

C
log N’

P(K; # K; for some t > 75) < Z P(K? # K for some t > 75) <
je{1,2,34}

Last, consider the process D, defined in (2.25)). From the construction of the processes K', K?
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and K3* we get the following for do,dy,ds,ds,ds € [nPP] with Z?:o dj =nP8 and dy = 0:

P(Dg = (dy, dy,da, ds, dy)) = P(nPP — K} — K2 = do, K3 = di, K} — K3* = d3, K3* = dy)
= P(K§ = ds + dy, K§ = dy, K§* = dy),

and therefore it follows by the above and (2.92)) that

‘P(Do = (do, d1,do, d3,dy)) —P(K} = ds + dy, Ki = dy, K3* = d4)’

} C (293
- ‘P(Do = (do, dy,da, d3, dy)) = P(Kg' = (n®% —dy —d3 — d4’d1’d3’d4)>‘ S log N’ 2
:dO

The only thing left to show is that ¢V, ¢® from (2.18) have the correct form.
Lemma 2.43. For any dy, dy,ds, d3, ds € [nBB] with ij:o d;j =nPB and dy = 0 it holds that
E l—Fl 1_F2 do 1_F1F2d1F11_F34 d3F1F34d4
(1= F)(A = FD)] [(1 = FO)FY) [Py (= B9 [FLF

d d d d
— [0 = ¢M) 1 = g)]®[(1 = ¢M)g@] B [¢W (1 = )] B [¢MgP]H| < g N

Proof. Lemma 3.4.3 in [15] implies
[B[[(1— A - B [(1 = FOFY" [FL (1= ) (R P

— [ = qW)(A = ¢D))P[(1 — ¢M)g®) M gV (1~ ¢@)] 2 [¢D @] "

<E[do|(1 = F)(1 = F?) = (1 = W) (1 = ¢?)| + di|(1 = FYFE = (1 - ¢)g?)|

+ do|PL(1 = FP) = g (1 = ¢@)] + ds| F{ Ff* — ¢Wg?|
SE|do(|(1 = F) = (1= ¢M) + 11 = F7) = (1 = ¢®)) +du (|1 = F) = (1= ¢+ |FF —¢)))

(11— D]+ [0 = ) — (L= g®))) + ds (P — ) + P = )]

= E[nP|F] = ¢V] + (do + d1)[F} — ¢ + (d2 + da) | F{* — ¢
In Lemma we have shown that |F134 - F12| < C/log(N) for some constant C' and thus
[P — g < |FP = P2l + |F2 — ¢P| < |FE = P + O(1/log(N).

For j = 1, 2, terms of the type IE|F1] —qj| have already been treated in the proof of Proposition
Let 1] == Y.7_; 6’ for j = 1,2. Then, by (2.61), ([2.63), (2-65), (2.66) and Lemma 3.10
in [36] we get similarly as in (2.44)

’FIJ —qj| < ’Ff -(1- exp(—n{))| + | eXp(_n{) - exp(—E(n{))‘
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+ |exp(~E(n])) — exp (— “log(2N))|, and hence
E|F] — ¢;| < C/(log N)? + C/log(N) < C/log(N).

This ends the proof as the error terms are of the correct order and will only be multiplied by

finite values less or equal to nBB. O

Applying the above Lemma to the previous results which gave Equation (2.93) then finishes
the proof of Proposition O

Proof of Proposition|[2.19. The proof of this Proposition is almost identical to the proof of
Lemma 5.2, and thus Proposition 2.5, from [36]. Any details can be taken from the above
proof of Proposition [2.20/and thus we will be very brief here. Keep in mind that by Proposition
there are no further relevant events, such as migrations into the b-population, happening

between times 7 and 7.
For KBB .= (KtBB)TNgth with KPP as defined in (2.22)) we have KP5 = 0 and further we

can verify that K25 — KPP € {0,1,...,n} forall 7y +1 <t < 7 and
E(KZE — KPP | X, (K P Jicusr) = (n = KPP)0FPP,

with GtBB = pgp(Xi—1,X;) from Lemma Let us define another process KPP =
BB
(5 )TNgtgv

as follows:
KPP _0 and KEB — RBB | X, (REP),e. ~ Bin(n — KPP, 0P, (2.94)
Then, on the set where { KB = KPP} we have

E(KY = KPP | X, (K P )icusr) = (0= KPP)077 = B(KZT - KPP | X, (KD )icusr),

and thus can apply Lemma [2.35| in the same way as it is done in the proof of Lemma 5.2 in
[36] in order to attain for any J > N
P(KPB + KBP for some t > 75 | X)

<n Y {PEPE - KPP > 2| X)+ P(REY - KPP > 2| X))
t:TJ+1

The first part in this sum can be bounded thanks to Proposition 2.17}

.
E| Y PEPS - KPP > 2| X)| <n-P(KSS - KPP > 2 for some 7>t > 7y + 1)
t=175+1

<n-PFi,m,j: G(i,m) > RE(i) > 77) < C/log(N).
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The second part in the sum can be bounded by properties of binomially distributed random
variables by using (2.46)) from the proof of Proposition [2.14}

B[ Y PREI-RPP>2|X)] < (Z)E[ S 677)] < C/fftog(v),
t=75+1 t=7;+1

The definition (2.94) of K55 implies that
KPP | X ~ Bin(n, F7'P),
with FPB =1 — IT—r, (1= 9BP), J > N, and thus we have for any d =0, 1,...,n:

PP = 0 (3 JBIEP 0 - £ < ¢/ togv)

We can now finish the proof with similar calculations as in (2.44]) and in the proof of Lemma
applying Lemma 3.4.3 in [I5] and consulting Proposition and ([2.47) from its proof

results in

[E[(FPP)(1 — FPPY™] - (q5P)4(1 - )|
<d-E|FPP — gfP) + (n—d) - ElL - FPP — (1 - ¢§)| < ¢/ log(N).

Proof of Proposition|2.21. Proposition tells us that, approximately, we can decide inde-
pendently for each individual what kind of relationship its neutral loci take at the beginning
of the sweep. It also gives the success probabilities for the corresponding multinomial dis-
tribution. The proof of this Corollary now follows from straightforward calculations by the
following thoughts:

First consider the case that only the first neutral locus of an individual sampled at time 7
is relevant. It will be ancestral to the mutant if this individual accounts for an increment of
DO or D!, and it will be ancestral to some b-individual if it accounts for any other entry of
the vector D. Hence, by the distribution from D as given in the probability that N1

originates from the mutant is
g =1 =g (1= ¢®)+ (1 —¢M)g® =1-¢W,
and the probability for the complementary event is equal to

A = (1 — @) 4 ¢Dg@ = (O,
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For the second neutral locus, these probabilities can be derived in the same way consulting
([2.27): N2 is ancestral to the mutant only if the individual is counted by D°, with probability
= (1- q(l))(l — q(2)) and it escapes the sweep in all other cases, that is, with probability

In order to calculate the probability that both neutral loci of an individual from time 7
which reside in different B-individuals at time 75 behave in a specific way, we just have to
multiply the corresponding probabilities for the individual lines from time 7 because of the
multinomial and therefore independent character of D. As an example, the success probability
corresponding to the first entry of D results as the product of qgl and qEQ. All other success
probabilities from the vector arise in the same way and finally Propositions [2.12] and
guarantee that D3 = 0 with high probability. O

Proof of Proposition[2.23. The proof of this Proposition follows from straightforward calcu-
lations by the statements of the Propositions and Corollary

From the definition of the processes D from and D as in we know that for
sample size n at time 7 and conditional on KijB = k, the vector D* is given through

D* = D(k) + D(n — k), that is,
* * * * BB BB
P(D*=d*) =Y P(D*=d"| KEP = k) -P(KLP = k)
k=0

=> P(D(k)+ D(n—k) =d* | KEP = k) - P(KEP = k)

k=0
=Y P(KPP=k)- Y P(Dk)=d —d,Dn—k)=d|KEP =k) (2.95)
k=0 0o<d<d*

By Proposition we know that a sample from time 7 can be approximately constructed
by a multinomial experiment: for each sampled individual we can independently draw the
ancestral relationship for its two neutral loci. This in particular implies that, given the
number k of individuals whose neutral loci split within the B-population, the vectors 15(1{)
and D(n — k) are independent.

We will show that the process D* defined in has approximately, up to an error term of

order at most 1/log(N), the same distribution as the sum D + D. As
P((D, D) # (D, D)) < B(D # D) +B(D # D) < C/log(N)

by Proposition and Corollary this then shows that D* and D* have approximately

the same distribution.
Let us hence consider the sum D + D instead of the true processes in (2.95)). Keep in mind
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that D3 = 0, as well as D? = 0, and that if D* = d* we need KEVB > d5. On the other hand,
KBB can at most reach the value n — dj. For d* = (dj, di, d5, d5, d}) with S odi = n we get

by (Z30) and @27

n—dj
P(D+ D = ZPDH} d* | KPP =k) - P(KPP = k)
k=d
n—d; B
=> P(D=d,D=d" —d|Ky” =k) -P(Ki" = k) - Laysdy+dsmn—k—d5, do=0, ds—d5}
k=d}; 0<d<d*
n—d;

= > PO=d|KJP=kP(D=d" —d|KJ" = k)P(K;" = k)11ay4dy+dimn—h—d5}
k=d; 0<d<d*
d2=0,d3=d3

n—d;
(n — k). (1) (2)y1d (1) ,(2)1d
= Z Z Lrgg+di+a =n—k_d*}7*[(1—q )(1 = ¢ — ¢D)gPNh
k=d} 0<d<d* o 3 do!dl!dg!d4!
d2=0,d3=d§
k!

) [q(l)(l — q(2))]d§ [q(l)q(2)]d4 T dVEE [(1—q(l))(l—q(l))(l—q@))]dS*dO
1 =g = (1= gW)(1 = gD (1 — gW) (1 — ¢@))%

a1 = (1= g1 = g (PR

n * * 5 5
= o o IO = gD [(1 — ¢ [gPBg I (1 — D) (1 — @) [g V)%
dO? 1ad2’d3’d4

_(,BBYds—do+d] —di+d;—dy
n—dx

V(1 — ¢@)(1 — ¢BBYG 23 3 do\(d1\(di ((PBYE=8 (1 — gBByn—k—d;
k=d; 0<d<d* doJ\d1 ) \da

d2=0,d3=d3 =(1—¢BB)do+di+ds
(1= q(l))]défdo[l —(1- q(l))(l — q(2))]d{+dzfd1—d4 [q(2)]d1+d4 Ly s i)

n * * *
= (di’i dds dZ) [(1—gM)(1 = g@)]HB[(1 — ¢W)]4[gPBgD (1 — ¢M) (1 — ¢?)))%

n—d; * * *
V(A= )1 = PP E[gIIEY Y (33)(31)(3;‘) [P (1 — q)] %01 — ¢BPD

k=d; 0<d<d*
ds

=0,d3=d;}

2
dy+d ditds—dy—d
(1= gPP)gPNBHagPE (1 — (1= ¢ (1 = ¢ ANy de ke dg—ds i)

n * * s«
= o A= gY@ = gD — ¢4 [gPEgD (1 — ¢ (1 — ¢ %
d07d17 2’d3’d4

*

n—dj—d ds
gV (1 = g@)(1 — ¢PB)) %[ 22: 3 20: (Z()) [¢PB (1 — ¢V do—dofy — BB
k=0 dg=0 \“0
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d *
> @ (1= a"P)g @) [P (1 — (1 - gD)(1 — )i~
1

d1=0

d4
& .
> (di> [P (1= (1= ¢") (@ = N1 = ¢BP)g@N™ - a1 ay+darhmds varraz)
(*) n * * *
2 (g 10 4= I = OO = 01 )
0y %1y %2y 3y M4
g (1= g1 = ¢PP) B M) E - [¢PP (1 — qM) +1 - ¢PP]%.
11 =¢")q® 1+ ¢"P (gD (1 = ¢?) + ¢ [P (gD (1 = ¢®)) +¢P) + (1= ¢7P)gP] %

:qBBq(l) (1—q(2))+q(2)

n * 5
:<d8 s ds dii) (1= gW)(1 —gP)(1 - qMgPB) %1 — ¢M)[gWgPP (1 - ¢@) + ¢4

[dPBqW (1 - ¢ (1 - ¢ %2 [gM (1 - ¢P) (1 - ¢PB) % [gW[g M gPB (1 — ¢@) + g%,

The equality in (%) can be seen by realizing that the restriction to those combinations of
do,dy,ds which fulfill dy + di + ds + k = djj + dj + dj combined with the sum over all
k=0,...,dy+ di + d} gives exactly the correct number of terms such that every summand
from the first sum is multiplied with every possible product of terms from the second and
third sum in order to apply the binomial theorem.

From equality in the proof of Lemma we deduce that

Cy
log(N)’

Cs
log(N)’

Caa
log(N)

BB

’q@) —pa| < lg”" — pa| <

lgV — | <

Applying Lemma 3.4.3, [I5] again, leads to the following:

n

P(D+D=d) —
P +D=a) (dz;, s, s, di

)[(1—pl)(l—p2)(1—p1pz)]d3 [(1=p1)[p1p2(1—p2) + p2]]
C
S Tog(V)’

[p2p1(L = p1)(1 = p2)]% - [p1(L — p2)(1 — p2)]% - [p1[p1pa(l — pa) + po]]%

as we have finitely many factors.
Comparing the above with the definition of g1 = (g0, ¢1,- - -, q4) from (2.8)) shows that indeed

IP(D + D = d*) — P(D* = d*)| < C/log(N),

for some constant C'. Applying the Triangle Inequality finishes the proof as noticed above. [J
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CHAPTER 3

Modeling a selective sweep with varying population size

In this chapter we consider the same biological question for two partially linked neutral loci:
how does a selective sweep influence the neutral gene genealogy of a random sample taken
at the time when the mutant allele has fixed in the population. However, we here study an
essentially different model for the evolution of the population through time which in particular
allows for varying population size. Precisely, we consider a version of the Darwinian model
which was introduced in Section [L.4]

We will see that the ideas needed for the proofs here are very similar to those developed in
Chapter The critical point is to check that we can indeed transfer the methods to this
setting of a Markovian birth and death process where the expectation of births, that is up-
jumps, and deaths, corresponding to down-jumps, are not as easily derived as in the setting
with constant population size. Further, it is not clear which events will still be negligible,
in the same way as the concrete values of the event probabilities are not obvious, and need
careful calculations.

In Section we introduced a simple version of such an eco-evolutionary model and also
stated some results concerning the dynamics of a population which evolves accordingly. A
two-locus version (with one neutral locus) of this model was studied by Smadi in [38]. The
focus there was to analyze different selective strengths of the mutant allele and also different
recombination regimes, that is, different orders of the recombination probability, in order to
obtain a result on the neutral allele proportions at the end of a selective sweep. In a joint
work with Charline Smadi, we aimed at combining the results from the multi-locus model
with the Darwinian approach in pursuance of a fine study of the so-called hitch-hiking effect
under a biologically motivated model with varying population size. Precisely, we consider a
three-locus model under the already introduced geometries and from Chapter
in order to gain insight into not only the proportions but also the neutral gene genealogies.
While we will state the main results with respect to each geometry, we will only give the
proofs for as it has the more difficult dependence structure and all results can be easily
transfered to the second geometry (G2).

A crucial aspect of our model is that we suppose that the surrounding environment of the

population has a certain carrying capacity, denoted by K, which was already introduced in
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Definition [I.33] The equivalent of considering large population sizes as before is here then the
examination of large capacities K. In contrast to the approximation order from the previous
analysis from Chapter [2] that is, 1 over the logarithm of the population size, we will here in
the model with varying size state results in the limit K — oo without giving asymptotics.
All results in this chapter were obtained through the joint work with Charline Smadi. We
here give a detailed overview on the model and present the main results in Section [3.1] and
[B:2] respectively. In the subsequent discussion of the result we will in particular draw the
connection to the results presented in Section of the previous chapter. In the remaining
parts of this chapter we will develop the main ideas and ingredients for the proof of the
main theorems. We however abstain from stating proofs here which were mainly developed
by Charline Smadi and refer to a preprint of our joint work instead. Nevertheless, we will
describe the main ideas which are used and further detail one proof which was essentially the
result of my previous work as described in Chapter

Due to convenience, we will in most cases stick to the notation which was used in this joint
work and do not adjust it such that it is consistent with the remainder of this thesis. This in
particular considers the name of the selectively advantageous allele, here a, and the wild-type,

A (in contrast to B and b, respectively, from Chapter [2).

3.1 An eco-evolutionary three-locus model with recombina-

tion

We consider a haploid, but sexually reproducing population which evolves according to a
birth and death Markov process in continuous time. This can be understood as follows: there
are always two individuals involved in a reproduction event and if no recombination occurs,
a birth leads to a binary branching of the one parental line and both branches then carry
the same alleles at all loci. In case of a recombination, the offspring can instead copy some
genetic material from the other parent, which leads to a coalescence of the two parental lines
forwards in time.

To be precise: we consider one locus under selection, SL, with alleles in A := {A, a} and two
neighboring neutral loci N1 and N2 with alleles in the finite sets B and C respectively, and
denote by &€ = A x B x C the type space. As mentioned before we will study the two possible
geometric alignments stated in and . We will introduce the model and notations
again only for , their analogs for can be deduced straightforwardly.

The state of the population at any time ¢ € R is characterized by the numbers of individuals

present at time t which carry a certain genotype. We denote by N this process, defined by

N¥ = (N®(t),t 2 0) = ((Nagy(D))(pest 2 0), (3.1)
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where NN OIz(ﬁv(t) denotes the number of afv-individuals present at time ¢. Note that here the
superscript X indicates the dependence of the process and not a scaling by K, opposed to the
superscript (%) from Definition and the subsequent statements in Section

The recombination probabilities are defined in the same way as in Section [2.1| and depend on

K in such a way that

limsup rjlog K < o0, j=1,2, (3.2)
K—oo
which is called the regime of weak recombination and motivated by Theorem 2 in [38] which
states that in this scale we can observe a non-trivial signature by the recombinations on the
neutral allele distribution. If the recombination probabilities are larger (which means that
the neutral loci are more distant from the selected locus), there are many recombinations and
the selective strength of the sweep is not strong enough, that is, the sweep is “too slow”, in
order to modify the neutral diversity at these sites.
Recombinations can lead to a mixing of the parental genetic material in the newborn, and

hence, parents with types (o, 3,7) and (¢/, 8',7') in £ can generate the following offspring:

possible genotype event probability
afy, o' By no recombination (I—=r1)(1—79)
af'y, o By one recombination between SL and N1 r1(1 —19) (3-3)
afy', o By one recombination between N1 and N2 (1 —ry)ry
aff'y, o By two recombinations r1ire

We will see that the probability to witness a birth event with two simultaneous recombinations
is very small.

Recall Deﬁnition and Equation . We will now analogously introduce the biologically
motivated eco-evolutionary parameters of this model. As we assume the alleles at the loci N1
and N2 to be neutral, the ecological parameters of an individual only depend on its allele «

at the locus under selection. Let us denote the fertility of an individual as follows
fo = the birth rate of an individual of genetic type a. (3.4)

By addressing the complementary type of the allele a by &, we get the following result for
the total birth rate of individuals of type (c, 3,7v) € & in the process NX:

fana,B'y + f&n&,b"y

bK
fana + fAnA

oaﬁ'y(n) = (1 - rl)(l - TQ)fanaB’y + Tl(l - T2)fana
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Z,B’eB(fanaB“y + f&ndﬁ"y)

+ (1 - 7“1)7“2fa( > ”aﬁv’)

’Y/EC fana + fAnA
Z'y’ec(focnaﬂ’y’ + f&n&'y’)
T T1T2fa(ﬁ/§€:B naﬁ”y) fana + fana ' (3:5)

where 144, (resp. n,) denotes the number of afy-individuals (resp. a-individuals) present
in the population and n = (nagy, (o, 8,7) € &) is the current state of the population. This
rate can be best understood by consulting the list from and realizing that the total birth
rate in the current population is equal to fyng + fana.

An o-individual can die either a natural death (rate D, ), or it dies because of type-dependent
competition. Recalling the definition of the competition kernel C' in then results in the
total death rate of individuals carrying the alleles (a, 3,7) € £ in the population process N:

Ca A Ca,

dfﬂ,y(n) = (Da + K na+ Kana> NaBry- (3.6)

Hence, N¥ is a multitype birth and death process with rates given in ([3.5) and (3.6). Of-
ten we are only interested in the total numbers NX(¢) and NX(t) of A- and a-individuals,

a

respectively, given by a birth and death process (N (t), NX(t)),-,, with the following rates:

bf(n) = Z bgﬁy(n) = faNa,

(Byy)eBxC
K K CaA Caa (37)
d, (n) = Z dapy(n) = (Da + K na+ K na)na.
(By)eBxC

So far, we did not specify how the selective advantage of individuals with the a-allele is in-
cluded into the model. However, as the birth and death rates are type-dependent it can
obviously be integrated into the present framework. The advantage or disadvantage an indi-

vidual with allele type « has in an a-population at equilibrium is summarized by the invasion
fitness S,a as already introduced in (1.30)):

Soai = fa — Dy — a,&ﬁ&v (38)

where the equilibrium density 7 = (fo — Da)/Ca,qo is defined as in ([1.27). The role of the
invasion fitness S, and the definition of the equilibrium density n, were already motivated
in Section We know from Proposition that if N (0) and NX(0) are of order K and
K is large, the process (NX(0)/K, NX(0)/K) is very close to the solution of the competitive
Lotka-Volterra system from ,

1) = (fo = Do — Coan'?) — Coan@)n@, n(0) =24, ac A, (3.9)
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during any finite time interval. In particular, (1.32)) from Proposition tells us that (3.9)
has a unique stable equilibrium (0, 72,) and two unstable steady states (1.4,0) and (0, 0) if we

assume that the following assumptions on the parameters hold true:

na >0, ng>0, and S4, <0< Sya. (3.10)
Moreover, if we define the conditional probability measure

P(-) :=P(+ | N (0) = [AaK |, Ng (0) = 1), (3.11)

then Equation (39) from Lemma 3 in [I3] states that in the limit of large carrying capacities

K, the probability that the allele a fixes in the population is equal to the following:

lim P(Fix®) = Sad =

K—oo a

1S, (3.12)

where s is called rescaled invasion fitness. Here, the event of fixation of the a-allele and the
extinction time of the A-population are defined as follows:

TE =inf{t>0: Nf(t)=0}, and Fix¥ .= {TE < oo, N5(TE) >0} (3.13)

ext *

The condition in the measure from (3.12) is exactly the starting condition for a potential
selective sweep, and the condition in (3.10|) guarantees that we have a positive probability for
the mutant allele to actually fix in the population such that the sweep is completed. We will

now present our results under this evolutionary model.

3.2 Results and discussion for a sample from a Darwinian pop-

ulation at the end of a selective sweep

In the following we will consider a random sample of a fixed number of d € N individuals taken
at the time of fixation 7%, of the mutant allele and again describe the ancestral relationships
for all sampled neutral loci [d; 1,2] = {(4,1), (,2), i € [d]} by a marked partition OF € P12
Recall the definition of the true partition © from Definition [2.4] as well as the Definition [2.5] of
a marked g-partition. We stress again that in such a partition there are no unmarked blocks
with more than two elements and if there is an unmarked block of size two then both its
elements correspond to loci from the same sampled individual. We will again formulate these
concepts in the present setting as it turns out that also under this evolutionary model, the

partition of a sample has the structure of a marked p-partition for some vector p.

Definition 3.1. The partition @ff € 73[2_1 3] reflecting the true structure of the sample is

defined as follows: each block of the partition @ff is composed of all those neutral alleles
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sampled at time TX, which originate from the same given individual alive at the beginning of
the sweep. The block containing the descendants of the mutant a (if such a block exists) is

distinguished by the mark *.

Definition 3.2. For d € N let Ay denote the subset of 73[’:1,1 3] consisting of all marked p-

partitions
Ay = {m: 7 is a marked p-partition, p = (p1,...,ps) € 5 1pl = ij =1}. (3.14)

Further, for any w € 77[“:“ o we set:

7|1 = #{i € [d] : (i,1) and (i,2) belong to the marked block }

|2 = #{i € [d] : (3,1) belongs to the marked block, {(i,2)} is an unmarked block }

7|3 = #{i € [d] : (4,2) belongs to the marked block, {(i,1)} is an unmarked block} (3.15)
|m|s = #{i € [d] : {(4,1), (4,2)} is an unmarked block }

7|5 = #{i € [d] : {(:,1)} and {(i,2)} are two distinct unmarked blocks }.

Then, Y o—q ||k < d with equality if T € Ag.

We will now define the probabilities for the vector p of the marked p-partition which reflects

the structure of the true partition in the limit of large carrying capacities. Let

1 log K rolog K
pim e (- TIEK) g o (- T2I0BKY,
loo K (3.16)
G2 := exp ( — 7']00‘742 08 ) and gq3:= fa,rl (qu/fa q19 )
: |Saal /7 5 falri ) — fara e

where S, 4 and S4, have been defined in (3.8), s = Sga/fa as in (3.12), fa, fa as in (3.4)
and 71, ro fulfilling (3.2)). We did not make any assumption on the sign of f,(r1 +r2) — fare,

but g3 can be written in the form d(e™" —e™")/(v — p) for p,v € Ry, 6 = r1log(K)/s, and
hence it is well defined and non negative. Further, it is easy to check that ¢3 < 1. We now
define the entries of the appropriate p € [0, 1]% which will quantify the law of @ff for large K

in main result:
Let p:= (p1,p2,p3,p4,p5) with
1= q1q2[1 _ (1 — ql)(l — q_2)]’ P2 = ql[(l — (h(]Q) — q2§2(1 - QI)]a (317)
p3 =l —@)(1—q), pi=aqg, ps:=01-q)(l-qge(l—q))— g

Note that } 1 <r<5pr = 1. Finally, we summarize all assumptions made on the parameters

throughout this chapter as follows:
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Assumption 3.3. We assume that (NX(0), NX(0)) = (|naK],1) and that the conditions
from (3.2) on the recombination probabilities and from (3.10)) on the equilibrium densities and
the fitness hold.

With Definitions [3.1] and [3.2] in mind, we can now state our main results:

Theorem 3.4 (Genealogy of a sample, geometry (G1). Let d be in N. Then under Assump-
tion we have for every m € Py, o

Il =0, (3.18)

lim ‘]P’(@ff = 7|Fix’) — l{WEAd}p1‘W‘1p2‘W‘2p3 pal™lipsI™ls
K—oo

with pg as defined in (3.17), k=1,...,5.

This statement can be interpreted in a similar way as Theorem When K is large, @ff
belongs to Ay with a probability close to one, and has marking probabilities as stated in
. More precisely, in the limit K — oo the true partition is a marked p-partition which
in particular implies that the d sampled individuals have asymptotically independent neutral
genealogies.

With high probability, the neutral alleles of a given sampled individual ¢ either originate from
the first mutant a and belong to the marked block, or they escape the sweep and originate from
an A individual. In the latter case they form a singleton or a double-singleton {(i,1), (,2)}
as we could already witness in the main theorem of the previous chapter, Theorem [2.6]
Hence, escaped neutral alleles of two distinct sampled individuals originate from distinct A-
individuals in the limit K — oo.

However, the structure of p again implies that in general, the genealogies of the two neutral
alleles of a given individual are not independent as the allele at the second neutral locus
will migrate together with the first neutral locus in case of a recombination between SL and
N1. This phenomenon is seen in the above probabilities as follows: consider for example the
probability that (¢,1) and (i, 2) escape the sweep, which is psy + ps. The probability that (i, 1)
(resp. (7,2)) escapes the sweep however is p3 + ps + ps (resp. p2 + ps + ps), and for every
K € N such that r # 0 we have

(P34+pa+ps)p2+pa+p5)=1—q)1 —q1q2) < (1 —q1)(1 — q1q2 + q1G2q2) = pa + ps.

As the term g1¢2q2 does not tend to 0 when K goes to infinity under the condition on the
recombination on the recombination probabilities from (3.2)), the only possibility to have an
equality in the limit is the case where 71 log K < 1 or in other words when the probability to

see a recombination between SL and N1 is negligible.

Let us now consider the second alignment N1-SI-N2:
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Theorem 3.5 (Genealogy of a sample, geometry (G2|)). Let d be in N. Then under Assump-
tion we have for every m € Pl o

lim | P(Of = n[Fix")
o (3.19)
— Lreaglara] ™ a1 - @) ™21 - a)e] A - a)(1 - @)™ | =0,

with q1,q2 as defined in (3.16])

Once again this result implies that the neutral genealogies of the d sampled individuals are
asymptotically independent. Furthermore, in the geometry we have independence be-
tween the neutral loci of one individual. Indeed, the result stated in Theorem [3.5] means that
a neutral allele at locus Nj escapes the sweep with probability 1 — ¢; independently of all
other neutral alleles, including the allele at the other neutral locus of the same individual.
This is due to the fact that in a recombination between SL and one neutral locus has no
impact on the genetic background of the allele at the other neutral locus. Note in particular
that there is no block of the form {(i,1), (¢,2)} in the limit partition, as the two neutral alleles
will recombine at the same time only with a very small probability.

At first glance, the statements of both Theorems [3.4] and look identical to the results from
Theorems [2.6] and However, there are two major differences: First, the above results
make no statement concerning the rate of convergence, they only give a result in the limit of
K — oco. The other difference lies in the structure of the marking probabilities summarized
in the vector p. We will be a bit more detailed on the latter issue: In [38], the author studied
the two-locus version (SL-N1) of the here presented model. It was shown that the ancestral
relationships in a sample taken at the end of the selective sweep correspond to the ones de-
rived in [36] under the two-locus Moran model with recombination and selection when we
replace the fitness by the rescaled invasion fitness S, 4/ fq. The first expectation is now, that
we can find the same relation between the probabilities from and the entries from ggq
in from the previous chapter. If we however make the analogous comparison and try to
match the here obtained results for (G1|) with the statement from Theorem we observe
an interesting phenomenon: the probabilities for the different types of ancestry only coincide
if the birth rates of a- and A-individuals are the same, that is, if f, = f4 holds true. To give
some heuristic on this observation we need to go back to the actual definition of the fitness,
Definition [1.30] and recall Example in biology, the fitness describes the ability to both
survive and reproduce, and it is defined by the average contribution of an individual with
a given genotype to the gene pool of the next generation. Hence a mutation which affects
the fitness of an individual in a given environment can either act on the fertility (f, in our
model), or on the death rate, through the intrinsic rate (D) or by competition (Cq ), or

on both. As we here get correspondence of both results only in the case of identical fertilities
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for the A and the a individuals, we deduce that the selective strength of the mutation in the
Moran model introduced in Section only acts through the death rate. This answers the
question which already came up in Example [1.32]

3.3 Dynamics of the sweep and proofs of the main results

A key ingredient of the underlying theory for this work is that we can divide the process of
a selective sweep in three phases, as already mentioned in Section This idea is similar to
the separation of the time intervals [0, 7v) and [7n, 7] from the previous chapter. We will here
as well consider each phase separately and show for each phase that some events have negli-
gible probability. We will as well use the technique of Poisson approximations from Lemma
throughout the calculations of the marking probabilities. However, the process which we
consider in this chapter is more complex. Whereas one can use a symmetry argument and
random walk theory in order to calculate the expected number of up-jumps and down-jumps
during the sweep as given in Lemma [2:23] we here need to define rather complicated couplings
for each phase in order to obtain approximate values for the needed expectations as well as
bounds on the covariances needed for the Poisson approximation.

First of all however, we need to rigorously characterize the three phases of a selective sweep
such that we can define appropriate and manageable probability measures for the respective
time intervals. Here we strongly benefit from the ideas and results from Sections 3 and 4.2
from [38].

Keep in mind that also in this chapter we condition on the event of fixation of the advan-
tageous allele by considering the measure P defined in . Throughout the remainder of
this chapter, let € > 0 be independent of K and as small as it needs to be such that all
approximations hold.

In the following description it helps to visualize the process of the sweep as shown in the fol-
lowing graphic[3.3.1], obtained by Charline Smadi through a simulation with carrying capacity
K = 10000 and invasion parameters as stated below the figure.

First phase. In the first phase, the size of the wild-type A-population stays close to its
equilibrium value n4K as long as the size of the mutant a-population has not hit |¢K |.

Similar as in (3.10) of [38] we introduce an interval surrounding 14 K

K = [K(nA—%g‘:’Z),K(nA—i—%g‘:’Z)} NN, (3.20)

and the stopping times TX and TX, which denote the hitting time of |¢K| by the mutant

population and the exit time of IX by the resident population, respectively,

TE .= inf{t >0, NK(t) = |[eK]|}, TX :.=inf{t >0, NK(t) ¢ X}, (3.21)
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n K

naK

eK

Figure 3.3.1: The three phases of a selective sweep; in this simulation K = 10 000, n, = 2n4 =2
and Sy = |Saa| = 4. Time is going from left to right.

then we can deduce from [I3] (see Equation (A.6) in [38] for the details of the derivation)
that the event of fixation of the mutant type and the event {TX < TX} are very close, that

is, their symmetric difference has small probability:

limsup P([{TX < TX} n (Fix™)] U [Fix®™ n{TF > T5Y]) < ce, (3.22)
K—o0
for a finite ¢ and ¢ small enough, where we recall the definition of P(-) from (3.1I)). The
intuition is that once the invading type has reached a certain level while the wild-type did
not increase too much, we have a high probability for the event of a selective sweep. From
this point onwards, first phase will denote the time interval [0, 7X] when the a-population

size is smaller than |eK |.

Second phase. From Proposition we know that when N§ and NX are of order K, the
rescaled population process (NX /K, NX/K) is well approximated by the competitive Lotka-

Volterra system (3.9) ((1.29), respectively). Moreover, Proposition says that under
condition (3.10) the dynamical system has a unique attracting equilibrium (0,7n,) for an

initial condition z satisfying z, > 0, with n, the equilibrium density as defined in (1.27)). In

particular, if we introduce for (n,n,) € N? the notation,
P nq) () = P(- | N (0) = na, N;*(0) = na), (3.23)

then Theorem 3 (b) in [13] offers a finer study on the solution of the system (1.29)) in Propo-
sition [I.35] and we get:

K z
lim su%) P(\_ZAKJ,\_ZaKJ)( sup NaT(t) — n(()l)(t)’ > 5) =0, (324)

K—00 ,¢ 0<t<te, €A



3.3 Dynamics of the sweep and proofs of the main results 123

for every d > 0 and z, > 0, where

D= {ze R 2aK € I, 2, € [e/2,€]},
to(z) ==inf {s > 0:Vt > 5,0 (1) € 0,£2/2],nD (1) € [fiq — £/2, 710 + £/2]},
te :=sup{t-(z) : z € T'} < o0,
In the sequel, the expression second phase will be used synonymously for the time interval
[TX, TX +t.] when the population process is close to the system (3.9).
Third phase. Equation (3.24)) also implies that

NE(TK+t.)

. NE(TK +t.) - NE(TK) NE(TK _
Jim (G € g ), | M) — 5| <o, (B IS ) eT) = 1, (325)
where

2wy = inf{n&f)(tg) :z€Tl} >0, and we/2:= sup{nff)(te) czel} <e?/2. (3.26)

The third phase, which corresponds to the remaining time interval [T +¢., TX ], can be seen

ext
as the symmetric counterpart of the first phase, where the roles of A and a are interchanged
as the almost sure initial properties (given in (3.25))) are similar to the ones which define the
end of the first phase. In particular, the a-population size stays close to its equilibrium n,K

while the A-population goes to extinction.

Approximations for the first and third phases

We will now define conditional probability measures for the first and third phase whose exact
definition is motivated by the above observations and which approximate the measure defined
in . The ideas in this section are similar to the ones which were developed in the proof
of Lemma 4.3 in [38]. For M := 3+ (fo + C4.4)/Caa, define the set

JE = [K(ﬁa - Me) : K(ﬁa T Ma)] AN, (3.27)

and the stopping times g, TE(K’2) and TSK , which denote respectively the hitting times of 0

and |eK | by the A-population, and the exit time of JX by the a-population during the third
phase (i.e. after the time TX 4 t.):

TE .= inf{t > 0, NS (TX +t. +t) = 0},
T2 = inf{t > 0, NS (TK 4 1. + 1) = |eK |}, (3.28)
TE .= inf{t > 0, NE(TK 41, +t) ¢ JEV.
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Recall the stopping times 7. EK and TEK as defined in (3.21]) and define the event

N

~ NE(TE +t. NS (TE+te) =
NE = T < TEY 0 {FA8e ) € [y ), | NeBte) —

<e}, (3.29)

which describes the state of the population at the end of the first phase and the beginning of
the third phase. Then we have NX N {TK < 7% A TK} ¢ {TK < TK} by definition and
further get from the proof of Lemma 3 in [13] that
Jim PH{TE < TE} n (WK n {TE < TED ATENC) = 0. (3.30)
—00
Using these events we define two conditional probability measures associated with the first

and third phases of the sweep:
PO =P | TE < TK), and PO():=P(- | NEn{TE < T ATEY).  (3.31)

Then, by (3.12)), (3.22)) and (3.30), there exist two finite constants ¢ and ep such that for
€ < g9 and any measurable event C

sup limsup [P(C | Fix®) — PO(C)| < ce. (3.32)
1€{1,3} K—o0

Instead of the conditional measure P we can therefore use the probabilities (P(),i € {1,3})
which are easier to handle. Nevertheless, in the proof of Lemma [3.11] given in [B] we need
to define a different approximation of P1) in order to be able to justify a coupling with
a supercritical birth and death process which is needed for the derivation of the expected
number of up- and down-jumps. Keep in mind that in this sort of model an event only
happens if the population size increases by one (birth) or decreases by one (death). There is
no such thing as an event connected to a hold as opposed to the constant population model
which we studied in Chapter

3.3.1 Events impacting the neutral gene genealogies in each phase

Similar as in Section we will now rigorously define the different types of reproduction
events und will derive statements for the genealogies of neutral alleles with respect to each

of the three phases of the sweep. We will later then give a fine study of the probabilities

for the different kinds of reproduction events in Sections [3.5.2] and [3.5.4] very similar to

the derivations from Section [2.4.3] and further combine the results in order to achieve the

statements for the whole sweep.

First phase. As we actually work with the continuous time model in this chapter we need

first need to define the times where there is a change in the population size. We introduce
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the jump times of the population process as follows:
=0 and 7E =inf{t > 7K | NE@t) £ NEGEE )Y, m>1, (3.33)
and the number of jumps during the first phase is denoted by J* (1),
JE(1) = inf{m € N,NE(+I) = |eK |}. (3.34)

Within the framework of this model we will now define the terms of coalescence and recombi-
nation for the neutral loci of two distinct individuals sampled at time TEK with types denoted
by (a,8,7) € € and (¢/,3',7") € &, respectively. The definitions are essentially the same
as for the model introduced in Section [2.I] of the previous chapter, but we use a different
phrasing here.

We say that 3 and /' coalesce at time 75 if they are carried by two different individuals at
time 75 and by the same individual at time 75_,. Seen forwards in time this corresponds to
a birth and hence a copy of the neutral allele. Going backwards, it corresponds to the fusion
of two neutral alleles into one, carried by one parent of the newborn. We define in the same
way coalescent events at locus N2 (resp. both loci N1 and N2) for alleles v and ' (resp. allele
pairings (8,7) and (3',7")).

We say that 3 (and/or v) recombines at time 72 from the a- to the o/-population if the

individual carrying the allele 8 (and/or ) at time 75

- is a newborn, carries the allele « inher-

ited from it first parent, and has inherited its allele 8 (and/or ) from a different individual
carrying allele o.

Note that we again are not interested in recombination events which do not change either
the background of an allele or the current status of common ancestry of sampled neutral loci.
This in particular means that in we do not keep track of recombinations of a pair (3, 7)
within the a-population. Moreover, by a similar argument as in the proof of Theorem [2.7]
in Section [2.3.3] we do not consider the recombination of 5 or v within the a-population in
as such an event has no impact on the other neutral locus.

Let us now describe the genealogical scenarios which determine the ancestral relationships
between the neutral alleles of one individual during the each phase and which occur with
positive probability when K is large. Recall the definitions in el) and e2) on page and

define accordingly

[2,1]%57 : first (4,2) recombines into the A-population, then (7, 1) recombines into
the A-population and connects to a different individual than (i, 2),
[12,2]775 = the tuple (i,1), (4,2) recombines into the A-population, then a second

recombination splits the two neutral loci inside the A-population.
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Let us at first focus on the first phase and introduce for an individual i, sampled uniformly
from the a-population at time T, the following events in case of (GI):

NR(i)M :  there is no recombination into the A-population affecting (i,1) or (i,2) and
both neutral loci of the i-individual originate from the first mutant,
R2(i)M) : only the allele (,2) is affected by a recombination with the A-population,
hence (i,1) originates from the first mutant and (4,2) from an A-individual,
R12(i)Y) :  a recombination between SL and N1 from the a- into the A-population occurs
and both neutral alleles (i,1) and (i,2) originate from the same A-individual,
R12()MCD (2,100 U 12, 2]
(3.35)

For a better understanding consult again the drawing from Figure [2.2.1]in which for example
individual 4 experienced the event [2, 1]f¢ and individual 5 the event [12, 2]7f%.

With the definition of the probabilities ¢, g2, g3 in we get the following proposition
concerning the neutral genealogies during the first phase under (G1J).

Proposition 3.6. Let i be an a-individual sampled uniformly at the end of the first phase.
Under Assumption[3.3, there exist two finite constants ¢ and ¢ such that for every e < o,

limsup { [PONRG)™M) = qugo| + [PO(R2()M) = ¢1(1 — o)

K—oo

+ PO (R12() V) = gs| + [PO(RL2() ) = (1 - 1 — g3)|} < ce.

As the sum of all gj-combinations in Proposition equals one, this statement implies that
for large K, the sum of probabilities of the four events is as well close to one. In particular,
in the limit K — oo we exclusively observe the events described in .

Let us now analogous introduce the possible genealogical trajectories for geometry during
the first phase:

NR(H)W, R2(i))M) :  are defined as for geometry
R1(:)M . only (i,1) is affected by a recombination into the A-population;
(1,2) originates from the first mutant and (i, 1) from an A-individual
R1]2(i))S2 . (4,1) and (4,2) are affected by a recombination with the

A-population; they originate from two distinct A-individuals
(3.36)

In Section [3.5.2] we will prove Proposition the below stated asymptotics for the neutral
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genealogies under (G2|) follow similarly.

Proposition 3.7. Let i be an a-individual sampled uniformly at the end of the first phase.
Under Assumption[3.3, there exist two finite constants ¢ and ey such that for every e < eg,

lim sup { [P (VR D) = qigo| + [P (R2()V) = 1 (1~ o)

K—o0

+PO(RLEHD) = (1= q)a| + [PO(R12() D) = (1= q1)(1 = )|} < ce.

Both statements are in correspondence with the results for the time interval [0, 7) from the
previous chapter (if again the parameters of this model are chosen accordingly, as already
mentioned in Section (3.2)).

Second phase. As already mentioned, the duration of the second phase is of order O(1).
Now, by the assumption on the recombination probabilities made in , they are negligible
with respect to one and consequently, we expect that no recombination event impacts the
genealogies of the neutral loci occurs during the second phase. More precisely, let us sample
uniformly two distinct a-individuals ¢ and j at the end of the second phase and introduce the

events:

NR(i)® :  there is no recombination affecting (i,1) or (i,2),
NC(i, j)(z) :  there is no coalescence between the neutral genealogies of (3.37)

individuals ¢ and j.

Then we have the following result on the neutral genealogies during the second phase, for
both geometries (G1)) and (G2). We will briefly mention the idea of a proof it in Section
B.54

Proposition 3.8. Let i and j be two distinct a-individuals sampled uniformly at the end of

the second phase. Then under Assumption
lim PO(NRGHP N NC(i,5)?) = 1.
K—oo

Third phase. Finally, when K is large, there is only one event occurring with positive
probability during the third phase which might modify the ancestry of the neutral alleles of
an individual ¢ sampled at the end of the sweep in geometry (G1J):

R2(z’)(3’G1) : a recombination between loci N1 and N2 occurs and separates (3.38)
(7,1) and (¢,2) within the a-population, .

Hence, we get the analogous statement as in Section [2.3.1] where we claimed that after time

7n the only relevant event was a separation within the mutant B-population, and thus there



128 Modeling a selective sweep with varying population size

is no recombination into the wild-type population during the third phase. If we here define

the events

NR(i)® :  there is no recombination affecting (i,1) or (i,2) and they both
originate from the same a-individual at the end of the second phase
NC(@i,5)® :  defined as NC(i, ) for two distinct individuals sampled
uniformly at the end of the sweep.

NRA®)® : no neutral allele of individual i recombines from the a to the A population.

we indeed get the following proposition on the neutral genealogies during the third phase

under (G1J).

Proposition 3.9. Let i and j be two distinct a-individuals sampled uniformly at the end of
the sweep. Under Assumption[3.3, there exist two finite constants ¢ and ey such that for every

€<€0,

lim sup{‘IP’(?’)(RQ(Z‘)(?”Gl)) - (1- 52)‘ + ‘P(3)<NR<i)(3)) - (12’

K—oo

+]1@<3>(N0(¢,j)<3>) - 1] + ‘IP’(?’)(NRA(Z')(?’)) - 1\} < ey

Note that we do not need an analogous statement for the separation of the two neutral loci
under geometry (G2)), as mentioned before.

Multinomial statement. For proving the Theorems and we finally need a state-
ment which makes it possible to deduce a joint result for the whole sample from the above
Propositions. In [38] it was argued that one can directly transfer the binomial statement
from Proposition 2.6 in [36] under the Moran model to the setting of a Darwinian model.
Hence, here we will essentially use the results from the Propositions and without
transferring the calculations into the framework of the here considered model. Nevertheless,
we will restate the Propositions with the here used notation.

Let @EIK’U € 77[*;1;172} denote the analog of @ff where the d individuals are sampled at the
end of the first phase and not at the end of the sweep. Further, denote by |[R2(3:SV|; (resp.
INR®)|;) the number of a-individuals in a d-sample taken at the end of the sweep whose
neutral alleles originate from two distinct a-individuals (resp. from the same a-individual) at

the beginning of the third phase. Then we have the following result:

Proposition 3.10 (cf. Propositions 2.20). Let d € N. Then, under Assumption
and geometry (G1)), there exist two finite constants ¢ and ey such that for every ¢ < e,

the ancestral relationships of a d-sample taken at the end of the first phase satisfy for every
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(ml,...,m4) S Zi.‘

lim sup ]P’(l)(\GElKJ)\k =mg, 1 <k <4)
K—oo

< eve,

d! -
_— 1 _ mo M3 1 _ _ my
mlmolmsglmy! (qqu) (ql( q2)) a3 ( q1 Q3)

-1 {mi+mo+ms+ma=d}

with q1,42,q3 from and |0V = #{i : NR@H)DY, 10V, = #{i - R2()V},
10| = #4i : R12(1)V} and |0V |4 = #{i : R1|2()(1CD},
In the same way, the neutral genealogy of a d-sample taken at the end of the sweep satisfies
for every (my1,ms) € Z2 :

d!

li PO ((|R2GSD|4, INRO)|g) = -1 —d}
i sup ((] |a> | |a) = (m1,m2)) {matma=d} o

< cve.

(1—q@)"q”

Again, this proposition is a key result in the sense that we now only need to focus on individual

neutral genealogies to get results on the joint genealogy of a d-sample.

3.3.2 Proof of Theorem (3.4

We will only briefly state the idea (in case of the geometric alignment ) and refrain
from detailed calculations as all the ingredients were already stated in the previous section,
Propositions [3:6] [3.8] [3:9] and 3-10] Theorem [3.5] follows in the same way.

The procedure for proving Theorem is as follows: we will consider one uniformly sampled
individual from the end of the selective sweep and list for each claimed ancestral relationship
from (3.15)) some specific events which lead to such a configuration for the one individual .
Then we use the above stated propositions and show that the sum of the probabilities of all
listed events equals one up to terms of order /¢ for an arbitrarily small, fixed e, which implies
that in the limit K — oo we indeed have only these possibilities for the neutral genealogy
of an individual i. Applying Proposition then finishes the proof as it leads to the joint
statement for the whole random sample of d € N individuals.

Recall for that purpose the ancestral relationships Ay,..., A4 as defined in (2.20) where
individuals fulfilling A; will account to |7|j41, j = 0,...,4. Further, have again a look at the
events which were defined in , and on page m in Section m

1. Events leading to Ay. We will distinguish between whether the two neutral loci of

individual ¢ separated within the a-population during the third phase of the sweep or not.
evy1 := R2(i)3SY N NR(i1)® N NR(i2)® n NC(i1,i2)?)

N [NR(i1)M U R2(i1)M] N NR(i2)™ (3.39)
eviy := NR(i))® n NR(i)® n NR(G)D,
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where we denote by i1 and 72 the labels of the parents of the first and second neutral loci
of i, respectively, at the end of the second phase (the way we label the a-individuals has no
importance as they are exchangeable).

2. Events leading to A;. Again we list two events where the first considers a split in the

a-population towards the end of the sweep and the second the complementary event.

evgr := R2(1)3SY N NR(i1)P N NR(i2)® N NC(i1,i2)? n [NR(i1)™M U R2(i1)M)
N [R12(:2)Y U R1|2(:2)M U R2(i2)V)]
evg := NR())® n NRH)@ n R2(i)W. (3.40)

For understanding the first event we recall that the second locus will also migrate in case of
a recombination between SL and N1.

3. Events leading to A;. Here, a separation of the neutral loci is necessary for the
occurrence of the relationship Ay as we showed that the events aAa, 2R and R2a as defined

on page [136] are negligible. We hence consider only one trajectory for As:

evs) := R2(i)39Y n NR(i1)P n NR(i2)? n NC(i1,i2)@

3.41
N [R12(:1)M U R1]2(i1) V] 0 NR(i2)W). (3.41)

4. Events leading to A3;. By a similar reasoning as above we only consider the following

trajectory for As:
evyr := NR())® n NR(i)® n R12(i)W. (3.42)

5. Events leading to A,. Finally, we list two possibilities for the occurrence of two

singletons {(4,1)} and {(¢,2)} in the partition of the sample.

evs := R2(i))39Y N NR(i1)® N NR(i2)® n NC(i1,i2)?)
N [R12(i1)M U R112(:11) V] 1 [R12(:2) D U R1|2(:2) U R2(i2)Y)] (3.43)
evsy := NR(i)® n NR(:)® n R1|2(:)LEY,

In (3.31)) we defined the probability measures P(M and in such a way that the following identity
holds for all measurable events C1), C) and C®) occurring during the first, second and third

phase, respectively,

PCY Nec® ne® | Fixk) = PO | ¢ nc@)y.pOc@ | M) . P (M) + Ok (),
(3.44)
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with P as defined in (3.11)) and Ok (e) a function of K and e which satisfies

limsup |Ok (¢)] < ce, (3.45)
K—o0
for € < g9 where £¢ and c¢ are finite.
This enables us to calculate the probabilities of the above chain of events by applying the
results from the Propositions and where the corresponding probabilities were
already determined for the limit of large K. We will not give all the details of the calculations
here but we indeed in the end get the entries of the vector p as defined in . As an
example consider the probability of Ag. Note that we use the exchangeability of lineages
within one background and, implicitly, a resampling argument as in the proof of Theorem
for each phase. In addition we deduce from Proposition that we can treat distinct
individuals independently such that the events for the (possibly) two ancestors il and 2 of
1 are independent. In particular, this independence holds also true for the second phase, as

there are no events impacting the neutral genealogies of the sampled individuals.

P(ev1 U evin) = PO (R2(:)>V) . 1. PO (INR(E1)M U R2(i1) M) N NR(i2)V)
+PO(NRE)P) - 1-PONRGE) M) + Ok (e)
=(1-q) q1¢ (12 + a1 (1l —q2)) + @2q192 + Ok (¢)
= (1 - @)Fq@ + @age + Ox(Ve) = p1 + Ox(VeE).

3.4 Number of births and deaths during the selective sweep

In this section we will only state the results on the expected number of up-jumps and down-
jumps during the different phases of the sweep, and refrain from giving any proofs as the
derivations in this part of the joint project were essentially done by Charline Smadi. We will
however give an intuition of the basic idea and state the proof of the first Lemma [3.11] of this

section in the Appendix [B]in order to give some insight into the calculations.

Births and deaths during the first phase

In the calculations for the probabilities of the events described in (3.35]) we need the following
approximations for the number of up-jumps of the a-population and further a bound on the
covariance for the Poisson approximations. Recall the definition of the jump times of the
a-population process during the first phase from and consider some k < |eK|. Then
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we define the number of up-jumps from k to k + 1 during the first phase by
Uit (1) = #{m, 7y <TX, (NG (1) N (1)) = (ko k+ 1)} (3.46)

Further, for € < Sqa/(2C4,4C4,4/Ca 4+ Cy,q) we define two constants which depend on the

ecological parameters of the model:

s — 2Cva,AC’A,a + Ca,aCA,Aé_

Ca,ACA,a c
faCa,a

faCan

=:s5_(e) <s<si(e) =542 (3.47)

Those values are motivated by the coupling with a supercritical birth and death process
(which will be described in the appendix). Recall (3.20) and introduce a real number A,

Ae = (1 —5_())*(1 — 55 (g)) 7%, (3.48)
which belongs to (0, 1) for € small enough.

Lemma 3.11. There exist three positive finite constants ¢, Ko and g such that for K > Ky

and € < gg:

Ifj <k<|eK| and ny € IX,

1—(1—s)leKl=k (1 — g)kt1
Bl UE )] - (1=s) - (1=9) | <ee. (3.49)
Ifk<j<|eK]| andny € IX,
(1) (1—s_(e))/7*
E )< ——2 .
(nA,J)[Uk ( )] S+<€)82_(€) (3 50)
IfK <k<|eK| andny € IX,
[Covly) [ (WUEQ,UEQ)| < (A2 4 ¢). (3.51)

As mentioned before, a proof of this lemma is given in the Appendix [B]
From Lemma we can deduce an approximate value for the expected number of down-
jumps by the same argument as given in ([2.38)).

Corollary 3.12. Let e < g9 and K > Ky where g and Ky are as in Lemma and define

the total number of downcrossings from k to k — 1,

Dif (1) i= #{m, 7y <TE, (NS (1), Ny (T 1)) = (k k= 1)}, (3.52)

then by definition of the probability P, for every 2 < k < |leK |

D) =UK 1) -1, PY—as.,
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and for j < k < |eK| and ny € IX,

1—s

B, ) DE)] -

) (1— (1=K — (1 - S)k_l)‘ < ce, (3.53)

where ¢ is a finite constant.

Note that the expressions for the expectations both in Lemma [3.11] and Corollary [3.12] are
actually similar looking to the results from Lemma [2.23

We will further need the number of up-jumps from k to k£ + 1 during an excursion above or
below [. Denote by O'lK (1) the number of the jump when the a-population first hits a level [
before the end of the first phase, | < |eK |,

o (1) == inf{m, 75 < TX NE(+E) =1}, (3.54)
and for 1 < k,l < |eK | and ny € IX,
U 1(1) 1= #{m < of (1), (NI (700, NI (i) = (ko b+ 1) . (3.55)
Then, if we denote by . the real number
pe = (1= 5-())*(1 = s4(e) 7, (3.56)

which belongs to (0, 1) for € small enough, we can derive the following bounds:

Lemma 3.13. There exist three positive finite constants ¢, Ko and €9 such that for K > K,
e<eo, 1<k<i<|eK]| andna € IK,

gD

1 —_
i) [Uniea(1) ] o (1) < oc] \/Egn)A,zq) U k(D] < cpl™.

For the first phase, we only need one more expression which for once focuses on the A-
population rather than the mutant population. We analogously define for k¥ < |eK| the

number of up-jumps of the A-population when the a-population is of size k:
UKQ1) = #{m, 78 < TE NK(E) - NE(E) =1, NE(7E) =k}, (3.57)

The derivation of the bounds for the expectations and covariances of these quantities is more
evolved than the results for the a-population and is again omitted here as the techniques were

developed by Charline Smadi. See [I1] for more details.

Lemma 3.14. There exist three finite constants ¢, Ko and €9 such that for K > Koy, € < g
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and k < |eK|,

B fanaKlogk

k
[ {lzluff(l)] o

‘ < cK(1+4 Velogk),
. (3.58)
Var®) (SuF (1)) < ek?(1+ VElog? k).

=1

Births and deaths during the second and third phase

Recall the definition of the jump numbers 7% in (3.33)) and denote by U (2) the total number

m

of up-jumps of the a-population during the second phase which corresponded to the time
interval [TX, TX +t.]:
UR(2) = #{m, TS <78 <TF +t., NF(r5,,) — NE(rh) = 1}. (3.59)

m

Further introduce the event

CE = (NE(t) > 2K/4,¥ TKE <t <TX +t.}. (3.60)
Then, we get the following almost sure statement in the limit of large K:
Lemma 3.15.

lim POUK(2) > Kloglog K | CX) = 0.

K—o0

Finally, define the number of up-jumps of the a-population during the third phase when N ff
equals k < |eK |
UE(3) = #{m,TF +t. <7l <TE NEGEE ) - NEGEE) =1, NF (=) =k}, (3.61)

extr*'a a m

We now state an approximation for the expectation of U ,f (3) which can be proven in a similar
way as Lemma

Lemma 3.16. There exist three finite constants c, g and Ky such that for ¢ < g9 and
K 2 K07

‘JE(3) [Xk: UK 3)] - W’ < cK(1+ Elogk),

k
Var(g)(ZUiK@)) < cK?(1 + elog? K).
i=1
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3.5 The genealogy of the two neutral loci of one individual

With the results from the previous section at hand, we can now proceed similar as in Section
and calculate the marking probabilities for one individual. We will consider the three
phases separately, starting with the first phase. All results in this part strongly base on the
methods which were developed in [36] and refined in Section of the previous chapter.

3.5.1 Coalescence and recombination

We start with giving the probabilities for coalescence and recombination under this model
with varying population size. Recall the definition in (2.15)) and let

7”; =171+ 1{]':2}(7'2 — 27’17‘2), jE {1, 2} (3.62)

denote the probability to have exactly one recombination in front of locus Nj. Further let
pg:(i? (n), j € {1,2}, be the probability that, conditionally on the current state of the population
(NE(rE_)), NE(7K_,)) = n € N? and on the birth of an individual carrying allele « at time

K (ie. NE(zEY — NE(7K ) = 1) the genealogies of two randomly chosen neutral alleles,

located at locus Nj and associated respectively with alleles o and o/ at time 7%

Tm
, coalesce at
75 Then the following Lemma, follows from Lemma 7.1 in [38] by replacing the recombination

probabilities appropriately.
Lemma 3.17. For every n = (na,n,) € N2, a € A and j € {1,2},

7 fa

(na + 1)(fAnA + fana) '

(c) 2 ( rjlana

_ _ () —
Paa <n) N na(na + 1) fAnA + fana) and b (n) N

ao

In the same way let pgf&Q(n) denote the probability to have a recombination from the ;-

into the ag-population precisely (and exclusively) before locus Nj, again conditionally on

(NE(rE_), NE(7K_,)) = n € N? and on the birth of an individual carrying allele a; at time
(r12)

7K. Further, we denote by pa,as(n) the probability to have a double recombination under

the same conditions. Letting 7], := 7172 we obtain the following result:
Lemma 3.18. Forn € N?, a € {A,a} and j € {1,2,12}, we have

T}‘ffana
(na + 1)(fAnA + fana) .

rifa(na —1) (rj)

()N — _
Paa (n) - (na + 1)(fAnA + fana) and Paa (n) -

Proof. The second equality is stated in (7.2) in Remark 4 in [38]. Conditional on the birth of
an a-individual and the state of the process at the (m —1)-th jump, the probability of picking
the newborn when choosing an individual at random amongst the a-individuals is equal to
1/(na+1). A recombination before the locus Nj (or before locus N1 and locus N2 if j = 12)
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happens with probability r}‘-‘, independent of all other events. Finally, the probability that
the second parent belongs to the same background as the newborn but is different from the
first parent is equal to fo(ng —1)/(fana + fana)- O

We will often use approximate values of the above defined recombination events, given in the

following remark.

Remark 3.19. Let us recall the definition of IEK in (3.20). Then there exist three finite
constants c, eg and Kq such that for e < g9, K > Ko, j € {1,2,12} and (na, k) € IX x

{1,..., [eK]},

rj : (r7) (r?) rj
1- I < inf g < ] < —L- :
Similar,
r2 ) r2 (r2) Ja T2
1—ce)— < na, k) < —, and pg(na, k) < ——. 3.64
(1= 2 <pHmaky < 22 P nank) < 4472 (3.64)

3.5.2 The genealogy of the two neutral loci in the first phase

We will here first bound the probabilities of events which would lead to a different structure
of the partition of a sample and subsequently calculate the probabilities of events which
have non-negligible probabilities. For a rigorous formulation we need to define an equivalent
notation as on page [35| for the previously considered model. With the definition of the m-th
jump time from in mind, we define for k € {1,2,(1,2)} and m € N,

(ik)p == {m < J¥(1) and the k-th locus/loci of the i-th individual is/are (3.65)
associated to an allele o at the m-th jump time}. ‘

The notation (ail),, (¢'i2),, here implies that the two neutral loci of individual i are asso-
ciated to two distinct individuals at the m-th jump time, for any o, o’ € A.
We will prove that we can neglect the following event combinations: sample d € N distinct

individuals uniformly at the end of the sweep and define

aAa : a neutral allele recombines from the a-population to the A-population, and
then (backwards in time) back into the a-population

CR : two neutral alleles coalesce in the a-population, and then (backwards in time)
recombine into the A-population

CA : two neutral alleles coalesce and at least one of them carries the allele

A at the time of coalescence
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2R : a neutral allele takes part in a double recombination (i.e. a recombination
before N1 and a recombination before N2 at the same birth event)
R2a : a recombination separates the two neutral loci of an individual

within the a-population

Lemma 3.20. There exist three positive finite constants ¢, Ky and g9 such that for e < g
and K > Kj

CK, and PO(CA) < 08K

P (ada) + PY(CR) + PY(2R) + PY (R2a) < =

= log

Proof. The probabilities of events aAa, CR and C A were already bounded in Lemma 7.3 and
(7.12) in [38]. Hence we just have to bound the probability of 2R and R2a. If a neutral allele
experiences a double recombination, it happens either when it is associated with an allele a
or with an allele A. From Lemma and the fact that 71 and 7y are of order 1/log K we
get for k < |[eK|:

c

sup (i )+ 21 (0. ) < e

nAEISK
C

< ——.
Klog? K

sup (p12 (na, k) + Py (na, K))

nAEIEK
Recall the definitions of UK (1) and U/ (1) in (3.46) and (3.57), respectively. As a birth of
an a-individual is needed to have a recombination from the a- to the o/-population, we can

bound the probability to have a double recombination by

[eK]-1 K K
(1) € @) Ut (1) | Ut (1)
PURR) < 5B [ kzzjl ey 7% )

By applying inequality (3.49) and Lemma we succeed in bounding P(M) (2R) by a constant
over log K. It remains to consider the event R2a of a recombination within the a-population.
This is done similarly as in the proof of Proposition Define as in (2.14) the first time

(with respect to the backwards-in-time process) that this event happens:

RW () := sup{m, m < J¥(1) and both neutral loci of the i-th individual are

aa

(3.66)
associated to different a-individuals at the m — 1-th jump},
where again sup @ = —oo. Then,
leK|—1
PORL) >0)= Y. EORDE >0, NG, ) =0)

=1
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leK]|—1
= 3 S PO < IR, NEEE ) =1, NE(E) =141,
=1 m<oo

(@il)m, (ai2)m, Vm' > m : (ail2),,)
leK|—-1

Z > sup (Pl (na, P, ) (Fm >0 (ail2)))

— m<oo TLAGI

P (m < IR (1), NS (7

1) = LN (1) = 1+ 1)

leK|—-1 c c
MK <
= lz; KlogKE (] < log K’

by (B49) and (3:64). O

To simplify the notations we will denote the union of all negligible events by
NE :=aAaUCRUCAU2RU R2a. (3.67)

We will now come to the calculation of the marking probabilities. As they are very similar to
the once performed in Section [2.4.3] we will only detail one of them, namely the calculation
of the event [2,1]77¢.

The two loci of one individual separate within the A-population - the event |2, 1]7f{

Let us first state an equivalent of Lemma for this context. As the proof follows the same
idea as the proof of the statement from the previous chapter, we will not rewrite it within

this framework.

Lemma 3.21. Let (cy, N € N) be a bounded sequence of R*. Then there exists a finite

constant ¢ such that

. eros 108! log N
lim sup —

eN —1)| <e.

Proposition 3.22. Let i be an a-individual sampled uniformly at the end of the first phase.

There exist two finite constants ¢ and €y such that for € < eg,

lim sup |P™) 2,155 "2 leglek] M o~ T2 log e K| < cv/e.
K—>oop (22145 = {T1+T2 1+ 1o ” Ve

Recall (3.33)) and define similar to the definition in (2.10)) for & € {1,2,{1,2}} and m € N,

R(i, k) := sup{m :m < J¥(1) and the k-th locus/loci of the i-th individual (3.68)
is/are associated to an allele A at the (m — 1)-th jump time}, '
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the last jump (forwards in time) when the k-th locus/loci of the i-th individual belongs to
the A-population (with sup@ = —o0). The idea for proving Proposition is the same
as in the proof of Lemma we decompose the event [2, 1]?&2 according to the different
possible a-population sizes when the first (backwards in time) recombination between N1 and

N2 occurs.

P ([2,1]7%) = PW(R(i,2) > R(i, 1) > 0)
leK|-1
Z P ) > R(i, 1), NS (Tha) = 1) (3.69)

PO(R(i,1) > 0| R(i,2) > R(i, 1), N (T;.5)) = D).

In the following Lemma, which then gives results in the proof of Proposition [3.22] we consider

separately the two probabilities of the above product:

Lemma 3.23. There exist three finite constants ¢, Ko and €9 such that for K > Ky and

Egg()’

[PU(R(,2) > R(i, 1), Nalrfi0) = 1)

_ 1—(1—s)leKl=t (1 — g)i+1 fwbgtflﬂ’ _ /e (3.70)
" s(l+1) ° S llog K
and
_ N
[PO(R(, 1) > 0| R(5,2) > R(i, 1), Na(7h;2) z:: k+1 1 log L= 5 (37)

Proof of Proposition[3.22. From Lemma and Equation (3.69) we get the existence of a
finite ¢ such that for K large enough and & small enough,
leK]

i = 5 (= Oy (g ()

T | —
(X e (- s () +eve)
(k+1)

k=1

K]
<X e (s (1) (1o (= o)) +evz
< (7”1:?7“2 —e_T1logK/s+m —(7"1+T2)10gK/5> _'_C\/»

where we used Lemma twice. To get the lower bound we use similar approximations and
Lemma This ends the proof. O
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The remainder of this section is devoted to the proof of Lemma [3.23]

Proof of Equation (3.70), Lemma[3.23

We can decompose the event {R(7,2) > R(i,1), N, (Tg(m)) = [} according to the jump number
of the (backwards in time) first recombination. Recall the definition of NR(i)") in (3.35).
We will again use this event but with a slightly different meaning, as the initial condition of
(N, NE) will not necessarily be (naK,1). It will however still correspond to the absence
of any recombination before the end of the first phase. We recall that whenever we do not
indicate the initial conditions for probabilities, expectations and covariances it means that
(NE(0), NE(0)) = (RaK, 1).

With the definition of («ik),, in (3.65) we get

P(l) (R(Z7 2) > R(lv 1) (TR('L,Q)) )
=3 PO (m < JEQ), NE(rE) = 1, NE(7E, ) = 1+ 1, (ail)m, (Ai2), Y/ > m : (ail2),)
m>1

<> sup (P4 (na, DR (NROHD | NE () =14+ 1))

m>1 ’I’LAEIK

PW (m < JK(1), No(rE_) = L NE (7)) =1+ 1), (3.72)

and the same expression with the infimum on ns € IX for a lower bound. We first focus on
the second probability in the sum and aim at proving the existence of two finite constants ¢

and g such that for every ¢ < gg, na € IsK and [ < [eK |,

lim sup IPEn) H(NR(i DY NEEY =141) - e log(LEKJ/l)‘ < cy/e. (3.73)

K—oo

We will use the same idea as described on page [65| in the previous chapter. Let
N = o(NE(75), m < JE(1)) (3.74)

be the o-algebra generated by the process NX = (N NX) during the first phase. The
first step consists in working conditionally on the trajectory of the process NX, describing
this probability as a product of conditional probabilities close to one, and derive a Poisson
approximation. To this aim, we define for m € Z:

02 (m) = 1 gy L v (o )—-NE ()= 1}(P51A)+ P (NE (7))

Then, similarly as for example in (2.45), we have for ny € IX and | < [eK |

p()

(nasl

SINRG) | NE(rK) =150 1,80) = [1 = (60D + 02 (0, 1] T] (1 047 (m)).

m=1
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For sake of simplicity we will approximate the probability

Bloly o (VRQ) W [ N) = [T (10072 (m)),

m=0

which is easier to handle, and satisfies

pD

many VROW [ NE () = 1+ 1, VD) — P (VR [ ND) <7y + 7,

(na,l

If we introduce the variable,

Y = Linxomy 2 07 (m)
m=1

we get by following the path of the proof of Lemma [2.32

nA,l)‘ H 0(r1+72) (1)) — exp(— 7] < EE}%)A,Z)[ Z (9(T1+r2)(m))2]
m=1

(3.75)

KIE,, UE ()] c
< (11 +72) (Z Ak;l)_|-1 )glogzK’

for any ng € IX 1 < |¢eK | and a finite ¢, where we used the value for the expectation from

(3.49) in Lemma and the bound on the recombination probabilities in (3.2)). Define an
(12

approximation of the random variable 7, ) by

~(12 - r1+r
i = Live o=y O 02 (m) 1 yk )0y, (3.76)
m=1
. . . (1) (12)  -(12)7 . . K
and aim at proving that the difference ]E(nA l)[nl 7, '] is negligible for every ny € I.*.
This latter can be bounded as follows:
M) a2 _ 502 o~
0< E(nml)[nl - nA,l)[ 2_:19 1+ 2) 1{NK(7—K)<l}j|
< — E(l) [UK(l)] sup p(T1+T2 k nA li:l 1 — S5— ( )) (Tl +""2) < c(rl +T2)
= = (na,l)"k naelk aA Pt e)s2(e)  k+1 I

(3.77)

for a finite ¢ and e small enough. We used ([3.50) to bound the number of up-jumps, (3.63) to
bound the recombination probability, and received the last inequality with the help of Lemma
The expected value of 771(12) can be calculated approximately by using the results from
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Section and Remark For an upper bound we get by using (3.50) and again (3.63))

leK|—1
_(12) r1+ T2 (1) K r1+ 12 leK ] c
LIPS B, plUE (D] < (1 e9) == log (S2) + - (378)

(1)
E k nA7l)

(na,

for a finite ¢ and € small enough. For the lower bound we get similarly by using (3.50)), (3.63))
and Lemma

(1) =(12) o\t leK]y ¢
B o) 2 (1= e P os (5) - o (3.79)
for a finite ¢ and e small enough. The last step consists in bounding the variance of 771(12)‘

As the calculation of this variance is quite involved, we introduce an approximation of 771(12)7

namely

=(12) - r1+ T
m = )= Z_:l L2 Va2 )N )= N () 4 T

leK|-1
= 1Nk D
k=l

L+ T2k
1).
k+1 Ui (1)

Thanks to Equation (3.63) we get (1 — ce)ﬁl(m) < 771(12) < ﬁl(m) for a finite ¢ and ¢ small

enough, which implies

g 7(12 2 = (12 1 =(12)) 2
Var(”A’l)nl( - Var(nA,l)nl( )‘ S CgEEn)A,l) {(771( )) }
KL pO (7K (1))2] + BV (UK (1))2 (3.80)
< ce(ry +12)? Z B0 (1))%] + EW[(U (1))7] < ce.

o k+ 1)1 +1)

Here we used that UJ (1) and U[ (1) are smaller than geometric random variables with
parameter s_(g). Hence, it is sufficient to bound VAar(n Ajl)ﬁl(m). By (3.51) and (3.2]) we get:

KIS Coviy) (UK UE)

V" . =(12) _ + 2
Hean = (114 7) e BHDE D (3.81)
9 SR\ G T log|eK | ‘
<2 < log|eK|).
(ri+72) ,}k;:l GO+ S o i T Eloslek])
Recalling (3.80) and again (3.2)), we finally obtain
Varg, , i) < e, (3.82)

for a finite ¢ and ¢ small enough. Following the instructions described on page [65] by using
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the inequalities (3.75), (3.77)), (3.82)), (3.78) and (3.79) ends the proof of equation (3.73).

To conclude this proof, we have to control the two other probabilities in the decomposition
(3.72). As the first probability in the sum describes the event of a recombination between the
two neutral loci from the a- into the A-population, we get from (3.63)):

LT

79 ce

((azl)o,(AZ2)0 | Nf(q-lf{) =[]+ 1,(&212)1) - I+ 1 X llogKa

for a finite ¢ and € small enough. Together with (3.73) and (3.46) this leads to,

PM(R(,2) > R(i,1), Na(th;5) = 1)

71+ leK]
vt (121

<+ evE) e PO (m < J5(1), N () = LNS () = 14 1)
m<oo
r _?“1-:?“2 log [ £
— (1+ VB e () e,

for a finite ¢, € small enough and K large enough. We similarly get a lower bound and end

up the proof of Equation (3.70)) by applying (3.49)). O
Proof of Equation (3.71), Lemma |3.25

We will decompose the event considered here according to the value of NX when the second
(backwards in time) recombination occurs. Recall (3.54) and define similarly to 7} from ([2.4))
the last hitting of & by NX during the first phase,

K@) :=sup{m < TE NE(#EY =k}, 1<k<|eK]. (3.83)
Further define the events

NR(l,0,i) := {the first locus of individual i sampled at jump time o/ (1)

does not recombine from the a- to the A-population between 0 and 7'5{ (1)}
!

and NR(I,¢,4) which is defined similarly but with ¢/ (1) instead of ¢®(1). Then Bayes’ rule

leads to:

PU(R(i,1) 2 0] R(,2) > R(i,1), Na(th; ) = 1)

= Z P(l)(R(lv 1) > OvNa(TII%((i,l)): k| R(i,2) > R(i, 1)7NG(T}I%((1',2)) =1),
=1 (3.84)
<> (sup plN (na, BP, (NRQL 1) | NE(r) =k + 1))

k=1 m<oo naelk

PW(m < R(i,2), Nj (3y) = k. Ny (1) = b+ 1] Na(7.5)) = -
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The lower bound is obtained by taking the infimum for nyq € IeK and replacing NR(I,(,1)
by NR(l,0,i). Note that the first probability is a known recombination probability which
can be evaluated thanks to (3.63]). The ideas used to approximate the second probability
are the same as those developed to approximate IP’SJJ(N R(1))M). In particular, we use a
decomposition similar to the one described on page [65] However, similar as in the proof of
Lemma we have a supplementary difficulty due to the randomness of Na(Tg(m)). In the
previous case we were interested in an event before the first hitting of |eK |, while in the
current case, the conditioning on the value of NX (7'}12{(7;’2)) does not tell us how many times
NX has hit this value before. This is why we needed to introduce NR(l,0,i) and NR(1,(, ).
First we prove that with high probability the a-population size is bigger when the (backwards
in time) first recombination occurs than when the second, of locus (i,1), occurs. Note that
by and Lemma there exists a finite ¢ such that for every [ < k < |eK |:

> PUO(m < R(,2), NS (T5) = k, NS (i) =k + 1| R(i,2) > R(i,1), Na(Tf; 5) = 1)

m<oo

EOWE)] sup B ) U, sl NE () =14+ 1] < et

TLAEI(;K

where according to (3.56)), pue € (0, 1) for e small enough. Hence, recalling ([3.84]) and Remark
[B-19] we obtain for k > [

K] k-t
(1) . . . . K B 9] C
P (R, 1) 2 0,No(R(i,1)) 2 1| R(1,2) > R(i, 1), Na(Tg(;2)) = 1) < cr1 kE:l 7]{1 1 < log K’

for a finite ¢ and e small enough. We therefore can ignore all £ > [ in the sum in (3.84) and
continue with the case k < [. Here, we can bound the sum as follows:

EOUF (1))~ sup B UK L(DINE () =1 - JED[UK (1))

nAGIK (nA l)

< Y PY(m < R, 2), NE(7E) =k, NE (75, ) =k + 1

| R(4,2) > R(i, 1), Na(Th;5)) = 1) < ED[TEQ)).

Considering the difference between the two bounds within equation (3.84)) yields

C
k+1 S log K

sup By UK (DINE () = 1 = EO U (1)

for a finite ¢ by (3.49) and Lemma and thus we can work with E() (UK (1)) as an

approximation for the sum.
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Define for m > 1,

K

00D (m) = Ly L g (o )i (i )=1yPod. (V5 (1))

7n +1

. . 1 .
We again focus on the study of ]P’En) ®) (NR(1,¢, 1)) which equals IP’EH)AJC) (NR(1,¢, ) | NE(rf) =
k+1) up to r1. By conditioning on the jump process we get for ny € IX and | < |eK ],

¢ ()
IT (@~ 60 (m)) < B o (NR(LGi) [ND), (3.85)
m=0

and the same expression with o replacing (. We define the corresponding parameters for the

Poisson approximation as follows:

(1) S (1),+ o
Mei = LN ©O)=k} Z 0 (m), and ey = 1Nk (o) Z 01 (m
m=1

We will show that both can actually be approximated by:

1 (-1
M = Lnsoon Do 0 M) e (r) <y (3.86)

m=1

Recall Definitions ([3.46)), (3.52)) and (3.55). On the one hand, for n4 € IX and k < |¢K |,

G-

1 1), (1) ,
B, i) =] = [ Z 9( D () (Lng (et y iy + Loy
= (r) )
<Y Sup pas (na, HEVDE(1)] o iU gl Na () =k — 1]
j:1 naciz na
& (r1) (1) K/ K
+ Z SléI[) paA (TLA, ) ( )[Ul ( )] SléI])K E(nA l)[UnA lj‘Na (Tl ) =1+ 1]7
j=l+17A na

where we used that in the first phase, under P(!)| the number of excursions below k (resp.

above 1) is equal to D (1) (resp. Uf<(1)—1). Applying the inequalities (3.49), (3.50), Lemma
and Equation (3.63|), we get the existence of a finite ¢ such that for € small enough:

&
< )
1 " logK

L+ (1) !
(nk,l’ - ﬁk,l) <er

Jj=1

(1)
Elnak)
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as pe € (0,1) for € small enough and by (3.2). On the other hand,

o (1) ¢f-1
E&L,@HW&)’* - ﬁx(iz)H < E(l)[ 21 0T (m) 1 i (i) <hy + ; e(rl)(m)l{kst(rﬁ)sl}}
m= m=a* (1)+1

k=1 sup, EY U, NE()Y =k -1
< {E(l)[Dzﬁ((l)] > ot oty ;kj‘ = ]
j=1

-1 (1) K 7

+E<l>[DF<1>1ZSUPWK Ftna Ot 00 21
i=k J

— —j -1

I
I c
C“(Z ijj—l) Slog K

This shows that both bounds in (3.85)) coincide up to terms of small order and thus we only
(1)

need to calculate the approximation of one product by using 7, ; for the Poisson approxima-
tion. From (3.75]) we deduce that this approximation holds true up to terms of order 1/ log? K.

Recalling once again the recipe described on page we see that it only remains to calculate

(1)

the expected value of 7, ; and to bound its variance. The expectation can be bounded from

(12)

below and above in the same way as the expected value of 7;"” from the previous part in
(3.78)) and (3.79):

521)_10gCK\ (nA’k){ﬁl)} (1+c5)1og(l;1)+loch. (3.87)

T~

(1-— cs)— log (

A comparison of the definitions of ﬁ,gll) in (3.86]) and 77,212) in (3.76)) shows that the variance of
(1)

7., can be bounded by the same expression, that is, a constant times . All in all, this gives

us for K large enough, e small enough, k < < |¢K | and ny € IX:

-1

‘]P’(l) NR(Z,C,i)—exp(—%log( -

(nak)

))‘ < eve, (3.88)

and the same inequality with o instead of ¢. In conclusion, recalling (3.84)), and using (3.63))
and ([3.88)) we get the existence of a finite ¢ such that for K large enough and e small enough,

PORG,1) > 0| B(i,2) > R(i,1), Na(7h0) = 1)

-3 e (- e () B W < o0

Applying (3.49) and Lemma yields Equation ([3.71)) and hence ends the proof of Lemma
3.23l O
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3.5.3 Proof of Proposition (3.6

With similar ideas we can calculate the probability of the event that the two neutral loci

recombine together into the A-population and then separate within the wild-type population.

Proposition 3.24. Let ¢ be an individual sampled uniformly at the end of the first phase.

There exist two finite constants ¢ and €y such that for e < eg,

rq4r 1+ _faro
1 — o~ 2 0gleK |~ 2 logleK] _ R loglek]

+
T+ T2 r1+ 12— fara/ fa ’

lim sup [P ([12, 2]755) — 1 | < evE.

K—o0

This result together with Proposition [3.22] gives us the asymptotic probability of the rela-
tion R1[2(i)1GD = [2, 1]7:5’1 U [12,2]7;465’1 as defined in (3.35). The remaining statements
of Proposition which concern the events R2(7)() and R12(i)() follow with very similar

calculations, realizing that one the one hand
PO (R2(i)M) = PY(R(i,2) > 0, R(i,1) = —0) + PN (ada),
with aAa as defined on page [I36] and on the other hand

PO (R12(i)V) = PO(R(i,1) = R(5,2) > 0, (1,12)1) + PW(a4a U CA)
By
= IZ (1= PO(RL2()TD | R(i,1) = R(5,2) > 0, Na(7h; ) = 1))
=1

PU(R(,1) = R(5,2) > 0, Na(h; ) = 1) + PD(NE(3)),

and all needed probabilities can be calculated as in the previous section, hence we give no

further details here.

3.5.4 The genealogy of the two neutral loci in the second and third phase

We will here briefly describe the ideas of the proofs concerning the neutral genealogy of an
individual during the second and third phase. The following proof of Proposition [3.8] was
performed by Charline Smadi. For the sake of completeness and to emphasize the different
nature of the second phase in contrast to the remainder of the sweep we will recite it at this

point.

Proof of Proposition

Recall the event CX from (3.60) and note that for any jump time during the second phase,
that is, for any 75 with TX < 75 < TK ++., and any j € {1,2} we can deduce from Lemmas
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3.18 and [3.17] that
() (K (K 8r; () K (K 32
pa/JX (N (Tm)) < EQK and paaj (N (Tm)) < E4K2' (389)

We will detail the derivation for the event NR(i)(®) as defined on page m The statement
concerning the absence of any coalescent event during the second phase follows in the same
way, using the above bound on the coalescence probability. For m € N we get from ((3.89)

8(7“1 + TQ))m.

(1) N | UK (9) = m. CK _
PO(NRG) | UK (2) =m, ) > (1 T

(3.90)

If K is large enough we have log(1 — 8(r1 +72)/(e?K)) > —10(r1 +12)/(¢*K) and hence
8(r1+r9)
POVR®P | €X) > (1~ POUK(2) > Kloglog K | CX) )¢ los1o8 K losl1= =255

_10(r1+rg) K loglog K

> (1-POWUX2) > Kloglog K | CX))e =,

where we use the bound on the recombination probabilities given in . According to ,
NXE is smaller than 27, K on the time interval [T, TX + t.] with probability close to 1. In
this case, we can bound the total number of births U%(2), as defined in , by the sum of
2n, K independent and identically distributed Poisson random variables with parameter f,t..

The strong law of large numbers then yields

lim PO(UX(2) > Kloglog K | CX) = 0.

K—o0
We apply again (3.24) in order to get

lim P (CK) =1, and hence we have lim PO(NR(#)?) = 1.

K—oo K—oxo

Proof of Proposition

The proof of the asymptotic probability of R2(7)3:G1)

is similar to the previous calculations
in the proof of Proposition [2.14] hence we refrain from giving any details. Note however that
it extensively uses Lemma for the approximate value of the number of up-jumps during
the third phase and the bound on the variance when performing the Poisson approximation.
Similar as in the proof of Proposition the derivations leading to a sufficient bound on
the variance are more evolved than the calculations in Section [3.5.2] Further, all calculations
are performed with respect to the measure P(®) defined in .

The proofs for showing that in the limit of K — oo we indeed have no recombination into
the A-population and no coalescence of any two sampled individuals during the third phase

follow a similar idea as the above proof of Proposition [3.§ and are hence omitted here.



CHAPTER 4

Some properties of A-coalescents in population genetics

In this chapter we present a recursion formula for the expected height of the coalescent
tree corresponding to some measure A, and will further state a spatial algorithm for the
ancestral recombination graph for the more general A-coalescent, introduced in Definition
in Section In both sections, we will consider the case of a very simple measure
A = 6,4, with §, being the Dirac measure at some a € [0,1], as an example.

Before that, we will investigate some properties of the A-coalescent which are relevant in this
context and in particular lead to a way of constructing the coalescent. We introduce this
so-called Poissonian construction by the same approach which was chosen in the notes of
Berestycki, [4]. Afterwards we offer an algorithm in R which generates a A-coalescent for a

given number of individuals.

4.1 Construction of the A-coalescent

We start with analyzing the rates of a A-coalescent process and define the event of a p-merger
to this end.

Definition 4.1 (cf. Definition 3.3 in [4]). Let P be Py or Py, for some finite n € N. Define
the operation x as follows: for two partitions w, 7' € P the partition 7 = 7 x 7 is obtained
by merging (coalescing) all those blocks of ™ whose labels are together in one block of 7'.

Further let k, € P denote a random partition with only one block containing more than
one element, obtained by tossing a coin with success probability p for each element: in case
of success, the element is in the distinguished block, otherwise it is a singleton. Then, for

p € (0,1] and ™ € P we call the operation T +— T x Kk, a p-merger.

This corresponds to performing a Bernoulli(p)-experiment for each block of the partition 7
and coagulating all those whose trial had a successful outcome. The nature of x, can be
understood in the context of A-coalescents when recalling that we only allow for one merger
at a time. Hence, there cannot be more blocks with more than one element in &, otherwise

we could produce simultaneous merging events.
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Recall the rates for a A-coalescent as stated in (1.5]), Definition and write

1
Aok = /0 pF(1 —p)"Fp2A(dp). (4.1)

In the above formulation, we can detect two parts hidden in the rates: first, there is some
binomial choosing included in A, ;: with success probability p we mark k blocks, and the
remaining b— k blocks are not marked with probability 1—p. The missing binomial coefficient
addresses the fact that any k-tuple of blocks merges with the above rate which means that

the total rate of events where k out of b blocks merge is equal to

b
)\fk = <k> b - (4.2)

Thus, we recognize the structure of a p-merger.

The second part in the integral from , the factor p~2A(dp), then plays the role of the
rate at which a merger related to the success probability p happens.

Indeed, if we consider a process where a p-merger happens with rate u(dp) then the rates
for some k-merger when there are b blocks left equals fol (1 — p)?=Fu(dp), due to the above
definition of a p-merger. As in 4] we can now argue why u(dp) may be written as p~2A(dp)
for some finite measure A: the process is only well-defined if the rate at which at least two
out of b blocks coalesce is finite. Recalling the definition in then leads to the following

formulation of this constraint:
LbY
/ o | P ildp) < oo.
0

This condition implies that we can define u(dp) = p~2A(dp) for a finite measure A.
The above described way of interpreting the rates of a A-coalescence leads exactly to the
so-called Poissonian construction of the process. It is convenient to assume the following

decomposition:
A =A+ady, where A({0}) =a (or equivalently A({0})=0). (4.3)

Algorithm 4.2 (Corollary 3.1, [4]). Let N be a Poisson point process on S := (0, 1] xR with
intensity p_QJNX(dp) @ dt, with A as in . Let (pi,t;)i>1 be the points of the corresponding
Poisson process. Then the process IT* := (H{\)@o can be constructed by performing a p;-
merger at time t; for each point (p;,t;) of the Poisson process. In addition, every pair of

blocks merges at rate a.

Note that the additional pair coalescence rate only appears if the measure A has an atom at

zero. We will use this kind of construction when describing the spatial algorithm for an ARG
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in Section Let us now describe an algorithm with which one can generate a genealogy of
a sample whose ancestral lines evolved according to a A-coalescent for (three) different types
of measures A. The actual R-code is stated in the Appendix

Algorithm 4.3. The function lambdacoal <- function(n,Lambdatype,a,alpha) gener-
ates a A-coalescent tree for n individuals, where A is either a Dirac measure at some point
a (if Lambdatype = 0), the uniform measure (if Lambdatype = 1), or a Beta-coalescent (if
Lambdatype = 2) with parameter alpha, meaning that A(dz) is equal to the Beta(2 — a, «)
distribution.

The output is a list composed of an array genealogy where we can read the times of coalescent
events, the number of lineages which merge at an event and the labels (numbers in {1,...,n})
of the lines which merge. We first draw the time of the next merger from an Exponential
random variable with rate equal to the total rate of events given the number of lines which
are still present in the partition. Then we choose the type of merger according to the rates of
the A-coalescent and subsequently sample uniformly at random the labels of the lines which
will merge at that event. After each coalescent event we relabel the lines which took part in
the merger and name them by the smallest index of all lineages which coalesced. The array
genealogy then fully determines the shape of the coalescent tree. Further, the total branch
length is calculated straightforwardly and returned as the list entry branch.length. See
for further details.

Two exemplary outputs are shown in Figure

4.2 The expected height in a A-coalescent

As already pointed out in Section the number of neutral mutations on a coalescent
tree depends only on the mutation rate and the branch length. In the infinite sites model, a
comparison between individuals concerning the number and locations of mutations on their
ancestral lines results in the number of so-called segregating sites: locations in the genome
at which the studied individuals differ. This quantity is of interest in particular as the newer
genotyping methods provide whole sequences. After an alignment, we can extract exactly
the number of segregating sites from the given data. Having this quantity at hand, one can
statistically extract probable underlying mutation rates and also the type of the genealogical
tree of the population, provided that one has the knowledge of which tree is likely to give which
results. To this end, the study of the total branch length and also the height, corresponding
to the time to the most recent common ancestor, is essential in order to draw conclusions on
the evolutionary behavior of the sequenced population.

In the case of the Kingman coalescent, we can easily derive the expected height and length

of the coalescent tree and thus induce the expected number of mutations occurring during
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> lambdacoal(10,2,0,0.8)
$genealogy
[,11 [,21 [,31 [,4] (,5]1 [,6]1 [,71 [,8] [,91 [,10] [,111 [,12]

[1,] 1 2 3 4 5 6 7 8 9 10 0.0000000 0
[2,] 1 2 3 4 5 6 7 8 9 1 0.1688833 2
[3,1] 1 2 3 4 5 6 7 8 1 1 0.2044172 2
[4,] 1 2 3 4 5 6 7 6 1 1 0.2240150 2
[5,] 1 1 1 1 1 1 1 1 1 1 0.4383743 7
$branch.length
[1] 3.665935
(a) Output for n = 10, Lambdatype = 2 and parameter o = 0.8,
that is, A is distributed ~Beta(1.2,0.8).

> lambdacoal(10,0,0.2,0)
$genealogy

[,11 [,21 [,31 [,4]1 [,8] [,61 [,71 [,8]1 [,9] [,10] [,11] [,12]
[1,] 1 2 3 4 5 6 7 8 9 10 0.00000000 0
[2,] 1 2 2 4 2 2 7 8 9 10 0.01239973 4
[3,1] 1 1 1 4 1 1 7 8 1 10 0.11985310 3
[4,] 1 1 1 4 1 1 7 8 1 8 0.13840286 2
[5,1] 1 1 1 4 1 1 7 7 1 7 0.13956449 2
[6,] 1 1 1 1 1 1 7 7 1 7 0.62548314 2
[7,1] 1 1 1 1 1 1 1 1 1 1 0.75609175 2

$branch.length
[1] 2.692539

(b) Output for n = 10, Lambdatype = 0 and parameter a = 0.2,
that iS, A= 50_2.

Figure 4.1.1: Some examples obtained by the algorithm lambdacoal.

the time until the population (or sample) has found its most recent common ancestor. As
mentioned in Remark the Kingman coalescent is a A-coalescent with A = §y. The rates
are then easily calculated and, more important, as there are only two-mergers, straightforward

calculations lead to an expression of the expectation of the tree height:

K, - L ) 2 1
eyt ] (- 2)
; i - 1) ]ZQ g J-1 n
For more general coalescent trees, it is difficult to arrive at analytical statements on both
quantities, the height and the length. Here, one often uses the connections of A-coalescents
to other processes which are better understood: Bertoin and Le Gall [6] and later Birkner et
all [9] showed that Beta-coalescents are in fact duals of generalized Fleming-Viot processes
(also called A-Fleming-Viot processes). Further, Berestycki, Berestycki and Schweinsberg

[3] proved an embedding of the Beta-coalescent for 1 < o < 2 in a-stable continuous-state
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branching processes via the corresponding height process. Based on this theory, they derived
asymptotic statements on the distribution of the number and clustering of mutations under
the infinite sites model.

In this Section here, we will not review or pursue the techniques given through duality.
Instead, we go back to the definition of the rates of the A-coalescent and derive a recursive
formula for the expected height of the coalescent tree. We further give an algorithm in MuPAD
in the case of a simple J,-measure (where a can be chosen from (0, 1] or left unspecified) in
order to show the usefulness of such a formula. The code itself is given in the Appendix,
Algorithm [C.2]

The statement is obtained by expressing the time to the most recent common ancestor through
different random variables, where we use ideas from Schweinsberg [35] given in a different
context.

Recall the definition of the total rate )\#k with which & out of b blocks merge in a A-coalescent

and define the total rate of events when there are b blocks present through

b
N= YN (4.4)
k=2

and the rate with which more than b — k lines merge as

b
M= Y A (4.5)
j=b—k+1

Finally, denote the rate at which the number of blocks decreases when b blocks are present by
. Keep in mind that a merger of k lines into one decreases the number of blocks by k£ — 1,

hence

b

Yp = Z(k‘ — 1))‘#14' (4.6)
k=2

The recursive formula then reads as follows:

Theorem 4.4. Let A be a finite measure on [0,1] and consider the A-coalescent TII") for some
n € N defined through rates as stated in (4.1). Define for z € {2,3,...,n},z € [z — 1],y € [2]

the functions

)\zszx .
()52 fo=yarte
o) =) 1= () Ty =s (47)

0 else,
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and

g (2)

(z,y) —
oY (z) "

(4.8)

Then the following expression for the expected height of the coalescent 1™ holds true for
n>=3:

n—1 n k1—1
(%H["] Z Z f(],j kl + f (J,k1) kl i_[ g (l1,k1) kl :|

J=2 k1=j+1 hi=j+1

n ko—1

{ Z g(kl,k‘l k?Q) |: i_[ g(l2,k‘2)(k: :|
=k1+1 la=k1+1
n ks—1
(k2,k2) (k3) I (U3,k3) k .
Z g 3 H g 3 e
=ko+1 l3=ko+1
n kp_j—1
. { Z g(k‘nfjfhkn—j—l)(k;n_j) |: H g(lnj’knj)(kn_j):| } . }}}7
knfj:knfjfl'i'l l"*]‘:kn*jfl—"_l

(4.9)

where we use the convention that empty products and empty sums are equal to 1 (which implies
that in particular the innermost product equals 1, as k,—; < n and k,—j—1 > n — 1, hence
kn—j—1+1>k,_j—1). Forn=2, it holds that

E(H™) = — =

Proof. We will first derive the shape of the functions g and f from above and then show how
the above expression for the expectation arises.

In addition to the above definitions from and ) to , we use the notation from
Definition [L.13] and further let

11l 11l 11ln]
Jk —_ J —_— Nk—l _— Nk

be the height of the k-th jump. As already mentioned in Section a A-n-coalescent process
does not necessarily take all possible states of block numbers in between n and 1. It is
therefore convenient to define the states which are actually visited by the corresponding jump

chain as follows (cf. [35], p.6):
Ln(j) = min{m > j ]H£n1| = m for some t > 0}.

Then L, (j) = Ni_1 for all j with Ny < j < Ni_1, or, in other words, L, (j) takes (Nx_1 —
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Ni) = Jy-times the value Ni_;. In particular,
L, (j) is either equal to j or we have L,(j) = L,(j + 1). (4.10)

Since we start with the partition A, we have Ly,(n) = n . Recall the precise Definition [L.11]

of a A-coalescent and note that

E(Tk | Np—1) = 1/AN,_, 1{n,_,>1}, by definition of the total jump rate, and
Ng-1

E(Ji | Neo1) = D (G =1 P(Je =4 — 1| Noc1) = v /AN Ly 5135
=2

as on {Ni_1 > 1} it holds that

. Ni—1 )\Nk—l J
P =45 —1|Ng_1) = =1
(e]k J | k 1) ( ] ) )\Nk71 {Ni_1>1}>

by definition of Ji. With this we can rewrite the expected height of the coalescence process

as follows (cf. proofs of Lemmas 6 and 7, [35]):

n—1 n—1
[n]
™) = (1) = S EIE( V)] = T e[t o
k=1 k=1 Nk 1
:_ E(Ji | Ne_1)1 ] E{<{N’”>1}J N )}
231 [m ) (e | Ne—1)1n,_ 513 Z - | N1
1
B {Njp_1>1} ) ( ) . .
= J, E , by definition of L, (j)
z:: ( ’YNk 1 Jz; 7Ln( )
! +§E[E< L ('+1)>}
Tn =2 ’YLH(J)

+ZE{Z% < (J')Zk\Ln(jJrl))]- (4.11)

T = Lkg

We claim that the following expression is equal to the conditional probability in line (4.11)):

B Ly(j+1) AL (41, L (j+1)—j+1
E (1{Ln )=k} ’ L (] + 1)) - 1{k=j} (Ln(] 4 1) —j+ 1) )\J
Ln(3+1) (4.12)

k Akk—j+1
+ 1{Ln(j+1)=k} ll — (k it 1) )\J]‘| .
k

Note that at most one of the above indicator functions can be nonzero, as L,(j + 1) = k

implies that k > j +1 > j.
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The above equality (4.12) holds since the right-hand side is o(L,(j + 1))-measurable and

further, we have

(m—rg—l-l) )‘m,m—j—i-l

N

P(La(j) = 7 | Ln(j +1) = m) = — 1= P(La(j) = m | La(G +1) = m),
by the following argument: if m — j of m present blocks merged to one, then the number of
blocks would go from m to m — (m — j) + 1 = j + 1 and consequently L,(j +1) = j + 1.
Hence, the event {L,(j + 1) = m} tells us that more than m — j blocks will merge when we
are in state m. The total rate for such a merger is M, , as defined in . A specific jump
to j blocks then occurs if we mark any m — j 4+ 1 of the m present blocks with the measure
specific rate over the total rate ),. By (£10), P(Ln(j) = k | Ln(j + 1) = m) can only be
nonzero for k € {j,m}.

This implies that for all events {L,,(j +1) = m} € o(L,(j + 1)) with m > j+ 1 it holds that

E [1{Ln(j):k}1{Ln(j+1):m}] =P(L,(j) =k and L,(j + 1) =m)
P(Ln(j) =3 | Ln(G + 1) = m)P(Ln(j +1) =m) if k=
= B(La(j) = m | La(j +1) = m)P(Lo(G +1) = m) ifk=m

0 else

>\m m—j . . .
(1) 222 B(L (4 1) = m) if o =

m Am,m—j - .
=0 (17 ()R PG+ ) = m) k=

0 else

which is exactly the expectation of the product of 17, (j41)=p) With the right-hand side of
(4.12):

El1 , A1 Ln(j+1) AL (j41),Ln (j+1)—j+1
UnGE0=m} V= L+ 1) — G+ 1 N (G+1)
k ) Ak,k—j—i—l

+ YL, (+1)=k} {1 - <k —i+1)" N m =E [1{Ln(j>:k}1{Ln<j+1>:m}} :

Together with the abbreviating functions ¢(*¥)(z) and f(*¥)(z) from (.7) and (.8), this can
be plugged into the expression for the expectation of HI™ from (4.11)):

SN SR =S R Ln(j+1) AL (j4+1), Lo (j+1) —j+1
E(HH[])_:ZE[Zl{k:J}< .n - nJi'an J
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k Akk—j+1
+Z - HLaG1)= k}|: (k:—j+1>']

)\J
n—1 o
— E[fg(“)( _|_ Z ]7k) ] + 1))}
=2 i k=j+1 7
n—1

k=j+1

[f(jyj) (I) + f(jvll)(ll)} E[1(z,(+1)=t})-

3
|

<
Ll
=
M L0
+
=

<
||
no
~
y
I
<.
+
=

[f(j’j)(h) + i f(j’k)(h)}P(Ln(j +1)=10)

The idea is now, to recursively take the term for the highest value of j out of the sum and

condition on the value of the next L,(j). In the above sum, this means that we consider the

term for j = n — 1 separately in order to be able to condition on L, (j + 2) in the expectation.

Here, we use that L,(n) = 1 almost surely. This procedure will be continued successively

until the highest value of j equals the starting point of the sum, namely 2. We write down

the first and an intermediate state (where terms for j = n — 4 are taken out of the sum) of

this method and deduce from that the formula in (4.9).

Jj=2li=j+1
ST P(La(j +2) = o) [1g,=j 1399 T (L) + 1y gV TH2) (1))
la=j+2
f(n 1,n 1)(n)+f(n 1,n)(n)
n—2 n
+ 20 UG+ + FITDG D] D g () P(Ln(f +2) = 1)
Jj=2 lo=7+2
FX 3 @)+ FI 1)) ()B(Ea G +2) = )
=2 h=j+2

_ f(n—l,n—l)(n) +f(n—1,n)(n)

= —
-
JAN
o
Q
/\
=
=
N~—
~
JAN
.
=
=
=
~—~
=
=
S—
=
=
—
[
—~~—
h
3
~
+
=
=
o
=
—
—
<
N
S~—
=
p—
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[P 1) 4 02 gD )

+ [2 2 ) 402 )] 1) )

[P 2) 4D 0 2] (g2 D 1)l )
4 g2 ) 1) )

[P 1) 4 f0m00D 20D 1)L )

- [P ) 4 -3 ()] =20 () -1
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The statement of the theorem given in (4.9) follows inductively by careful observation. [

The MuPAD Code, which implements the above formula in the case of A = §,, is stated only
in but we will briefly explain the idea behind it at this point. The crucial factor is that
we have nested sums whose entries and also starting points depend on the previous value. It
is not clear how one can implement this in a straightforward way. Here, we have chosen a
procedure which first generates the nested sums and products with the help of placeholders
in the form of unspecified arrays: one for the index k;, one for the values of the function g and
one for the product over the respective g. Starting from the sum with index k,,_;_1 in the
j-th step, we substitute one after the other the placeholders for the running variables k;. In
the end, we need to substitute the remaining placeholder with the corresponding expressions
of the functions g and f. For details, see the code stated in Note that the program
should also work for more complicated measures if we defined the rates and accordingly the
functions g and f differently in the beginning of the program.

With the program we calculated some particular values for n = 5,10, 15,20, displayed in
Figure below. Further, exemplary results for the expected height H" for an unspecified
a € (0,1) and small n obtained through the algorithm have the form

10a3 — 40a® + 56a — 27

6a3 — 25a2 + 36a — 18’

40a8 — 315a® + 1055a* — 19264 + 202502 — 1166a + 288
2405 — 19065 + 639a4 — 1172a3 + 124042 — 780a + 180

E(H') =

E(H") =

|n[a=01]a=05]a=038
5 [ 1.5913 | 1.5227 | 1.3573
10 | 1.8151 | 1.8353 | 1.6744
15 [ 1.9024 | 2.0011 | 1.8478
20 | 1.9526 | 2.1144 | 1.9640

Figure 4.2.1: Values for the expected height for some a in A = §,.

4.3 A spatial algorithm for the ancestral recombination graph

for a measure A

The spatial algorithm that we propose here in order to generate an ARG for a A-coalescent is
very similar to the one by Wiuf and Hein, as stated in Algorithm Naturally it differs in
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Step 1, as we will generate the coalescent tree for position 0 according to the rates determined
by the measure A. This will in general also result in non-binary mergers, as seen in Section
41l On the contrary, the recombination mechanism works exactly in the same way here,
since the probability to simultaneously witnessing a coalescent and a recombination event
tends to zero in the scaling limit of large population sizes. This was already reasoned by
Hein, Schierup and Wiuf in [23] and shown again within the frame of a diploid model with
simultaneous mergers by Birkner, Blath and Eldon, [g].

The essential difference between our algorithm and Algorithm therefore lies in the reat-
tachment mechanism of the newly created line. Depending on the concrete nature of the
measure A, a new line may merge together with any other line present in the graph and
thus add a binary merger to it. In addition, it can join any already existing coalescent event
according to the rates of that particular A-coalescent. We will state the exact details below

and then give (and visualize) an explicit example.

Definition 4.5. We denote by G(p) the graph which explains the ancestry of all points x < p
on the sampled sequences. For any graph G let t9 = (tg,tg, ...) be the vector of the times of
coalescent events in G, with t§ < t§ < .... Further, let m9 = (m$,m§,...), where my is the
number of lines (blocks) which merge at the i-th merger, that is, at time tig.

We denote the number of different lines (blocks) present at time t— in the graph G by Atg. By
t— we mean that in case of a merger at time t, Atg gives the number of blocks right before the

merger happens.

Algorithm 4.6. Suppose that the population evolves in the limit according to a A-coalescent
for some finite measure A = A + ady with A({0}) (cf. Equation (&.3)) and denote the rates
corresponding to A by

) 1 i
A(b, k) ::/0 pF(1 —p)"Fp2A(dp).

Sample finitely many sequences from the population and identify each with the interval [0, p/2]
with p/2 the scaled recombination rate (see ([1.15])). Then we can perform the following steps

in order to generate the ancestral recombination graph:

1. Generate the local coalescent tree 7(0) = G(0) for position 0 according to the rates
defined in (4.1) (using for example the Poissonian construction from Algorithm or
the program lambdacoal as described in Algorithms C.1]).

Perform the steps 2. to 6. as stated in Algorithm[I.27]in order to choose the next break point on
the sequence, P; = P;_1 + p; with p; ~ Exp(B;_1), and its position on the current graph G;_1
via t; ~ U(0, B;—1). Then this position t; corresponds to a time T; with tjGi*1 <T; < tjc-iﬁl
a.s. for some j and t?i_l as defined in Definition
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7. Coalesce the new recombined edge e; to the graph G;_; according to the following rule:

draw Thin ~ Exp (A7 {a+ MA7 " +1,2)}), (4.13)

and merge the new edge e; with a uniformly chosen line from G;_1
at time T; + Thin if Thin < t]+1 ,

else

5\ A 1—1 +1 +1
draw Pmerge ™~ Bernoulli ( — J+1 )

Gi_ G;
)‘(ATi ' mj+11)

: (4.14)

and let the new edge e; join the merger at t] +1 "I pmerge = 1,
else

repeat the above steps with rates adjusted to the number of present lineages

in the graph G;_1: replace the T; in A ! in and ( - by t]+1 —|—,tj+2 +,.

and consider, if necessary, the next mergers in the Bernoulli experiment.

As defined in Definition A%‘l is the number of lineages present in the graph G;_;
right before we add the new edge e;.

Proof. As reasoned above, we only need to show that the attachment mechanism as described
in Step 7 matches the dynamics of the considered A-coalescent. We consider therefore sepa-
rately the rate for an attachment of the new edge e; to exactly one other lineage in the graph
and the probability for joining an existing coalescent event.

1. The attachment of e; results in a new binary merger in the new graph G;.

The first part of the according rate results from the factor in front of the dy measure, a.
This Kingman component implies that any two lines merge at rate a and thus the edge e; is
attached in a 2-merger to the graph G;_; with rate a times the number of lines present at the
time. Recall that in the Kingman coalescent this resulted in a coalescence rate of (g) with k
lines present in the tree. Here however, one line, ¢; is already fixed as one out of two lineages
of the coalescent event. This leads to the rate a - A%’l instead of a - (ATZ;H).

As a second part we have to think of those lines which where the only line marked to be
part of a p-merger for some p by the Poisson process for the construction of the coalescent
process due to a point (p,t). The new line present in the graph can also get marked with
that probability p leading to a coalescent event of e; and the other lineage at time ¢t. To
determine the probability for this event, we have to bear in mind that such marking of one
line can not be seen when looking at the graph as such an event does not result in a visible
merger. Knowing the total graph up to some position x, we thus can not condition on such a
“l-merger”. Instead, we need to use the rate of a 2-merger when there are A%’l + 1 lineages

present: /\(A ' +1,2). As this rate refers to a specific merger, we have to multiply it with
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Gi—1 )
(ATi ) = A%_l as well (again, the new line is already chosen as one participating line).
The total rate for such a binary coalescent event of e; as long as there are A%’l lines present

in the graph therefore equals
a- AT AT NAGT +1,2) = AT {a+ AAT T +1,2) ),

as claimed in (4.13]). Clearly, the number of lineages has to be adjusted to the lesser number
whenever we encounter a coalescent event prior to the random time Tp;,. Then we need
to draw a new time Tp;, according to the adjusted exponential distribution and repeat the
procedure.

Additionally, we need to consider the multiple merger property of the considered coalescent:
2. Joining a k-merger for k > > 7 2, starting with k = m]GJrl .

Given that we observe an m;; "_merger out of A Glijl individuals at time ¢ jrll, we have to

1

derive the probability with which the new lineage e; also gets marked and thus joins the other
lineages in the coalescent event. Let p denote the random variable from the Poisson point

process whose outcome is the success probability for the marking procedure. Further, define

Ak

p™¥ ~p| aspecific (A, k)-merger happened .

We are now interested in the law of pA*

Pp* < ¢) = Pp<ec a sPeciﬁc (A(t), k)-merger happened )
P( a specific (A(t), k)-
P(p < ¢, a specific (A(t)
P( a specific (A(t), k)-merger happened, a merger happened )
), k
k)-

-merger happened )
, k)-merger happened, a merger happened )

P(p < ¢, a specific (A(t), k)-merger happened | a merger happened )

P( a specific (A(t), k)-merger happened | a merger happened )
_ o= p) A Fp—2A(dp
o fol PF(1 — p)AB—kp=2A(dp

):-y c
)= ([0, ¢]),

where v denotes the probability measure of pA*
We emphasize here that v is a measure which is defined through an integral, i.e. v(B) =

Jp fdA, B C [0,1], where f(p) = N f:l(l_fjtkp;z(d ) is called the density of v with respect
o PF(1=p)A=kp=2A(dp

to A (as f is nonnegative on the interval [0, 1], the definition as a density makes sense).

Then we know that for any nonnegative h we have the following identity (cf. [7], Thm. 16.11):

/Bhdy:/BhfdA (4.15)
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for any measurable set B C [0, 1].
Our aim is to calculate the probability that the (A + 1)-st lineage also gets marked if we have

a merger (A, k). For better readability, we introduce the following notation:
PAK(.) := P(- | a specific (A, k)-merger happened )
The corresponding conditional expectation is denoted analogously.

PA’k((A + 1)'St lineage gets marked) = EA’k(l(A—&—l)—st lineage gets marked)

= EA’k [EA7k(1(A+1)—st lineage gets marked | p)]
= E4%(p), as p is the success probability

=E(p| a specific (A, k)-merger happened ) = E(pF).

As we have already determined the law of p*, we can now easily calculate the expectation

with the help of (4.15)):

FL—p)
E(pt*) = / pdvip)= | p L
[0,1] 0.0 fy pF(1 — p)A-kp=2A(dp)

o PP A=A RA(dD) | Aagies

oy pE2(1 — p)A-kA(dp) Adk

dA(p), by (EI5)

which actually corresponds to our intuition. Inserting the current number of lines (A%:l)
1

present in the graph for A and replacing k by the number of lines which merged (mf_ﬁl), the
claim from follows.

When following the ancestral lines backwards in time, we have to draw a new time Ty;, each
time the number of lines changes. In addition, as long as the new edge e; has not coalesced
with the graph, we have to draw a new py,erge for each merger we encounter. This explains
the algorithm. O

We will now give an example including pictures of all intermediate graphs.

Example 4.7. We consider the Bolthausen-Sznitman coalescent for A(dz) = dx, that is, the
uniform measure on [0, 1], and take a sample of n = 5 individuals, each represented by a
sequence of length [0, 1], and length is again measured in expected number of recombinations.
Step 1 and 2. With lambdacoal we obtain a local tree for position 0 and its total branch
length, see Figure The times of coalescent events are then given in the last column
of the output of lambdacoal, ¢’ () = (0.591,0.783,1.003), with corresponding merger types
mTO0) = (3,2,2).

Step 4. Draw (here executed with R) from ~ Exp(3.971) in order to get the first recombination
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> lambdacoal(5,1,0,0) |
$genealogy
[,11 [,2] [,3]1 [,4] [,5] [,6] [,7]
[1,] 1 2 3 4 5 0.0000000 0
, 1 2 3 2 2 0.5910379 3
[3,] 1 2 2 2 2 0.7825443 2
[4,] 1 1 1 1 1 1.0031783 2
t

$branch.length
[1] 3.970977 1 2 4 5 3

Figure 4.3.1: Step 1: local tree for position 0.

point on the sequence (if it exists): p; = P1 = 0.220.

Step 5. Draw the location of the recombination event on the tree from ~ 4(0,3.971): t; =
2.776. If we walk through the tree from the bottom-left to the right, 2.776 = 1.003 4+ 0.591 +
0.7834-0.399 then corresponds to the line describing the fifth individual, at the time 77 = 0.399
(note that we assume the individuals to be exchangeable here so it does not matter in which
way the individuals are displayed in the graph; further, as we draw from a uniform distribution
the pattern with which we measure the branch length is not important).

Step 6. Split the corresponding line and thus create a new (floating) edge e; (see Figure
4.3.2]).

Step 7. Determine the time and type of the reattachment of e;: first, note that A has no
atom at zero, hence a = 0 in . At time T7 < 0.591, there are A;l(o) = 5 lineages present
in the graph and the needed rate A(6,2) is easily calculated: A\(6,2) = 1/5. Consequently, we
draw from ~ Exp(1): Thin = 0.634, which means T1 + Thin > ;) = 0.591 and therefore, it
is not used. Next, we need to check if e; joins the merger at time tlT(O) . We have \(6,4) =
1/30,A(5,3) = 1/12 and hence need to draw from ~ Bernoulli(6/15): pmerge = 1 and thus e;
takes part in this merging event. See Figure for a visualization of the new graph G.
The new branch length is B; = By + (0.591 — 0.399) = 4.163.

We repeat the steps 4 to 8 of the algorithm.

Searching for the next recombination point on the sequences: ps ~ Exp(4.163) gives us ps =
0.145 and hence P, = 0.220 + 0.145 = 0.365 < 1. Sampling the position from ~ U/(0,4.163)
results in 9 = 0.729. This corresponds to the lineage of the first individual and T3 = t5. We
create the second new line ey by splitting the line at 75, when there are A% = 3 lineages
present in the graph. As \(4,2) = 1/3, we draw again from ~ Exp(1): Ty, = 1.024 and
again Ty + Ty > tzGl, hence, we dismiss this time. Check now if ey joins the merger of
mSt = 2 lines at time t5': we calculate A(4,3) = 1/6 and A(3,2) = 1/2 and thus draw

from ~ Bernoulli(1/3): pmerge = 0, meaning that es does not join this merger. The new line
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el

1 2 4 5 3 1 2 4 5 3
Figure 4.3.2: Step 6 and 7: generate the graph Gj.

will not join the graph before time tQGl. We draw the next time for a binary merger while
there are two other lineages present in the graph: Ty, ~ Exp(1), with outcome Tj;,, = 0.439.
Again, Ty + Ty, > tgl and Tj;, is not used. Check if ey joins the 2-merger at time t3Gl:
A(3,3) = 1/2, A(2,2) = 1, thus, draw from ~ Bernoulli(1/2). Here, pperge = 0 and hence
we need to continue with drawing the time it takes the new line to coalesce with the root:
Tyin ~ Exp(1), with outcome Tp;;, = 0.206. See Figure for the shape of the new graph
G5 with branch length Bo = By +0.274 + 2 - 0.206 = 4.849.

el e

1 2 4 ) 3 1 2 4 ) 3
Figure 4.3.3: Step 6 and 7: generate the graph Gs.

Again, repeat the steps of the algorithm by searching for the next recombination point.

ps ~ Exp(4.849) gives us p3 = 0.413 and hence P3 = 0.365 + 0.413 = 0.778 < 1. Sampling
the position from ~ (0, 4.849) results in t3 = 3.970, which corresponds to a position on the
rightmost line at time T3 = 0.879 with tgz < T3 < tfg. Create the third new line e3 by
splitting the line at T3, when there are A% = 3 lineages present in the graph. Sampling from
~ Exp(1) gives us Tp;, = 0.103 and in this case, Tp;, + 713 = 0.982 < t4GQ, hence we coalesce e
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with one of the three present lines at time 0.982 chosen uniformly at random: we sample line
1 to be the partner in the binary coalescent event. See Figure for the resulting graph
(G35 of total branch length B3 = Bs + 0.103 = 4.952.

G2 Gd

|—|_563 LHES

1 2 4 ) 3 1 2 4 ) 3
Figure 4.3.4: Step 6 and 7: generate the graph Gj.

A random draw from ~ Exp(4.849) yields ps = 0.388 and hence Py = 0.778+0.388 = 1.166 > 1
and the algorithm stops as the alleged recombination exceeds the sequence length. The graph
G5 in Figure therefore is the resulting ancestral recombination graph GA%¢ which ex-

plains the ancestry of the five sequences [0,1]. The vectors of coalescent times and mergers

are t¢*"% = (0.591,0.783,0.982,1.003, 1.209), and m&""" = (4,2,2,2,2), respectively.
1 I GARG
‘|: P | Py =0.778
Py P; =0.220
Py P> = 0.365
t

1 2 4 5 3

Figure 4.3.5: The ancestral recombination graph.
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Appendix of Chapter

We will first restate Lemma 3.5 from [36] as it is used quite often during the evaluation of

error terms.

Lemma A.1 (Lemma 3.5, [36]). If a > 1, there is a constant C depending on a but not on
N so that

aN

Na'
D

We refer to an idea of the proof to [36] and continue here with proving Lemma

Proof of Lemma[2.30. The proof consists of two similar steps where the sums in the expression
on the left-hand side are approximated via Riemann integrals. We start with the sum within
the exponential. Note for both parts of the proof that the function 1/x® is monotonically
decreasing for positive x, a.

1. Show that

/‘fm+olﬂ)

From the properties of the lower and upper sum we get the following inequality:

k= l+1

k= l+2 k l+1
1 1 Mo 1
&5 - “dx — S —
[+1 /l+1 x kzl—:i-lk M
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The value of the integral can be easily calculated and we get

% %=10g( )~ 10g(l+1)+(9($) zlog(lﬁ)ﬂg@%)
k=I+1 +1
Mo
= exp<—zk%lk)—exp(—glog( )) ( g (%))
:eXp(_zl (l+1>)+0((l+1)log j)
- (1+Ml)_3+ ((z+1)1og<N) (A.1)
2. Show that
M M
Z(H‘l)g*l:/ zs Yz 4+ O(1).
=1 2

Similar as above we can bound the integral by lower and upper sum as follows:

M T M T M_l T
>t </ s ldr < Is71
1=3 2 1=2
r M M+1 T
& 25l (M+1)sTiL / wstdr— D IsTE < -MET - (M 1)
2 1=2
M
= ’/ Ts ldm—Z(l—l— 1)?_1’ <O,
2 =1
for some constant C, as
r 1
ksl = 7, €XP (glog(k:» < % <¢, forallk=1,2,...,2N,c a constant.

The integral is easy to calculate,

/ Vettiae = 2] = 2t 22,

and putting (A.1) from step 1 and the above together results in the statement of the Lemma:

:iilexp«:z DS petny(ul

r
s

+ O (i) |

bl
Il
o~
F
N
—
-

s M Z Z} (+1) 7_1+O<(10gN)2)

=ZMls{i[Ms ~ 2 -0} + (i)
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1= (37) "+ Oy + rewe) =1 e (= S1ex (7)) + 0 (k)

=1 —exp(— glog(M)) +O<@)’

as Ms = exp (~log(M)) and

r 7 log(M) T
1 < exXp (g lOg(M)) < exp (gw) < exp <g> < C,
for a constant ¢, for all M = 1,...,2N. Applying (A.1)) again ends the proof.
O

We will here adapt Theorem 3.6.1 from [I5] to our purposes and give a short proof which
follows the second proof of the theorem in [15]. We will use the notation R; for the considered
recombination of lineage ¢ (hence R; stands for R(i,1), R%5°(4),...) and denote by 6 the

corresponding recombination probability given X.

Lemma A.2 (cf. Theorem 3.6.1, [I5]). Let m € {1,...,2N}. For ng, == > [_, .10,

.
IP(Ri > 7 | X) = (1—e7™) | < D 67
t=Tm+1
Proof of Lemma[A.9 Conditional on X define for m and ¢ with 7, < ¢ < 7 the random

variable which says whether or not the particular recombination happened at time t:
Ymﬂg Wlth P(Ymﬂg =1 | X) = c9t, ]P)(Ym7t = 0 | X) =1- 91‘,-

Let Sy == Yimrm+1 + ... + Yy 7, thus if S;, > 0, there was at least one recombination in
the time interval [, + 1, 7]. We show that the distribution of S,, can be approximated by a
Poisson distribution with mean 7.

Denote with p,, the distribution of Y,,; and with g, the distribution of S,,, i.e. p, =
Hin, mo 41 % - oo ¥ 7

Let vp,+ be a Poisson distribution with mean 6;, v, be a Poisson distribution with mean 7,,,.
By properties of Poisson distributed random variables, it holds that v, = vy, 1,41 % ..k Uy 1.
We will use the following general results from Lemmas 3.6.2, 3.6.3 and 3.6.4 from [I5] without
giving the proofs: let u1, p2, 1,2 be probability measures.

Lo f[p * po — v x vo| < flpa - p2 — 1 - w2
2. |l - p2 — v vl <l — vl + [z = vel|-

3. Let p be the measure with p(1) = p and u(0) =1 — p. Let v be a Poisson distribution
with mean p. Then |u — v| < 2p%.
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With this,

[t = Vil = [[Bmzmt1 % « - * P = Vi1 % - % Vi |
m
< N pmyrn+1 + (Banr42 %+ - % fnr) = Vgt 1 * (Umympt2 %% U ) ||
2
< Ntmrm+1 = Vmgrm 1 | + [ m g2 % - % s — Vinrt2 % 2% Ui e |
< ... iterate ...

T m T

< D Mpme —vmall <D 267

t=Tm+1 t=Tm+1

With the definition of the total variation distance we now have
sup |pm(A) — v (A) < > 67 (A.2)
A t=Tm+1

Considering the specific set A = {0}, we get

P(R: > 7 | X) = (1= ) | = [1 = B(Sp = 0) — (1 — v (0))|
— 11— i (0) — (1 = v (0))
— 4im(0) — 1 (0)]
S o

t=Tm+1
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Appendix of Chapter

We will here give an intuition as to how the statement of Lemma can be derived. All

derivations and ideas used in this addendum were provided by Charline Smadi.

Coupling with supercritical birth and death processes during the first phase

The overall idea is to couple the process NX during the first phase with two supercritical
birth and death processes in such a way that the number of a-individuals is almost surely
always in between the values of the two processes. That enables us to use known results from
the theory on birth and death processes in order to draw conclusions on the dynamics of our
process N,

Another important ingredient for the proof of the results on the number of jumps during the
first phase, is to express the condition {75 < TX} in the definition of the probability
measure P() in a different and particularly more convenient way.

Recall the definition of the values s_(¢) and sy (¢) from and keep in mind that by
definition, the first phase of the selective sweep lasts until the random time 72 from .
By easy calculations we can check that for t < TX ATX the death rate dX (N5 (t)) as defined

in (3.7) satisfies

dE(NK() Co
fNK@ T K

(NK(t) = naK) + Caa NE@#) <1-s_(e). (B.1)

1_8+(5) < faK a

If we now apply the results from the coupling Theorem 2 in [I3], we can construct the processes

ZZ, (N f‘( , Nf ) and Z1 on the same probability space such that almost surely:
Z-(t) < NE(t) < ZF(@t), forallt < TEATE, (B.2)

Here, for * € {—,+}, ZZ is a birth and death process with initial state 1, and individual birth
rates f, and death rates fo(1 — s«(€)).

Inspired by (B.I) we will now redefine the probability measure P(1) from (3.31)): we define
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the events
dgt (N" (1))
£k .=11- < 1 —s (), Vt<TEY and
E { s+(e) FNE(D) s_(e),Vt < T } an (B.3)
HE = (NK(t) € IK vt < TFY,
and can verify that
(TE < TE} ={TK < o} nLE nHE.
Hence the probability P() can be also defined as follows
PO () = B(- | TX < o0, LK, HE). (B.4)

Before giving the proof of Lemma we cite a general result from [I] on birth and death

processes:

Proposition B.1 ([1]). Let Z = (Zi)i=0 be a birth and death process with birth and death
rates b and d. Fori € Z*, T; = inf{t > 0, Z; = i} and P; is the law of Z when Zy =i. Then
fori g, ke Zi such that 1 < j <k,

Pi(TL <) = 1= s (B.5)

Further, we define the stopping time
K ._ K —
o, =inf{t > 0,N.; (t) = |u]}, ueRy, (B.6)

which denotes the time of the first hitting of |u| by the process N5 (in contrast to the
jump number alK(l) from ) In the following we denote by Z(9), 0 < s < 1, a random
walk with jumps +1 where up-jumps occur with probability 1/(2 — s) and down-jumps with
probability (1 —s)/(2 — s). Further, the law of Z(*) when the initial state is i € N is denoted
by Pi(s). Finally we define for every p € R, the stopping time

7, :=if{n € Zy, Z = |p]}. (B.7)

Proof of Lemma |3.11

The general idea is to construct two geometrically distributed random variables such that
the number U (1) of jumps from k to k + 1 can be bounded from below and above by these
variables. The approach is in fact similar but more evolved than in the proof of Lemma 3.2
(here Lemma from [36] which was given in Section [2.4.1]
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We will start with approximating the value of EE:I)A 7 [UE(1)] for j < k < [eK]. As we always
consider the process conditioned on the event of a selective sweep, which means {TX < oo}
for the first phase, the number of a-individuals will necessarily jump from k to k + 1 at some
point during the first phase. Once NX has reached the state k + 1 it can either go directly
to |eK | without ever returning to k, or it jumps back to k. In the latter case, we are in the
same situation again where the condition {7/ < oo} implies that we necessarily hit the value
k + 1 another time.
We first approximate the probability that there is exactly one jump from k to k + 1. In the
case of the varying population size model, we do not know the value of N f‘{ when NX hits k
for the first time, and hence we bound the probability by the extreme values of N ff cIX.
Recalling the stopping times defined in and and the new definition of the measure
P given in we can derive the upper bound as follows:

p®

(’)"LA,j

(UFQ) =1)< sup P (TF < off)

B.8
= sup P(nA7k+l)<T«€I{ < U;ﬁ( ‘ ‘657%5) (s4(),5-(¢)) ( )

q
na€lX ]P)(nA,k:-i-l)(TaK < o0 | Eg(ang{) Sk ’

where for (s1,s2) € (0,1)?

(s1,82) .__ ]Ej}; (TEK < Tk)
k T s ,
lg-'fi (Ter < T0)

(

with 792.(8) as described above. Similarly, we can show that P )(U,f((l) =1)> q,gs‘(e)’s+(s)).

Repeating this idea, we can approximate the probability that there are only two jumps from

1)
nA’j

k to k + 1, given that there are at least two jumps, and so on. From this we infer that we
can construct two geometric random variables G1 and G2 on a possibly enlarged probability

space, with respective parameters q,(f+(€)’s_(s)) A1 and qlgs_(s)’s+(€)), such that almost surely

G < U;g((l) < Ga. (B.9)

In particular, these inequalities hold true for the expected values of the above variables and
hence we get by applying (B.5|)

(1= (1= 4. (e) K1 F) (1 = (1 = s_(e))F*)
s (@)1 - (1 - s_(e)EKT)

(1= (1= s_(e) K1 F)(1 = (1 = s ()FH)
(@)1= (1—s1(e)) K

(B.10)

<E{) UK <
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Recalling the definitions of s_(g) and s4(¢) in (3.47) the definition of s in (3.12), we can
perform straightforward calculations in order to obtain (3.49)).

Let us now assume that & < j. Then by a similar logic we get

1
P UK =1 < sup P, p)(of < TITK < oo, £K HE)
nAGIéK
_ sup IP)(n,‘«,,j)(Tst < 00’015 < Tg(aﬁfaﬂf)P(nA,j)(Ulﬁ{ < TaK‘[’g(?,Hg{)
na€lX P(nA,])(TaK < OO‘££(7H§>

P (1 < 10)PP D (74 < k) Q=5 (e)F

7DJ('sf(s))(TEK < 70) S si(e)s—(e)

In this case, the same proof as for leads to:

—1
B, [UEIEQ) 2 1] < (¢ @) <s72e),

(na.j)

where we used (A.14) from Lemma A.2 in [38] for the last inequality. This ends the proof of
(13.50)).

The proof of (3.51) is nearly the same as the proof of the second part of (7.10) in Lemma

7.2, [38]. The only difference is that we consider the process after the time 7.5

- in the current

case, and after 0 in the previous work. Hence we only give a sketch of the proof and refer to
[38] for the details. Recall (3.83)) and define the number of the up-jumps of NX before and
after (55 (1) for k', k < [eK |,

U (1) = f{m < G (1), (NE (), NE (78 ,0)) = (k. e+ 1),
D) = 4{m > ¢ (1), 7 < T, (NE(75), NE(75,0) = (6, b+ 1)),

Then
vk =uP )+ o), PO - as,

for ¥ < k < [eK], and

1/2
[Covie, ) (U (), UE )] < (B, (W )G, (U5 (1))

(nAu]
1 K,2
+[Covly) L UE W), USSP ).
We can bound the terms on the right-hand side by the following observations: by the coupling

from and (A.14) from [3§], EE:L)A j)[(U,f,{(l))Q] can be bounded by 2/s% (g). The second
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expectation, IEE%LL’].)[(US’(,;U(I))Q}, is of order N*=*¥ < 1, with ). as in ([3.48). The intuition
for this is that in case of the measure conditioned on fixation we do not expect to see larger
excursions above some k' as this would imply that we needed to jump down many times which
is unlikely under P(1). Hence we expect that the number of upcrossings from k to k+1 during
an excursion above k' decreases geometrically with k.

The last step consists in bounding the covariance which comes down to proving that the path
of NE after ¢(f$(1), the last hitting of &', only weakly depends on the trajectory before (% (1).
As PO implies that N ff € IX with IX as defined in , the size of the A-population
experiences only small changes which implies that the value of NV ff at time ( ,f,( (1) only weakly
depends on the past.

O]
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APPENDIX C

Appendix of Chapter

C.1 R code to generate a A-coalescent

Algorithm C.1. The algorithm as describe in words in Algorithm [4.3]can be realized by the
following R-code:

lambdacoal <- function(n,Lambdatype,a,alpha){
#specify measure Lambda through demnsity function flambda
#uniform measure
if (Lambdatype==1){
flambda <- function(x) {1}
}
#Beta with parameter alpha
if (Lambdatype==2){
flambda <- function(x) {dbeta(x,2-alpha,alpha)}

#define the array of rates
if (Lambdatype > 0){
lambdaarray <- array(0,c(n,n))
for(b in 2:n){
for(k in 2:b){
integrand <- function(x) {x~(k-2)+*(1-x)~(b-k)=*flambda(x)}
lambdaarray([b,k] <- integrate(integrand, lower = 0, upper = 1)$value

13}

# for atom at a:
if (Lambdatype == 0){
lambdaarray <- array(0,c(n,n))
for(b in 2:n){
for(k in 2:b){
lambdaarray[b,k] <- a~(k-2)*(1-a)~ (b-k)
133
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#array of binomial coefficients
binomialcoeff <- array(0,c(n,n))
for(b in 2:n){
for(k in 2:b){
binomialcoeff[b,k] <- choose(b,k)
3

# reset parameters
t <=0

tsum <- 0

i<-2

m <- n+1

blength <- 0

#initialize array ancestry
ancestry <- array(0,c(n,n+2))

for(j in 1:n){ancestryl,jl <- j}

while (m>2){
totalrate <- as.numeric(lambdaarray[m-1,]%+*)binomialcoeff [m-1,])
t <- rexp(l,totalrate)
tsum <- tsum + t
multiprob <- (lambdaarray[m-1,]*binomialcoeff[m-1,])/totalrate
mergertype <- rmultinom(1,1,multiprob)
merger <- which(mergertype == 1)
ancestry[i,n+2] <- merger
lin <- sample(unique(ancestry[i-1,c(1:n)]) ,merger)
name <- min(lin)
for(j in 1:length(lin)){
ancestry[c(i:n),lin[j]] <- name
ancestry[c(i:n),c(1:n)] [ancestry[c(i:n),c(1:n)]==1in[j]] <- name
}
ancestry[i,n+1] <- tsum
blength <- blength + (m-1)*(tsum-ancestry[i-1,n+1])
m <- length(unique(ancestry[i,c(1:n)])) + 1
i <= i+l

result <- list(genealogy=ancestryl[c(1:i-1),],branch.length=blength)

return(result)
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C.2 MuPAD code realizing the result of Theorem 4.4

Algorithm C.2. First, we define the rates A, A and ~v and with this define the functions g
and f from (4.7) and (4.8). We will directly define the f(a,j, k1) of the program as the sum
FOD (k) + fORD (ky).

assume(a, Type::Interval([0],[1])):

lamb := (b,k,a) —> a~(k-2)*(1-a) " (b-k):

lambtild := (b,k,a) -> sum(binomial(b,i)*lamb(b,i,a), i = b-k+1..b):
gamm := (b,a) -> sum((k-1)*binomial(b,k)*lamb(b,k,a),k=2..b):

g = (a,x,y,z) —>

(if x=y and z=y then 0

elif x=y then binomial(z,z-x+1)*lamb(z,z-x+1,a)/lambtild(z,x,a)
elif z=y then 1-binomial(z,z-x+1)*lamb(z,z-x+1,a)/lambtild(z,x,a)
else O

end if):

f = (a,x,2) -> 1/(gamm(x,a))*g(a,x,x,z) + 1/(gamm(z,a))*g(a,x,z,2z):

As already described in Section the idea is to first construct the correct number of nested
sums and then replace the placeholders with the real g’s. The placeholders will be 3-dim
array GG representing the last 3 arguments of g and a 2-dim array PP for the products which
appear in the expression of the expected height. Further, we will use another placeholder-
array vv which stands for the index of the sum which is considered in the corresponding step.
We make extensive use of the command subs which substitutes some object by another in a
given expression (here the object will be the placeholder and the expression some value of g

or an index of a sum). Note that the command for commenting lines is // in MuPAD.

expheightDelta := proc(n,a)
// initialize local and global variables
local j,i,k,1,m,summ0,summl,summ2,r,rr,kl,prodg,RR;

save expheight,vv,GG,PP;
begin

// we will exclude n=2 and n=3 as we do not need the formula in these case
if n=2 then expheight := 1/gamm(n,a);
elif n=3 then expheight := 1/gamm(n,a) + f(a,2,3);

else
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// the entries of PP define the start-1 and end+l of the product
PP :
vV
GG :

array(l..n,1..n);

array(1..1,1..n);

array(l..n,1..n,1..n);

expheight := 0;

for j from 2 to n-1 do
if j=n-1 then

else

// array with last column ones
// used to construct the sums
RR := array(l..n-j,1..n+1);
for k from 1 to n-j do
RR[k,n+1] := 1;
end_for;
RR[1,n] := GG[vv[1,n-j-1],vv[1,n-j-1],n];

// the i-loop deals with the sums with index k_2 to k_{n-j-1} (k_{n-j} is
// ’calculated’ in R[1,n]), hence n-j-i goes from n-j-1 to 2

for i from 1 to n-j-2 do
// the r-loop constructs for a value i all corresponding nested sums,
// starting with the highest possible value rr
for r from n-i to n do
rr := n+tn-i-r;
summO := subs(RR[i,rr+1], vv[l,n-j-il=rr);
RR[i+1,rr] := GG[vv[1l,n-j-1-i], vv[1,n-j-1-i],rr]*PP[vv([1l,n-j-1-i],rr]*summO;
if rr < n then
RR[i+1,rr] := RR[i+1,rr] + RR[i+1,rr+1];
end_if;
end_for;

end_for;

end_if;



C.2 MuPAD code realizing the result of Theorem ’ﬂ‘ 181

summl := O;

// the value of i from the above for-loop is exactly what we need to creat
// this loop over the possible k_1
for k1 from j+1 to n do

summ?:=subs (RR[i,k1+1],vv[1,1]=kl);

summl := summl + f(a,j,k1)*PP[j,k1]*summ?2;

end_for;

expheight := expheight + summl;

end_for;

// we need to replace the placeholder arrays with the corresponding functions
for k from 2 to n do
for m from 2 to n do
for 1 from 2 to n do
expheight := subs(expheight, GG[k,1,m]=g(a,k,1,m));
end_for;
end_for;

end_for;

for k from 2 to n do
for m from k+1 to n do
prodg := 1;
for 1 from k+1 to m-1 do
prodg := prodg*g(a,l,m,m);
end_for;
expheight := subs(expheight, PP[k,m]=prodg);
end_for;

end_for;

expheight:=simplify(expheight+1/gamm(n,a)) ;

end_if;

return(expheight) ;

end_proc;
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Notation

(aik)m:  the k-th locus of individual ¢ is associated to an allele a at the m-th jump time,

page 136
Ab(i),. .., Al (i): ancestral relationships of an individual i, page 47

A} (i,7):  label of the ancestor living at time u of (7, j) living at time ¢ > u, page 35

By(i): indicates the allelic type of ¢ at time ¢, page 35

Br: = k(2N — k)/[k* + (2N — k)? + sk(2N — k)], page 57
b(a): birth rate of an individual of type «, page 27

CN: time scale to get to the coalescent, page 10

C(a,a’):  pressure felt by an individual of type « through an individual of type o, page 27
D(a): intrinsic death rate of an individual of type «, page 27
d(a): total death rate of an individual of type «, page 28

An,A,:  partition of N, n, resp., in singletons, page 7

fa: birth rate of an individual of type «, page 115
(G1): first geometric alignment, SL—N1—-N2, page 32
(G2): second geometric alignment, N1—SL—N2, page 32

GJIm (i,m), GJ (i, m): first time the (4, j;) and (m, j,,) find a common ancestor, page 41

H, I, height of the coalescent tree corresponding to III"), page 9

IEK : interval containing the equilibrium size n4 K of the A-population, page 121
Ii1,...,1I16: evolution describing random variables in the Moran model, page 35
K: carrying capacity, scaling parameter, page 28

L, £, length of the coalescent tree corresponding to III™ page 9

k
c,<: see equation page 6
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Mult(n; p1,...,pk): multinomial distribution with n trials and k categories with success prob-
abilities p1, ..., pk, page 2

[N]: ={1,2,...,N}, page 2

n;1,2):  ={(i,1),(,2), i € [n] :=={1,...,n}}, page 37

N equilibrium density of a monomorphic type a-population, page 29

NE = ((Né%"y(t))(aﬁ,’y)GE?t > 0): population process in the Darwinian model, page 114

v, vt offspring distribution in a Cannings model, page 2

P: probability measure conditioned on fixation of the mutant allele, page 34

18 probability measure for the first phase of the selective sweep, page 124

P®) probability measure for the third phase of the selective sweep, page 124

p.cl’];.Q (Xi—1,X:): coalescence probability for types -1, -2, page 59

T T
ITA, ITA
v, il
P

Ph:

Kingman coalescent process on Py, P, resp., page 7
A-coalescent process on Py, Py, resp., page 8
coalescent process on P, Py, resp., page 6

space of all partitions of N, page 6

space of all partitions of [n], page 6

pl'(X¢—1,X¢): recombination probability into another background, page 59

i (Xe—1, X4), P55 (Xi—1, X¢): recombination within the b-population, resp. B-population,

p/2:
R(i, j):
RS(1):

RI*<(4):

page 60
distribution of a marked g-partition of [n; 1, 2], page 38

probability for a recombination before between SL and the neutral locus Ny,

page 33

scaled recombination rate, page 16

first time the (7, j) migrates into the b-population, page 40

first time the (4,1) and (1, 2) find different B-ancestors, page 41

first time the (7,1) and (1, 2) separate within the b-population, page 41
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s“, s: selection coefficient (of the genotype G), page 25
S(co/,a):  invasion fitness of a mutant of type o’ in an a-population, page 30
Si: event {R5°(i) > 7}, page 46

T, TmTp,:  fixation time of the mutant B; first and last hitting of the state m of X;, page 34

T({{,TlK, ... jump times of NX, page 125

TK: first time that NX(¢) hits eK |, page 121

TK, time of extinction of the A population, page 117

O: the true partition of a sample at the end of a selective sweep, page 37
0/2: scaled mutation rate, page 22

OB = ppp(Xi—1, Xy), page 66

07" = Py (Xt, Xey1), page 73

0, = p3 (Xt, Xe11), 7= 1,2, page 82

Tmrca,Tgﬁ]a: time to the most recent common ancestor (for the coalescent process I,

page 7
T(p): local tree for position p, page 20
TX. first time N5 (¢) exits I, page 121
U(A): uniform distribution on the set A, page 3

U,f(j): number of up-jumps of NX from k to k 4 1 in phase j = 1, 3, page 132
Uk,j, Dj, Hy j: up- and down-jumps, holds starting in state k after time 7;, page 56
UK (1): number of up-jumps of N from k to k+1 in phase 1 when NX(75) = k, page 133

Urﬁ ,l,k(l): number of up-jumps of NX from k to k + 1 in phase 1 during an excursion above

or below [, page 133

X = (X)=0: Markov chain describing the path of the advantageous allele B, page 34
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