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Chapter 1

Introduction

Recombination dynamics belongs to the research area of theoretical population genet-
ics which forms an exciting interdisciplinary field, combining biological processes of
inheritance with mathematical modeling.

1.1 Theoretical population genetics

Theoretical population genetics is concerned with investigating the genetic composition
of populations and the mathematical study of how this changes with time due to evolu-
tionary processes such as mutation, selection and recombination, or factors like random
genetic drift, migration, environmental changes etc. The primary source of data used
in population genetics is regarding genetic variation in populations with the aim to de-
scribe changes in this variation in terms of the fundamental rules of inheritance. These
rules describe how the genetic material of the parental population is transmitted to the
population formed by their offspring.

Recent advances in molecular biology, which have been mainly driven by faster and
cheaper DNA sequencing technologies, have led to an increasing amount of data that
can be used for population genetics studies. As an example, it is now common to
analyse multiple genetic loci instead of only one or two loci as population genetics was
restricted to approximately 25 years ago. This allows population genetics to reveal
genome-wide patterns and locus-specific effects of evolution [65].

Population genetics uses mathematical models to achieve theoretical understandings
of the evolutionary processes e.g. to infer the ancestral relationship of various species
as well as to obtain information about the evolutionary history within one species.
These models are used to study the factors that shape populations on an abstract level
by taking into account the more relevant processes while ignoring the less relevant
ones. Although mathematical models are necessarily idealised by concentrating on the
most decisive factors, they nonetheless contribute to a greater understanding of the
underlying dynamics and the interplay of the processes that affect populations. They
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allow to study certain evolutionary factors separately and can thus provide new ideas
about the mechanisms of these forces. Indeed, there are several examples that show
that complex scenarios can be described by relatively simple models surprisingly well,
see [65].

Further questions of theoretical population genetics address the estimation of mutation
and recombination rates, predictions of the future system behaviour as well as the
detection of evidence for population size fluctuations, migration, selectionary forces and
various forms of geographical structures such like subdivision. In addition, population
genetics is used for simulation studies and supports research of the genome structure
such as mapping of disease genes, identifying regions affected by selection and regions
with unusual mutation rates.

Population genetics models appear in various forms: in discrete or continuous time
and in a deterministic or a stochastic manner. They also include a wide range of
mathematical fields: probability theory, stochastic processes, theory of differential and
difference equations and algebra.

Indeed, population genetics has even motivated a new area of mathematics, the theory
of Genetic Algebras. Algebraic structures arise in genetics in a quite natural way due to
the genetic laws of inheritance. In particular, they exhibit an interesting mathematical
feature since these algebras are generally commutative but non-associative algebras

56, 69].

In this work, we investigate a model that only incorporates the evolutionary factor of re-
combination. Recombination happens during gamete formation in sexually reproducing
organisms when maternal and paternal chromosomes exchange genetic material. Thus,
recombination contributes significantly to genetic variation since it introduces new al-
lele combinations into the population. In fact, recombination has such an impact on
population genetics studies that it can be hardly ignored in population genetics models.
It has already been shown in simulation studies around 30 years ago that recombina-
tion has a significant effect on the sampling properties of a neutral allele model [34].
However, the effects of recombination are complex and not completely resolved yet,
see [34], and invite further research. Recombination is also said to be the fundamental
phenomenon that distinguishes the population genetics of multiple loci from that of a
single locus [12], the main reason due to the effect of scrambling evolutionary history,
i.e. it allows linked loci on a chromosome to have different histories (i.e. genealogies).
This influences statistical methods involved in population genetics since recombination
reduces dependencies between loci, i.e. loosly linked loci can be viewed as indepen-
dent replicates of the evolutionary process. For example, when considering the famous
stochastic process Coalescence [43], the only way that variance (caused by the ran-
dom nature of the trees that are simulated during this process) can be reduced is by
incorporating recombination (and not by increasing the sample size) [58].

Furthermore, recombination finds application in certain optimisation problems based
on genetic algorithms [61] and constitutes the main process in directed evolution exper-
iments that are amongst others used for engineering improved proteins and enzymes.
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For the inference of the optimal parameters of these processes, a mathematical descrip-
tion for recombination is of crucial importance [53].

Nevertheless, modeling recombination dynamics leads to a possibly very large set of
nonlinear equations, due to the random mating of the partner individuals involved,
that exhibit a complex structure.

1.2 Recombination dynamics in mathematics

The dynamics of the genetic composition of populations evolving under recombination
has been a long-standing subject of research. The traditional models assume ran-
dom mating, non-overlapping generations (meaning discrete time) and populations so
large that stochastic fluctuations may be neglected and a law of large numbers (or
infinite-population limit) applies so that the evolution of an infinitely large population
is essentially deterministic. Even this highly idealised setting leads to models that are
notoriously difficult to treat and solve, namely, to large systems of coupled, nonlinear
difference equations. A good introduction and overview of mathematical models with
recombination can be found in [11, 12].

Although recombination requires a population of diploid organisms, the process is usu-
ally formulated at the level of the populations haploid gametes, i.e. the evolution of
a population is a description of the formation of gametes in the population [12]. The
diploid individual then originates as a zygote formed by the fusion of two (male and
female) gametes. Identifying a population by its gamete pool is justified by the prin-
ciple of random mating that is described in detail by Jennings [36]: random mating
of zygotes gives the same results as random mating of the gametes which they produce

(from [36]).

The abstract process of recombination can be briefly described as follows: a diploid cell
(obtained by the fusion of two haploid gametes and also referred to as zygote) undergoes
meiosis, the cell division circle necessary for sexual reproduction, that results in gametes
as haploid products. These gametes may either carry the same genetic material as one
of the parental gametes or they carry part of the maternal material and part of the
paternal material - in this case, recombination has occurred.

Elucidating the underlying structure and finding solutions to the recombination equa-
tions has been a challenge to theoretical population geneticists for nearly a century. The
first studies go back to Jennings [36] in 1917 and Robbins [57] in 1918. Building on
[36], Robbins solved the dynamics for two diallelic! loci (also called sites from now on)
and gave an explicit formula for the gamete frequencies as functions of time. To over-
come the obstacles of nonlinearity, Robbins introduced a new function of the gamete
frequencies to diagonalise the dynamics - an approach that became a common way to
deal with the nonlinearities of recombination dynamics. Furthermore, he showed that

Leach locus has two possible alleles.
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the population approaches a stationary distribution in which the alleles are associated
at random (which is now common knowledge).

Geiringer [24] investigated the general recombination model for an arbitrary number of
loci and for arbitrary ‘recombination distributions’ (meaning collections of probabilities
for the various partitions of the sites that may occur during recombination) in 1944. She
was the first to state the general form of the solution of the recombination equation (as
a convex combination of all possible products of certain marginal frequencies derived
from the initial population) and developed a method for the recursive evaluation of the
corresponding coefficients. This simplifies the calculation of the type frequencies at any
time compared to the direct evaluation through successive iteration of the dynamical
system. She applied this idea to confirm the two site solution and to infer an explicit
solution for the three site case [25]. Even though she also worked out the method for
the general case in principle, its evaluation becomes quite involved for more than three
sites.

Her work was followed by Bennett [7] in 1954. He introduced a multilinear transforma-
tion of the type frequencies to certain functions that he named principal components.
They correspond to linear combinations of certain correlation functions (i.e. measures
of linkage disequilibrium) that transform the dynamical system (exactly) into a linear
one. The new variables decay independently and geometrically for all times, whence
they decouple and diagonalise the dynamics. They therefore provide an elegant solution
in principle, but the price to be paid is that the coefficients of the transformation must
be constructed via recursions that involve the parameters of the recombination model.
Bennett worked this method out for up to six sites, but did not give an explicit method
for an arbitrary number of sites. This was later on completed by Dawson [14, 15],
who showed that the transformation to diagonalise the dynamics is always of the form
Bennett claimed and derived a general and explicit recursion for the coefficients of the
principal components (at least for the diallelic case).

While all the work mentioned above assumes models in discrete time, E. and M. Baake
proposed a recombination model in continuous time [3], considering the special case
where recombination is restricted to single-crossovers, i.e. the case where maximum
one crossover event can happen in the same generation. Even though the recombi-
nation equations exhibit the same nonlinear character as the ones in the previously
mentioned models, the corresponding dynamics can be solved in closed form [3, 4].
Again, a crucial ingredient is a transformation to certain correlation functions (or link-
age disequilibria) that linearise and diagonalise the system. Fortunately, in this case,
the corresponding coefficients are independent of the recombination parameters and
the transformation is available explicitly. This is an essential simplification to pre-
vious results on recombination dynamics and suggests an underlying linearity in the
dynamics.

E. Baake and Herms [5] studied the finite population counterpart to the determinis-
tic single-crossover model, i.e. the Moran model with single-crossover recombination.
Simulation studies for four diallelic sites indicate that a population of approximately
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10° can be considered as ‘infinite’, i.e. in this case the deterministic limit constitutes
a very good approximation to the actual non-deterministic process. Further results on
single-crossover recombination for finite and infinite populations are summarised in [6].

An alternative framework to study recombination dynamics for infinite populations is
the representation via algebraic structures that was initiated by Etherington in 1939
[17]. A good review about algebras in genetics can be found in [56], while [69] offers a
complete overview of this topic. Algebraic structures in population genetics arise due to
the multiplicative nature of sexual reproduction. As an example, consider an arbitrary
(but finite) number of gametes aq,...,qa, in a random mating population. Random
mating of two gametes a; and a; forms the zygote a;a; and the resulting offspring
gamete is obtained according to the following rule:

n
;a5 = Z%‘jkaka
k=1
where the coefficients v, fulfil
e 0 <7 <1
® > k1 ijk = L.
® Yijk = Vjik-

Then, ay,...,a, can be considered as the basis of an algebra with the above multi-
plication rule where each element p := Y "  a,a;,, 0 < o; < 1, 3" o = 1, of this
algebra corresponds to an actual population, i.e. the coefficients «; signify the rela-
tive frequencies of the gametes a; in the population. Furthermore, the coefficients ~, ik
specify the laws of inheritance and multiplication of two populations corresponds to the
production of the offspring population of gametes. The above algebra is called gametic
algebra [56, 69].

Algebras which arise in genetics are generally commutative but non-associative as
should be obvious from a purely biological perspective. If a population p mates ran-
domly within its generation (which is usually assumed), then the successive generations
are given by the sequences of plenary powers p = pn=1lpn—11,

There exist several definitions of algebras that could have genetic significance (e.g.
algebras with genetic realisation, and baric algebras, compare [56, 69]), but the ‘main’
definition of such an algebra, the Genetic Algebra, was first given by Schafer in 1949 [60]
and later formulated in a more coherent way by Gonshor [26]. Most theoretical results
that are important for population genetics are based on the assumption of a genetic
algebra, while at the same time many genetic situations fit this definition. In particular,
each gametic algebra is a genetic algebra after Gonshors definition, and thus the process
we are interested in - the process of recombination on the basis of gametes - is a genetic
algebra. To determine the successive generations in terms of an initial population
remains complicated due to the quadratic evolutionary operator. In 1930 Haldane
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described a procedure that became known as Haldane linearisation, compare [48, 52],
which in some cases allows the representation of the quadratic operator as a linear one
(on a higher dimensional space). Following this idea, Holgate [32] proved that this
linearisation works for each genetic algebra, so that in particular the original vector
space of each gametic algebra (with recombination) can be embedded into an higher-
dimensional vector space where the dynamics can be represented linearly. Bennett’s [7]
and Dawson’s [14, 15] linearisation procedure is essentially an example of Haldane
linearisation outside the abstract framework of algebras.

In this work, a single-crossover recombination model in discrete-time is studied exten-
sively for the first time. Single—crossover recombination (SCR) is a special, although
biologically relevant, case that corresponds to the extreme characteristic of the biolog-
ical phenomenon of interference (where the occurrence of a crossover event completely
inhibits any other crossover events in the same generation). A solution for the cor-
responding model in continuous time has already been found in [3, 4]. However, the
discrete-time case is quite different and important to consider since the overwhelm-
ing part of literature deals with non-overlapping generations. We seek to elaborate
the underlying mathematical structure of the discrete-time process by providing a sys-
tematic, but still elementary, approach that exploits the inherent (multi)linear and
combinatorial structure of the problem. Besides contributing to the understanding of
how recombination affects populations, the final goal is to state the genetic composi-
tion of a population at any time based upon a given initial population. In addition,
knowledge of the structure of the single-crossover model in discrete time turns out to
be very helpful for the study of an extended model, the general recombination model,
where the restriction to single-crossovers is omitted.

To begin with, we explain the biological foundations of recombination in Chapter 2. In
Chapter 3, we first describe the discrete-time single-crossover model and the general
framework. We then recapitulate the essentials of the continuous-time model, in par-
ticular the diagonalising transformation, and its solution. Returning to discrete time,
we first analyse explicitly the cases of two, three, and four sites. For two and three
sites, the dynamics is analogous to that in continuous time (and, in particular, avail-
able in closed form), but differs thereafter. This is because a certain linearity present in
continuous time is now lost. The differences to the continuous-time dynamics and the
resulting difficulties to solve the equations are then studied in detail. In particular, the
transformation operators used in continuous time are not sufficient to both linearise and
diagonalise the discrete-time dynamics. However, they lead to a linearisation which is
worked out in the following. We show that the resulting linear system has a triangular
structure that is then diagonalised in a recursive way.

In Chapter 4, we develop a new approach to infer an explicit solution of the single-
crossover dynamics by viewing the recombination process from another perspective. In
doing so, we use the underlying stochastic process (with reference to a finite population)
to trace recombination backwards in time, i.e. by backtracking the ancestry of the
various independent segments each type is composed of. This results in binary tree
structures, the ancestral recombination trees, which can be used as a tool to formulate
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an explicit solution.

Chapter 5 serves as an introduction to the general recombination model, where the
restriction to single-crossovers is dropped. We formulate the recombination equation
(in continuous time) together with its particular notation and examine the model with
several examples. Furthermore, we consider the tree structure that corresponds to the
solution of the general recombination model. Finally, we briefly indicate how to discuss
this model in the frame of genetic algebras.

We conclude with a summary and discussion of our results in Chapter 6.






Chapter 2

Biological fundamentals

As mentioned in the introduction, population genetics seeks to understand the genetic
structure of a population and how this changes from generation to generation due to
several evolutionary forces (see below). The data used in population genetics is usually
polymorphism data, where polymorphism refers to the simultaneous occurrence of two
or more different forms (i.e. different nucleotides or alleles) at the same location in the
genome (with reference to a population or a sample of a population). Explaining the
biological foundations, we follow [47].

2.1 Genetic diversity

Guaranteeing genetic variability is of crucial importance for a population since this
allows the members of the population to adapt to environmental changes. Mutation
is the only factor that is able to introduce new sequence forms into the population,
i.e. without mutations there would be no polymorphisms. Mutations are rare, e.g. in
bacterial cells the mutation rate per nucleotide is around 10~ per generation [47]. Mu-
tation is counteracted by selection, the evolutionary factor that refers to the organisms
environmental interactions, and affects the probability of survival and the number of
progenies, respectively. Selection occurs whenever an individual and its progenies have
a different chance of survival, relative to other individuals, due to sequence differences.
Through this process, harmful mutations can be eliminated while the proportion of
sequences carrying beneficial mutations can be increased within the population.

Furthermore, populations are affected by a random factor called genetic drift. In any
finite population, the set of gametes passed to the next generation is typically not
a copy of the set of the gametes of the parental generation but a random sample of
these. Thus, due to stochastic fluctuations, two succeeding generations vary in their
compositions. The smaller the population, the stronger is the impact of genetic drift,
while genetic drift can be often ignored in very large populations.
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Finally, recombination breaks up linkage between loci on the same chromosome and
thus increases the amount of allele combinations.

2.2 Recombination

Recombination occurs in sexually reproducing organisms and refers to the reassorte-
ment and exchange of genetic material during the formation of the gametes (i.e. sperm
and egg cells). This may then lead to new combinations of the genetic material (i.e. new
genotypes) and therefore recombination increases the genetic diversity of a population,
having a profound influence on genome diversity and evolution.

The cells of diploid organisms contain two homologs of each morphological type of
chromosome. The two homologs constituting each pair of homologous chromosomes
are descended from different parents, i.e. homologous chromosomes are typically not
identical. Recombination occurs during meiosis, the type of cell division when a diploid
germ cell gives rise to four gametes with a haploid set of chromosomes.

2.2.1 Meiosis

Meiosis includes two phases of cell division, meiosis 1 and meiosis 2. Initially, the
genetic material of the diploid (premeiotic) germ cell is replicated to give rise to chro-
mosomes that consist of two identical sister chromatids that are attached at the cen-
tromere'. In the early phase of meiosis 1, the pairs of homologous chromosomes pair
with each other by a process called synapsis to form a tetrad, which is composed of
four homologous chromatids (two maternal and two paternal). At this stage, recom-
bination events occur, leading to the exchange of homologous nucleotide sequences
between a maternal and a paternal chromatid. We will discuss this process in detail
below. Afterwards, the pairs of homologous chromosomes (each consisting of two sister
chromatids) are separated and randomly distributed to two daughter cells while the
sister chromatids remain associated. Finally, in meiosis 2, the sister chromatids are
also separated, which results in the formation of four haploid gametes as the outcome
of meiosis. The process of meiosis is illustrated in Figure 2.1.

2.2.2 Mechanisms of recombination and crossover events

As mentioned above, during early meiosis 1, the homologous chromosome pairs are
physically connected and recombination events are observed. Indeed, in nearly all
organisms at least one recombination event is required to ensure proper cell division.
Recombination is thus not only an important factor to increase genetic diversity but for
survival of the cell as well [50]. Recombination forms an essential physical connection

Lthe centromere is a constricted DNA region that associates itself with several proteins and is
required for proper cell division.
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Figure 2.1: Illustration of meiotic cell division with one pair of homologous chromo-
somes in a diploid germ cell: Initially, the genetic material is duplicated (D). After-
wards, synapsis and recombination occur, resulting in recombined chromosomes (R).
During meiosis 1, the homologous chromosomes are separated (M1), followed by a sec-
ond cell division in meiosis 2 when the sister chromatids segregate to result in four
haploid gametes (M2).

between homologous chromosomes, which is called chiasma?®. This subsequently allows
chromosomes to align correctly on the meiosis 1 spindle® and thus to accurately segre-
gate to different daughter cells during the first cell division. Evidence of the importance
of recombination for meiosis can be found in studies with S. cerevisiae mutants where
the blocking of recombination also blocks proper segregation in meiosis 1 [42].

Recombination starts with a double-strand break induced by the Spoll protein in the
DNA of one of the homologous chromosomes. The ends of the broken DNA are then
digested by exonucleases® to produce single-stranded DNA. This allows one of the cut
strands to disassociate from its complementary strand and particular recombinase en-
zymes to catalyse its pairing with the complementary strand of the intact homologous
chromosome aiming for its repair®. This is the so-called strand invasion by which the
invading strand displaces its homologous strand from the actual intact chromosome.
The invading strand is then extended by DNA polymerase (using the complemen-
tary strand of its homologue as template) until the displaced single-strand pairs with
the other single-strand from the (double-strand cut) homologous chromosome. After
further DNA extension, where again the respective homologous complementary single-
strand is used as template, the two ends from the double-strand break are ligated and

2cytological manifestation at the point of nucleotide exchange between two homologue’s due to
meiotic recombination [50].

3bipolar array of microtubules that forms during meiosis to which chromosomes attach and by which
chromosomes are segregated to daughter cells [50].

4enzymes that digest nucleotides from the end of a polynucleotide chain.

®The mechanism of recombination is indeed strongly related to DNA repair mechanisms in the cell.
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Figure 2.2: Resolution of the Holliday structure through either gene conversion (hor-
izontal cut) or through a crossover (vertical cut). Here, each pair of strands displays
the DNA double-strand structure.

the resulting structure is the famous Holliday structure®. The Holliday structure is then
resolved by cleavage of the strands. The resolution of the Holliday structure can be
done in two different ways (depending on which pair of strands in the complex is cut):
this results in either a crossover event (recombined chromosomes due to a reciprocal
nucleotide exchange) or in a non-crossover event, also known as gene conversion, where
part of the nucleotide sequence of one chromosome is replaced by the sequence of its
homologue (i.e. there is no exchange of sequences but replacement), see also Figure 2.2.
Gene conversion is due to the fact that in a region located in the immediate vicinity
of the initial break point, a heteroduplezr is found: one strand of one chromosome is
base-paired with the strand of the homologous chromosome, i.e. usually base-pair mis-
matches are obtained. Mismatches are usually repaired by specific repair mechanisms
of the cell where one strand acts as template for the other strand to correct for these;
as a result one sequence replaces the other in this area. Importantly, only crossover
recombination products are ultimately manifested as chiasmata, so that - following the
previous explanation - always one crossover event per pair of homologs is required, the
so-called ‘obligatory chiasma’ [9].

Indeed, there also exist models that challenge the well-established Holliday model where
crossovers and non-crossovers form as alternative outcomes of the resolution of the
Holliday structure. An example is the ‘Early crossover decision model’ [9] claiming that
the decision to generate a crossover or a non-crossover event is made shortly after the
double-strand break, i.e. much earlier than the stage at which the Holliday structure
is resolved. Afterwards, they claim two different pathways, one that generates non-
crossover events and an alternative pathway (which involves the Holliday structure)

Snamed after Robin Holliday who first stated this structure in 1964 [33].
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that generates crossover events.

Cytological data in mammals show a ratio of approximately 10:1 of non-crossovers to
crossovers following a double-strand break, while the average ratio of non-crossovers to
crossovers in yeast is said to be around 2:1 (this might also differ within different regions
on the chromosomes) [41]. Despite the excess of non-crossovers compared to crossovers,
most studies have focused on crossover events since gene conversion is generally much
harder to spot (e.g. via evolutionary models), see [39, 66].

Similarly, we will be only concerned with crossover events, more precisely with so-called
single-crossover events, recombination events where exactly one crossover occurs. Even
though we use this restriction primarily for mathematical purposes, it is also biologically
justified - at least for shorter DNA sequences - since crossovers are in general rare events.
Additionally, the phenomenon of interference also explains why single-crossovers exhibit
a relevant special case. In the following, with recombination, we will always refer to a
real crossover event.

Interference

Interference accounts for the fact that the occurrence of one crossover event reduces
the probability that another crossover will occur simultaneously in a nearby region.
For closely adjacent regions, interference is usually complete (i.e. completely inhibits
any further crossover) [40] and it is typically inversely correlated with distance. Thus,
interference is crucial to the observation that the distribution of crossovers along chro-
mosomes is strikingly nonrandom (see below) by introducing dependencies between
levels of recombination in adjacent regions.

Although the molecular mechanisms of interference are still not completely understood,
there exist several theories about this remarkable factor [9, 23, 40, 51]. One often
proposed model is the ‘stress relief” model [51]: this claims that the designation of a
crossover involves structural changes on the chromosome that relieve mechanical stress
to neighbouring regions. Thereby, the occurrence of further crossovers is inhibited
while the effect of interference decreases to more distant regions. With regard to this
model, the formation of the obligatory crossover is determined by ensuring sufficient
initial stress. Furthermore, the overall view is that the mechanisms of crossover control
operate at the level of whole chromosomes rather than on particular chromosome regions
or nucleotide sequences [40].

2.2.3 Crossover: occurrence and frequencies

So far, we have seen that homologous chromosomes during meiosis (almost) always ex-
perience the obligatory crossover and additionally that the phenomenon of interference
is observed, i.e. crossovers tend to be spaced. Furthermore, recombination events are
more likely to occur in some regions of the genome than in others, i.e. they exhibit a
striking nonrandom distribution [41]. How this distribution is formed and which factors
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support (or suppress) recombination is an intensely debated issue. Most recombination
events cluster within so-called recombination hotspots, small (around 1-2 kb) genomic
intervals with high recombination activities which are surrounded by large stretches
of non-recombining DNA. As an example, average spacing between clusters is about
65 kb in humans [41]. Estimates suggest that about 80 % of all crossover events occur
in 10-20 % of the whole genomic material [13]. These hotspots are found in different
genomic regions and share no obvious sequence similarities.

Crossover activity is usually expressed in centimorgans (cM)” per megabase pair (Mb).
The genetic distance of 1 ¢cM between two loci corresponds to a 1 % frequency of
recombinant progeny. In particular, genetic distance does not correspond to the phys-
ical distance due to the uneven distribution of crossovers. Recombination rates - even
within the same species - vary highly depending on a wide range of factors which are
not known or completely understood yet. The average crossover frequency in humans
is about 1.1 ¢cM/Mb, but there also exist hotspots with recombination activities of
0.3 cM/Mb and 370 cM/Mb, respectively [41]. For comparison, the average crossover
rate in mice is around 0.5 cM/Mb (even though there exists a hot spot with an intense
peak activity of 1300 cM/Mb), and for yeast the average is as high as 370 ¢cM/Mb
[41]. Further observations suggest that in most species females exhibit more crossovers
than men, many hotspots show a high content of the bases Guanin and Cytosin and
that smaller chromosomes have higher recombination rates than larger ones (at least
in humans). In many mammals, the crossover rate is reduced near the centromeres
and increased near the telomeres®. Furthermore, it has been proposed that the recom-
bination rate is also positively correlated with gene density and nucleotide diversity

[13].

To conclude, recombination is a fundamentally important process, not only because it
is required for accurate chromosome segregation, but also because it plays a significant
role in shaping the genetic history of populations. Due to this, when studying questions
of genome evolution, it is necessary to incorporate the factor recombination into the
respective methods. First of all, it is the only factor (together with the related factor
gene conversion) that allows linked loci to have independent evolutionary histories [58].
Thus, it has an extensive influence on conclusions regarding population relations and
the inference of other evolutionary parameters such as mutation rates and selection
values [13]. Furthermore, indications suggest that recombination might be associated
with mutational processes, and that selection might be more efficient in regions with
high recombination activity [37].

Many studies are concerned with building so-called recombination rate maps of various
genomes to capture the local recombination landscape of chromosomes, i.e. charac-
terising hotspots and their corresponding crossover rates, see for example [13, 37, 45]
and references therein. Increasing knowledge about recombination has also important
implications for human genetics, e.g. the mapping of disease genes in connection with

"named after Thomas Hunt Morgan (1866-1945), who discovered genetic linkage.
8particular DNA region at the ends of each chromosome.
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linkage studies” [45].

As a matter of course, including recombination into mathematical tools in population
genetics is unavoidable. However, primarily due to its nonlinear nature, recombination
is difficult to employ mathematically and also results in computational difficulties [58].

linkage studies use linkage disequilibrium (LD) as a measure of whether alleles at different loci on
the same chromosome coexist in a population nonrandomly. Recombination breaks down LD since it
decouples alleles.






Chapter 3

Single—crossover recombination
in discrete time: The model

The recombination model we are considering in this work is the discrete-time counter-
part of the one described by E. and M. Baake in [3]. The model describes the dynamics
of the genetic composition of sexually reproducing populations that evolve with re-
combination acting as the only evolutionary force. As a special case, we only consider
single-crossovers, which leads to what we call single-crossover recombination (SCR). In
particular, we restrict ourselves to the deterministic limit of infinite population size,
also known as infinite population limit (IPL), where the population is identified with
a probability measure on type space that evolves deterministically. Thus, we neglect
any stochastic fluctuations that are commonly referred to as genetic drift.

Furthermore, we make the following assumptions: Both sexes are assumed to be equal,
i.e. they agree in the composition of all haplotypes as well as in all recombination
parameters. With reference to Hardy, see [30], the single allele frequencies remain
constant with time. We will describe the dynamics on the level of the gametes (hap-
lotypes) with respect to the concept of random mating stating that the random union
of zygotes is equivalent to the random union of all the gametes which these produce.
Jennings [36] already showed in 1917 that it is indeed sufficient to only consider the
gamete pool of an infinite large population instead of taking into account the diploid
nature of sexually reproducing organisms. The process we are considering can then be
idealised as follows, see also Figure 3.1: We assume a very large population (indeed,
in our model an ‘infinite’ large population) of gametes. To recombine, two gametes
are chosen randomly out of the population, and a crossover leads to the exchange of
genetic material before (and after, respectively) the crossing point. Afterwards, the
mixed gametes separate and replace their parents in the population.

Since we only consider single-crossovers, the new recombined gametes consist of exactly
two segments: the leading segment of the first and the trailing segment of the second
parent.
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random combination

)

Figure 3.1: Schematic representation of the life cycle of a gamete population under
recombination: Random mating of two gametes.
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Figure 3.2: Illustration of a gamete with sites and links.

3.1 The mathematical setup

A gamete (of length n + 1, say) is represented as a linear arrangement of the n + 1
sites of the set S ={0,1,...,n}. Sites are discrete positions on a gamete that may be
interpreted as gene or nucleotide positions. A set X, collects the possible elements (such
as alleles or nucleotides) at site i. For convenience, we restrict ourselves to finite sets
X;, though much of the theory can be extended to the case that each X is a locally
compact space, see [4], which can be of importance for applications in quantitative
genetics [20]. What we call a type is then defined as a sequence (xy,zy,...,z,) €
Xox X, x---x X, =: X, where X denotes the (finite) type space.

Recombination events take place at the so-called links between neighbouring sites,
collected into the set L = {%, %, e 2";1}, where link o = 21—;1 is the link between
sites ¢ and 7+ 1, see also Figure 3.2. Since we only consider single-crossovers here, each
individual event yields an exchange of the sites either before or after the respective
link between the two types involved. A recombination event at link 21—;1 that involves
r = (zg,...,7,) and y = (Y, ...,y,) thus results in the types (zg,..., %, Y1, Un)
and (Yo, - - ¥ Tiyqs- - Ty,), with both pairs considered as unordered.

Since we assume an infinite population, we are not looking at the individual dynamics,
but at the induced dynamics on the probability distribution on the type space X. The
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population at time ¢, ¢ € Ny, is then described by p, = (pi(x))zex € P(X), where
p(z) denotes the relative frequency of type x € X at time ¢, and P(X) is the set of
probability measures on X. Let p,, a € L, denote the probability for a crossover at
link « in every time step. Consequently, we must have p, > 0 and Y .;p, < 1,
where p, > 0 is assumed from now on without loss of generality (when p, = 0, the set
Xa 1 X Xa+1 can be considered as a space for an effective site that comprises o — %

2

and o + %)

2

Then, the time evolution of the relative frequencies p,(z) of types z = (z,...,z,)
when starting from an initial population p, at time ¢t = 0, is given by the following
system of recombination equations for all z € X:

Py (x) = Zpapt(mo,xl,...,xm,*,*,...,*)pt(*,*,...,*,x(ﬂ,xwﬂ,...,mn)
acl

+ (1 - Z pa>pt(x), with ¢ € Np.
acl

(3.1)

Here, |a] ([a]) denotes the largest integer below (the smallest above) o and the star
* at site ¢ stands for X, and thus indicates marginalisation at site i. (3.1) explains
how to obtain the frequency of any type = = (x,...,z,) at time ¢t 4+ 1 with regard to
time ¢: Any type z = (z,...,x,) at time ¢ + 1 can result from recombination at link
a € L of type (wo,ml,...,mLaJ,*,*,...,*) with type (*,*,...,*,xm,x[a]ﬂ,...,xn)
present at time t (compare Figure 3.3), and, furthermore, all types x of time ¢ that
are not involved in recombination, remain in the population. Since (3.1) describes a

Loy T r® s ooy X Pa Loy T o1 Tra]r 0 T
*,...,*,w[ap...,a:n Fopeew kKol K
Figure 3.3: Recombination at link a resulting in type x = (¢, ..., x,).

large nonlinear coupled system of difference equations, the way to an explicit solution
is rather difficult. An important step to solve (3.1) lies in its reformulation in a more
compact way with the help of certain recombination operators.

Recombination operators

Let X be the type space considered in our model. To construct the recombination
operators, we first need the canonical projection operator 7, : X — X, defined by
x — m;(x) = x; as usual. Likewise, for any index set J C S, the projector 7 is defined
as myr X — X = X, X;. We will frequently use

Tea =0, lafy A Toa 2= Ta], 0 -
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Since m_,, describes a projection on the sites before link «, while 7, projects on the
sites behind «, these can be understood as ‘cut-and-forget’ operators since they ‘cut out’
the leading and the trailing segment of a type x, respectively, and ‘forget’ about the rest.
The projectors induce linear mappings from P(X) to P(X;) by p — 7, p:=po 7'(';1,
where 7'(';1 denotes the preimage under 7; and o indicates composition of mappings.
The operation . (not to be confused with a multiplication sign) is known as the pullback
of 7 ; with respect to p. Consequently, 7 ; p is the marginal distribution of p with respect
to the sites of .J, ie. 7, p(r,(x)) = (po 7y )(r,(x)) = p({y € X|n,(y) = m(x)}) for
any x € X.

Recombinator

We can now define recombination via the the ‘cut-and-forget’ operators. If we consider
recombination at link «, performed on the entire population, then the resulting pop-
ulation consists of randomly chosen leading segments relinked with randomly chosen
trailing segments. This operation may be described through the (elementary) recombi-
nation operator (or recombinator for short) R, : P(X) — P(X), defined by p — R, (p)
with

Ra(p) = (7T<a-p) ® (7T>a-p) ’ (32)

where ® denotes the product measure and reflects the independent combination of both
marginals 7_,.p and 7, p. The recombinators are in particular structural non-linear
operators that do not depend on the recombination probabilities.

Properties of the recombinators

Before we rewrite the recombination equations in terms of the recombinator, let us
recall some of their elementary properties. The proofs can be found in [3].

Proposition 3.1. On P(X), the elementary recombinators are idempotents and com-
mute with one another. We thus have R%2 = R,, and R,Rs = RgR,, foralla,f € L. U

This proposition permits the consistent definition of composite recombinators

Ry = [] R. (3.3)
aclG
for arbitrary subsets G C L. In particular, one has Ry = 1 and R (o} = R,,. Here, the

product is to be read as composition, and clearly, R(p) is the product measure with
respect to all links in G.
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Proposition 3.2. On P(X), the elementary recombinators are commuting idempo-
tents. For a < 3, they satisfy

T<a (Rﬁ(p)) =TMeqD and T, (Rﬁ(p)) = (W{[a],___,m}.p) ® (7T>5-P) ) (3.4)
likewise, for a > f3,

7T>a-(RB(P)) =TsaD ond 7T<a-(Rﬁ(p)) = (T<pp) ® (W{]'ﬁ]7,,,7|_aj}.p)' (3.5)
Furthermore, the composite recombinators satisfy

RoRy = Roun (3.6)

for arbitrary G,H C L. O

These properties can be understood intuitively as well: (3.4) says that recombination
at or after link o does not affect the marginal frequencies at sites before «, whereas
the marginal frequencies at the sites after o change into the product measure (and
vice versa in (3.5)). Furthermore, repeated recombination at link a does not change
the situation any further (recombinators are idempotents) and the formation of the
product measure with respect to > 2 links does not depend on the order in which the
links are affected.

Employing recombinators, the equations (3.1) in discrete time with a given initial dis-
tribution p, can be compactly rewritten as

Pyt =Di+ Y po(Ra —1)(p;) =: D(p,). (3.7)
acl
As indicated, the non-linear operator of the right-hand side of (3.7) is denoted by &
from now on.

As mentioned in the introduction, part of this work is to study the discrete-time re-
combination dynamics in comparison with the analogous dynamics in continuous time.
Thus, before continuing with the investigation of the discrete-time model, the main
results from the continuous-time model should be summarised. This is needed to fully
understand the complications involving discrete time.

3.2 Excursus: SCR in continuous time

We now consider the recombination dynamics with overlapping generations employing
the same assumptions as in the discrete-time model. Making use of the recombinators
introduced above, the dynamics (in the IPL) is described by a system of differential
equations for the time evolution of the probability distribution (or measure), starting
from an initial condition p, at ¢t = 0. It reads [3]

pt = Z 504 (Ra - ]1)(pt) ’ (38)
acl

where p,, is now the rate for a crossover at link «. Although (3.8) describes a coupled
system of nonlinear differential equations, the closed solution for its Cauchy (or initial
value) problem is available [3, 4]:
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Theorem 3.3. The solution of the recombination equation (3.8) with initial value p,
can be given in closed form as

P =Y dc(t)Ra(py), (3.9)

GCL

with the coefficient functions

ag(t) = [I ep(=pat) [T (1 —exp(=p5t)) . (3.10)

aEL\G BeG

These are non-negative functions, which satisfy ZGQL ag(t) =1 forallt >0 . O

The underlying stochastic process for finite populations and the proof for the infinite
population limit can be found in [5]. With reference to the stochastic process (i.e. inde-
pendent Poisson processes for all « € L, each with parameter p,, in each individual), the
coefficient functions can be interpreted probabilistically. Given an individual sequence
in the population, a(t) is the probability that the set of links that have seen at least
one crossover event until time ¢ is precisely the set G. Note that the product structure
of the a,(t) implies independence of links, a decisive feature of the single-crossover
dynamics in continuous time, as we shall see later on. By (3.9), p, is always a convex
combination of the probability measures R.(p,) with G C L. Consequently, given
an initial condition p,, the entire dynamics takes place on the closed simplex (within
P(X)) that is given by conv{Rs(p,) | G € L}, where conv(A) denotes the convex hull
of A.

It is surprising that a closed solution for the dynamics (3.8) can be given explicitly.
Explicit solutions for large nonlinear systems of differential equations are rare - solu-
tions to differential equations are usually reserved for linear ones. This suggests the
existence of an underlying linear structure [4] for (3.8), which is indeed the case and
well known from similar equations, compare [48]. In the context of the formulation
with recombinators, it can be stated as follows, compare [3] for details.

Theorem 3.4. Let {C(Cf;/)(t) | @ CG C L' C L} bea family of non-negative func-
tions with CE;L) (t) = cg;Lll)(t) C(GL;)(t), valid for any partition L = L1ULg of the set L
and allt > 0, where G, := G N L,. Assume further that these functions satisfy
> HCL M) (t) = 1 forany L’ CLandt>0. Ifve P(X) and H C L, one has the
identity
L L
RH(Z C(G)(t)RG(U)) = Z C(G)(t)RGUH(U)a
GCL GCL

which is then satisfied for all t > 0. O

Here, the upper index specifies the respective set of links. So far, Theorem 3.4 depends
crucially on the product structure of the functions C(GL) (t), but we will show later how
this assumption can be relaxed. In any case, the coefficient functions a.(t) of (3.10)



3.2 Excursus: SCR in continuous time 27

satisfy the conditions of Theorem 3.4. The result then means that the recombinators
act linearly along solutions (3.9) of the recombination equation (3.8). Denoting ¢, as
the forward flow of (3.8), Theorem 3.4 thus has the following consequence.

Corollary 3.5. On P(X), the forward flow of (3.8) commutes with all recombinators,
which means that Rg o ¢, = ¢, o R holds for allt >0 and all G C L. U

The conventional approach to solve the recombination dynamics consists in trans-
forming the type frequencies to certain functions which diagonalise the dynamics, see
[7, 14, 15, 48] and references therein for more. From now on, we will call these functions
principal components after Bennett [7]. For the single-crossover dynamics in continuous
time, they have a particularly simple structure: they are given by certain correlation
functions, or linkage disequilibria (LDE), which play an important role in biological
applications, see for example [64] and references therein. They have a counterpart at
the level of operators on P(X).
Namely, let us define LDE operators on P(X) as linear combinations of recombinators
via

To:= > ()" CRy, withGCL, (3.11)

HDOG

so that the inverse relation is given by

Ry = Z T, (3.12)

due to the combinatorial Mébius inversion formula, compare [1]. Let us note for further
use that, by equation (3.6) in Proposition 3.2, T; o R, = T,,. Note also that, for a
probability measure p on X, T (p) is a signed measure on X; in particular, it need not
be positive. The LDEs are given by certain components of the T (p) — see [3, 5] for
more. In the continuous-time single-crossover setting, it was shown in [3] that, if p, is
the solution (3.9), the T,;(p;) satisfy

CTa) = (X )Tolm), foralGClL (313)

acl\G

which is a decoupled system of homogeneous linear differential equations, with the stan-
dard exponential solution. That is, the LDE operators both linearise and diagonalise
the system, and the LDEs are thus, at the same time, principal components.

A straightforward calculation now reveals that the solution (3.9) can be rewritten as
pr = Y da(t)Ra(py) = Y br®)Tx(py) = > Tr(py), (3.14)
GCL KCL KCL
where the new coefficient functions are given by

by (t) := exp(— Z ﬁat>.

ac\K
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This way, an explicit solution for p, is obtained as a decomposition into exponential
factors. At this point, it is important to notice the simple structure of the LDE op-
erators, which do not depend on the crossover rates. Moreover, the transformation
between recombinators and LDE operators is directly given by Mobius formula, see
equations (3.11) and (3.12). This is a significant simplification in comparison with
previous results, compare [7, 14, 15, 24], where the coefficients of the transformation
generally depend on the crossover rates and must be determined recursively.

To summarise the results from the continuous-time recombination model: Even though
the dynamics is described through a large nonlinear coupled system of differential equa-
tions, an explicit solution to the dynamics could be found. This surprising result is due
to an underlying linearity in the system that can be explained with the independence
of links. In turn, this results in the linear action of the (nonlinear) recombinators on
solutions of the dynamics as well as in the commuting property of the forward flow
of the system of differential equations with all recombinators. Furthermore, the spe-
cial structure of the continuous-time model is reflected in the simplifying construction
of the principal components that are in particular independent of the recombination
parameters (in contrast to previous results on recombination dynamics).

Below, we shall see that the SCR dynamics in continuous time is indeed a special case,
and that the above results cannot be transferred directly to the corresponding dynamics
in discrete time. Nevertheless, part of the continuous-time structure prevails and offers
a useful entry point for the solution of the discrete-time counterpart.

3.3 SCR in discrete time

After this short introduction to the SCR dynamics in continuous time, we now continue
with investigating the discrete-time dynamics described by (3.7). The final goal is to
state an explicit solution to the dynamics, namely for p, = @'(p,) with ¢ € Ny. Based
on the result for the continuous-time model, the solution is expected to be of the form

pe = P'(po) = Z ag(t)Rg(po) (3.15)
GCL

with ag(0) = 0g 4, ag(t) > 0, for all G C L, and ) -, an(t) = 1, describing the
(unknown) coefficient functions arising from the dynamics. This representation of the
solution was first stated by Geiringer [24]. In particular, the discrete-time dynamics
takes place on the simplex conv{R.(p,) | G € L} as well. We will prove in Theorem 3.7
that this ansatz is indeed right and constitutes the solution to the recombination dy-
namics (3.7).

The structure of the solution (3.15) can also be illustrated by the following consider-
ation, see also Figure 3.4: Starting at time ¢ = 0, the initial population py = R (py)
has not experienced any recombination event so far. Then imagine all individuals of
Py to recombine at link & € L. The emerging population is then given by R, (p)-
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[ po = Rar(po)
)
—O‘Q_ mitg p1 = Ry ()
)
i L

Figure 3.4: Illustration of the concept of recombined populations for four different
gametes.

Furthermore, let recombination occur at another link 8 € L for all individuals, giving
rise to the population R (o, 6}(1)0) etc. The Ry (py), G C L, are the so-called recombined
populations. Since, of course, recombination most likely will only happen to a fraction
of the population as well as at different links, the actual population at time ¢ € Ny
will be given as a mixture of the various recombined populations as stated by (3.15).
In particular, the a(t), G C L, give the corresponding proportions of the recombined
populations and suggest the same probabilistic interpretation as in the continuous-time
case: given an individual in the population p;, an(t), G C L, gives the probability that
until time ¢ ezxactly the links of G have been involved in recombination.

Remark 3.6. We will define the underlying stochastic process to the IPL dynam-
ics (3.7) in Section 4.1. With the help of another stochastic process, we will then
eventually justify the stochastic interpretation of the coefficient functions, see Proposi-
tion 4.14.

What we are left with is to determine the coefficient functions a(t), G C L. The
question is if we can make use of the tools developed for the solution of the analogous
continuous-time dynamics, e.g. if we can adopt the transformation (3.11) to diagonalise
the discrete-time dynamics.

In connection with this, we are particularly interested in whether a discrete-time equiv-
alent to Corollary 3.5 exists, that is, whether all recombinators R, commute with &.
This is of importance since it would allow for a diagonalisation of the dynamics via the
LDE operators (3.11). To see this, assume for a moment that R, o ® = ® o R, for all
a € L, and thus R;0®P = $o R, for all G C L. Noting that, when o € G C H, equa-
tion (3.6) from Proposition 3.2 implies that (R,—1)R;; = Ryt By = Ry—Ry =0,
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we see that the assumption above would lead to

Tgod = > (1) CRyod = Y (1) CdoRy,

HDOG HDOG
= N ()R, + 3 (-)HCS p (R
HDOG HDOG acl
= Tg+ Z ‘H ¢l Z pa(Ra_ ]I)RH
Hod acI\G
= (1= X pa)Tat 30 o0 30 (UM Ry + (GO R )
a€l\G acl\G HOG
adH
= <1_ Z pa)TG7
a€l\G

so that, indeed, all T, (p;) would decay geometrically. This wishful calculation is badly
smashed by the nonlinear nature of the recombinators, and we are now concerned with
true identities that repair the damage. To get an intuition for the dynamics in discrete
time, let us first take a closer look at the discrete-time model with two, three, and four
sites.

3.3.1 Two and three sites

For two sites, one simply has S = {0,1} and L = {3}, so that only one non-trivial
recombinator exists, R = Rl, with corresponding recombination probability p = p1

Consequently, the SCR equatlon simplifies to

Piy1 = D(p) = pR(p) + (1 —p)py s (3.16)

where p, is a | X|-dimensional probability vector. The solution is given by

P = a(t)py + (1 — a(t)) R(po) (3.17)

with a(t) = ay(t) = (1 — p)t. This formula is easily verified by induction [68]. Thus, in
analogy with the SCR dynamics in continuous time, the solution is available in closed
form, and the coefficient functions allow an analogous probabilistic interpretation. Fur-
thermore, it is easily seen that the recombinators R, = 1 and R, = R commute with

& and therefore with @' for all ¢ € Ny. For two sites, the analégue of Corollary 3.5
thus holds in discrete time. As a consequence, the LDE operators from (3.11) decouple
and linearise the system (3.16). At the level of the component LDEs, this is common
knowledge in theoretical population genetics; compare [31, Chap. 3].

Similarly, the recombination equation (3.7) for three sites S = {0,1,2} and links

L = 2, 2} can be solved explicitly as well. An elementary calculation (applying
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the iteration and comparing coefficients, see [68]) shows that the corresponding coeffi-
cient functions a(t) follow the linear recursion

ag(t+1) 1—/)% P 0 0 0 ag(t)
a,(t+1) Py l—ps 0 0 ay(t)
— 2 2
a%(t+1) Ps 0 1—p, O a%(t) ’
2 2
t+1 t
a 13 (t+1) 0 p% p% 1 a{%%}()

with solution

ag(t) = (1—P% —P%)t,
a,(t) = (1—P§)t— (1—py —Pg)t,
2 2 . 2 2 . (3.18)
a%(t) = (1—/)%) —(1—/)%—,0%) ;
agay® = 1= (1=pg) = (L=p1)"+ (L=p) — py)

If we compare this to the analogous coefficient functions ag(t), G C {3,2}, from the
continuous-time dynamics, we observe a crucial difference. Recall that, in continuous
time, single-crossovers imply independence of links, which is expressed in the product
structure of the coefficient functions a(t) (see (3.10)). As we find in (3.18), already
for three sites, the coefficients of the discrete-time dynamics fail to show the product
structure used in Theorem 3.4. The independence observed in continuous time is lost
in discrete time, where a crossover event at one link forbids any other cut at other links

in the same time step.

But even though Corollary 3.5, concerning the forward flow of (3.8), is a consequence
of Theorem 3.4, which, in turn, is based upon the product structure of the coefficients,
a short calculation reveals that R, o ® = ® o R, still holds for the discrete-time model
with three sites for all G C {%, %} As a consequence, just as in the case of two sites,
the T, linearise and decouple the dynamics, which is well-known, see [7, 12] for more.
In fact, we obtain:

Tp(@(p)) = (1=pL—p3)Tsp),
T, (@(p) = (1- P%)T% (p)
Ts (2(p)) = (- P%)T% (p)

T 13 (@(p)) = T 13 (p) -

To summarise: despite the loss of independence of links, an explicit solution of the
discrete-time recombination dynamics is still available, and a linearisation and diagonal-
isation of the dynamics can be achieved with the methods developed for the continuous-
time model, that is, a transformation to a solvable system via the T,,. However, things
will become more complex if we go to four sites and beyond. In particular, there is
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no equivalent to Corollary 3.5, i.e., in general, the recombinators do not commute with
@, and we have to search for a new transformation that replaces (3.11), as will be
explained next.

3.3.2 Four sites

The complication with four sites originates from the fact that R; o ® # ®o R, so that

2 2
the property described by Corollary 3.5 for continuous time is lost here. Consequently,
the T, fail the desired (diagonalisation) properties. In particular, one finds

Ty(@(p)) = (1= ps —ps = ps)Ts(p) = p1 ps Ta(p),

2 2 2 2 2 2
so that an explicit solution of the model cannot be obtained as before. Furthermore,
a simple but lengthy calculation shows that the coefficient functions a(t) no longer
follow a linear recursion for all G C L, see [68]. This raises the question why four sites
are more difficult than three sites, even though independence of links has already been
lost with three sites. To answer this, we look at the time evolution of the coefficient
functions a(t), G C L. For this purpose, let us return to the general model with an
arbitrary number of sites.

3.3.3 General case

We now consider an arbitrary (but finite) set S with the corresponding link set L. For
each G C L, we use the following abbreviations:

G, ={ieGli<a}l, Go,:={ieG|i>a},
Lo,={iel]i<a}, Ls,:={i€ll]i>a}.

We then obtain

Theorem 3.7. For all G C L and t € Ny, the coefficient functions aq(t) evolve
according to

ag(t+1) = <1 - Z%) ag(t) + Z%( Z aG<aUH(t)) ( Z aKUG>a(t))a

a€cl acG HQLZQ KQLSQ
(3.19)
with initial condition ag(0) = g -

Proof. Geiringer [24] already explained in words how to derive this general recursion,
and illustrated it with the four-site example; we give a proof via our operator formalism.
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Using (3.15), the recombination equation for p, ; reads

P = 3 aglt + 1) Ra(p) = B(p,) = @(Z aG<t>RG<po>)

&L GCL
= pa ((7‘(’<a.(z aH(t)RH(pO))) ® (”>a-(z aK(t)RK(pO))))
+(1-200) (X ac®Ralm)
ael GCL

where each product term in the first sum can be calculated as

(<o (Z anut0) ) @ (moa (T acORecl) )

HCL KCL

= Z aH(t)aK(t)<(7T<a-RH(p0)) ® (W>a-RK(Po)>>

H,KCL

= Z aH(t)aK(t)<(7T<Q-RH<QUK>Q(pO)) ® <7T>a-RH<aUK>a(pO)>>

H,KCL

= % a0 R (R ) ).

HKCL

where we use the linearity of the projectors in the first step, and equations (3.4) and
(3.5) from Proposition 3.2 in the second (more precisely, we use the left parts of equa-
tions (3.4) and (3.5), reading them both forward and backward). Insert this into the
expression for p, ,; and rearrange the sums for a comparison of coefficients of R, with
G C L. Comparison of coefficients is justified by the observation that, for generic p,,
and generic site spaces, the vectors R (p,) with G C L are the extremal vectors of the
closed simplex conv{R (p,) | K C L}. They are the vectors that (generically) cannot
be expressed as non-trivial convex combination within the simplex, and hence the ver-
tices of the latter (in cases with degeneracies, one reduces the simplex in the obvious
way). If G = @, we only have (1—3" ., p,) ay(t) as coefficient for R,. Otherwise, we
get additional contributions for each @ € G, namely, from those H, K C L for which
H_,=G_,and K., =G, while H,  and K__ can be any subset of L.  and L__,
respectively. Hence, the term belonging to RG(p:)) reads - -

Sra( XY aeon®ake., M)+ (1= pa) ac®),

el HCLs>n KCL<, ael
and the assertion follows. O
The iteration (3.19) can be understood intuitively as well: A type x resulting from

recombination at link a is composed of two segments x_, and z.,. These segments
themselves may have been pieced together in previous recombination events already,
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and the iteration explains the possible cuts these segments may carry along. The first
term in the product stands for the type delivering the leading segment (which may
bring along arbitrary cuts in the trailing segment), the second for the type delivering
the trailing one (here any leading segment is allowed). The term (1 — " ./ pa) ac(t)
covers the case of no recombination.

This way, we also show that ansatz (3.15) is indeed right since it constitutes the (unique)
solution to the discrete-time recombination dynamics (3.7).

Note that the above iteration is generally nonlinear, where the products stem from the
fact that types recombine independently. This nonlinearity is the reason that an explicit
solution cannot be given as before. A notable exception is provided by recombination
events that occur at links where one of the involved segments cannot have been affected
by previous crossovers, namely the links % and 2”{ L In this case, at least one of the
factors in equation (3.19) becomes 1 (since, obviously, G_, = @ fora = 3 and G-, = @
for a = %) and the resulting linear and triangular recursion can be solved. Setting
n:=1=3" cr P> the coefficients for the corresponding link sets can be inferred directly

(proof via simple induction) as

=1,
= (n+p%)t—nt,

¢ (3.20)

= (n+p%)t—n , and

agy ey (O =0 = (14 py) = (14 pracs) + (15 0y +p2a)

This explains the availability of an explicit solution for the model with up to three
sites, where we do not have links other than % and /or %, so that all corresponding
coefficients can be determined explicitly. Indeed, one recovers (3.18) with n = 2 and
n=1—p; —ps. So far, we have observed that the product structure of the coefficient

functions,anov?/n from continuous time, is lost in discrete time from three sites onwards;
this reflects the dependence of links. In contrast, the linearity of the iteration is only
lost from four sites onwards. The latter can be understood further by comparison of
(3.19) with the differential equations for the coefficients of the continuous-time model.

These read:
d -
Zia(t) = =( X a)ac®+ Y fad o D). (3.21)
acel\G aclG

that is, they are linear, with solution (3.10). Note that this linear dynamics emerges
from a seemingly nonlinear one, namely the analogue of (3.19),

%GG - <Zpa>ac +Zpa( Z aG<aUH )( Z aKUG > (322)

acl a€G KCL_,

However, due to the product structure of the solution, the product term in the second
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sum, when inserting (3.10), reduces to a single term,

(S Goun®) (X Fxue.,®) = A6(t) + g ),

HQLZQ CL<a

which turns (3.22) into (3.21).

What happens here is the following.

From four sites onwards (namely, beginning with n = 3 and a crossover at o = %, and

both in discrete and continuous time), it happens that leading and trailing segments
meet that both possess at least one link that may possibly have seen a previous cut.
When a crossover at « takes place, the new joint distribution of cuts before and after «
is formed as the product measure of the marginal distributions of cuts in the leading and
trailing segments (see (3.19) and (3.22)) — akin to the formation of product measures
of marginal types by R,. In continuous time, the links are all independent, hence the
new combination leaves the joint distribution of cuts unchanged. Therefore, a set G of
affected links (before and after «) is simply augmented by « if a is a ‘fresh’ cut; this
results in the linearity of (3.21). In discrete time, however, the dependence between
the links, in particular between those in the leading and trailing segment, means that
the formation of the product measure changes the joint distribution of affected links,
in addition to the new cut at a; thus (3.19) remains nonlinear.

Since we aim at an explicit solution of the discrete-time recombination model, we need
to find a way to overcome the obstacles of nonlinearity. Inspired by the results of
the continuous-time model, we first search for a transformation that decouples and
linearises the dynamics.

To this end, we first investigate the behaviour of the R, and T, in the discrete-time
model since a deeper understanding of their actions will help us find a new transforma-
tion. We are still concerned with the LDE operators from the continuous-time model,
because of their favourable structure and the existence of the inverse transformation
(Mébius inversion). Moreover, as will become clear later, some of them still have the
desired features and can be adopted directly for the discrete-time model. First, we
need further notation.

Definition 3.8. Two links o, 3 € L are called adjacent if o — 8| = 1. We say that
a subset L C L is contiguous if for any two links o, 5 € L with a < 88, also all links
between o and B belong to L (this includes the case L= @). A non-empty contiguous
set of links is written as L = {{ 0

min’ *° max}

Whereas, according to Theorem 3.4, all recombinators act linearly on the solution of
the continuous-time recombination equation, this is generally not true for the solution
of the discrete-time model, though the following property still holds.

Lemma 3.9. Let {cq | G C L} be a family of non-negative numbers with 3 oy cq = 1.
For an arbitrary v € P(X) and for all K C L with L\ K contiguous, one has

RK(Z CGRG(U)) = Z cgRaur (v) -

GCL GCL
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Proof. When K = &, the claim is clear, because R, = 1 and L itself is contiguous.

Otherwise, we have K = AU B with A := {%, %,...,a} and B :={8,5 + 1,...,2"2—_1}
for some 8 > « (this includes the case K = L via f = a+1). Since we work on P(X),
we have R;, = RpR, from Proposition 3.2. With the projection 7; : P(X) = P(X)

onto a single site 7, we obtain

7TZ<Z CGRG(U)) = Z camiRa(v) = Z CaTV =T, (3.23)

GCL GCL GCL

since ;. is a linear operator and 7, R (v) = ;. v by Proposition 3.2. For the contiguous
set A and w = ) .~ caRa(v), we obtain, with the help of (3.23) and a repeated
application of Proposition 3.2,

RA(Z CGRG(’U)> =MW+ @ | WO Ty W
GCL
= MU @ VO Toqw= Y (MU ®  ©To).0 & Tsg.Ra(v))
GCL

= Y cg(mRe(v) @ @7 Re(v) @m0 Ra(v)) = D caRaug(v)-
GCL GoL

An analogous calculation reveals Ry (Y ey caRac(v) = Yacr caRaupuc(v) for
contiguous B. This proves the assertion. O

Thus, only some particular recombinators act linearly on certain convex combinations,
that notably include solutions of the recombination equation (3.7). We delay the in-
tuitive explanation of Lemma 3.9 to the next section where we formally introduce the
concept of segments that are produced by recombination.

3.4 Reduction to segments

In this section, we show a certain product structure of the recombinators and the LDE

operators. This will turn out as the key for constructing an appropriate transformation.

Recall that a crossover at link « € L partitions S into {0,...,|«]} and {[«],...,n}

(i.e. what we were always referring to as leading and trailing segment, respectively).

In general, recombination events at the links belonging to G = {al, e G|} C L,

ap < ag < s < g induce the following ordered partition S, = {J(?, JE J|C(*;|}
of S (see Fig. 3.5):

JE =10, laa)}, JE = {anl,.oo lanl}, oo Gy = {Tag ] o). (3.24)

Note that the partition is ordered due to the restriction to single crossovers. In connec-
tion with this, we have the tupel of links that correspond to the respective parts of the
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mmmMSG@g3mgmm%ﬁm0:{%,”ﬂm}ggzc:(ﬁJﬁ”W@O
with

IOG’:{(MGLZ%SQ<O£1}, I%‘:{QEL:Q|G‘<Q§2"2_1}, (3.25)
andlf:{aéL:a4<a<ae+1} for 1 </<|G| -1 .

specifies the links belonging to the respective parts of Si: the links associated with
J¢ € S, 0 <k <|G|, are exactly those of I¢' € L, (and vice versa).

IO Il IQZQ I3

| | [

1 3 5 7 9 1 13 15 17

2 2 2 2 2 2 2 2 2
[ ° o----o ® ® o --—---—-—-o—»
0 1 2 3 4 5 6 7 8 9

I L
Jo J; J, J3

Figure 3.5: The full system with 10 sites (i.e., S = {0,...,9}, L = {%, ce 1—27 ) cut

at the links G = {g, %, 12—5 (broken lines). The resulting segments are characterised
through S, = {Jy,...,J 3} and L, = ({y,...,1I3) with J; = {0,1,2}, J, = {3,4,5,6},
Jy = {7} and J; = {8,9} as well as I, = {%, %}, I, = {%, %, %}, I, =@ and I; = {%}

(the upper index G is suppressed here for clarity).

With this definition, I& = @ is possible for each 0 < i < |G| and will be included
(possibly multiply) in L. Furthermore, £, := (L), so that Iéa = L. The upper index
will be suppressed in cases where the corresponding set of links is obvious. Clearly,
L is not a partition of L, whereas S is a partition of S. Thus, Lg is a tupel and
each segment is identified by a contiguous set of links. This way, recombination at the
links in G C L fragments the whole chromosome described through the sites S and the
links L (what we will refer to as the ‘full system’ from now on) into several smaller

segments that are characterised through the sites J, ,gG) and the corresponding links / IE‘G),

0<k<|G|

Remark 3.10. We can now interpret Lemma 3.9. Its intuitive content falls into
place with the explanation of Theorem 3.7 with respect to all segments produced by
Ry for K C L with L\ K contiguous. The linearity of the particular recombinators of
Lemma 3.9 is due to the fact that Ry produces mazimum one segment, namely the one
with links L\ K (and respective sites), that might be affected by previous recombination
events. In contrast, all other segments consist of only a single site (and no link) and
thus cannot bring along cuts from ‘the past’.

We demonstrate below that it is sufficient to consider the segments produced by re-
combination separately, a property that reduces the problem of dealing with the re-
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combination dynamics. Note first that repeated application of (3.4) and (3.5) leads
to

L L
o0 RE () = RE = (n_op) and 7., RY (p) = RE™ (m.0p)., (3.26)

<a >a

where R(GL) is our usual recombinator acting on P(X) = P(X, x --- x X,,), and R(GL;‘)‘)

denotes the respective recombinator on P(X, x -+ x X o] ), which acts on the segment

specified through the sites L_, and cuts the links G_, (and analogously for R(GL:;))'
Likewise, recombinators Rg), I C L and H C I, acting on any segment specified
through the links I may be defined in the obvious way. For consistency, we define
R(;) = 1. From now on, the upper index specifies the corresponding segment the R
(and, likewise, the T;) are acting on. It will be suppressed in cases where the segment
is obvious. We now explain the inherent product structure of the recombinators:

Proposition 3.11. Let G C L. For each o € G and p € P(X), one has the identity
L Lca Lsa
R () = (RE= (mop) @ (REZ (m0p))

Proof. For a € G, Proposition 3.2 implies :

L L L L
RPw) = RP(RY®)) = (meah ) @ (mo0 )
L L
- (R(G<<aa)(7r<04-p)> ® <R(G>>aa)(7">a~p)) )
where the last step follows from (3.26). O

This proposition carries over to the LDE operators:

Proposition 3.12. On P(X), the LDE operators satisfy
T (p) = (Téij“)(wm.p)) ® (Téij’(wmp)) for all a € G,

where TéL<<a) and TéL>>a) now describe the operators acting on the simplices P(X, x

e x X)) and P(X () x - x X)), respectively.
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Proof. Let a € G. Using the product structure from Proposition 3.11 and splitting the
sum into two disjoint parts, one obtains

T () = 3 (~1)H-CIRY (p)
HDOG

= > (-l ((Rgif’%ﬁ)) ® (Rﬁfff)(%p)))

HOG

=Y (e (( RE<r_p) @ (R (W>a.p))>

I\{a}2HDG\{a}

= Z (_1)|H<Q*G<a| Z (_1)|H>a*G>a|

L<a;)H<a:—>G<a L>a:—>H>Oé;)G>Oé
(Lca) (Lsa)
(A= ram © R (70

(R ()

Lo 2H ,2G,
_ Lo,
® < Z (—1)|H>a Gsal <R§LI>>Q )(7T>a,p))>
L>o¢;)H>a;>G>a
(Lca) (Lsq)
= <TG<Z (7T<a~p)) ® (TG’>>Q (7T>oz-p)> 9
which establishes the claim. O

Using this argument iteratively on the respective segments, one easily obtains

1) = (15, 0)) @ (TS 7y ) @ o0 (T8 () (320)

where the upper index again specifies the corresponding segments associated with G,
compare (3.25). Hence, the effect of T, on the full system is given by that of T, on
the respective segments corresponding to G.

Our goal is now to study the effect of the R, and T, on &, the right-hand side of
the recombination equation (3.15). This will show us in more detail when and why
the LDE operators from the continuous-time model are not sufficient for solving the
discrete-time model and, at the same time, will direct us to the new transformation.

If L) denotes the right-hand side of the recombination equation on the full simplex
P(X, x --- x X)), then, for any contiguous I = {a,...,3} C L, the right-hand side
of the recombination equation on the subsimplex P(X la) X X X fﬁ]) will be denoted

with @), Again, we suppress the upper index when the simplex is obvious.
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Proposition 3.13. For the right-hand side of the recombination equation,
o) (p) = (1 -> pa) P+ > PR = p+ > pu(RE =15 (p),
acl acl ael
one finds

R (@) (p) = (2E<(mop)) @ (85> (. o.p))

for every a € L and p € P(X).

Proof. Since R (Q(L) (p)) = (7T<a_(d5(L)(p))> ® <7T>a_ (Q(L) (p))), we obtain with the
help of (3.26):

Tea. (qs(L) (p)) = Teq. (p + Z s (R(gL) _ ML))(P))

BeL
L L
= meant > pRY < — 10w p) + 3 pa(RY <) — 10<o))(m_, p)
f<a >a
L
Teab+ 3 (R — 1<) (m_yp) = B (m_op).

B<a

Analogously, one obtains 7 ,. (1) (p)) = &£>e) (7. ,.p), and the assertion follows. [

More generally, this theorem implies inductively that
R @D (p)) = (0(r; p)) @ (20 (x)p) & @ (ee)(x, p)). (3:29)

Finally, for the interaction between the T((;L) and &) | we have the following result.
Proposition 3.14. For the LDE operators (3.11) and all G C L, one has

TéL) (@(L) (p)) — <Té10) (45(10)(77]0_1)))> R ® (TéI\G\) (SZS(I‘G‘)(WJ‘G‘-p))) ’

with J, and I, i =0,...,|G|, according to (3.24) and (3.25).

Proof. Using (3.28) and (3.27), one calculates

1 (@) = 15 (RG (@) ) = 167 (@0 (g, p) © - @ (860 (x, 9) )
= (Télo) (@(IO)(WJO-P))) R ® <T;;I‘G‘)(QS(I‘G‘)(WJ‘G‘-I))D :

which establishes the formula. O

This result is of particular significance since it shows that, to determine the effect of the
TéL) on @, it is sufficient to know the action of the Ty on the segments that correspond
to G. Hence, we now need to determine 7, o®. It will turn out that this relies crucially
on the commutators of R with @, which will be the subject of the next section.
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3.5 The commutator and linearisation

The more algebraic approach of [4], which was later generalised by Popa [55], suggests
to further analyse the problem in terms of commuting versus non-commuting quantities.
For G C L, the commutator is defined as

[Rg,®]:=Rgo®—PoR.

Recall that, in the continuous-time model, the linear action of the recombinators on
the solution of the differential equations entails that the corresponding forward flow
commutes with each recombinator (see Corollary 3.5). But this no longer holds for
discrete time: [ R, @] = 0 is not true in general. We are interested in the commutators
because — as we will see in a moment — they lead us to the evaluation of T, o @, and
this in turn gives T, o @ (see Proposition 3.14).

Proposition 3.15. On P(X), one has

T,0d :<1—Zpa)T + 3 (-1 Ry, 8]

acl GCL

Proof. Expressing the left-hand side as

Tpo® =Y (1) Rgod) = Y (-1)/UPoRg)+ Y (-1 [Rg 2],

GCL GCL GCL

and using @ = (1 — Y e/ pa) L+ X ncr PoRq, one calculates

S (D@0 Re) = 3 (S (D)%, RoRe) + (1= X pa) 3o (-1)I9IRg

GCL acl GCL a€ELl GCL
(1= pa) To+ D2 D (=) paRo + (~1) g, Ry )
o€l acl GCL
a¢G
1 - Z pOé T + Z (Z ‘Glpa(RaRG - RGU{a}))
o€l acl GCL
a¢G
= (1 - Z pOé)TQ )
a€EL
which shows the claim. O

Proposition 3.15 shows that 7, only yields a diagonal component if all recombinators
commute with @. We now need to determine the commutator [ R, ]. To this end, it
is advantageous to introduce a new set of operators.
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Definition 3.16. For G C K C L, we define the operators

Tox = Y. (D) CRy,. (3.29)
GCHCK
Equivalently, for any M C L\ G, this means that

Toaom = E: (-1)F=CIR, = E:(—lﬂKUQwK-
GCHCGUM KCM

These operators act on the full simplex and can be interpreted in analogy to the original
LDE operators (3.11), where the links in the complement of GUM (the disjoint union
of G and M) are regarded as inseparable. If necessary, we will specify the system the
operators are acting on by an upper index as before.

Lemma 3.17. On P(X), the operators (3.29) satisfy
TVG’G == RG and TVG,L == TG

They have a product structure,

(L) _ (7S (IF) )
Toeon® = (Tohmg g ) @ (g ) @@ (T L (myg p)).
(3.30)
for all H C L\ G. Moreover, one has
Taaom = E: Ty = E: Took (3.31)

GCHCI\M KCI\(MUG)

for all G,M C L with GNM = &. Consequently, Mdobius inversion returns Ty, as

To = >, ()T, hey (3.32)
GCHCI\M

Proof. The first assertion is obvious; the second is analogous to (3.27) and follows along
the same lines. Relation (3.31) is true since

Tooon = 9. COMRG = ST (0K ST 1 = 3 S (—pifly,

KCM KCM HDOGUK HDOG KCM
- KCH
- T —)IET = 5 T, = T
- H ( ) - MNH,oLHg — H -
HDOG KCMNH HDOG GCHCI\M

In the second-last step, we used that, if H is a finite set, one has

S (D) =6y, (3.33)

which is the key property of the M6bius function of ordered partitions [1]. O
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Figure 3.6: Illustration of the segments, indicated here by their corresponding links,
that evolve due to recombination at the links of H = {a;, ay, a3, a,}. In particular,
the property of Lemma 3.19(4) should become obvious here: whether a set G C L
separates H is independent of its intersection with the first as well as the last segment
Iéq and [, II}{\’ respectively.

Before we turn to the commutator, we introduce a new function, the separation function,
which will allow for a clear and compact notation.

Definition 3.18. For G,H C L with GNH = &, we say that G separates H if, for all
«a, B € H with a < 3, there is a v € G with a < v < 3. Hence, we define the separation
function as

1, if G separates H,

0, otherwise.

sep(G,H) = {

In the particular cases H = @ and H = {a}, a € L, we define sep(G,H) =1 for all
G C L, and it is understood that sep(G, H) = 0 whenever GN H # @.

First, let us summarise some elementary properties of the separation function.

Lemma 3.19. The separation function sep(G,H) with H C L\ G has the following
properties:

1. sep(G, H) =0, if H contains any adjacent links;

2. sep(G, H) = 0 implies sep(G’, H) = 0 for all G' C G;

3. sep(G, H) = 0 whenever L\ G is contiguous with H C L\ G and |H| > 2;

4. sep(G,H) = 1 implies I NG # @ for all i € {1,...,|H| — 1}. O

These four properties of the separation function can be easily figured out, compare
also the illustration in Figure 3.6. Particularly note that Lemma 3.19(4) implies that
Iéq NG =g and III{I‘ N G = @ are possible for sets G that separate H, thus, these two
segments differ crucially from the other segments that correspond to H.

Later, we need the following summation formula for the separation function.

Lemma 3.20. Let H, K C L with H # @, HNK = &, and I defined as in (3.25).
Then

>~ (1) sep(G. H) = sep(, H) (=) Syerr o Oy, o
GCK
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Proof. For sep(K, H) = 0, the claim is clear by Lemma 3.19(2). We now define A, :=
KNI foralli€ {0,...,|H|}. Then, for sep(K, H) = 1, it follows from Lemma 3.19(4)
that A; # @ forall 1 < j < |H| — 1. Likewise, since G C K, sep(G,H) = 1 if and
only if GN IJH # @ for all 1 < j < |H|— 1, with no condition emerging for G' N 14! or
GnN I‘I};'. This gives

|H|-1 |H|
Z (=1)% sep(G, H) :Z 1)l Bl H ( Z 1)lB: ‘) Z Bl — HF
GCK B,CA, i=1 %iA \H\QA\H\

Here, for j = 0 and j = [H|, the factors I are given by F}j := ZB_CA_(—l)lBJ'| = 04,0,
J=""7
where we have used (3.33). For 1 < j < |H| -1,

R S e DICILEE PR

B,CA; B;CA,
B,#@

where we have again used (3.33) in the second-last step, and A; # @ in the last. O

With this notation, let us take a closer look at RE;L) (CP(L) (p)) for G C L. Evaluating
(3.28) explicitly, using Definition 3.16, expanding and using the product structure (3.30)
backwards gives

R(GL)(Q( )( ) = (7TJ D+ Z pa R(I(;)) - ]1(10))(7TJ0_p)) R ®

ay€el,
) (i)
(WJ\G\-PJF > Paygy (Rayg =171 )(WJ\G\'p))
g€ g

_ () (7o) o (1) i)
— <]l 0 Z T@ao)(WJO.P)@’ ®(]1 “ Z pa\c\Tg’“\G\>(7TJ\G\'p)

g€l g €l

L

= > (~)Mlsep(G H)oy T iy ()

HCI\G

where, in the last step, we have further set py; = [[,c po for all H C L (in particular,
py = 1) and used Lemma 3.19(4); note that the separation function is basically used
as an indicator variable here. On the other hand, we obtain

Do RG - Z paRaRG + (1 - Z pa)RG = TG,G - Z paTG’,GU{a}
acl\G acl\G acl\G
= Sep(Ga @) TVG’,G - Z Sep(G? {a})paTG7GL'J{a} )
acl\G

which finally yields the commutator.
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Theorem 3.21. For all G C L, the commutator on P(X) is given by

[Rg, @] = g (—1)|H‘Sep(G7H)prG’,GUH'
HCING
|H|>2

O

Please note that, by the properties of the separation function, many of the summands
vanish. In particular, [ R, ®| = 0 whenever |L\ G| < 1.

Corollary 3.22. [R,,?] =0 if L\ G is contiguous.

Proof. By Theorem 3.21, only terms with |H| > 2 need to be considered. For these,
Lemma 3.19(3) tells us that sep(G, H) = 0 if L\ G is contiguous and H C L\ G. Hence,

Let us note in passing that the converse direction of Corollary 3.22 may fail if the site
spaces are sufficiently trivial. Nevertheless, in the generic case, [Ry,®] = 0 implies
sep(G,H) =0 for all H C L\ G with |H| > 2, because the relevant terms then cannot
cancel each other. We omit a more precise discussion of this point, because we do not
need it later on.

Recalling that @' is the discrete-time analogue of ¢,, we can consider Corollary 3.22
as what is left of Corollary 3.5 in discrete time. Hence, it becomes clear why the LDE
operators (3.11) from the continuous-time model do not suffice to linearise and decouple
the discrete-time dynamics.

We still aim at determining 77, o @ according to Proposition 3.15. In doing so, we need
to express the commutator [ Ry, @] in terms of the Ti; (which are related to the T, .,
via (3.31)). This, and the consequences for general T, o @, G C L, are captured in the

following theorem.

Theorem 3.23. On P(X), the operators Ty, = T((;L) and & = L) satisfy

17 oo™ = 3 (G, K) T (3.34)
K2G

for all G C L. The coefficients 2" (@, K), K C L, are given by

‘MN@,0) =1-> p, (3.35)
acl
and, for K # @, by
2@, K) = = Y pysep(K,H) (1 - Sy ) (1= 5ng<_@)- (3.36)

HCINK

For K O G # @, the coefficients are recursively determined by

2@, K) = 29 (g, kN IE) - ... 2e) (9, K n1G). (3.37)
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Proof. Let us first prove the case G = @. According to Proposition 3.15, we have

(1= ner Po) T50® = Tg—i—zGlgL(—l)‘G ‘[RG,,sﬁ], where (1-3",.7 po) = 2P (2,2)
by definition. Let us thus evaluate the last term. In the first step, we insert the
commutator from Theorem 3.21; we then use relation (3.31) and change the order of
summation to arrive at

S DRy 2] = S DS () sen(@ HpuT o

G'cL G'CL HCING'
|H|>2
= > (VNS () Msep(@ H)py Y Tk
G'CL HCING G'CKCL\H
|H|>2
= Y Y 0o Y (1) sep(@ ), (3.39)
KCL HCINK G'CK
|H|>2 a

which does not contain any term with 7,,. We can now compare coefficients for T7.
Note first that, by (3.38), we only need to consider sets H C L\ K, that is, HNK = @.

In this case, ¢ =1-9 and 0 =1-9 This is true since

Knif o HNiE o Knify.2 HNIf 8

KNI} = @ (# o) implies that the smallest element in H is smaller (larger) than the
smallest element in K, thus H N IE # @ (= @) (and vice versa for K N1, | H|) Taking
this together with Lemma 3.20, the coefficient of T} in (3.38) turns into

S )y 3 (- DI sop(G, H)

HCL\K G'cK

|H|>2
> P sep(I, H) (1= 00 ) (1 = 5H”I\II(<\ )
HCL\K
1|22
Z pHsep(K,H)(l_‘;Hmlé(,@)(l 5H”I\I§<\ )-
HCL\K

Note that, in the last step, the restriction on |H| may be dropped since it is already
implied by the factors involving the d-functions (in case |H| < 1, at least one of the
intersections H N IOK and HN1I ﬁ((‘ is empty). This proves the claim for G = @. For the
case G # &, we follow Proposition 3.14 and write, for p € P(X),

T (@1 (p)) = (T8 (@90 (5, p)) )& (TS (@1 (7 p)) ) -2 (Tg\c\’ (@) (x;_ p)).

Applying the above result for G = @ to each factor, and using the product structure
of Proposition 3.14 backwards, establishes the claim. O
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Corollary 3.24. The coefficients z(@, K) with K # & can be expressed explicitly as

IK|-1
Z(L)(Q’K) = - Z pao( H (1+ Z pai)) Z pa‘K‘ . (339)
aneI¥ i=1 o, €If ok €1k

Proof. Let us consider those H whose contribution to the sum in (3.36) is not annihi-
lated by the separation function or the d-functions. For sep(K,H) = 1 to hold, each
a € H must belong to a different IZ-K € L. Furthermore, H must contain one element
each from I and I ﬁ((‘ (oyy and )y respectively) to keep the factors involving the
d-functions from vanishing. Thus, the sum in (3.36) may be factorised as claimed. [

In particular, (3.39) entails

Mo, K)=0 fKn{321 £0. (3.40)
Taking this together with (3.35), one obtains z(1) (2, K) = (1 — 3 o, Po) 05 o for

K C L whenever |L| < 2, and hence, in these cases, TéL) o) = (1— > acl pa)TéL) is
already a diagonal component in line with the observation in Section 4. Furthermore,
(3.37) from Theorem 3.23 and (3.40) entail that

2I(G,K) =0 whenever K N < U {mm(IZG),max(IZG)}) #O. (3.41)
0<i<|G]|

Theorem 3.23 reveals the linear structure inherent in the action of T, on @. In fact, the
structure is even triangular (with respect to the partial ordering C) since TéL) o p(L)

is a linear combination of the TI((L), K D G. Thus, diagonalisation will boil down to
recursive elimination. As a preparation, we make the following observation.

Corollary 3.25. If L # @, one has the relation z(")(G,L) = 0 for all @ C G C L.
Furthermore, z\")(L, L) = 1.

Proof. When @ C G C L, the intersection in (3.41), with K = L, can never be empty,
so that z(")(G, L) = 0 follows. If G = L, the property follows directly from (3.35)
together with (3.37). O
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3.6 Diagonalisation

Motivated by the triangular structure of (3.34), we make the ansatz to define new
operators Uy, G C L, as the following linear combination of the well-known T,:

Ug = Y oG.H)Ty, (3.42)
HDG

where the coefficients ¢(G, H) are to be determined in such a way that they transform
the recombination equation into a decoupled diagonal system, more precisely so that

with eigenvalues A, that are still unknown as well. An example for this transformation
can be found in Example 3.31. Note first that, with the help of (3.34), equations (3.42)
and (3.43) may be rewritten as

Ugo® = ¢(G,G)(Ty00)+ > ¢(G,N)(Ty o)

NOG
= (G, Q) (z(L Te+ Y. PG K) TK>
KOG
(3.44)
+ 3 G N (W, N Ty + > BN, M) T )
NDOG MDON

=2 (e(G, @) T+ Y e(GN) Ty ) = AU -
N2G

Obviously, there is some freedom in the choice of the ¢(G, G); we set ¢(G,G) =1 for all
G C L (and we will see shortly that this is consistent). Equation (3.44) has the structure
of an eigenvalue problem of a triangular matrix with coefficients z(%) (G, H), where the
role of the unit vectors is taken by the T, and the ¢(G,H), H O G, take the roles
of the components of the eigenvector corresponding to A, (note that, by considering
¢(G,H) for H O G only, we have already exploited the triangular structure). Recall
next that the eigenvalues of a triangular matrix are given by its diagonal entries, which

are
6] G
Ao = 2P(@,6) = [[¥(2,2) = H<1 -y pai) (3.45)
i=0 i=0 o, eI8

by Theorem 3.23. In particular, A, = (X (@, @) = 1 — Y acl Po = 0. Indeed, the
Ao have already been identified by Bennett [7], Lyubich [48] and Dawson [14, 15]
as the generalised eigenvalues of the linearised deterministic dynamics. We keep an
interpretation of these coefficients and more about their important role in connection
with the solution of the recombination model for Chapter 4. Let us first note the
following;:
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Lemma 3.26. For all G,H C L with G C H, one has A\ < Ay.

Proof. Let @ € G C L. Then, for H = G U {8}, with 38 € I¢ for an arbitrary
i €{0,...,|G|}, we see from (3.45) that (/) (H, H) = \,; and hence obtain

v ({0 S m)) 6o 26 ) (T 5 )

j=0 a;€l; ogi][ig 0;1-€>Ié Jj=i+1 oszIJG
(1 - Zaielic pai> (1 - ZO‘z’EIz'G pozi>
a.<f a.>f
— )\G < ‘ > )\G,

<1 - ZQZEIZ,G pai)

because all p, are positive, as are all three terms in parentheses of the fraction, and
pg > 0 by assumption. Finally, the argument also works for A\, = 1 = > .} P4,
provided 1 — > -, p, > 0. Since A > 0 for all G # @, the claim trivially also holds
for 1 =3 cr po = 0. The assertion then follows inductively for any H 2 G. O

The coefficients ¢(G, H) can now be calculated recursively as follows.

Theorem 3.27. The coefficients ¢(G, H) of (3.42) are determined by ¢(G,G) =1 and
o ZH;)KZ_)G c(G, K) "M (K, H)

G,H) = 3.46
C( ’ ) )\G _ )\H ( )
for H 2 G. The coefficients of the inverse transformation of (3.42),
Ty = > ¢(GH) Uy, withGCL, (3.47)
HOG
are determined by
c(GK)=- > (G H)HK), (3.48)
KDHDG

for K 2 G together with ¢*(G,G) = 1.

Proof. Considering (3.44) with ¢(G, G) = 1, comparing coefficients for T, H 2 G, and
observing (3.45), one obtains

(G H) + (G Ay + Y elGK) DK H) = A e(G, H),
H2K2G
and the recursion for ¢(G, H) follows. It is always well-defined for all H 2 G, since

Aq < Ay by Lemma 3.26. The recursion for the coefficients of the inverse transfor-
mation follows directly from

Tp=Y (GHUz=> ¢(GH) > cHK)Tk

HDG HDG KDH

=Y Tx Y. ¢(G.H)c(HK),

KDG  KDHDG

which enforces -~ y5q ¢ (G, H) ¢(H, K) = g ¢, as the Ty are distinct. O
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We now identify those T, that already give diagonal components of the discrete-time
System:

Theorem 3.28. For all G C L that satisfy |I¢| < 2 for all i € {0,...,|G|}, one has
Ta(2(p) = AaTa(p)
for p e P(X).

Proof. In this case, we have (3.41) for all K 2 G, hence 2(G, K) = A;0g ¢, from which
the assertion follows via Theorem 3.23. O

Note that |IZG | < 2 for all IZG € L simply implies that each segment consists of at
most three sites, hence all segments can be reduced to the simple cases considered in
Section 3.3. Then, for such G, ¢(G,H) = ¢*(G,H) = 6, y for all H O G.

Remark 3.29. With Theorem 3.28, one particularly finds for p € P(X):

Tp(@(p)) = Ti(p)
Tiniay (@) = (1= pa)Tp\(ay(p) forallae L.

T @(p)) {(1 — Pa — Pg)T1\{a,6}(P) for a, B € L adjacent.

M8} (1= po)(X = p3)Tr\{a,y(P)  for o, B € L not adjacent.
With the help of this transformation, we can finally specify the solution p, of the re-
combination equation in terms of the initial condition p,. To this end, we first use
the transformation (3.12) from the recombinators to the T, operators, and then rela-
tion (3.47) to arrive at the U, operators, which finally diagonalise the system according

o (3.43). Finally, we use the appropriate inversions to return to the recombinators:

Py = ‘pt(l)o) = R, (@ (po)) Z To(® Z Z (G,H)Uy (P (Po))

GClL GCL HOG
= Z Z (G, H)Xyr Ug(po) Z Z (G, H)\y Z c(H, M) Ty (po)
GCLHOG GCL HOG MoH
= Z Z C*(G7H)X}{ Z C(H7 M) Z (_1)|T7M‘RT(pO)'
GCL HoG MoH ToM

(3.49)
The coefficient functions can now be extracted as follows.

Theorem 3.30. The coefficient functions aq(t) of the solution (3.15) of the recombi-
nation equation in discrete time may be expressed as

ag(t) = Y (=DICMN" N e(H, M) Ny ¢ (K, H) (3.50)
MCG HCM KCH

for all G C L. Here, c(H, M) and c¢*(K, H) are the coefficients of Theorem 3.27. O
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Finally, we have arrived at a closed expression for the coefficient functions of our recom-
bination model (3.7). Still, its corresponding coefficients ¢(H, M) and ¢*(K, H) from
(3.50) have to be determined in a recursive manner according to Theorem 3.27. Let us
discuss the path to an explicit solution of the recombination dynamics model via the
above chain of transformations with an example.

Example 3.31. To illustrate the construction let us spell out the example of five

sites. We have S ={0,1,2,3,4} and L = {2, 55 2, ;} the corresponding recombination

probabilities p,, o € L, A\;j; =1 —p, — p3 —ps — pz, and a given initial population py.
2

2 2 2
Aiming at determining the coefficient functions a(t) for all G C L, we can immediately
write down ay(t) = A, a,(t) = (Mg + pl) — AL, a7() ()\ + p7) — AL and

2
A1z (t):)‘%_()‘Q‘FP%) (Ag “’P%) ()\ +P1 +P7) see (3.20).
If we wanted to determine the remaining coefficient functions a,(t) for a given time ¢,
they could be calculated using the method of Geiringer [24] (i.e. Theorem 3.7). But
since we aim at a closed solution for all t, we use the procedure developed above. To
determine the coefficients of Theorem 3.30, we have to calculate the corresponding
¢(G,H) and c*(G, H) Theorem 3.27 and 3.28 imply Uj, = T}, Uy, 1y = T} g4y for all
a € L, UL\{aﬁ} = L\{ 81 for all o, 8 € L, as well as U3 =T and U5 = T5 Hence,

2
in these cases, the only non—vamshmg coefficients are c(L L) =c¢(L\ {a} L \ {a}) =

e(L\{o, B}, L\ {o, B}) = c({2}.{3}) = c({3}.{3}) = 1 for all o, B € L. It remains to
determine U,, U; and Uy.

1. Constructing U, :
2

The recursion starts with ¢({3},{1}) = 1. Following (3.41), 2(®)({}, H
for all H O {3} except for H = {1, 2}, and thus the only non-zero c¢({
H2 {3} is

) =
}7H)

1
2

1y [1 5 2({3}.4{3,.3) Pz
c({3h{5.3}) = A=A s _p%+p%p%a

1 1
2 272

where we have used the recursion (3.46) together with A\, =1—p3 —p; —p; and

2 2 2 2
)\{l 5y = (I — p3) (1 — pz). So, for the transformation (3.42) we obtain
272 2 2
P%P%
U, =T T
N ps +psps 331
2 2 2
so that U, o® = (1 — ps — ps — p7)U,. Analogously,
2 2 2 2
P1Ps
U, =T 22 T
P e, D)
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2. Constructing Ug:

By (3.41), the only non-vanishing coefficients are ¢(@, @), c(2,{2}), ¢(2,{5}),
and ¢(@,{2,3}). They are determined by the recursion (3.46) and lead to the
following transformation (3.42):

é
2

(p

P1)
p

+ wI\I

(SR

pi(p
2
ps+p

3
2

Uy =T,+

[Sl[e

1
2

Now that we know the ¢(G, H), the coefficients ¢*(G, H) are calculated via (3.48).
Finally, the remaining coefficient functions follow from Theorem 3.30:

3
as(t) = 2 A — AL
1) P;(P§+P1)+P§( ;)
2 2 2 2
Ps . .
as(t) = 2 A5 — A
5 Pz(ﬂ;‘i‘/)g)""ﬂg( ;)
2 2 2 2
1 s () = ALy g — Nb — s (O, —AL)
{33} {5:5} 2 pi(ps+pz)+ps 2 a7
2 2 2 2
pg t t pg t t
a =2 (X, L) — AL — L),
P3 +P5 . P3 . Ps .
a t — 2 Ay — 2 A
pp®= piP:+ 05+ (5.3} pi(ps +p1) +py : pr(py+p5)+ps 3
(p; +p%)p% (pg +p%)p% PiPs )
+(1- = + )AL
pr(pr +ps)+ps  pilps +pr)+ps  pipr+ps+ps/) 7
2 2 2 2 2 2 2 2 2 2 2 2
p% t t p% t t
a £ = Ay ol — L) — AL — AL,
30 P1Ps +pg( @n = p. (s +p;)+pg( o)
t t pé t t
)=y 0 — AL - 2 o — L),
a{%,%}( ) 532 73 pr(pL +ps) —i—pé( 3 o)
2 2 2 2
(1135(t):)\t135 —>\t13 — 'Og (At15 —>\t1)— p§+p% >\t35
{333} {333} {33} Ps + P3Pz {33} 2" Pzt ps T pLpg {33}
2 2 2 2 2 2 2
P3 Ps
+ 2 )\t + 2 )\t
Pé(ﬂg‘*‘ﬂg)“'ﬂ% 3 P%(P%‘{'P%)“'Pg 3
< (P% +P%)P% (Pg +P%)P% P%P% \
_(1- _ + ) ,
pr(pr +ps)+ps  pilps +po)+ps  pipr+ps+ps g
2 2 2 2 2 2 2 2 2 2 2 2
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IS
—
NI
wlw
[SIEN]
—

—
~
~—
>
—~+

and

)2,

where the A are given by (3.45).

At the end, we are concerned with the asymptotic behaviour for large iteration numbers.
In doing so, we first need the following property of the coefficients.

Lemma 3.32. The cocfficients ¢(G, L) and c*(G, L) satisfy c(G,L) = ¢*(G,L) = ¢ 1,
for arbitrary @ C G C L.

Proof. We have ¢(G,G) = ¢*(G,G) = 1 for all G by Theorem 3.27. The claim for
¢(G, L) now follows from the recursion (3.46) together with Corollary 3.25. Inserting
this into recursion (3.48) establishes the relation for the ¢*(G, L). 0
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Finally, let us consider what happens in the limit as ¢ — oc.

Proposition 3.33. The solution p, of the recombination equation (3.7) with initial

condition p, satisfies
n

t—o0
P —— Ry (py) = ®(7Ti-170) )
1=0

with exponentially fast convergence in the norm topology.

Proof. When expressing p, in terms of Uy according to (3.49), we first observe p, =

U, (py) + ZGgL > (G H) Ay Uy (pg), because A; = 1 and ¢*(G, L) = g1, by
Lemma 3.32. Since U; = R, we obtain the following estimate in the variation norm

Ipe = Ropo)l = | D2 3 ¢ (G H) NyUn o)
GCLHDG
<> | 2 ¢ @) Uy )| == o,
HCL
which establishes the claim since A\;; < 1 for H # L. O

As was to be expected, the solution of the recombination equation converges towards
the independent combination of the alleles, that is towards linkage equilibrium. This is
a well-known result that has been proved by many authors with their respective models
of recombination, see for example [3, 11, 12, 25, 69].

Despite the construction of a solution to the recombination dynamics in an instructive
way, we are still left with the question whether there might be a more direct approach
to the solution, i.e. a solution that does not employ recursions like the one from
Theorem 3.27. If we have a closer look at the explicit solution from Example 3.31,
a systematic pattern does not seem to be directly perceptible. If we even go beyond
five sites, the recursions become more and more involved, and the arising coefficient
functions do not give any hint at what they are actually describing, i.e. what is actually
happening within the dynamical system. After we have investigated the recombination
model in detail, this result is thus not perfectly convincing. Therefore, provided with
the knowledge about the recombination process from this chapter, we next set out to
search for a closed expression for the coefficient functions a(t) without the need of
a transformation. In doing so, we will view the recombination process from another
perspective.



Chapter 4

Recombination and ancestral
recombination trees: an explicit
solution

In this chapter, we develop a new approach to an explicit solution to the determinis-
tic recombination dynamics (3.7). In doing so, we formulate the underlying stochastic
process of the finite population counterpart of (3.7). This allows us to trace recom-
bination backwards in time resulting in binary tree structures, the so-called ancestral
recombination trees, which are then used as a tool to state an explicit solution to the
dynamics.

The technique of looking backwards in time is extremely popular in population genetics
these days. When investigating the evolution of a population that is formed by a
complex process, the idea is to find an associated process (the dual process) with a
preferably simpler structure than the original one. This dual process might then be used
to infer information about the original evolutionary process. In population genetics,
these dual processes are primarily backwards processes concerning the genealogy of a
population. Arguably the most famous backwards approach is the coalescence originally
introduced by Kingman [43] in 1982, where lineages of a sample of individuals from a
present-day population are traced backwards in time. On a more abstract level, the
usage of dual processes is strongly related to the study of interactive particle systems,
for a good introduction refer to [16].

Unless otherwise stated, we will use all notation from Chapter 3 including those de-
scribing gametes, types and recombination probabilities.
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4.1 The finite population counterpart: the Wright-Fisher
model

When dealing with finite populations, the changes in the genetic structure of the pop-
ulation are due to a stochastic rather a deterministic process as we have formulated
in the previous chapter. These variations due to the stochastic effect of sampling are
commonly known as genetic drift. A well known and, owing to its simplicity, com-
monly used model in finite population genetics is the so-called Wright-Fisher model
(Fisher [21], Wright [70]). Although several versions of the Wright-Fisher model exist
(see [19] for a good overview), which incorporate different evolutionary forces, there
are two basic characteristics common to all. The first is that the finite population
size is assumed to be constant. The second is that the population evolves through
non-overlapping generations whereby, at each time step, the entire population dies and
is replaced by its offspring. The offspring are sampled from the parental generation
with replacement and equal probability, i.e. Wright-Fisher models exhibit a ‘multino-
mial sampling characteristic’. They are commonly formulated as discrete-time Markov
processes.

In our case, the dynamics of a finite population that evolves solely due to single-
crossover recombination can be described by the following Wright-Fisher model, see
also Figure 4.1.

Wright-Fisher model with single-crossover recombination

The model assumes each generation to be of constant size N. Each individual lives
only one generation and dies after the offspring are produced. In each generation,
each offspring individual chooses its parent(s) independently according to the following
scheme:

e with probability 0 < 1 -3 ., p, < 1 a single parent is selected uniformly at
random from the previous generation;

e with probability p, > 0, a € L, two parents are chosen uniformly and randomly
to recombine at link «, this giving rise to the corresponding recombined offspring
(with the leading segment from the first and the trailing segment from the second
parent).

We denote the population at time ¢ by

Z, = (Z,(x))zex € E := {v counting measure on X|||v|| = N}, where ||.|| denotes total
variation norm and Z,(z) is the number of individuals of type z at time ¢. We will also
need the corresponding normalised quantity Zy = %Zt. It is clear that an individual

A~

that recombines at link o € L in generation t draws its type from R, (Z,_;), and a
non-recombining individual draws its type from Z, | = Ry(Z, ;).
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bt
R | > _

Figure 4.1: Wright-Fisher model with single—crossover recombination for N = 4.

The discrete-time Markov chain {Z,}sen, on P(X) may therefore be formulated as
follows:

e In cach generation ¢, let N, (t), a € L, denote the random number of new indi-
viduals that are created from the previous generation with recombination at link
a € L. Analogously, N (t) is the number of individuals that are sampled without
recombining. Clearly, they follow a multinomial distribution:

(Ng (), N1 ()., Now s (£) ~ M(N, 1= pp.psa,-ospans), iid for all .
2 2 el 2 2
(4.1)

e In generation ¢, the subpopulation Yﬁ(t) of individuals that experienced recom-
bination at link 8 € L or no recombination (indicated by § = &) is given by

Y(t) ~ M(N3(t),R3(Zi-1)), BELor B=2. (4.2)

e Finally , we obtain Zt via

7, = %Y@(t) + %%Ya(t) . (4.3)

Next, we show that the infinite population limit (IPL) from the above model, where
we let N — oo without rescaling any other parameters so that we lose the stochastic
effects of sampling, indeed results in our deterministic model (3.7). First of all, we
obviously have for all t € N

N, (t Ny (t
QT()Mpa,OéGL, and %M1—Zpa a.s. (4.4)
acl
due to the strong law of large numbers. Furthermore, for 8 € L and § = @, Ng(t) = oo
for all t € N as N — oo a.s. and thus
Yﬁ(t) N—ro0

N Ry(Zi-1) as. . (4.5)
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As a consequence of (4.3) (4.4) and (4.5), we have

. Nyt N
Zt_ N Ng Z N N - Zpa Zt 1+Zpa Zt 1 a.s. .
acl aclL
(4.6)

This result already motivates the deterministic recombination dynamics from (3.7), and
indeed we can prove that (3.7) describes the infinite population limit of the stochastic
process:

Proposition 4.1 (Infinite Population Limit). Let {ZAt(N)}teNO, N = 1,2,..., be the
family of processes defined by (4.1), (4.2) and (4.3), with initial states such that
im0 ZO(N) = py- Then, for every given t € Ng, one has

lim sup|Z™Y) —p|=0 a.s, (4.7)
N—oo g<¢

where py, = D°(p,) denotes the solution of (3.7).

The corresponding situation in continuous time is covered by the very general law of
large numbers by Ethier and Kurtz [18, Thm.11.2.1], but no such general result seems
to be available in discrete time. Let us therefore include the few lines of proof here:

Proof. of Prop. 4.1 We can write ZSN) = py + €y and Z(N) @(Z(N)) +¢e fort e N,
where {e, }en, is a sequence of real-valued random variables. Due to (4.6), we can
always choose N such that for any given ¢ € Ny and ¢ > 0, |e,| < € holds (almost surely)
for all s < ¢. Since @ is globally Lipschitz (it is differentiable and its domain, P(X),
is compact), the claim then follows directly from a discrete version of the Gronwall
lemma, compare [29]. O

Remark 4.2. We can also recompute the proof of Proposition 4.1 to make the assertion
explicit:

Using the same assumptions as in the above proof, we can define e, := |2§N) —py| as
the deviation between the stochastic process (defined via (4.1), (4.2) and (4.3)) and the
deterministic process (3.7). Inductively, we then obtain

60:|A(§N)—p0| <€
~(N (N
e1 =2 = pi| = |8(Z57) + &1 — B(pg)| < Llgo| + |24
~(N (N (N
ey = |28 = pol = |B(ZS) + &5 — B(py)| < LIZ) — py| + |ea] < L2[eg| + Lley| + |e]

Lt+1

ZLJ\a | <ZLJ€_7 £,

where we use that @ is Lipschitz with Lipschitz constant L # 1 (the case L = 1 obviously

also yields the assertion) and the above explanations for that Z( ) = @(Z(N ) +¢&; for
t € N together with |eg| < e (almost surely) for all s < t.
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Note that the convergence in (4.7) applies for any fixed ¢ € Ny, but need not hold as
t — oo. Indeed, the asymptotic behaviour of the stochastic system is fundamentally
different from that of the deterministic one: Due to resampling, the Markov chain is
absorbing (in fact, it experiences fixation of a single type with probability one in finite
time). In contrast, the deterministic system never loses any type, and the complete
product measure with respect to all links in L is obtained as the stationary distribution
(linkage equilibrium), see Proposition 3.33.

After we have defined the underlying stochastic process to the deterministic dynamics,
we will pursue the stochastic perspective in the following and look at recombination
backward in time, which will lead us to the coefficient functions in closed form. This
will be subject to the next section.

4.2 Ancestral recombination process

4.2.1 The ancestral process

In the ancestral recombination process, we follow the ancestry from a selected individual
from the population that evolved according to the Wright-Fisher model as described
by (4.1), (4.2) and (4.3). To this end, we start with an individual in the present pop-
ulation at time ¢ and let time run backwards, as illustrated in Figure 4.2. Whenever
a recombination event occurs, the genetic material of the individual has different an-
cestors and the genealogy bifurcates into two parts (i.e. leading and trailing segment
of the respective ancestral material), and the ancestry of both parts is followed back
from then on. Note that these parts only consist of (distinct) subsets of all sites, in
particular they are joined with non-ancestral material which is of no significance for
our process. As long as the (constant) population size N is finite, two parts that have
been separated due to recombination may come together again in the same individual,
i.e. the genealogy may coalescence. In population genetics, such a graph that takes
into account coalescence as well as recombination events is called ancestral recombina-
tion graph as described in [28, 34]. In common literature [28, 34, 54, 46|, the general
sample size of individuals (or sequences) is considered to be greater than one. Usually
for all these processes that involve coalescence, see e.g. Kingman [43], the population
size is also considered to tend to infinity, but time as well as other parameters, such
like mutation rates, are rescaled. Therefore, the ancestral process we are considering
crucially differs from the commonly known processes. We consider the ancestry of the
genetic material of a single individual to trace back the history of the segments it is
composed of due to recombination. Indeed, we can ignore coalescence events when N
tends towards infinity since we lose the resampling effect:
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b Lo
\ \ _

Figure 4.2: Ancestries for two individuals from a Wright-Fisher population. We trace
back the ancestry of the segments present at ¢ = 2; the thin black lines indicate non-
ancestral material whose history is not relevant. The left graph refers to the second
individual from Figure 4.1; here the two segments go back to two different ancestors.
The right graph corresponds to the third individual from Figure 4.1. Here, two of
its three segments have the same parent due to a coalescence event. In the infinite
population limit, such a graph does not occur; rather all possible ancestries will be
given as binary trees.

Fact 1. In the ancestral process described above, the probability that no coalescence
occurs in the genealogy of a given individual tends to 1 as N — oo.

Proof. 1t is clear that only recombination events that take place within the ancestral
material are relevant. As shown in Figure 4.2, at every such event, the leading and
trailing parts of the respective ancestral material are separated into two randomly
chosen parents; otherwise, the parental situation remains unchanged. Independently
of N, the maximum number of segments an individual may be composed of is |L| + 1
(i.e. in case each link has been hit by recombination). Thus, the probability that all
segments have different parents is greater or equal than

1 2 _B) N—oo 1.

L(l-5) (=5 (1=

O

Therefore, each genealogy for one selected individual is given by a full binary tree (i.e.
a tree, where each internal node has either none or exactly two children nodes) in the
limit N — oo, see also Figure 4.2.

4.2.2 Segments and the segmentation process

As we have seen above, the segments an individual is composed of are gradually sepa-
rated from each other in the ancestral process. This motivates to consider the following
process of progressive segmentation (which will turn out to coincide with the ancestral
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process in the limit N — 00): The complete segment that represents the entire chromo-
some is characterised by the full set of links L = {%, R 2"2_ 11 (and the corresponding
sites S = {0,...,n}). If we follow back the ancestry of an individual that has experi-
enced recombination at all links in G = {aq,... ,a‘G|} CL o <oayg<---< Qg We
obtain the genealogy of all the segments it is composed of. These are captured in the
tupel

L= ({a:%§a<a1},{a:a1<oz<oz2},...,{oz:oz|G‘<oz§2"51}):E(GL),

just as we have already seen in Section 3.4, compare (3.25) and see also Figure 4.3.
Again, we here use the upper index L to indicate that we consider the segments derived
from the complete set L (but we will omit it if this is obvious). Different from the
notation in Chapter 3, we only need the corresponding links to characterise the segments
what makes the treatment in the frame used here less cumbersome.

This progressive segmentation can then be described by the following process:

3
2

DUt
D[~
N[©

1
2

{3}

N[
—
(N[5
NSJEN]
—

,%} and G = {3 9}: the three corresponding

Figure 4.3: Example for L = { 5.5

1
segments of L¢ = ({3}, {3,%}, Qﬁ.
Definition 4.3 (Segmentation process). The segmentation process is the discrete-time
Markov chain {F,}en,, where F, takes values in the power set of L according to the
following rules. We start with Fy = @. Then, if F, = G, every segment J € Lg, inde-
pendently of all other segments, either remains unchanged (probability 1 — 3" 7 p,)
or is cut at a single link, namely at link o € J with probability p,. F,,q is then the
union of G and the set of all freshly cut links. That is,

@, with probability 1 — " .7 po
{a}, with probability p,, for all a € J.
(4.8)

Ft+1:FtU(U Ay, whereAJ:{
JeLa

Note that, as in the Wright-Fisher model (and its deterministic limit), the links are
not, in general, independent; however, the backward point of view adopted here reveals
(conditional) independence of the segments. This will turn out as a key to the solution
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(just as the independence of links was the crucial ingredient to the explicit solution of
the continuous-time dynamics). One important property of the segmentation process,
which reflects the conditional independence, is the probability that nothing happens in
one time step (i.e. all currently present segments are not cut):

P(Fy =GIF,=G) = [ 0= p) =23 foGCL. (4.9)
JEE(GL) acJ

Thus, we rediscover the lambda coefficients from the diagonalisation process (3.45)
from Section 3.6. As before, the upper index specifies the set of links the corresponding
segments are derived from. Analogously, these coefficients are defined on any segment,

i.e. on any contiguous set I C L, as )\g) = HJGE(I) (1=>"pcs Pa), H C I. In particular,
H

11 2y (4.10)

rect)

We have constructed the segmentation process so that its time reversal is the process
that gives rise to an individual pieced together from various segments due to recom-
bination, i.e. for F, = G, G C L, the outcome of the forward process is an individual
that experienced recombination at the links of G. It is thus more than plausible that
ac(t) = P(F; = G) for all G C L; this will be formally proved later on (see Proposi-
tion 4.14). This means, a(t) is the sum over the probabilities of all possible paths of
the segmentation process that lead to F, = G. For G = @, ay(t) = AL follows directly
from (3.19).

To further explain this, let us continue with an example.

Example 4.4. For four sites S = {0, 1,2, 3} with the corresponding links L = {%, %, g},

we consider the coefficient function a,, 5, (t), i.e. the probability that until time ¢
272

exactly the links 2 and 2 have been involved in recombination. Solving (3.19) explicitly

on the one hand (or with the help of Theorem 3.30 from Section 3.6), and considering

the outcome of the segmentation process (4.8) on the other hand, one indeed obtains

ay

)

=

2

—2
N2k _ k i\t
B0 =pyp %Z M ey (o) 200 D AN
=P(F, = %,g} .

With reference to the segmentation process, this corresponds to summing explicitly
over all paths of the trees of Figure 4.4. Here, the two sums reflect the order of the two
separating events: The first term takes into account that link % is the first to be cut,
the second that link % is cut first (time backwards). The respective lambda coefficients
(4.9) ensure that nothing happens during the time between these separating events. All
different time combinations are captured in the respective sums. In the case where % is

2

the first separation event, the additional factor )\(g = (1—p;) is required to guarantee
2
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o— 1 __ 23 - 11— 23
\t-2—k—i T T T T T T \t-2—k—i
3.3y . , . - 5.3}
p P _
E g ~0 7 ey ]
0 — 123 01 23
» | | | [
2 2
0 — 123 01— 23
p
0123 0123
AL T Ak
0123 0123

Figure 4.4: Two possible ways of the segmentation process resulting in F;, = {%, %} The
left panel refers to the first term of P(F, = {%, % ), the right one to the second. Here,
this corresponds to the two possible histories of an individual present at time ¢ that
consists of three segments due to recombination at the links % and % and explains the
structure of the coefficient function a,, 5, (t). The arrows point in backward direction
of time in accordance with the ancestrQalQrecombination process.

that at the time of the second separation event (at link %), the segment described by

link % remains unchanged. The corresponding term for the other case is )\(;) =1

Obviously, P(F, = G) may be understood as a sum over tree topologies and branch
lengths, i.e. we are concerned with all possible ultrametric binary trees that can be
produced by the segmentation process, where each internal node corresponds to a sep-
aration event. We will show in the following that it is sufficient to deal with all tree
topologies that belong to these ultrametric trees.

4.2.3 Ancestral recombination trees

We aim to state each coefficient function in terms of all corresponding binary tree
topologies, i.e. we want to assign probabilities to each binary tree so that we can state
each coefficient function as a sum of these probabilities. Let us anticipate that we will
be able to evaluate the sum for each topology explicitly; for Example 4.4, this will
result in

P1
P(F, = {%, %}) = P(Tree 1) + P(Tree 2) = <()\t _ )\%)ﬁ _ ()\t% _ )\tg))

3

(S

p Ps
+<()\t%,g —At@)m—(ﬁ—)\%),\ =

z

Nl
- N

3
2

(S

where Tree 1 refers to the tree topology of the left and Tree 2 to the topology of the
right tree of Figure 4.4.

Let us now state a suitable definition for our tree topologies.
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Definition 4.5 (Tree topology). For @ # G C L, a (binary) tree topology is defined
as T := (G, m), where G signifies the set of internal nodes, and in particular v € G
designates the root of the tree. The function m is given by

m: G— GU{r}
a— m(a),

with m(a) denoting the (unique) ancestor of the internal node o € G. Since obviously
v has no ancestor, we define the function m for v as m(y) =r.

Thus, T = (G, m) has the internal nodes o € G and the corresponding internal edges
E = {(m(a),a)la € G,m(a) # r}. For later use, we also introduce the additional
external edge (r,7) that leads to the root 7. Note that we have not included the
(external) leaves (and corresponding external edges) in our definition - what is rather
unusual- since they will never be required explicitly. Thus, in particular for G = &,
the only tree topology is the empty tree (with no nodes).

Example 4.6. For G = {¢;,...,a5} C L, we consider the following tree topology
T = (G,m) with m given as m(a;) = ay, m(ay) = r, m(ag) = ay, m(ay) = o,
m(as) = oy. The corresponding tree is shown in Figure 4.5.

It is commonly known from combinatorics that the number of full binary trees with n
!
internal nodes is given by the n—th Catalan number C,, with C,, = _n)t Hence,

nl(n+1)!"
for any G C L, we are dealing with C| G| different tree topologies.

We will need the following partial order on 7.

Definition 4.7 (Partial order on T' = (G, m)). A partial order < on a tree topology
T = (G,m), G C L, with v € G denoting the root of T, is defined as

a = B <= a is on the path from ~ to B i.e. a = m'(B) for somei € {0,...,|G|}.

Obviously, v is the minimal element of G with respect to <. Each edge of a particular
tree topology can be associated with a certain segment. Hence, we define for T' = (G, m)
and each o € G, o # 7:

I(T) = A€ Lippzay st a€A.

Thus, I, (7T) identifies the contiguous subset of links that is associated with the internal
edge (m(«),a) such that, at this stage, I(7) is independent of all other links and
describes the segment that will be next cut at link « (given the topology T'). For the
root v, we particularly define I,Y(T) := L. An example for this is given in Figure 4.5.
Note that, with the specification of I (T) := L = I (independently of T'), all I,(T’),
« # 7y, are uniquely determined via 7. From now on we will suppress the dependency
of I,(T') on the tree topology T for reasons of simplicity and write I, instead of I (7).
Next, we will define subtrees.
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Figure 4.5: Tree topology T' = (G, m) for G = {ay,..., a5} from Example 4.6. Each
(internal) edge in the tree is identified with a certain segment. Here, we have I, a, = Ly,
Io, =L, Io,={v+1,...,05,...,04 =1}, I, = Ly and Io; = Lo, .

Definition 4.8 (Subtrees). Given T = (G, m), @ # G C L, then for any H C L a
subtree of T is defined via T,,(H) = (Go(H), mGE)) for every a € G, where

G,(H)={eGla<p andh 43 VheH witha 3 h}

and m @) s the restriction of m to G, (H). We again define m(G=)(a) = r as
before for the root of the respective subtree.

Obviously, G, (H) depends on the topology T (due to the partial ordering), but again
we omit to indicate this for reasons of simplicity. The set of links associated with the
edge that leads to any node f3 of a subtree T,,(H) is 14(T,,(H)) = 14(T).

Example 4.9. Let us consider the tree topology T = (G, m) from Example 4.6. We
then obtain for H = {ay,ay, a5} subtrees T, (H), i = 1,...,5, with the following
internal nodes: G, (H) = {ay}, G,,(H) = {ay, 3,04}, G, ,(H) = {az}, G,,(H) =
{az, a4} and G, (H) = {as}. The corresponding subtrees are shown in Figure 4.6.

T,,(H) T, (H) T,,(H) T, (H)

Figure 4.6: Subtrees for the tree topology from Example 4.6 with H = {ay, ay, a5 }.

Before we come to the final theorems, we first need the following elementary, but useful
variant of the geometric series:
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Lemma 4.10. For a # b, one has

bn+1 o anJrl

;aibn—i — — ]

Proof. A simple calculation reveals:

Zaib”*i:b”(1+g+...+( .
— b 3
=0

Sl S]

After we have introduced all notation that is necessary to understand the structure of
the solution, we can now finally state the probability for each tree topology as follows:

Theorem 4.11. The probability for the tree topology T = (G,m), G C L, under the
segmentation process from Definition 4.3 is given as P,(T) = (A(@L))t for G = &, and,
for G # @, as

P(T) = > (=) [OE ) = 05 Fr 1), (4.11)

yeHCG

where, for H C G,

(T H) =[] 9(T,(H)) (4.12)
aclG
with 0
g(T) = —2L—  forall T =(G,m), G# @, with root vy € G,
)\G - )\@
so that in particular
o Pa
9T, () = oy (4.13)
Ga(H) g

The segmentation process from Definition 4.3 is a Markov chain that can be viewed
in the forward as well as in the backward direction (in analogy with the Kolmogorov
forward - and backward equations for continuous-time Markov chains, see [2]): In
the forward direction, the growth of the corresponding ultrametric tree is at the tree
top. Here, the external branches are extended in case a segment is not affected by a
separation event and split up, respectively, when a separation event occurs. Conversely,
in the backward direction, the tree grows at its base, i.e. the branch leading to the root
is extended and the two corresponding subtrees merge, respectively. The independence
of the segments turns out to be advantageous when formulating the process in the
forward direction as in Definition 4.3. In contrast, in the backward direction, one only
has to deal with two objects, namely the left and the right subtree that emerge via the
first segmentation event (and are joined when looking back), instead of a possibly large
number of smaller segments at the top. This will be the advantageous point of view
for the proof.
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\ Y
Figure 4.7: Joining together the left and the right subtree with respect to the root

. Three different cases arise depending on whether the left and/or right subtree are
empty trees. These cases are treated separately in the proof.

Proof. of Theorem 4.11. We will prove the claim via induction by - proceeding from
top to base of a tree - progressively merging pairs of subtrees. In doing so, we firstly
need some properties that refer to this particular tree decomposition. Let us consider a
tree topology T'= (G, m), @ # G C L, for any set of links L. The root of T' is denoted
with v € G. In case v has two children nodes, then these are denoted with ' (on
L) and 7" (on Ls,). We then define the left subtree 7' of T as T = (G ., m(©<))
and analogously the right subtree 7" as T = (G>7,m(G>W)), both obviously with
less nodes than T. For convenience we will denote L., (Ls,) with L' (L") as well
as the respective nodes with G = Gy (G” = G+~,). In case v has none or only
one offspring node, we have to consider the empty tree as left and/or right subtree.
Consequently, the offspring nodes of root ~ are specified through the preimage of
from the function m, i.e. m~'(y) € {{&}, {7 },{7"},{7',7"}}. T can then be obtained
by joining these subtrees together at root v, see also Figure 4.7. With respect to the
segmentation process, this refers to the event when the complete segment L is first cut
at link v, taking into account that this might happen at any time j € {1,...,t}, i.e. L
is preserved for i = j — 1 € {0,...,t — 1} times while the respective topologies T' and
T" last for the remaining ¢t — 1 — ¢ time steps.

It is thus clear that

t—1
"

PUT) =Y (AS)ip Py g i (TB,y (T7). (4.14)
=0

Forall L =L UL"U {7} and all G cL',G" CL” we find due to the product
structure of the lambda coefficients, compare (4.10),

/ 1

(L) L) _ (L)
)\ ° AG// — AG/UG”U{W} . (415)
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Furthermore, Lemma 4.10 together with (4.13) implies

t—1
(Ta)vigy o) t—i—1 Pa (Ia) ¢ (a)yt
pa§ ()‘Q )()‘G H) N T (()‘G H)_()‘Q ))
= ~0 Aty =AY G (4.16)

I, 1o
= g(Ta(H)) (A5 ) = (A5
for all @ # G C L and H C L. For all m~!(y) C H C G one finds

GL(HU{(\O) = (1 U Gy(H) for CCm (). (4.17)
neC

An important property for the nodes of a subtree is the following: For all H C G with
H =G NH and H' :=G" N H one has
G,(H)=G,(H)=G,(H) foral acG and

1" 1! !

! 1 (418)
G,H)=G,(H )=G,(H ) foralaeG ,

so that consequently

T.(H)=T,(H) foral acG and

e e

T.(H)=T.(H") forallaecG .

e e

For all those H, this then leads to the following product rule for the function f(7', H)
from (4.12):

FIT H) = g(T(H) - [ o(To(H) T 9(Tu(H))

acd’ acq”
=g(T,(H) - [ 9T (H)) T 9(Th(H")) = g(T,(H)) f(T', H ) f(T", H").
acd’ acq”

(4.19)

Note that in case G = @ or G = @, the corresponding empty product is defined as 1
as usual.

We now continue with the proof via induction over |G|. In case G = &, the claim holds
trivially. For G C L such that |G| = 1, i.e. G = {7}, the left as well as the right subtree
are empty trees. Using first (4.14), then the result for G’ = G" = @, then (4.15), and
finally (4.16), we obtain

t—1 t—1 , ' . '
B(T) = D (A5 ) 0By (T (1) = D (5o, (A6 )T (G )
=0 =0
- L)\ ; L
= SO o, AP = g () (AP = (AG)).
=0

We then assume the claim to hold for all tree topologies 7' = (G, m) for all possible
set of links L and G C L with |G| < k for some k£ € N. Thus, we next turn to
G={ay,..., 1}, G CL,and fixed T = (G, m).
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T with root o

We consider the case that 71" has the root v = «a; such that the left subtree T  is an
empty tree while 7" has the root v € G, i.e. m~'(y) = {7"}. We then find

t—1
B(T) = > (A5 0By (TP (T
i=0
t—1 ’ " 1" "
L)\i L —1—q _ L 11— L 11— 7" 7"
= > O, O TS ) () = S pr i)
i=0 ’Y” EH” gG,// ~
t—1 .
= ( _\H -1 yt—1—i oy t—1—d Z "
; APy Z (=1) <)\GW((H”U{’Y})\{’Y”}) )\GW(H”U{’Y}))JC(T )
i=0 'Y” GHU QG”
o o ‘H//‘_l " " t N t " i
= ) Z (” 1) g(Ty((H U{vH)\ {v }))(AG'}/((H”U{’Y})\{’Y”}) )‘z)f(T JH )
vy eH" CG
_ Z (_1)|H Iflg(Ty(H” U {fYD)(AtG’W(H"U{v}) — X;a)f(T”’ H")
’y”eH’lgG’II
_ _ ‘H”I_l t o t " "
- Z ( 1) (AG'«/((H”U{V})\{V”}) )\@)f(T, (H U {7}) \ {7 })
’YIIGH//QGII
- > (A |—1(>\tGW(H,,U{7}) — Ao f(T,H U{y})
’y”eH’lgG’II
= > OO A AT H) = Y (DTG, ) — No) (T H)
YEHCG\Y" {vy"}CHCG
= > (_1)‘H|_1()‘tGW(H) =) f(T, H).
yeHCG

Here, we have first used (4.14), then the induction hypothesis, and then the product
structure of the lambda coefficients (4.15) together with the property (4.17) combined
with (4.18). Next, we involve (4.16) (separately on each term in the brackets), use
property (4.19) and finally change the summation variable. All topologies with root
Y = Qg can be treated analogously.
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T with root ¢ {al,a|G‘}

For a topology T' = (G, m) with root v = o, i = 2,...,|G| — 1, we have to consider
the left subtree T' with root ’yl as well as the right subtree T" with root 'y", ie
m~(y) = {7/,7”}. Proceeding exactly as in the previous case, we obtain

t—1

L i / "
Py(T) = Z()‘(z )) pfyptflfi(T )Py i(T)
=0
t—1 L) ’ L . L/ )
=Y 05, X " '*l(ug D) = O pr )
=0 v eH'cc’
B ‘H//‘fl (LN) 1 B (LN) 1 " .
<Y (RS L) S FICAN
’y”EH”gG” v
t—1 (L)
\H \+|H \ t—1—i
=20, D 2. (1 (A G (H' UH" Uy D\ 1)
=0 v eH' CG' ~'eH"Cq”
_ t—1—1 t—1—1 t—1—1 / / 7 7
Aa (o v ) T e ooy T A oo )@ H)FT )

- ¥ 3 ENARCAN

’YIEH,QG, NEH"CG”

<g(T (HUH U{yh)\ I D) (A (HUH SN A1) T Ae)

- g(T ((H UH"U YDA {7 })) ()\G.Y(H/UH”U{V}\{VH}) - )‘tﬁ)
—g(T(H UH U\ D) ()\tG,Y(H/UH”U{'y}\{'y/}) )
(T, (' UH" U)oy — V) ) T BT HY)

= > (VIO gy - X AT H)

YEHCG\{v' ~"}

- > (—1)|H‘()\2;7(H) —\,)f(T, H)
{v~'}CHCG\{y"}

- > (_1)IH‘()‘tGW(H) -, f(T,H)
{v/"YCHCG\{+'}

+ > (_1)|H‘_1()‘tGW(H) — ) (T, H)
{vy' A" }CHCG

=y (_1)‘H|71()‘tG,Y(H) — AL (T, H).

yeEHCG
(4.20)
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We have now stated an explicit formula for the probability of a certain tree topology
T, P,(T). To further show its special structure, we can explain the probability (4.11)
via subtree decomposition:

Definition 4.12 (Subtree decomposition). Given a tree topology T = (G, m) with root
v e G, @ #GC L, then each v € H C G describes a decomposition of T into
(non-empty) subtrees T, (H) = (Go(H),m' %)) o € H, each with root a € H and
internal nodes G, (H).

Obviously, there exist 21411 different decomposition of a topology 7" into subtrees, the
simplest being the one for H = {y} such that 7. ({y}) = 7, the finest the one for
H = G where each internal node a € G is root of a subtree. Another example for
subtree decomposition is shown in Figure 4.8. Using subtree decomposition, we can
also state (4.12) differently:

Remark 4.13. For any tree topology T = (G,m), @ # G C L , we can state (4.12) as

fra) =11 I a@s). (4.21)

acH BeG, (H)

Thus, as we can see from (4.11), to state the probability for a tree topology T', we have to
sum over all possible subtree decompositions of T', and furthermore, the structure of the
function f(T, H) (4.21) implies that all these subtrees are conditionally independent.

I\Qf)

Figure 4.8: Decomposition of a tree topology into three subtrees via H = {7, a,, a5}
such that G (H) = {ay,7}, G, (H) = {a3,a,} and Goy (H) = {og}.

Subtree decomposition also explains the four arising sums in (4.20) of the above proof,
le.

B(T) = S (DN gy~ M) AT H) — S ()G gy — ML) S (T H)

YEHCG\{v 7"} {7 YCHCG\{"}
- > (_1)IH‘()‘tG’7(H) —A)ATH) + Y (_1)IH‘_1()‘tG’7(H) — ) (T, H).
{v"YCHCG\{v"} {v' A'YCHCG

(4.22)
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Here, the the (non-empty) left subtree 7" and the (non-empty) right subtree 7" with
respect to the root v of T = (G, m) are joined together at 7. The induction ansatz
implies that we consider all Q‘G,‘*l subtree decompositions of 7" as well as all 2|GH|*1
subtree decompositions of 7. Consequently, there exist four possibilities to incorporate
{y} = G\ (G' UG") into each subtree decomposition (with respect to 7" and T") to

finally obtain all possible 2/¢1=1 subtree decompositions of the tree T' (see Figure 4.9):

e the subtree of the subtree decomposition of 7" that contains v and the subtree
of the subtree decomposition of 7" that contains 7" are joined together via 7y to
form one subtree as part of the subtree decomposition of T' (see Figure 4.9 a));
this corresponds to the first sum of (4.22).

e the subtree of the subtree decomposition of 7" that contains 7” is joined together
with ~ while the subtree of the subtree decomposition of 7" that contains ~'
remains a separate part of the subtree decomposition of T' (see Figure 4.9 b));
this corresponds to the second sum of (4.22).

e the subtree of the subtree decomposition of 7" that contains 7l is joined together
with v while the subtree of the subtree decomposition of T that contains ~”
remains a separate part of the subtree decomposition of T' (see Figure 4.9 ¢));
this corresponds to the third sum of (4.22).

e the subtrees of the decompositions of T' and T", respectively, remain unchanged
and v becomes the only node of a separate subtree of the subtree decomposition
of T (see Figure 4.9 d)); this corresponds to the fourth sum of (4.22).

These four cases, or more precisely, the set of nodes that belong to the subtree that
contains the root ~, correspond to the four different cases of (4.17) (assuming that
m~(y) = {7/,7”}). Analogously, the two arising sums in the proof for v = a; (and
Y= Qg respectively) can be explained in the obvious way.

After stating explicitly the probability for a certain tree topology, we furthermore know
that P(Fy = G) = 3 _p.r—(gm) Pt(T), G C L, holds for the segmentation process. Next,
we finally show that the solution of the recombination equation can indeed be stated
as the sum over all possible tree probabilities:

Proposition 4.14. For the coefficient functions of the recombination equation, one
finds
ag(t) =P(F,=G), foralGCL.

Before turning to the proof, we first need to express the coefficient functions on segments
(as we have done it for recombinators etc. in Section 3.4), i.e. for G C L, a € G, we
obtain

L Lea
> ag)on(t) = ag=l (), (4.23)
HgLZa
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a) \/ b) w c) w d) w

Figure 4.9: The non-empty trees 7 and T" are joined together at root ~ to give rise
to the tree T. With reference to the respective subtree decompositions of 7' and T,
there exist four possibilities to incorporate v to form a subtree decomposition of T
these are explained in the text.

where a(GL;“)(t) denotes the respective coeflicient function of the recombination dy-

namics on P(Xyx - x X o J) (and analogously for the segment L+, ). For consistency,
a(@g)(t) := 1. This is again a direct consequence of Proposition 3.2. We can then rewrite
the iteration of the coefficient functions (3.7) as

o (t+1) = A 0 () + 3 paal = (t)al>(t). (4.24)
acG

Analogously, the segmentation process can be defined on particular segments, as usual
we denote this by an upper index in brackets.

Proof. of Proposition 4.14
To prove the assertion, we show that ]P’(Ft(L) = G), G C L, indeed fulfils iteration (4.24).
For G = @, the claim is obvious. For G # @, we fix one tree topology T'= (G, m). T

then has root v € G and the corresponding left subtree T  on L, and right subtree
T" on L. We then find:

Pe (T Z Aoy Pei(T)P—i(T")
t—1 A
= Ao D Ao P (TP i(T") + py BT PUT") = AgPy(T) + p, (T )PUT") ,
i=0

where we again use (4.14) in the first and in the last step. Since this holds for all
tree topologies T' with corresponding left and right subtrees T "and T” as well as
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corresponding root v € G, we sum over all tree topologies (both sides) and obtain

PEH=0= Y Pu@=>x Y. BMO+ > pP(T)P(T")

T:T=(G,m) T:T=(G,m) T:T=(G,m)

T/:(G<,Wm(L<W)),
T//Z(G>77m(L>7))

=X Y. P+ p, > BT > (1)

T:T=(G,m) veG ! :T/:(G<ﬂ,,m(G<'Y)) T" :T”:(G>W,m(G>’Y))
L (Ley) (L)
- )‘QP(E( ) = G) + Z PWP(Ft = G<7)P(Ft = G>’y) .
veG

This obviously corresponds to the iteration (4.24), and since the initial value at time 0,
IF’(FéL) = G) = Xrr—cm)Po(T) = 0g, - compare Theorem 4.11 - is also fulfilled,
this proves the assertion. O

Proposition 4.14 finally explains the stochastic interpretation of the coefficient functions
from Section 3.3. Since the segmentation process keeps only track of the links that have
been cut until time ¢ with reference to a single ancestry, the fact that a,(t) = P(F;, = G)
justifies to interprete a(t) as the probability that the links that have been involved in
recombination in a single individual until time ¢ are exactly those of G.

The final result then follows directly from Proposition 4.14:

Corollary 4.15. The discrete-time recombination equation (3.7) has the solution

P =Y ag(t)Ra(py),

GCL
where
wlt)= 3 BAT) (4.25)
T:T=(G,m)
for all G C L and with Py(T) as given in Theorem 4.11. O

Thus, we have found an explicit representation for the solution of the recombination
dynamics. What we are still left with is to enumerate all possible tree topologies for a
given G C L, i.e. all C| G| different full binary trees.

Since trees - and in particular binary trees - are widely used structures that find a
lot of applications especially in computer science, there exist many efficient algorithms
to enumerate and generate them. Several of these algorithms also concentrate on full
binary trees since there exists a well-known 1-to-1-correspondence between all full (often
also called strict or regular) binary trees with n internal nodes and all general binary
trees with in total n nodes [71]. The general idea to enumerate all binary trees is
to represent each tree topology as a sequence of integers (or even as a single integer
number) through a bijection, and to develop an efficient algorithm to generate all
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appropriate (tree-representing) sequences and via them finally all possible binary trees.
The general procedure to represent a tree topology with n nodes by a sequence of
integers is the following described in [49]: each node is assigned a certain integer (e.g.
for our trees, the index of the corresponding link) and by traversing the nodes in a
specific order, uniquely determined n-tupels are obtained (some methods might even
require the use of two traverses [49]). Commonly used orders for such a traversal are for
example preorder traversal and inorder traversal, refer to [22]. For some methods, these
sequences are then converted into integers, which is usually referred to as ranking while
the reverse operation is called unranking. Indeed, there also exist methods that map
directly from trees to integers, see for example [62]. However, the choice of the most
efficient and appropriate method depends on the respective aspects that are essential
to the application. For example, the mapping to a single integer, which is usually from
the set of binary trees to {1,...,C,}, is of particular use if the trees should follow a
specific lexicographic order.

The first important work in this field was done by Knott [44] who encoded n-node
binary trees by certain permutations of {1,...,n}, the tree permutations. Furthermore,
he defined the (bijective) ranking function rank(T") to assign each binary tree a number
in the set {1,...,C, }. The inverse of this function rank=1(i,n) then returns the tree
permutation corresponding to the tree T" with rank(T) = i. Using this method, the
function can be used to generate all n-node binary trees. Zaks [71] represents full
binary trees with n internal nodes by 0-1 sequences of length 2n. He states conditions
for these sequences to be feasible, i.e. to let them have the property that there exists a
unique full binary tree that is represented by this sequence. Moreover, he proposes an
algorithm that produces all C), feasible sequences and thus leads to the generation of
all full binary trees.

Particularly interesting - since the procedure shows similarities with our segmentation
process - is the approach of Johnsen [38]. Johnsen generates full binary trees recursively,
starting with the full binary tree with only one internal node, by adding two descending
leaves to one of the trailing leaves of the current tree, a process he denotes with grafting.
As a result, he describes each tree that was obtained by this procedure by its unique
grafting sequence. Finally, he states a set of k — 1 inequalities whose integer solutions
define all possible grafting sequences for full binary trees with k internal nodes. This
allows the generation of all corresponding full binary trees.






Chapter 5

Outlook: The general
recombination model

5.1 Introduction and Notation

So far, we restricted our recombination model to the particular case of single—crossovers.
Even though this assumption is biologically justified in particular for shorter sequences
(due to interference), the next step would be to formulate a recombination model that
allows for any crossover event. While single—crossover recombination always leads to
an ordered partition of sites, this no longer holds for general recombination events (see
for example Figure 5.1). In connection with this, one of the main consequences of
multiple crossovers is that it is no longer sufficient to explain recombination events via
the links. Instead, we now have to describe recombination via induced partitions of
sites. From the biological point of view (based on the assumption that exactly two
parental gametes are involved in recombination), only partitions of the sites into two
blocks (where one parent contributes one set of the sites, and the second parent the
complementary set) have to be taken into account. In some cases (if only for the
reason of mathematical completeness), it might be useful to include even more general
processes of recombination that involve more than two parents. Despite its rather
contrived construction, this may have applications for example in models that seek to
explain cultural inheritance, compare [10]. For mathematical purposes, these models
have been already discussed by Dawson [14, 15] and Baake [4]. However, to exclude
the biologically meaningless cases, the corresponding recombination rates/probabilities

Figure 5.1: Effect of a double crossover between two types. In particular, the partition
of sites is not ordered anymore.
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can be set to zero.

In this chapter, a short introduction into the general recombination model and a first
impression about the dynamics as well as the arising similarities and differences with
previous results will be given. In doing so, we follow the same procedure as with the
single-crossover model(s) in Chapter 3. These should serve as a starting point and
motivation for further investigation of the general recombination model.

For the description of the general recombination model, we will need additional notation
for partitions, where we primary follow the notation in [1]. As mentioned above, we
only need the sites of S = {0,1,...,n} for modelling since the convenient ability to use
links is no longer sufficient.

A partition A of S is denoted by A = {A;,..., A4} or for short A = (A1[Az|... |4 4),
where the A; are the blocks or parts of the partition A. |A| denotes the number of blocks.
All possible partitions are collected into the set

X(S) == {(01...n),(0[12...n),...,(0[1|2]...|n)}, where in particular I = (01...n)
denotes the trivial partition that only consist of a single block while S = (0]1]2]... |n)
denotes the partition where each block contains exactly one single element. For conve-
nience, if the set of sites is clear, we will use the notation X(5) = .

Furthermore, there is a (well-known) natural ordering of partitions which is defined as
follows: for two partitions A,B € ¥, A < B means that every block of A is wholly
contained in a block of B. Then, A is called a refinement of B (or, B is a coarsening of
A), and =< is the refinement relation. Obviously, I € ¥ is the unique coarsest partition,
whereas S € X is the unique finest partition. For two partitions A, B € X, the finest
joint coarsening is denoted by AV B and the coarsest joint refinement by AN B.
Furthermore, a partition A of S induces a partition U on each subset U C S: for all
A€ A, either ANU = @ or ANU € U. This relation will be denoted by U = AU,
see also [15] where this notation is used. Studying the general recombination model,
induced partitions will be of significant importance.

Example 5.1. Let S = {0,1,2,3,4}, A = (023]|14) and B = (03|12|4) and U =
{0,1,2}. Then, AAB = (03|1|2]4), AVB = (01234), ATU = (02|1) and BAU = (0/12).

The union of induced partitions on all parts of a partition of S is again a partition of
S, indeed the following holds, compare [15]:

Corollary 5.2. Let A= (A|...|A,) and By,...,B, be partitions of S. Then
k

Usa)=c, (5.1)
i=1
where C is again a partition of S with C < A. Furthermore, for a partition B of S with

B < A, one finds
k

BT 4,) =B.

i=1
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As long as not stated otherwise, we take over all notation from Chapter 3 and 4. First
of all, we have to redefine the recombinators in terms of partitions.

The recombinator

In analogy to the definition of the recombination operator via the links as in (3.2), we
here define the recombinator for any partition A = (A1|Az|...[A)4) € X and for all
w e P(X) as

B | Al

Ryw)=@Q) (ma,w) - (5.2)

i=1
Analogous to the composite recombinators defined via set of links as in (3.6), we here
find
RjoRg= Ry,3=Rgo R, for arbitrary A, B € %,

which obviously includes Ri =R 4 We can now state a generalisation of Proposi-
tion 3.2 from Section 3.1, where the proof follows along the same lines:

Proposition 5.3. Let U C S and A € ¥ be any partition of S. Then, on P(X) the
recombinators satisfy

7. RA(p) = m. Rg(p) for all B € % with BAU = ATU.

0

The intuitive content of Proposition 5.3 is the same as for the analogue in Proposi-
tion 3.2. When projecting on the sites of U, the partition of the sites of the comple-
mentary set S\ U is of no relevance.

5.2 The general recombination model in continuous time

Let us start with the general recombination model in the IPL in continuous time since
this will make clear that the continuous-time single-crossover model discussed in Sec-
tion 3.2 is indeed a particular special case. We will show that the ‘nice’ properties
observed in continuous time get lost as soon as we allow for any partition of sites (i.e.
not only ordered partitions), and that the advantage of continuous time over discrete
time - as in the single-crossover case - vanishes.

Let p 4 > 0 denote the rate for a recombination event that corresponds to the partition
A e X. We set p; = 0 since the partition I corresponds to an ‘empty’ recombination
event (see (5.3)).



80 Outlook: The general recombination model

The general recombination equation then reads in analogy to (3.8):

Py = Z ﬁA(RA = 1)(py) (5.3)
I£Aex

starting from an initial distribution p, € P(X), where as before 1 = R; denotes the
recombinator that belongs to the trivial partition I = (01...n) € X. If we only
refer to biological plausible cases, we set p , = 0 for all A € ¥ with [A| # 2. Obviously,
we recover the single-crossover model (3.8) if we also set rates for unordered partitions
A € ¥ to zero. As for the single-crossover model (in discrete as well as in continuous
time), we expect the solution to be of the form

pe=Y_ as(t)Ra(py) (5.4)

Aex

with a4(0) = 04 ;, where again the a,(t) are the deciding coefficient functions. In
the following, we will show that this ansatz is indeed right and infer the corresponding
differential equations for the coefficient functions. To this end, we first aim to determine
R 4(p;) for any partition A= {A4;,...,A4,} € ¥ and thus calculate

Rap) = Ra(Y as®Rsm)) = map @ @74 b,

Bex
= 74, (D ag, ()R (po)) ®-@my > ag, (t)Rg, (po))
B,ex B,€x
= (X s, (0ma, R, 00) @+ 2 (D ag ()7, Ris, (o))
B,eX B, €X
= > g O ag (0)(7a R (o) @ @ A R, (o)
B,,...B,
= D, ag ). ag, (t) (WAIR(BlFfAl)u(BﬁAQ)u...u(BkﬁAk)(pO) 3
By,...B,

TrAk'R(BlﬁAl)U(BQﬁAQ)U...U(BkﬁAk)(pO))
- Z ap, (). ap, (t) (RA (R(rslFfAl)u(BQFfAQ)u...u(BkaAk))(p0)>

By,...B,
- . ZB ag,(t)- ... ag, (t)R(BlﬁAl)U(BQﬁAQ)UMU(BkﬁAk)(po) . (5.5)
B,

In the first five steps, we only use the ansatz for the solution p, from (5.4), the def-
inition of the recombinators as well as the linearity of the projectors. We then use
assertion (5.1) of Corollary 5.2 together with Proposition 5.3 since for C := (BlﬁAl) U
(ByTTAy) U...U (B, TTA,) € ¥ holds that CA A, = B, A, for all i € {1,...,k}. Af-
terwards, the definition of the recombinator is used, before employing A A C = C since
C < A. This allows to state the induced differential equations for the coefficients of the
solution (5.4):
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Proposition 5.4. The differential equations for the coefficients of the solution (5.4)

D= (Il X az0) =Y pasc® (5.6)

A-C AeA Zex: Aex
ZRA=CTH A

for each C € X.

Proof. Having the ansatz p, = >y, ag(t)Riz(py) for the solution of the recombination
equation, one infers

=Y PaRa—1)p) =D pa(Ra—1) <Z ap(t po)) = > de(t)Re(po)

Aeyx Aey Bex cex
(5.7)

The proof follows along the same lines as the proof of Theorem 3.7 from Section 3.3.
We compare coefficients for RC (pg) for a fixed C € X, where comparison of coefficients
is justified for the same reason as stated in the proof of Theorem 3.7. The effect of any
R, onp;, A= (A]...]A;) € %, is given in (5.5), where we only find a contribution to
Ro(py) if C < A, Lc. for those By, ..., B, with B, A, = CAA,,...B, 74, = CAA,
Additionally, 1(p,) contributes to R, (po) only for B =C in (5.7). Taking this together,
(5.6) is obtained. O

For completion, we show that the coefficient functions from (5.4) indeed form a prob-
ability vector:

Lemma 5.5. Let a(t) = (a(01~~~n)(t)""’a(0|1\---|n)(t)) denote the vector containing
all coefficient functions. Then the induced differential equations a.(t) = Fp(a(t)) —

> acs Palc(t), where Fo(a(t)) := 3 arc Pallacad N az(t), have a probabil-
CMA
ity vector a(t) as solution.

Proof. To prove the assertion, we have to show that
1. Fe(a(t)) > 0 for a(t) >0
2. Y ces Fela(t)) = > ces pe for a probability vector a(t)

1. obviously holds since p 4, > 0 for all A € ¥ and a4(t) > 0 for all Z € ¥ according to
the assumption. Furthermore,

SoFe@®) =YY" [I D azt0=> 0> ] D. az(t)=>_ pa;

cex cex A-C AcA ZeX: Aey C<AAcA Zey: Aex
ZAA=CTA ZAA=CTA

since for a fixed A € £(5) holds:

ZHZ%HZZ =11 > a0

CXAAcA ZeXx: AecAD=IeX(A) ZeX: AcA Zexn(S)
ZAA=CTA z A=D
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where ¥(A) denotes the set of all possible partitions of the sites that belong to A € A.

This proves 2. U

Next, let us have a look at the recombination dynamics of the general model, in par-
ticular in comparison with the corresponding single-crossover dynamics discussed in
Chapter 3. Again, we start with three sites.

5.2.1 Three Sites
We consider the recombination model (5.3) for three sites S = {0,1,2}, with taking

into account 5 possible partitions of sites. The differential equations for the coefficients

of the solution are (compare (5.6)):

a(12)(t) = —(P(oj12) + Pro12) + Prozi1y + Proj12)) @orz) (1) -

agpa)y(t) = Poji2)@o12) () — (Po1j) + Pz + Plopjz))@opnz)(t) -
éL(01\2) (t) = P(o112)%(012) (t) - (P(o\lz) + P(o211) T Proj12))@ ) (01]2) (t),
éL(02\1)(t) = P(02/1)%(012) t)—(p P2y T Pror2) T Projj2))@ ) (02]1) (t),
agop112)(t) = Pioj112)8(012) (1) + (P(o1j2) + Proz1y + Proj1j2))@oj12) () »

(
+ P2y + Poay + Po)) @2y () + (Pojiz) + Prorje) + Projij2) )3z (1)

They are thus linear differential equations with the following solution (@ 4(0) = 6 4 ¢12)):

(t) = exp(=(Pop2) + Prorjz) + oz + Projuz))t)
(t) (1 — exp(—=po12)t)) exp(—(Porj2) + Prozn) + Poojajz)t) »
A1) = (1= exp(=p(ija)t) exp(=(P(opra) + Pozin) T Poprj2)t)»
() (1- exp(—ﬁ(ogu)t)) exp(—=(Po12) + Porj2) + Popiz))t) »
(t) = exp(=(Pop2y + Po112) + P21y + Pojz)t)
(2 exp(p P(o1)2) t) — eXP(ﬁ(oug) ) —exp(p P(o2[1) t)
+exp((p Poj12) T Po1j2) T P2y + ﬁ(0|1\2)) )) :

It should be noted here that the differential equations for the coefficient functions are
not only linear but their solution also suggests the same interpretation as in the single-
crossover model. Note that the single-crossover solution for three sites is recovered here
for papy = Pojijz) = 0 (i.e. (02|1) reflects the case of a double crossover while the
partition (0|1]2) corresponds to the contrived case that three parents are involved in
reproduction). In particular, R(0|12) R 1 from the definition of the recombinators via

the links, and R(01|2) =R,.

3
2
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LDE operators

In Section 3.2, we identified a particularly simple set of LDE operators that diagonalise
the continuous-time single-crossover recombination dynamics. Later on, in Section 3.5,
we used these for a linearisation of the more complicated discrete-time recombination
dynamics. Recall that the inversion formula for these operators, compare (3.11), is
directly obtained due to the property of the Mobius function. This raises the question
whether there exists an equivalent set of operators for the general model. To find an
appropriate transformation, as a starting point, we use a similar ansatz as before, and
define a set of operators via the Mobius function, i.e.

Ty=> uB ARy, forAey (5.8)
B=A

where p(B,.A) denotes the Mobius function for partitions. The inverse relation is then

given by
R.A - Z TB .
B=A

The corresponding Mdébius function for the lattice of partitions is the following, for the
proof refer to [59].

Proposition 5.6. Let A, B be two partitions of a set with n elements, where B < A
with |B| = k > |A| = m. Define r; := number of blocks of A that contain exactly i
blocks of B. The Mobius function is then given by

p(B, A) = (=1)F™(21)7s (31) - ((k = 1))"* .
For partitions A, B with B £ A, u(B, A) = 0. O

Remark 5.7. It can be found in [8] that together with the ordering =<, the partially
ordered set (X, =) of partitions is indeed a (finite) geometric lattice. In particular, the
minimal element of the poset is S while the maximal element is I.

Let us now apply the operators from (5.8) to the general model with three sites. We
then obtain

Ton = Fopp

Tz = Tz = Fopp -
Tonzy = Fopz) = Fopp -

Tz = Bz = Fopy -

Torsy = Riorzy =~ Riopz) — Ry = Boznny + 2R o) -
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and the operators fulfil the following differential equations:

% Lopje) () = 0,

% 7(01\2) (p;) = —(/7(0\12) + P(oz)1) T p(0|1\2))T(01\2) (py)

% _(0|12) (py) = —(ﬁ(o1|2) + Pz T ﬁ(omg))f(om) (py)

% Toopy() = —(Brorp) + Popz) + Popjz) Loz (Pe)

% T(o12) (py) = _(ﬁ(01|2) + Pop2) T P2y + ﬁ(o\1|2))T(012) (py) -

The transformation thus leads to diagonalisation of the dynamics and in comparison
with the results for the single-crossover model, no differences are observed. Again, let
us skip to four sites.

5.2.2 Four Sites

For four sites S = {0,1,2,3}, we are dealing with 15 possible partitions of sites. In
particular, the differential equations for the coefficients functions (5.6) are in general
nonlinear, for example

ao1)23) () = P(o1j23) <a(0123) () 4 o113 () + A(o193) (B) + Gor3)2) (1) + G(01)9)3) (t))

(d(0123) (t) + @(o123) (t) + @(o1j23) () + B(o2s)1) (1) + G(oj1p23) (t)> —Z PAG(1)23) (1) -
AeX

Recall that in the single-crossover setting the corresponding differential equations for
the coefficient functions are always linear, see (3.21). Thus, just as in the discrete-time
single-crossover model, the equations of the general model even in continuous time
become more involved from four sites onwards. If we apply the transformation (5.8)
to the four sites-model, similarities to the discrete-time single-crossover model can be
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observed as well. In detail, one obtains
d -
1 Loz (pe) =0,

d - N =
ar Tioj1)23) () = _< Z PA) Tioj123) (pe)

Aes:
AT (23)=(2|3)

d T —
aTmums)(Pt):—( > pA) 011213 (Pe) »

AeX:
AT (01)=(0[1)

d A —
dt Topzps) () = _< Z pA) (0123)(Pe) »

AeX:
AT (12)=(1]2)

d T —
dt T(0|13|2) (p) = _< Z pA) (0]13]2) () »

Aes:
AT (13)=(13)

d - .
5T<02\1|3>(Pt):—< > pA)T(02|1\3)(pt)7

AeX:
AT (02)=(0]2)

d - -
dt Loz () = _< Z PA) Tozpj2) (Pt) »

Aes:
AT (03)=(0[3)

d . i .
3 Lotj2s) (Pr) = —< oat D PB) Tio1123) (P1) 5
Aex: BeX:

AT (01)=(0[1) BT (23)=(2]3)
d _ B B _
at Tioap13) (py) = _< Z pat Z PB) Tipap13) (pe)

AeX: Bex:
Aﬁ)(OZE):(0|2) BF?(13€):(1|3)

d - _
3 Liosnz () = —< oooat D /75) Tios12)(Pe) 5

AeX: Bex:
AR (03)=(0}3) BR(2=(1p)

(5.9)

d - -
dt T(o|123) (py) = —< Z A)T(ouzg) () »
A#£(0]123)
d - -
dt L1213 (pe) = _< Z A) (012(3)(Pe) 5
A#£(012]3)
d - -
dt Tiouzjz) (pr) = _< Z A) (0132)(Pt) »
A£(013[2)
d - -
7 Loz () = —< A> (02311) (Pe) »
A#£(023]1)
d A —_ S— _ —
dt Tonzs) (Pr) = _< pA) (0123) (P1) + ( Z pA) (01123)(Pt)

T1#AEY AeX:
AT (01)=(0[1),
AT (23)=(2]3)

+ ( Z ﬁA) T o913y (Pe) + ( Z ﬁA) L 03)12)(Py) -
AeX: AeX:
Aﬁ’(oze)z(op), Aﬁ(ose)z(m:s),
AT (13)=(1]3) AT (12)=(1]2)
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Just as we have seen with four sites in the discrete-time setting, the diagonalisation
property of the transformation (5.8) is lost from four sites onwards while a linearisation
of the dynamics is still achieved. This confirms that the single-crossover recombination
model is indeed a very special case. While in the single-crossover model the setting
with continuous time makes things much easier compared to the setting with discrete
time, for the general recombination model in continuous time, the arising dynamics
show notably analogy with the single-crossover discrete-time dynamics (i.e. the arising
difficulties/dependencies here). Hence, this suggests that the simplifying structure of
continuous time is lost when considering the general recombination model. To further
analyse this, let us have a look at some exemplary coefficient functions for the four sites
model. Solving the equations from (5.9), one finds

Gz (1) = exp(= D pat),

I#AexX

i.e. this coefficient function is in accordance with previous results (in continuous as
well as in discrete time). Continuing with the partition (0/123) one obtains

ag123) (t) = exp(— Z pat) (1 —exp(—=popaz)t)) (5.10)
A (0[123)

thus, again, no differences to the analogous solution in continuous time are observed.
This is due to the fact that one part of the partition only consists of one site (compare
the explanation for the single-crossover model that follows the proof of Theorem 3.7)
as becomes clear when turning to the next coefficient function:

) ﬁ(o1|23) 5
(01 23) (t) = p = 2- 5 (exp(— Z PAt) X
(01]23) m “om, A A:A(01]23)
Aﬁ’( ) (213)
exp(— Z ,OAt - exp Z pal >
AeX: AeX
AT (01)=(0]1),
Aﬁ(23) (2/3)
_ P(01]23) _ (eXp(_( Yoot D> pat)
Plorjas) — 2 = Aex:  PQ AES: AEX:
AT (01)=(0[1), AR (01)=(0[1) AT (23)=(2]3)

AT (23)=(2|3)

)]
Aex
(5.11)

where indeed the simplifying product structure is lost as soon as we allow for more than

only single-crossover events. Moreover, the structure of the solution (5.11) resembles

the structure of the solution for the coefficient function a,(¢) from the discrete-time
2
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model for four sites. This reads
7()\% - )\tg) .

This structural similarity is also observed for further coefficient function, e.g.

Aoj1ja3) (1) = exp(— Z pat) —exp(— Z pat) —exp(— Z %)

Aex: Aek: Aek:
AT (23)=(2]3) AT (123)#£(123) AT (023)£(023)
P01)23) _
— = — (exp(— Z pat) x
Plorjza) — 22 Ae: Pa < A:AZ(01]23)

AT (01)=(0[1),AT (23)=(2]3)

exp(— > pat) = exp(—= 3 pat)) +exp(— Y pa)

Aex: AeX Aex
AT (01)=(0[1),AT (23)=(2/3)

(5.12)

when compared to

All these similarities of the general recombination model (in continuous time) with the
single-crossover model in discrete-time suggest that the general model might be treated
with similar methods that we have developed in Section 3.5.

5.2.3 Product structure

Here, we shortly present some results for the general recombination model that are
analogous to the subsystem structure revealed for the discrete-time single-crossover
model in Section 3.4. First of all, we find for the recombinators (5.2):

Proposition 5.8. Let C be a partition of S. Then for each coarsening B of C, C < B,
with B = {B,B}, i.e. |B'| =2, and w € P(X), one finds

RO (w) = (RgimZB(wB_w)) ® ( RA (np )) (5.13)

Proof. Following Proposition 3.2 and the definition of the recombinators from (5.2), we
have

) =R (R (0) = (w0 1) (5 1)

R
( ﬂ'Bw ) ® (Rél;zg(wgw)) .
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Here, as before, the upper index specifies the corresponding subsystem (specified through
the respective sites and part of a partition, respectively) the recombinators are acting
on. Analogously, the notation will be used for the transformation operators as well.
This obviously works for any coarsening B  of C in an analogous way. Proposition 5.8
directly carries over to the transformation operators (5.8):

Proposition 5.9. On P(X), the transformation operators (5.8) satisfy
Tyw) = (T y(rpw) ® (T2 5 (m5.))

forallB ={B,B} e ¥ and A% with A< B

Proof. We have

Ta(w) = > (€ AR(w) = 3 (€, A (R (mpe) @ B L (mp0)

C=A C=A

= > e (ATB) YD u(Cy (ATB) (R (rpw) @ R (npw))
C,=(ATB) C,<(ATB)

= (X wlCr, (ATBNRY (rpw)) @ (D w(Cor (AT B)RE (mp))
C,=(ATB) C,=<(ATB)

= (12 (mp)) @ (T (m5))

where we use relation (5.13) in the second step and in the third step that the Mobius
function is multiplicative, see [1]. O

Inductively, for any partition A = (A4;]...]|4,) € ¥ and w € P(X), this proposition
then leads to
(A

— S — A —
T (W) = T (g, ) @ - @ T (1, w)

since obviously AﬁAi = I € X(4,) for all blocks of the partition A, where now
I € 3(A;) denotes the coarsest partition of the respective blocks A,. Thus, the effect
of the operator T f) of (5.8) on the full system (specified through the complete set of
sites S) is given by that of T, on the corresponding parts of the partition of A. Clearly,
this is in accordance with the results for the single-crossover model in discrete time,
compare (3.27). Denoting the forward flow of the differential equation (5.3) with ¢,
we thus have p, = ¢,(py) and for the differential equations for the operator (5.8) we
obtain:

k

d s d - d (A,
ST ) = T ) = = (T (74, m0)
i—1
d ~a, —(A
_ZT( v 7TA1 pt ® <dt TI( )(ﬂ-Ai'pt)) ®®TI( k)(ﬂ-Ak'pt)'



5.2 The general recombination model in continuous time 89

Thus, we are again left to evaluate % T;(¢4(py)), just as in Section 3.4, to determine
the differential equations for all transformation operators. To do so, we first calculate

STy = 5 37 D) Ry oy(py)

HeX
= S (3 O Do Roaloo)) + 3wl 1) R, 1) 0))
HeX HeX
= 3 D S (Rupo)) + 35 S w1 R, 2] )
HeX HeX
= S D) Y aRagny — Ra)pi) + 50 3 DR 1))
HeX I1#£Vex HeX

(5.14)
Before continuing, we need the following corollary that can be found in [59]:

Corollary 5.10 (Weisner). Let L be a finite lattice with mazimal element 1. Let a < 1
in L. Then, for any b in L,

> ulx,1)=0. (5.15)

r:xANa=b

0

For our particular lattice of partitions, Corollary 5.10 corresponds to the following;:

Corollary 5.11. Let V € X # I. Then, for any A € 3,

> wH.I)=0.

HHAV=A

With Corollary 5.11, part of the first term from (5.14) reduces to

Z (H,1) Z Py Rany (pr) Z Py Z (1, 1) Ry ny(py)

HeS I#Ves I#4Vey HeX
= > Y Ralp) > pM.I)=0
I1#VeY AeX HeX:

HAV=A

so that we finally obtain

Corollary 5.12. The differential equation for T;(p,(py)) = T;(p;) is given as

d L d i
T == > wTile) + 7 > n(H DRy o (po)
I1#VeX HEE
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When comparing this result to Proposition 3.15 of Section 3.5, the similarities with
the discrete-time model should become obvious once more. The determination of
% T,(p,) again boils down to evaluating the respective commutator with the final goal
to construct an appropriate (i.e. diagonalising) transformation. Taking into account all
analogies with the discrete-time recombination model we have revealed so far, further
proceedings should follow along the same lines as in Section 3.5.

We finish this section with stating the differential equations of T;(p,(p,)) for five and
six sites to give an impression about the results. For five sites, we obtain

d - N\ - - _
ai T01234) (pe) = _< Z Pv) To1234 (ps) + Z TA(pt)( Z pB) ’
[AVES A=(A1|A2)ex BES:BH A1 £I€S(A))
|Ai]>2 BT As£IER(As)

and for six sites

T = (X )T+ Y Tawd( X o)

I£Vex A=(A1|A2)€D BES:BA Ay AT
[Ai|>2 BR Ay£I
- Y e Y )
A=(A1|A2]|Az)en BES:BA AL AT
|A;[>2 B Ayl BA As£T

5.3 Trees in the general recombination model

After we have recovered crucial similarities in the dynamics of the general recombination
model with the discrete-time single-crossover model, it suggests itself to study the
solution for the general model in terms of tree structures. Recall that the tree structure
in Chapter 4 is based upon the concept of segments (or subsystems). The corresponding
segments for the general model are always the blocks of a particular partition. Hence,
note the following:

Remark 5.13. In the discrete-time single-crossover model, the probability that there is
no further recombination within one time step in a particular segment defined via the
contiguous set of links J C L is given as )\(QJ) = (1=>_hcsPa)- In the continuous-time
general model, the analogous rate that there is no recombination within the part B € B
of any partition B for any time k, is given by exp(— >  sex: pak).

AR B#£I€X(B)

We will examine the tree-like structure for the general recombination model with four
sites. To do so, let us only consider ‘natural’ recombination events for simplification,
i.e. events that partition the sites into exactly two blocks. Thus, p 4 = 0 for all A € X
with |A| # 2. As a consequence, recombination remains to be a binary operation so
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0 123
-k
0 123
N
0123
|k
0123

Figure 5.2: The only tree that corresponds to the coefficient function a(0/123) (t). After
some time k the separation event (0/123) happens. For the remaining time ¢ — k both
segments remain unchanged.

that we can expect binary trees. Starting with the coefficient function @ (0)123) (t), one
can indeed state its solution (5.10) as

a(0|123)(t) / eXP Z PAk Po]123) eXp( Z palt — k)) dk
Aex Aex
|A|=2 |A|=2, AT (123)#£(123)
= exp(— Z pat) (1 = exp(=popz3t)) -
|A|=2
AT (123)#(123)

It should be clear that this can be explained with a continuous-time tree producing
process just as in Section 4.2, where the only corresponding tree topology is given in
Figure 5.2.

Analogously, the solution for the coefficient function a(01]23) (t), compare (5.11), can be
explained:

t
A(o1123)(t) = /k—o eXp(_Z}Ak)ﬁ(ouzg) exp(— Z pat —k)) exp(— Z palt —

Aex |A|=2 |Al=2
Al=2 AT (01)=(0[1) AT (23)=(213)
ﬁ(]l 23 _
= - (01]23) <exp ZpAt+ ZpAt —exp(— ZpAt))
P(o1]23) — Z Pa Aes: Aes: Aes
Aex: AT (01)=(0[1) ATT(23)=(23)

AT (01)=(0]1),
AT (23)=(2]3)
_ P(01]23) y
ﬁ(01\23) - ﬁ(o2|13) o ﬁ(o3|12)

<€Xp(— Z pat) exp(—(Pozp13) + Pozpa))t) — exp(— Z pAt)

| Al=2 AeEx
A#(01]23) [A|=2
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0 1 23 0 1 23 0 231
| | | | | | t—k—i
1 23 0 1 0 23
12‘3 0‘1 0‘23
i
0 123 01 23 023 1
01‘23 01‘23 01‘23
0123 0123 0123

Figure 5.3: Three different histories that correspond to the partition (0|1]23). In partic-
ular, the second and the third tree have the same topology and can be only distinguished
from making the corresponding partitions explicit.

When considering the coefficient function @ o5 (t) as in (5.12), one finds three dif-
ferent trees that correspond to the solution, see Figure 5.3. Here, one main difference
to the single-crossover dynamics becomes obvious. In the single-crossover case, each
tree topology can be uniquely described by its corresponding links as internal nodes of
the tree since this implies the respective partition of sites due to the ordered structure.
But since we are no longer dealing with only ordered partitions in the general model,
we do not have an implicit order of the partitions anymore. In particular, the same
tree topology (in the geometric sense) may refer to different partitions. This can be
seen with the trees two and three of Figure 5.3. Consequently, each internal node has
to state the whole information of the current parts of the partition. Finally, (5.12) can
be indeed stated as

o[1]23) ( /k 0/ [exp(— Z p.4k) P(oj123) exp(— Z p.A7)

|A|=2 AT (123)#(123)
( > p4) exp(— palt —k —1i))] didk
(123)= 1\23) AT (23)#£(23)

/k 0/ [exp(— (01]23) exP(— Z pat)

M
§|
=
el

|A|=2 AT (01)#£(01)
( Z pa)exp(— palt—1k))] didk
(0|1) AT (23)7(23)
/ / [exp(— Z ﬁAk)ﬁ(ozgu) exp(— Z P.4i)
k=0Ji | A|=2 ATT(023)(023)

(> ppep(— D palt—k—i)]didk=

AT (023)=(0[23) ATT(23)#£(23)
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—en(- Y a(-ew- Y )

AT (23)=(2]3) AT (023)=(0[23)
—exp( Z pat)(1— eXP(_ﬁ(o\lzzs)t))

A#(0]123)
— exp( Z pat) (1 = exp(=p(gaz1)t))

A#(023]1)

b
_ (01]23) - exp(— Z ﬁAt)X
Pro1|23) — Z PA A: A£(01]23)
Aex:

AT (01)=(0[1),
AT (23)=(2|3)

ep(— Y )L e~y — Y, Aa)

AeX: Aex:
AT (01)=(0]1), AT (01)=(0[1),
AT (23)=(2]3) AT (23)=(2]3)

= exp(—(Po1213) + Po2)13) T Pos12) T Pro13j2))t) %
(1 — exp(=(P(oj123) + P(o1j23) + Pro2zi))t))
- exp(—z pat) (1l — eXP(_ﬁ(o\lzzs)t)) - exp(—z pat)(1— eXp(_ﬁ(023|1)t))

A#£(0]123) A#(023]1)
ﬁ 01|23 _
— = — 7( 123) — exp(— Z ,oAt)x
P(o1j23) ~ Po2113) ~ P(03]12) AAZ(01]23)

exp(—(P(ozp3) + Pos12))t) (1 — exp(=(P(o1)23) — P(oz23) — Prosji2))t)) »

where again each (double) integral corresponds to one tree of Figure 5.3.

These examples should show that the model allowing for general recombination events
(in continuous time) can be in principle solved with the same methods as the model with
the restriction to single-crossovers. While the usage of links is sufficient (and indeed very
convenient) to describe recombination in the single-crossover model, the involvement of
the underlying partitions in the general model is unavoidable. But anyways, thanks to
the extensive studies of the discrete-time single-crossover recombination dynamics, the
extension of the problem to general recombination events seems to be rather a problem
of notation than of mathematics.

Remark 5.14. In the above examples, we restricted ourselves to ‘real’ recombination
events and the ancestral process thus referred to binary trees. If we also allow for re-
combination events that include more than two parents, we have to consider all possible
arising trees that are not necessarily binary, e.g. the partition (0|1|23) can be also
explained by the non-binary tree of Figure 5.4 completing the three histories from Fig-
ure 5.3. The arising probability of this tree (with respect to a corresponding segmentation
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0 1 23
I N
0 1 23
NS
0123
| K
0123

Figure 5.4: History of the partition (0/1|23) due to a non-binary recombination event.

process) can be then stated as

/ko oxp(= Y pak)Boppy exp(= Y palt —k))dk

A€ex AT (23)#(23)

o) op(- S pt)(l-ew(- Y ).

2 AT ) =(23) Pt AAT (23)=(2]3) AAT (23)=(23)

With regard to a general recombination model in discrete time, we can so far say that
the way to a solution will not differ from the approach to deal with the model in
continuous time. Instead of the exponential functions, one has to deal with terms such
like the lambda-coefficients from (3.45), now defined on particular parts of respective
partitions. While the usage of continuous time in the single-crossover model turned
out to simplify the dynamics to an unexpected extent (compared to discrete time),
differences in complexity between both approaches seem to vanish when allowing for
more general recombination events.

5.4 Genetic algebras for the general recombination model

As mentioned in the introduction, the algebraic structure of genetic inheritance suggests
to investigate population genetics models in terms of algebras. Algebraic structures that
arise in genetics are also of purely mathematical interest since these algebras generally
do not belong to any of the well-known classes of algebras and their study leads to new
and interesting mathematical results [69]. In this section, we will briefly explain how
recombination dynamics can be embedded into this framework of algebras. This should
inspire further analysis in this field - if only for reasons of mathematical interest.

We define an algebra as follows:

Definition 5.15 (Algebra). An algebra A is an n-dimensional vector space over a field
K together with a KC-bilinear binary operation, called multiplication, from A x A to A:

Py X po > pipe €A forall py,py € A.
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For algebras that arise in population genetics, the basis of an algebra A generally
corresponds to all possible population types (for example a finite number of gametes)
while any p € A displays a population state. The multiplication operation specifies the
‘rule’ of inheritance, i.e. p — p? describes the evolutionary map from population p to
its daughter population p?.

Since we are considering the recombination process on the level of gametes, we will
need the gametic algebra that was already stated in the introduction, see also [56, 69]:

Considering gametes a, ..., a, in a random mating population as basis elements in an

n-dimensional real vector space, multiplication is defined by

n
a;a; = Z’Yijkaka
k=1
such that
e < Yijk <1.
® > i Yigr = 1.
® Vijk = Vjik-

Loga;, 0<a; <1,3°"  a; =1, corresponds to an actual
population of gametes, in which «; denotes the frequency of gamete a;. Furthermore,
the coefficients ~, ik specify the laws of inheritance. For two populations p; = > 7" | a,a;
and p, = Z?Zl Bjaj, the daughter population is obtained as

Here, each element p := Z?

n

P1p2 = <i aiai) (i ﬁjaj) = Z( i az‘%‘jkﬁj)ak-
i=1 j=1 k=1 i,j=1

As a very first example, let us have a look at the diallelic case for two loci with recom-
bination:

Example 5.16. Let us consider two loci that can be occupied by alleles A, a and B,
b, respectively.

With respect to the basis that consists of all occurring gametes a1 = AB, ay = Ab, ag =
aB and a4 = ab together with the recombination parameter 6 (that is the probability
that a zygote aja4 undergoes a transition into asag, or conversely), the resulting gametic
algebra has the following multiplication table:

al as as ayg
a1 | a1 | 2(a1 +a2) 2(a1 +a3) | 3(a1 + as) — 16d
as as | 2(as +a3) + 20d (a2 + aq)
as as >(az + aq)
ay ay

where d := a1 —as — ag + ay
(arrays below the diagonal are omitted due to symmetry).
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Algebras which arise in genetics are in general commutative but non-associative as
should be clear from a biological point of view. The most general definition of an
algebra with applications in population genetics is an algebra with genetic realisation

56, 69]:

Definition 5.17 (Algebra with genetic realisation). Let A be an algebra over R with
basis {ay,...,a,} and multiplication table

n
a;a; = Z VijkQk >
k=1

such that 0 <, <1 for all i,j, k, and > orq Vije =1 fori,j=1,....,n. Then A is
called algebra with genetic realisation and the basis is called natural basis for A.

Obviously, the gametic algebra from above is an algebra with genetic realisation. Since
the class of algebras with genetic realisation is too large to infer class-specific results
[56], a further specialisation of the above definition was needed. The first one to state
an appropriate definition of an Genetic Algebra was Schafer [60] in 1949. His definition
was later reformulated in a more coherent way by Gonshor [26] in 1971:

Definition 5.18 (Genetic algebra, Gonshor). Let A be a commutative finite-dimensional
algebra. Then A is called genetic algebra if there exists a basis {cg, ..., c,} with mul-
tiplication table

n
cic; = E Aijkc  foralli,j=0,...,n,
k=0

with multiplication constants that fulfil
® Ao = 1.
e Aj, =0 fork <j.
o N\j =0 fork < max(i,j) and i,5 > 0.

{cys--.,c,} is called canonical basis (or Gonshor basis) of A and the constants \ypy = 1,
Ao11s- - s Aonn @re called the train roots of A.

Worz-Busekros [69] worked out in detail that each gametic algebra with recombination
is a genetic algebra after Gonshors definition. For the two-loci example from above,
this can be easily seen:

Example 5.19. We continue with the diallelic two-loci model from Example 5.16.
To show that this is indeed a genetic algebra after Gonshor‘s definition, the basis is
transformed via ¢y = a1, c1 = a1 — a9, ¢ = a1 — ag and ¢3 = a1 — as — ag + a4. One
then obtains the following multiplication table:
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Co C1 Co C3
Co | Co %Cl %CQ %(1 — 6)03
C1 0 %963 0
Co 0 0
C3 0

The non-vanishing coefficients are Aggg = 1, A\g11 = %, Ao22 = %, Ao33 = %(1 —0) (all
train roots) and Aje3 = %9. Therefore, this gametic algebra is a genetic algebra.

5.4.1 Linearisation

As before, when studying the process of recombination, the arising nonlinearities ex-
hibit the main problem of dealing with the corresponding dynamics. Our ansatz in
Chapter 3 - 5 (for the single-crossover as well as the general recombination model),
overcomes this nonlinearity with a transformation to a linear system so that it can be
treated with matrix methods. That this is generally possible for systems like the ones
described previously, is a result that was actually proved with the theory of genetic al-
gebras. In 1930, Haldane [48, 52] described a procedure - named Haldane linearisation
- which, in some cases, enabled the quadratic evolutionary operator to be represented
as a linear operator (on a higher-dimensional space). Holgate [32] proved that this
linearisation works for any mating system that forms a genetic algebra. Consequently,
it exists a transformation for the gametic algebra with recombination that embeds the
original vector space into an higher-dimensional vector space, where the dynamics can
be represented linearly.

Example 5.20. Let us continue with the situations from Examples 5.16 and 5.19. for
the gametic algebra with Gonshor basis {c, ¢y, ¢y, c3}. The population of gametes is
described by p = ¢y + ay¢; + gy + agcy (for simplification the term corresponding to
¢y is set to 1), o; € R. According to the multiplication scheme in Example 5.19, one
then obtains

pr= cg + 201 ¢9¢1 + 2a9¢hCcy + 2003003 + 201 5C1 Co
= ¢p + ay¢; + gy + (1 — 0)ag + Oagag)es .

Introducing a new variable a, := a;ay, the dynamics for the mapping p + p? can now
be represented linearly:

ap oo,
ay, Qg
ag — (1—0)asz+6ay,
a; ooy,
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i.e. the corresponding matrix for mapping (in the order: oy, ay, oy, rg) is given as

100 0
010 0
001 0
00 6 (1-6)

5.4.2 Haldane linearisation for the recombination dynamics

With the aim to observe a general pattern for the Haldane linearisation of the recom-
bination dynamics, we construct the transformation for further cases (with regard to
the number of sites and corresponding alleles), allowing for any possible recombination
event [35].

2 sites, m and n alleles

In this case, we have m - n gametes that form the (natural) basis of the genetic algebra:
ap = [1,1],a2 = [1,2],..., amn = [m,n] Again, 0 < 6 < 1 describes the probability for
a crossover between the two sites, and multiplication is specified by the following rule:

131 % 6, 0) = 5 (o) + 1) + 58(=(i. )+ U ) + [ )+ 15, )

forall1 <,k <m,1<75,1l<n.

We then apply the following transformation to obtain a new basis:

wy = [L1]=a,
w; = [L1]-[l,jl=a;—a; forj=2,....,n,
Wyprr = (L1 =[k+11]=a; —ap,q fork=1,....m—-1,
Winsgpr = (LU= [Lj+1] = [k+ L1+ k+1,j+1],
= a1 —Qj4q — Qi H Oy k=1,...om—1,7=1...,n—1.

This transformation can be also described by the following transformation matrix (in
lexicographical order):

1 0 0 - 0
10 0 0 1 -1 0 oeenn 0
1 -1 0 0 1 0 =1 -eve-- 0
1 0 -1 0 | g
1 0 0 -1 :

> \1 0 0 - —1

mXm
nxn
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Here, ® denotes the tensor product for matrices, also known as Kronecker product [27].
Multiplication via the new basis is now specified by

wy Xw = wy,
1 .

wy Xw; = §wj for j=2,...,n,
1

Wy X W1 = 5Weny fork=1,...,m—1,
1
Wy X Wepgjr = §9w/m+j+1 fork=1,....m—landj=1,...,n—-1,
while all other matings yield 0. Thus, the basis {wy,...,w,,,} is indeed a Gonshor

basis. The population in terms of the Gonshor basis is then given by
D =W, + Wy + ... + QWi  With o; € R.

With regard to p?, resulting from the above multiplication , the dynamics of the mn —1

coefficients o, ..., ,,, is a nonlinear one. The mapping of the coefficients is given as
follows:

aj = a; forj=1,...,nandj=n+12n+1,...,(m—-1)n+1 (5.16)

akn—i—j—i—l — (1 — H)an-i-j-i-l +9aj+1ak‘n+1 k= 1, , M — 1,] = 1, s — 1(517)

The dynamics can be linearised by taking into account (m — 1)(n — 1) additional pa-
rameters, namely

5j,k:aj+1'akn+1 forkzl,...,m—landjzl,...,n—l,

such that these additional parameters are mapped to themselves.

The dynamics can then be described by a (2mn —m —n) x (2mn —m —n)-matrix (after
ordering the parameters in a respective way):

1-60 6
Lim—1)+(n-1) ® (11(m_1)(n_1) ® ( 0 1>> )

where @ denotes the Kronecker sum of two matrices [27].

For the transformation to the Gonshor basis, we chose the type a; = [1, 1] as allocated
character (since w; = a;). If a; mates with non-a; types that either have allele 1 at
site 1 or allele 1 at site 2, recombination does not produce anything new. This is true
for altogether (m — 1) + (n — 1) types, and thus explains the identity matrix of size
(m—1)+ (n — 1) (compare (5.16)); for all other (m — 1)(n — 1) types recombination
with a; results in mixed gametes. The respective explanation for the decisive block of
the second matrix together with (5.17) should then be obvious.
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3 sites: ny,no,n3 alleles

Considering the model with three sites, we have to include three different recombination
probabilities for the three possible partitions of the sites {1,2,3} into two parts: Par-
tition (1]23) (probability 6;), partition (12|3) (probability #2) and the partition (13]2)
which corresponds to a double-crossover event (probability ).

As a start, we again consider the natural basis consisting of all possible gametes: a; =

(1,1,1], ay = [1,1,2],. .., @y, pyns = [21,72,n3], where multiplication is given by

la,b,d] x [d,e, ] = 1([@ bd + [d e, f]) +%91(—[a, bd — [de. ]+ [a,e, f] + [d b, ])
+ 592(—[(1, b.c] —[d.e, f]+ [a,b, f] +[d, e, c])

+ %’y(—[a, b.c] —[de, f]+[a,e,c] +[db, f]).

As before, we search for a corresponding Gonshor basis via

Wi1,1 (1,1,1],

Wy = 1,1,1] — [1,1,k] for k=2,...,n3,

Wy = [1,1,1] — [1,4,1] forj=2,...,n9,

Wi = 1,1,1] —[i,1,1] fori=2,...nq,

w; iy = [1,1,1] = [1,4,1] — [, 1,1] + [¢,5,1] fori=2,...,n;and j =2,...,n9,

w1 = [1,1,1] =[5, 1,1] — [1,1,k] + [¢,1,k] fori=2,...,n1 and k =2,...,n3,

wy g = [1,1,1] = [1,4,1] = [1,1,k] + [1,4,k] forj=2,...,npand k =2,...,n3,

wijr = [LL = [LLE =151 =[5, 1,1 4+ [1,5, k] + [i, 1, k] + [1,5,1] = [i, 5, K]
fort=2,...,n1,j=2,...,n0and k=2,...,n3.

With the notation of a transformation matrix this corresponds to

1 0 0-- 0
1 0 0 0 1 -1 0.-- 0 1 0 0 0
1 -1 0 0 1 0 —-1--- 0 1 -1 0 0
10 -1 0 |e o1 0 -1 0
1 0 0 -1 : 1 0 0 —1
-~ 1 0 ceevn- -1 _
nyXni s/ n3xXns
ng Xn9

Like in the case with two sites, it is easily verified that the above basis indeed specifies a

Gonshor basis. For a population p = ay j jwy 31+ Q119w 190+ + Qo Wit o g
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the coefficients «; ik € R evolve in the following way:

Q11 7 Q11

Qyip Fo0qg k=2,...,n3,

Qyi1 Qg 1=2,...,n2,

Qi1 Qg 1=2,...n1,

i1 = (=01 =) 1+ (O +7)ag -1 i=2,...,m1,5=2,...,n2,
Qi = (L=01 =)o+ (0 +02)ay ;11 i=2,...,m1,k=2,...,n3,
i = (= —y)ajp+ 2+ ;1 7=2,...,n2,k=2,...,n3,
g o (L=01 =0 =)oy, +01 ;11 09, +02 apq,+7 09105

fori=2,...,n1,j=2,...,n0and k=2,...,n3.

The dynamics can then be linearised by adding (ny — 1)(n2 — 1) + (ny — 1)(ns — 1) +
(ng —1)(n3 — 1) +4(ny — 1)(n2 — 1)(ng — 1) additional parameters:

Qi1 Qg1 gyt fori=2,...,nand j=2,... ,ng,
Qg Qg1 7 Oy fori=2,...,nand k=2,... ,n3,
Qi 1 P Qg forj=2,....npand k=2,... n3,
Q11 Yk T 0%‘,1,1((1 — 0y — 7)0‘1,]',/& tog e al,j,1(92 + 7))
fori=2,...,n1,j=2,...,n0oand k=2,...,n3,
1k Qg1 a1,1,k((1 — 01— 7)0%',]',1 Ty %‘,1,1(91 + 7))
fori=2,...,n1,j=2,...,n0and k=2,...,n3,

Q1 Q1 7 al,j,l((l — 61— 92)0%',1,k Ty 0%',1,1(91 + 92))
fori=2,...,m,j=2,....,n0and k=2,...,n3,

Q11 1k X1 7 Q11 Qg Qg
fori=2,...,m,j=2,....,noand k=2,...,n3.

The resulting linear dynamics is depicted more clearly with the matrix notation:

1—-01—v 01+~
Liny—1)+(n2—1)+(n3-1) @ Liny—1)(na—1) @ < 0 1
1—-601—02 601+0 1—6y—v 02+
D Liny—1)(na—1) @ ( 0 1 ) D Liny—1)(nz—1) @ ( 0 1)@
1— (91 — 02 - 01 (92 Y 0
0 1—0;—v 0 0 Oy +
Lo —1)(n2—1)(n3—1) ® 0 0 1—60; —~ 0 01+~
0 0 0 1—01—02 01+0>
0 0 0 0 1

We can see a clear structure in this matrix which describes the dynamics after linearisa-
tion. The allocated character is again a; = [1, 1, 1] (since w; = a,) and recombination
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cannot produce a mixed gamete if a; mates with non-a,-types that have only one site oc-
cupied by an allele different from 1. This is the case for (n; —1)+(ny—1)+(ng—1) types
(i.e. only allele at site 1 is different from allele 1, only allele at site 2 is different from al-
lele 1 and only allele at site 3 is different from allele 1, respectively) and may therefore
1—-01—v 01+~
0 1

refers to the sites 1 and 2 in case they are occupied by alleles different from allele
1 while site 3 should be occupied by allele 1. Again, with respect to a; = [1,1,1]
recombination can only produce something new if both alleles at the sites 1 and 2 of
the mating partner are different from 1. This is the case for (n; — 1)(ny — 1) types.
The probability that a recombination event between the sites 1 and 2 takes place is
0, +7. Analogously, this holds with respect to the sites 1 and 3 and with respect to the
sites 2 and 3, respectively (explaining the next two blocks). The last block concerns
types where all three sites carry alleles different from 1 ((n1 —1)(ny —1)(n3 — 1) types)
together with the respective recombination probabilities.

explain the first unity matrix. The next block 1(,, _1)(n,—1) @

4 sites: ni,n9,ng, ng alleles

The four-site case follows along the same lines as the previously discussed cases. With
regard to the transformation matrix for three sites, for the transformation to a Gonshor
basis in the four-site case, a fourth n4 X ng-matrix of the same kind has to be added.
For Haldane linearisation (nqy — 1)(ne — 1) + ...+ (ng — 1)(ng — 1) + 4(ny — 1)(n2 —
1)(77,3 — 1) +--- —|—4(n2 — 1)(n3 — 1)(77,4 — 1) + 14(77,1 — 1)(n2 — 1)(77,3 — 1)(714 — 1) additional
parameters are needed.

The resulting linear dynamics is then described by a matrix that has the same structure
as the matrices we have seen above. It is built in the same recursive manner, meaning
that the first block consists of a unity matrix that refers to types where only one allele is
different from allele 1 (if again type [1,1, 1, 1] is allocated). Then the blocks that refer to
types with two sites occupied with alleles different from allele 1 follow (same structure
as in the 3 site case) etc., again with the respective recombination probabilities. The
new block in this matrix is the last one that refers to [1,1,1,1] mating with types
that have all four sites occupied with alleles different from 1. Just as in the detailed
discussion of the single-crossover dynamics in discrete time in Chapter 3, for the first
time product terms (that refer to two non-trivial segments) as eigenvalues of the linear
dynamics can be observed (compare Section 3.3) [35].

What can we infer from this algebraic approach? We show how recombination dynam-
ics is described by genetic algebras, and demonstrate (at least up to four sites) a way
to construct the Gonshor basis as well as Haldane linearisation. As can be already seen
with three sites, the dimension of the problem increases rapidly. In particular, the num-
ber of additional parameters (for the linearisation procedure) depends on the number
of alleles. In contrast, our previously described ansatz for the general recombination
dynamics, compare Section 5.2, is allele-independent and therefore of lower complexity.
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Instead, the number of linearisation parameters is restricted by the number of possi-
ble partitions of the sites. This shows that the dimensional increase for the algebraic
approach is unnecessarily high, i.e. the allele information can be skipped.

The ansatz of genetic algebras considers all allele combinations and the structure of the
block matrix, which describes the linearised dynamics, is built in a recursive manner
(taking into account all subsets of sites). Thus, as can be already observed with the
above examples, the algebraic setting uses a lot of redundant information. For example,

see the matrix for three sites: all information is given by the 5 x 5 matrix of the last
block.

Thus, although algebras contribute an interesting approach in population genetics our
less formal approach seems - at least for the recombination dynamics - more promising.






Chapter 6

Summary and Discussion

In this work, we have investigated the dynamics of an ‘infinite’ population that evolves
due to recombination alone. To this end, we assumed discrete (non-overlapping) gen-
erations and restricted ourselves to the special case of single crossovers. The dynamics
is described by a large system of nonlinear and coupled difference equations that are
difficult to treat. Therefore, we rewrote the arising equations with the help of specific
recombination operators in a more compact way. This not only helped to explore the
recombination dynamics but also allowed for an allele-independent formulation of the
equations.

Previous results had shown that the corresponding single-crossover dynamics in contin-
uous time admits a closed solution [3]. This astonishing result is in accordance with a
‘hidden’ linearity in the system that is due to the independence of links. The fact that
crossovers at different links occur independently manifests itself in the product struc-
ture of the coefficient functions of the solution ensuing from the linear action of the
nonlinear recombination operators along the solution of the recombination equation.
Additionally, as shown in [3], certain transformation operators, which are indepen-
dent of the recombination parameters, can be found that linearise and diagonalise the
dynamics.

Since the overwhelming part of published literature deals with discrete-time models,
one aim was to find out whether, and to what extent, these continuous-time results
carry over to single-crossover dynamics in discrete time. This was investigated in detail
in Chapter 3 where we showed that the discrete-time dynamics is significantly more
complex than the continuous-time one.

For up to three sites, the discrete-time dynamics behave similarly to the continuous-
time dynamics, but with four or more sites they differ in an important way. The main
reason for the arising difficulties lies in the fact that the key feature of the continuous-
time model, the independence of links, does not carry over to discrete time. This is
due to interference whereby the occurrence of a recombination event in the discrete-
time model forbids any further crossovers in the same generation. As a consequence,



106 Summary and Discussion

the iteration for the coeflicient functions a(t) is (in contrast to the continuous-time
model) nonlinear from four sites onwards and therefore does not allow for an explicit
solution. Furthermore, whilst in continuous time all recombinators Rg act linearly
along solutions of the corresponding dynamics, in discrete time this is only true for
certain subsets G C L.

Thus, the diagonalising transformation operators T, from the continuous-time model
are insufficient to diagonalise the discrete-time dynamics. Nevertheless, we could show
that these transformation operators at least linearise the discrete-time dynamics and we
used this result to transform the recombination equations into a solvable system with a
two-step procedure: first linearisation via the T, operators, followed by diagonalisation.
Unfortunately, the coefficients of the second step must be constructed via recursions
that involve the recombination probabilities. However, once this is done for a given
system, it allows for an explicit solution valid for all times.

A similar approach has already been pursued by Dawson [14, 15] (following the idea
of Bennett [7]), who also presented an appropriate diagonalising transformation for
the more general recombination equation (without the restriction to single crossovers)
and which includes parameters that must be determined recursively. Unfortunately,
the corresponding derivations are relatively technical and fail to reveal the underlying
mathematical structure. It was our aim to improve on this and add structural insight.
Furthermore, Dawson restricted his model solely to diallelic loci while our ansatz is
allele-independent. The transformation agrees with the one of Dawson [14, 15] when
translated into his framework.

After having solved the diagonalisation problem and equipped with the structural in-
sights gained in Chapter 3, we set out in Chapter 4 to find an explicit solution to the
dynamics whilst avoiding the need to perform a transformation. We stated a stochas-
tic process of recombination, a specific Wright-Fisher process, that converges to our
deterministic model as the population size tends to infinity (infinite population limit).
We then traced the recombination process backwards in time, i.e. as the time reversal
of the Wright-Fisher process. Since we assumed a population in the infinite population
limit, we could ignore genetic drift and thus backtracked the history of one type in the
present population with respect only to recombination. We showed that each possible
history can be explained with a binary tree, which we call the ancestral recombina-
tion tree, and thus corresponds to the outcome of a particular stochastic process (the
segmentation process) with respect to the recombination model. We then developed
a method to state the probability for a certain tree topology under this process. A
key factor in this process was to make use of another weaker kind of independence,
namely the independence of the segments produced by recombination, which allowed
us to state the probability for a tree topology via certain subtrees. Ultimately, each co-
efficient function could be stated as the sum over the probabilities for all corresponding
tree topologies and - for the first time - we could present an explicit solution for the
discrete-time recombination dynamics.

Finally, we gave an outlook for the general recombination model in Chapter 5. Here,
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the initial studies suggested that the general recombination model can be explored with
the same methods that we had developed in Chapter 3 (constructing a diagonalising
transformation) and Chapter 4 (using the time-reversal tree producing process to in-
fer an explicit solution). The restriction on single-crossovers always leads to ordered
partitions of the sites and thus recombination events (and the recombinator) can be
described via links (since this implies the respective partition of sites due to the or-
dered structure). This simplification is lost for the general recombination model, where
the recombinators have to be defined via the possible partitions (and the composite
recombinators via refinements of partitions). In spite of these complications, we could
show that the overall structure (e.g. independence of segments, arising tree structures)
of the solution remains the same, and therefore the extension of the problem seems to
be more a problem of notation than of the mathematics itself. We concluded the out-
look by adumbrating how to treat recombination dynamics in the framework of genetic
algebras. This suggested that the ansatz of genetic algebras seems to be unnecessarily
complicated - although the approach still has to be completed and may be useful for
extensions of the recombination model (see below).

Concerning further research on recombination dynamics, it would be interesting to ex-
plain the simple structure of the continuous-time single-crossover solution via ancestral
recombination trees. The corresponding approach is explained in Chapter 5, but the
simplicity of the coefficient functions is not immediately evident. Furthermore, the
investigation of the general recombination model (building on the results of Chapter 5)
has to be finished.

After the dynamics of recombination has been studied in isolation, a logical next step
would be to include additional evolutionary forces into the model (e.g. mutation or
selection). Ideas on how this might be achieved with our ansatz are given in [3]. Also,
the approach of genetic algebras might find application when considering other factors
in addition to recombination. This is due to the fact that it is often possible to con-
struct a more ‘complex’ algebra, which models several evolutionary forces, via ‘simpler’
algebras, where each algebra only considers a single factor. The construction of new
algebras can be achieved by forming linear combinations, tensor products, duplications
and linear mappings of existing algebras [69].

Another interesting area regarding recombination concerns itself with the effects of gene
conversion. While (single -) crossover events lead to the reciprocal exchange of the
leading and trailing regions, gene conversion results in the non-reciprocal replacement
of the region in between the flanking regions (see also Figure 2.2). The ability to
distinguish between crossover and gene conversion events is currently of great interest
since these factors have different effects on the measures of linkage disequilibrium (LD)
[39, 66]. Patterns of LD are in turn important to infer information about sequence
variation and population history and are also used for gene mapping. With regard to
our (general) recombination model, gene conversion refers to special partitions, i.e. to
non-crossing partitions of the sites. This would also be interesting from a mathematical
point of view since these partitions constitute another mathematical research area in
themselves [63].
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