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1 Introduction

Since the pioneering work of R. A. Fisher and S.G. Wright, a mathematical con-
ception of population genetics has proven very useful. Population genetics describe
biological processes at the level of genes, which appear as the biological unit of
coding, function and inheritance (cf. [12]), and may therefore yield an account of
the genetic configuration of a given population and its evolution over time. Also,
the same type of processes may be observed in other settings where evolution is
examined, for example in evolutionary models of linguistics (cf. [6]).

The key point in these models consists of the fact that evolution is assumed to
be (partially) random and hence relates to the mathematical concept of stochastic
processes. First applications of this entered the debate in the 1920s and 1930s in
the context of a study of genetic drift, i.e. the change in the genetic configuration
which is only due to random effects. Such models featuring a fixed population size
and non-overlapping generations are usually referred to as Wright—Fisher models,
introduced by Fisher (implicitly) and Wright in 1922 resp. 1931 (cf. [11], [33]). The
simplest application is a model with one locus at which two alleles may occur. One
may then ask what the probabilistic configuration of the model is at a given time.

Technically, such processes are Markov chains as the probabilities for genetic
changes only depend on the current genetic configuration. In order to match the
observations of evolutionary biology, in addition to genetic drift, Wright—Fisher
models also need to incorporate other evolutionary effects such as natural selection
and mutation as well as recombination in multi-loci models. In this generalised
setting, a diffusion limit of the considered processes proves to be handier, i. e. instead
of a discrete state space and a discrete time parameter, the configuration is then
given by a real-valued random variable, while time is continuous. This so-called
diffusion approximation is a standard tool and may be found in many textbooks (e. g.

in [10]); its application to population genetics is notably due to M. Kimura in the
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1950s (cf. [17]).

Continuous models may then in turn be described by means of analytical concepts,
i. e. differential equations for the corresponding probability density function referred
to as the Kolmogorov equations (cf. [20]). In the absence of natural selection and
other effects, these equations describe a heat-equation type evolution, thus the
evolution of the genetic configuration is similar to the diffusion of heat in a metal.
The inclusion of other evolutionary mechanisms such as natural selection, mutation
or recombination then corresponds to a deterministic component which biases the
evolution into a certain direction (this, in terms of physics, is referred to as ‘drift’)
in contrast to the undirected random component (‘diffusion’). Due to the analogy to
physics, this type of differential equations also appears in the physics literature by the
notion of Fokker-Planck equations. For the purposes of this thesis, we will stick with
the genetics nomenclature and use the notion of the Kolmogorov equations with the
Kolmogorov forward equation describing the future evolution of a given configuration,
whereas the Kolmogorov backward equation gives probabilities conditional upon

ending up in a specified state at some future time.

The present thesis is basically located within the context of the diffusion approx-
imation of Wright—Fisher models and the Kolmogorov equations describing their
evolution. The main subject of this thesis is twofold: The first half is concerned
with an analysis of recombinational Wright-Fisher models as well as with stating the
corresponding Kolmogorov equations for their diffusion limit. Triggered by a result of
M. Kimura together with T. Ohta in 1969 (cf. [25]), which appears in the literature
without much further background, a full account of the diffusion approximation
of recombinational Wright—Fisher models is developed, also with a view towards
information geometry. The other half of the thesis addresses analytical solution
schemes for such Kolmogorov equations arising from Wright-Fisher models. However,
for simplification, the treatment in that part is limited to models with only one locus
and consequently without recombination as well as other evolutionary effects, thus
may be subsumed under ‘neutral evolution’.

For this setting, analytic solutions already exist in the literature, for example for
the two-allelic case as well as for the tri-allelic case by M. Kimura (cf. [16], [18]) and
for the general case with n alleles by R. A. Littler and E. D. Fackerell (cf. [22]) as



well as recently in [30]. All these, however, appear to be incomplete to a certain
extent in the sense that a systematic account of the boundary, which — other than
in standard heat equation theory — requires a specific treatment, and hence a full
description of the dynamics is missing. In the analysis presented here, we are able
to develop such an extended solution scheme including the boundary, predicated
on M. Kimura’s findings in [16]. This may be applied both to the forward and the
backward setting, leading to interesting results.

For the Kolmogorov backward equation, our analysis also reconfirms some results
by R. A. Littler for the stationary case (corresponding to t = —oo; cf. [21], [23]);
the presented approach provides a systematic derivation for these results, which is
missing in the mentioned sources. Additionally, another important aspect, that is the
uniqueness of these stationary solutions, obviously has not been covered by Littler
nor elsewhere — yet, this gap may be filled via a specifically designed blow-up scheme
for the domain as will be presented in this thesis.

The outline of the present thesis is thus as follows: In chapter 2, a systematic
approach to the diffusion approximation of recombinational two- or more loci Wright—
Fisher models is presented. As a point of departure we choose a specific Kolmogorov
backward equation for the diffusion approximation of a recombinational two-loci
Wright—Fisher model, to which — with the help of some information geometrical
methods, i. e. by calculating the sectional curvatures of the corresponding statistical
manifold (which is the domain equipped with the corresponding Fisher metric) — we
are able to identify the underlying Wright—Fisher model. Accompanying this, for all
methods and tools involved a suitable introduction is presented. Furthermore, the
considerations span a separate analysis for the two most common underlying models
(RUZ and RUG) as well as a comparison of the two models. Finally, transferring
corresponding results for a simpler model described by Antonelli and Strobeck in [5],
solutions of the Kolmogorov equations are contrasted with Brownian motion in the
same domain, leading to interesting insights.

In chapter 3, the perspective of the diffusion approximation of recombinational
Wright-Fisher models is further developed as the model underlying the Ohta-Kimura
formula is subsequently extended by an integration of the concepts of natural fitness
and mutation. Simultaneously, the corresponding extensions of the Ohta—Kimura

formula are stated. Crucial for this is the development of a suitable fitness scheme,
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which is accomplished by a multiplicative aggregation of fitness values for pairs of
gametes/zygotes. Furthermore, the model is generalised to have an arbitrary number
of alleles and — in the following step — an arbitrary number of loci respectively.
The latter involves an increased number of recombination modes, for which the
concept of recombination masks as introduced in [27] is also implemented into
the model. Another generalisation in terms of coarse-graining is performed via
an application of schemata; this also affects the previously introduced concepts,
specifically mask recombination, which are adapted accordingly. Eventually, a
geometric analysis of linkage equilibrium states of the multi-loci Wright—Fisher models
is carried out, relating to the concept of hierarchical probability distributions in
information geometry (cf. [3]), which concludes our considerations of recombinational
Wright-Fisher models and their extensions.

In chapter 4, we usher in our discussion of analytical solution schemes for the
Kolmogorov equations corresponding to the diffusion approximation of Wright—Fisher
models, which represents the second part of the thesis. To this end, we start with
the simplest setting of a 1-dimensional Wright—Fisher model, for which we recall
the solution strategy for the corresponding Kolmogorov forward equation given by
M. Kimura. From this, we are able to construct a unique extended solution which
also accounts for the dynamics of the model on lower-dimensional entities of the state
space, i.e. configurations of the model where one of the alleles no longer exists in the
population, utilising the concept of the (boundary) flux of a solution; a discussion
of the moments of the distribution confirms our findings. A similar treatment is
then carried out for the corresponding Kolmogorov backward equation, yielding
analogous results of existence and uniqueness for an extended solution. For the latter
in particular, a corresponding account of the configuration on the boundary turns
out to be crucial, which is also reflected in the probabilistic interpretation of the
backward solution. Additionally, the long-term behaviour of solutions is analysed,
and a comparison between such solutions of the forward and the backward equation
is made.

In chapter 5, we basically aim to transfer the results obtained in the previous
chapter to the subsequent increasingly complicated setting of a Wright—Fisher model
with 1 locus and an arbitrary number of alleles: With solution schemes for the

interior of the state space (i.e. not encompassing the boundary) already existing in



the literature, we develop an extension scheme for a successive determination of the
solution on lower-dimensional entities of the domain. This scheme, again, makes
use of the concept of (boundary) flux of solutions, and we may therefore show that
this extended solution fulfils additional properties regarding the completeness of
the diffusion approximation with respect to the boundary. These properties may
be formulated in terms of the moments of the distribution, and we illustrate their
connection to the underlying Wright—Fisher model. Altogether, stipulating such a
moments condition, we show existence and uniqueness of an extended solution on
the entire domain. Furthermore, the corresponding Kolmogorov backward equation
is examined, for which we similarly present a (backward) extension scheme which
allows extending a solution in a domain (perceived as a boundary instance of a
larger domain) to all adjacent higher-dimensional entities of the larger domain along
a certain path. This generalises the integration of boundary data observed in the
previous chapter; in total, we may show the existence of a solution of the Kolmogorov
backward equation in the entire domain for arbitrary boundary data.

Of particular interest to our discussion are stationary solutions of the Kolmogorov
backward equation as they describe eventual hit probabilities for a certain target
set of the model (in accordance with the probabilistic interpretation of solutions
of the backward equation). The presented backward extension scheme allows the
construction of solutions for all relevant cases. Eventually, in chapter 6, the hitherto
missing uniqueness assertion for this type of solutions is established by means of
a specific iterated transformation which resolves the critical incompatibilities of
solutions by a successive blow-up while the domain is converted from a simplex
into a cube. Then — under certain additional assumptions on the regularity of
the transformed solution — the uniqueness directly follows from general principles.
Lastly, several other aspects of the blow-up scheme are discussed; in particular, it is
illustrated in what way the required extra regularity relates to reasonable additional

properties of the underlying Wright—Fisher model.






2 A recombinational two-loci Wright—Fisher

model and its diffusion approximation

In this chapter we are concerned with setting up a two-loci Wright—Fisher model
with recombination and giving its diffusion approximation. However, we proceed
indirectly and choose the differential equation for the transition probability density
for such a model as our point of departure and subsequently identify and analyse
the underlying Wright—Fisher models. This in particular involves an application of

information geometrical tools, which will likewise be introduced.

2.1 The Ohta—Kimura formula

The differential equation for the transition probability density f: €2, 4 p) % (0, 00) —
R of the diffusion approximation of a recombinational two-loci Wright-Fisher model

given by T. Ohta and M. Kimura as presented in [10], p. 228 reads

of 1 2F 1 2F 1. 0*f 1 o2 f
5 = P-p) o 740 —a) o 3P apa T 2P0 25,00 (2.1)
1 d” 1 0
# 5D = 20) 50 a1 =)0 =)+ D1 =200~ 20) - DL
1 of
— 5D(1 + 2NR)8—D

for f(-,t) € C*(Qq.p)) for every t > 0 and f(p,q, D, -) € C*((0,00)) for (p,q, D) €
Qp,q,p) and with

Q(p,q7D) =
{(p,q,D) €R*|0 < p,q < 1,max(p+q—1,0) —pg < D < min(p,q) —pq}. (2.2)
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Thus, the coefficient matrix of the 2nd order derivatives equals

(a”(p, q, D))

p(1—p) D D(1 - 2p)
== D q(1—q) D(1 —2q)
D(1—2p) D(1-2q) pq(1—p)(1—q)+D(1—2p)(1—-2¢) — D

(2.3)

Since a derivation of this formula is not provided in the literature, we will aim
to make up for this in the following: Calculating the sectional curvatures of the
statistical manifold corresponding to the given formula will help us identify the
underlying probability distribution, which will then lead us to the corresponding
Wright—Fisher model. In the following, we start with the introduction of some basic

concepts.

2.2 Aspects of information geometry

2.2.1 Riemannian metrics

We briefly recapitulate the definitions (cf. [13], pp. 13f.):

2.1 Definition. A Riemannian manifold (M, g) is a differentiable manifold M
equipped with a Riemannian metric g, i.e. a scalar product on each tangent space

T,M which depends smoothly on the base point p € M.

In local coordinates # = (x!,... 2%), a Riemannian metric is given by a matrix

(gi;(z)). When changing coordinates to Z, then this matrix transforms as

8$ Ox’
gkl Z g'Lj (24)

ok ozl

with (gr (%)) denoting the representation of the metric in the Z-coordinates. This is
due to the requirement that the scalar product of two tangent vectors be independent

of the coordinate representation. Correspondingly, we have for (g*(z)), which denotes
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the inverse of (g;;(x)),

aazk oz
~kl z]
Zg ) 5w o (25)

Now, when stating a parabolic differential equation in some domain Qp :=  x
(0,7) C R" x (Ry U{oo}) in the general form

9, " 0? (9
_— — v (¢
atu(:v,t) 3:1@ (:16)&6Za ~u(z,t) + E b'(z (‘31: u(z,t) + c(x)u(x, )

with (z,t) € Qp, (2.6)

we have for its transformation behaviour under coordinates changes:

2.2 Lemma. The parabolic partial differential equation (2.6) transforms under a

change of the spatial coordinates QO — Q,x —> & into

%a(j,t): Za’d( i) 8:17(20931 (7 t)+Zl~)k(f)%ﬂ(§c,t)+E(f)ﬂ(j,t) (2.7)

with @((x),t) = u(x,t) and

" 0k OF!

Skl -
a"(z) = ijz_la (z) o7 D fork,0l=1,...,n, (2.8)
N i
7 ij .
Z e axz 1]21 @) 0x'0xI fork=1,...n, (2.9)
A2) = elz). (2.10)

Proof. Let T be a change of coordinates and @ such that u(x,t) = a(Z(z),t). Then

we have by the chain rule

& : ok o _
Z 8:1:183:3 Z Z g Ozi <8xj %u>

2,7=1 1,7=1 k=




2 A recombinational two-loci Wright—Fisher model and its diffusion approximation

= 8xl ok 92 = 4 0%k 0
- Z (Z 92 O 8xl8xku+z Jax’&cﬂ 97k )

ij=1 " Lk=1
& 8:70 ok 92 n 927k
a Z Z Ozt Oz axlﬁxku+z Z oxt0xI 8mku (2.11)
l,k=11,5=1 k=1 i,j=1

and

b = bZ b'— ——1. 2.12

Z Su=3Y Waxku Pl (212)
=1 k=1 k=1 i=1

~lk bk

Now putting a and ¢ as in equation (2.8), we have

En:aij o u+zn:biiu+cu:zn:dlk o u+ Y BkiﬂqLéﬂ. ]
ij=1 0z 9z = o Lk=1 ror k=1

As the coefficient matrix of the second order derivatives (a”) — additionally to
being positive definite — thus transforms like the coefficients (¢%) of the inverse
of the Riemannian metric g = (g;;) under changes of coordinates (i.e. twice con-
travariantly), this allows interpreting a parabolic PDE on a domain 2 in terms
of a Riemannian manifold (£2, g) with the (inverse of the) corresponding metric ¢
given by the coefficients (¢”) = (a/). In fact, in section 2.2.4 we will show that for
equation (2.1) (a”) coincides with (the inverse of) a Fisher metric on Q4 p).

Here, Q,4.p) C R? clearly is a differentiable manifold, and it may be checked that
g = (gi;) given by (¢g") = (a") defines a scalar product (i.e. (¢;;) is symmetric and
positive definite in Q, , py) with its coefficients depending continuously on the base
point. However, inverting (¢%/) yields a quite lengthy expression, which we state here

only for completeness:

—(p—1p(g—1)%¢*—(2p—1)(q—1)q(2g—1) D+(—1-3(q—1)q) D?

(9i1)(p.a.0) = 4 det(g7) " —(p—1)p(q—1)gD+D? , (2.13)

D(q(—1-2p(¢—1)+q—2D)+D)
—(p—1)p(q—1)¢D+D?

(9i2)pa,0) = 4det(g) ™ | —(p-1)202(¢—1)a—(p—1)p(2p—1) (20—~ 1)D+(~1-3(p—1)p) D2 |, (2.14)

D(p(—1+4p+2q—2pq—2D)+D)

10
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D(q(—1-2p(q—1)+q—2D)+D)
(gis)(pvqu) = 4det(gij)_1 D(p(—14+p+29—2pq—2D)+D) | - (2-15)

(p—1)p(q—1)q—D?

2.2.2 Curvature

To understand the geometrical properties of the problem given, we will calculate
the sectional curvatures of the manifold (€, 4 p),g) with (¢”) being given by the
coefficients of the 2nd order derivatives.

In accordance with [13], p. 164, we define:

2.3 Definition. The sectional curvature of the plane spanned by the (linearly
independent) tangent vectors X = &2 5y ¥ = 779% € T, M of the Riemannian
manifold (M, g) is

Riju&nickn!
(9ikgj1 — Gijgr) N ERN!

K(XAY):= (2.16)

In the preceding formulae as well as throughout this section, the summation
convention is employed, meaning that it is summed over all indices which appear
both as upper and as lower index. Furthermore, R denotes the Riemann curvature

tensor, whose components are given by

Rj;; = 0T — o, — Tk (2.17)

zr jl js zl

The appearing I" are the Christoffel symbols of the (unique) Levi-Civita connection
for (M, g), which may be expressed in terms of the metric. Correspondingly, the
Christoffel symbols of 1st kind are given by

1, 0 0 0
iy = 5(8 -Gy + o7 a0 — a$lgz‘j)> (2.18)

whereas those of 2nd kind are given by

1 0 0 0
FZ — gklrijl = 29 (a ngl + o ,ngl 8xlgij) (219)

respectively (cf. [13], p. 18).

11
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However, equation (2.16) requires the purely covariant formulation of the curvature

tensor, which is obtained by lowering the upper index, hence
Rklij = gka?Zj. (2.20)

The resulting formula may be simplified to some extent, which also reduces the
calculative effort. Doing so, we first evaluate the derivatives occurring in R (cf.
equation (2.17)):

= (8lgms)rjl8 + gms(azrjls) - (ajgmr)rm — gmr(ajrlh)
Now exploiting that, for the Levi-Civita connection V of (M, g), we have V;(¢g™*) = 0,
Ol — Ol = —Taig™ Uins + Tajg™ Ty — ingmbrﬂs + nggmbrilr
+ gmr<airjlr - ajrilr)-

As g°T1, = Ty and T = T

the first two terms on the right-hand side cancel with

the last two terms of equation (2.17), and now lowering the upper index m yields
Riij = gem Ry = —T30jis + Tilar + 0L — 0Tk

as grmg™® = 0%. Expressing the appearing Christoffel symbols of 2nd kind through
those of 1st kind resp. employing their definition for the last two terms, we eventually

arrive at
1
Ryi; = 3 (0:019;1 + 0;0kgi — 0i0kgji — 0;019i) + 9" (Tijslitr — UkinLjis) . (2.21)

which we will use for calculating the curvatures in the following (note Ryi; = Rijki).

We additionally note:

2.4 Remark. If the metric g is scaled with a factor A, then the corresponding

sectional curvatures are scaled by %

12



2.2 Aspects of information geometry

Proof. In equation (2.16), g appears twice in the denominator, while Ry;; in the
enumerator only contains either dd¢g or terms of the form ¢g~'9gdg, which both

deliver only one factor . O

2.2.3 Geometrical properties corresponding to the Ohta—Kimura

formula

Analysing the geometry of the given problems results in:

2.5 Proposition. The sectional curvatures of (2 q,0y,9) with the inverse metric
(g¥) given by the coefficient matriz (a™) of the 2nd order derivatives of the Ohta—

Kimura formula (2.1) are all (constantly) equal to .

Proof. We calculate the sectional curvature for a plane spanned by two coordinate

axes K;; == K (22 A 52 ), which is according to equations (2.16) and (2.21) given by

Rijji
9955 — (95)?
5 (0:0igj; + 00595 — 005951 — 050i953) + 9" (UjgsLiir — TjrL'jis)
9ii935 — (9i3)?

= O

The preceding result is essentially independent of any prefactors (i. e. %) added
to the metric as in accordance with remark 2.4, this does not affect its property of
describing a manifold of constant curvature.

Hence, as dealing with a manifold with constant curvature, it is appropriate to shift
to more natural coordinates, i.e. coordinates which are adapted to the geometrical

situation. Since for n € N the standard n-sphere

n+1

S (@) = 1} c R (2.22)

i=1

Sn = {(xl, ot e R

is a manifold of constant (positive) curvature, we may adopt such sphere coordinates,

13



2 A recombinational two-loci Wright—Fisher model and its diffusion approximation

which are given (for the positive sector S) by

{(zl,...,x”) eR"

7 >0, Xn: (2') < 1} (2.23)

as only n coordinates are needed as 2! is suppressible and may be calculated from
the other coordinates. In these coordinates, the standard metric g" of S™ (which

is the metric induced on S™ from Euclidean metric on R"™!; cf. [12], pp. 137f.) is

given by
(gﬁl)2 212 zlgn
1+ e A
n oy ltamy o oy
(g55(x)) = _ . _ _ (2.24)
xlzn man ™ 2
(zn+1)2 ($n+1)2 1+ (gEn+)1)2

with 2"t = \/1 — S (29)2; calculating the sectional curvatures of (S, g") di-

rectly verifies the property of being a manifold of positive curvature.
Furthermore, we may exploit the natural bijection between the positive sector of

the n-sphere and the (open) n-dimensional standard orthogonal simplex

A, ={(",...,2") eR"[z" > O,in < 1}, (2.25)

i=1

which is given by

. (2.26)

(y") — (2') with 2" := (yl)2 fori=1,...,n.
2.6 Lemma. Under a change of coordinates (p,q, D) — x = (2, 2%, x3) with
' i=pg+D, 2*:=p(l—q)—D, z°:=q(1-p)—D, (2.27)

the domain Q4 py is mapped onto Ag, while the coefficient matriz (a” (p, q, D)) of

14



2.2 Aspects of information geometry

the 2nd order derivatives in equation (2.1) transforms into

,‘ 1 P(1—a)  —ala? _plg?
(@’ (x)) = 1 —rlz?  2?(1—2?) 2?2 |, wE; (2.28)
—rla? —2?2® 231 — a?)
and
(z) "+ (@) (ah) ! (a1
(@i;(2)) = 4 ()" (@)™ + ()7 ()~ , T €N
(ah)™ (ah) ™ (%) "+ (2
(2.29)

with x* =1 — Z?:1 xt respectively.

Proof. The assertion on €}, , py may be checked straightforwardly. Furthermore, we

have
o q p 1
Jx' Ox' axz)
ou’ 0 o) _ [, o, . (2:30)
( Op 9q 0D/ 193
—q 1—p -1
Applying the formula for @¥ given in lemma 2.2 yields the desired result. O

Transforming further into sphere coordinates by

(z') — (y') with ' := Vi fori =1,2,3, (2.31)
thus applying the natural bijection Ay — S% of equation (2.26), we have g—i’; =
#ﬁﬁ-, from which we obtain analogously

Lt W) v
@w) =151 v 1-6 v |, ves: (2.32)
: 3
-y'y* 1 (%)

15



2 A recombinational two-loci Wright—Fisher model and its diffusion approximation

and
")’ y'ly? y'ys
! +1 (34)2 (y4)22 2 (y24)32
() =16 £ 1+&n  on | yes] (2.33)
y'y? v2y? >
3 Pl 1+ Pl
(y*) (y*) (v*)

with y* := \/ 132 (yi)® respectively.

Thus, (a;;) resp. (a;;) coincide (up to the prefactor 16) with the standard metric
g* of the 3-sphere S% C R* (cf. equation (2.24)), which again confirms the statement
of proposition 2.5 (cf. also remark 2.4). Moreover, a”(x) is (up to scaling and
the missing prefactor V) the covariance matrix of the multinomial distribution
M(N;p',..., p*) with parameters p' = 2%, i = 1,2,3; p* = 1 — 3.>_, 2% This already
hints at its coincidence with the Fisher metric of the multinomial distribution on Ag

as will be illustrated in the following section.

2.2.4 The Fisher metric

Generally, the Fisher information metric of a suitable family of probability distribu-
tions on some domain () parametrised by 6 = (6;,...,6,) € © C R" with probability
density functions p(6): 2 — R is given by (cf. [2], p. 27)

0

0 -
gij(0) = Ep9 (_8(9- logp(G)—ael logp(@)) fori,j € {1,...,n}, 0 €O, (2.34)
i j

wherein the expectation is to be taken with respect to p(f) as indicated. It may be
checked that this defines a Riemannian metric (cf. definition 2.1) on the parameter
space ©. Then, (0, g) is called a statistical manifold.

In the very common case of an exponential family with probability density function
plw,0) = gw) exp (Y 0:X:(w) — 1:(0)) (2.35)
i=1

with X1, ..., X, being the corresponding observables (cf. [24]), we have for the Fisher
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2.2 Aspects of information geometry

metric

9:;(0) = E <<Xz - a%w) (Xj - %w)) = E(X.X;) — E(X;) E(X)),

i,j=1,...,n, (2.36)

as

00;

thus already the property of being the covariance matrix of the corresponding
distribution.
For the multinomial distribution M(N;p!, ..., p"™), p € A,, which also forms an

exponential family in their natural parameters

P :
0, =1 — =1,... 2.
= tog (s ) 1= (2.37)

and with g(w) = (Xl(w) ..... Xn(cj\)[,N—Zj Xj(w)) and 1(f) = Nlog (1+ Y7, exp(6;)), the
Fisher metric g thus defines a Riemannian metric on the space of natural parameters
© of the multinomial distribution with (g;;(¢)) coinciding with the corresponding
covariance matrix (cf. equation (2.36)). However, this is only true for (g;;) given in
the #-coordinates, whereas the Ohta—Kimura formula and its derivations are rather
formulated in terms of the p-coordinates.

To formulate the Fisher metric of the multinomial distribution in the coordinates
p',...,p" (the parameter p"*! does not appear as coordinate due to S7! pi = 1),
may change the coordinates adequately with the metric transforming in accordance

with equation (2.4). Hence, we obtain

)20 00
gu(p Z 95(0) 5 : apj = Z 915 (9r) " (g15) ™" = N?¢™(6(p))

4,j=1 3,j=1

for k,il=1,....,n,p€ A, (2.38)
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2 A recombinational two-loci Wright—Fisher model and its diffusion approximation

as we have
N O vy = D y0) = BXX) - B E(X) = g5(0), (239)
06; — 9B, ogo; ) T T T A =T,

with the first equality holding particularly for the multinomial distribution. Thus,
the Fisher metric on the parameter space in p-coordinates A, is the inverse of the
metric on the parameter space in §-coordinates © (up to the factor N?; cf. [12]). For

the inverse metric, this further implies

_ 1 1
gkl(p) = mgkl(ﬁ(p)) = Npk(élk —pl) for k,l=1,....n,pe A,, (2.40)

signifying that the observed matrix (a*(x)) in equation (2.28) is (up to a factor <)
the inverse of the Fisher metric of the multinomial distribution on its parameter
space in coordinates p = x, i.e. Az. Reversing the transformations of the preceding

section and ignoring the factor N, we finally have:

2.7 Lemma. The coefficients of the 2nd order derivatives of the Ohta—Kimura
formula (2.1) equal (up to a constant factor) the components of the inverse of the

Fisher metric of the multinomial distribution on €, 4 p)-
Likewise, we may now reformulate proposition 2.5:

2.8 Proposition. Q,, py equipped with the Fisher metric of the multinomial distri-

bution carries the geometrical structure of a manifold of constant positive curvature

L
16"

This probabilistic link via the Fisher metric hints on how the Ohta—Kimura
formula comes about: When also transforming the 1st order derivatives into the

x-coordinates in accordance with lemma 2.6, then — because of equation (2.30)
8211 o 82$2 o 821'3 _ . . .
and opoa — L» opvg = opog — — L as the only non-vanishing 2nd order coordinate

derivatives — the formula reads

B A 3 o 0
—u(z,t) = - Z 2 (68 — 27 ) ———u(z, 1) +Z(—5; +03+ ) NRD(x) 5 —u(w, 1)

for (z,t) € (A3)w. (2.41)
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2.3 A recombinational two-loci Wright—Fisher model

In the following section, we will present a model from which this formula may be

derived.

2.3 A recombinational two-loci Wright—Fisher model

2.3.1 General setup

To reflect gene dynamics, we employ a standard recombinational Wright—Fisher
model as described for example in [10], pp. 67f. A population of a fixed number
N € N, of individuals (zygotes) is considered, which are intended to be the carriers
of the genetic information that we are looking at. For simplicity, it is assumed
that these individuals are monoecious, i.e. all belong to the same sex. The genetic

configuration of the individuals is as follows:
o FEach individual carries two loci of genetic information.
« Each locus contains two alleles (diploidy).

Here, these alleles are chosen from a set of two alleles for each locus, e. g. at the A-locus
the alleles A; and As may appear, while for the B-locus we have alleles B; and By,
and hence we write ﬁig; for a given zygote (with the two-lined notation indicating
its diploidy). Altogether this makes up 4 x 4 possible genetic configurations for the
individuals, but we will stipulate a symmetric identification, i.e. not to distinguish
A

A’:Qg? . Hence, 10 different

e : . AyB;
between individuals with the configuration le and ’
22 2 21 1

genetic configurations remain.

For means of reproduction, though, the zygotes produce gametes, which consist of
again two loci, but with only one allele in each locus (haploidy). Correspondingly,
every zygote may be viewed as being formed by two gametes. Here, we have four
different types of gametes, which are of course A1 By, A1 Bs, A3 By and A3 By. Which
type of gamete is produced by some zygote is dependent on whether recombination
takes place or not. Without recombination, a zygote ﬁ;gj; may either produce a
gamete A;, Bj, or a gamete A;,Bj, (assumingly with equal probability of 1), whereas
a recombinational event may produce also the gametes A;, B;, and A;,B;, (again

with equal probability).
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2 A recombinational two-loci Wright—Fisher model and its diffusion approximation

Without recombination, the concurrence of the alleles at the two loci in the gamete
produced is already determined: This is usually referred to as linkage between the
two loci, since the alleles appearing there are ‘linked’ by their incidence at the zygote
considered. Recombination opposes this behaviour, as it allows for combinations of
alleles which may not be present at the input zygote. The recombinational events
themselves are assumed to occur probabilistically: The recombination rate R may
depend on the biological configuration and expresses to which extent the linkage
between the two loci considered is lifted: R = % signifies that no effect of linkage
remains at all, whereas on the other hand, R = 0 implies that we effectively have a
model with only one locus but with four different alleles at this locus instead. To
avoid the latter case, R > 0 is assumed here. For later uses we also need to require
that R depends on the population size N and that R(N) € O(N™1).

2.3.2 Reproduction

Reproduction takes place in the model in two steps. In the first step, the current
population (i.e. a collection of zygotes) produces a collection of gametes — possibly
including recombination. In the next step, two gametes each are combined to build
a new zygote, i.e. belonging to the next generation. There are different possibilities
to handle the first step; the two most common models will be introduced in the
following. For the second step, in both models multinomial sampling of the gametes

that were produced in the first step is applied.

Random union of gametes (RUG)

In the RUG model (as proposed by Karlin and McGregor in [15]), a given population
is viewed as a collection of gametes rather than as a collection of zygotes, which
actually contain the gametes. Random union now signifies that two of these gametes
are sampled randomly and combined. At this stage, recombination is integrated into
the model: Every such double gamete now produces a new gamete, possibly under
recombination (cf. fig. 2.1). These new gametes are then in the next step employed

to form the next generation of zygotes.
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2.3 A recombinational two-loci Wright—Fisher model

A182 mating
\ Al A2 (recombination)
/ By B,

AQBl

> AQBQ

Figure 2.1: Random union of gametes

Random union of zygotes (RUZ)

In the RUZ model (as proposed by Watterson in [31]), mating really takes place
between the zygotes of the current generation, in the sense that first two zygotes are
sampled randomly, which then produces a gamete each, possibly under recombination.
These two gametes are then conflated into a new double gamete. From these double

gametes, again the zygotes of the next generation are formed.

Randomness of the transition

In order to clarify whether different parts of the transition are really random, a
closer look as executed in [4] is required: The multinomial sampling in the second
step — in a more precise sense — has to be seen as sampling from an infinite pool of
gametes/pool of gamete pairs whose frequencies are determined by (infinitely many)
RUG/RUZ-steps from the given population of zygotes. Correspondingly, also the
mating interstages actually form a pool of gamete pairs (RUG)/gametes (RUZ) (as
illustrated in the figures 2.2 and 2.3).

Hence, in the first step, we actually have deterministic behaviour, and recombina-
tional effects only emerge in terms of altering the gamete frequencies in the pool, but
no (random) fluctuations occurs. Randomness only applies to the second step, and
consequently the properties of multinomial sampling determine the characteristics of

the model to a large extent as will be seen in section 2.4.

2.3.3 Mathematical formulation of the reproduction mechanism

For both models, the quantitative analysis is best done in terms of gamete numbers
as there are only four of them. Moreover, as the population size is fixed to N,

it is appropriate to rather shift to frequencies, and hence we obtain four gamete
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2 A recombinational two-loci Wright—Fisher model and its diffusion approximation

frequencies, which will be denoted by ¢ = (cy, ..., c4) for the gametes A; By, A;Bs,
Ay B1, AsBs. Due to their frequency property, i.e. Zle ¢; = 1, actually already
three frequencies yield an exhaustive description; the fourth one is often carried
along for notational reasons, however. For the RUG model, the formulation in terms
of gametes arises naturally as the population is viewed anyway by the gametes
contained in a given zygote population, but it may similarly be applied also to the
RUZ model (at a different stage, however).

Finally, we wish to construct a stochastic process! (C(t))ien = (C1(t), ..., Cy(t))ien
both for the RUG and the RUZ model depicting the evolution of gamete frequencies
under successive transitions as described. Again, actually only three coordinates are
needed as all four coordinates always sum up to 1. It is evident that the transitions
only depend on the current state of the process (i.e. not on the previous history nor
explicitly on the time parameter), thus such a process is Markovian and invariant
under time shifts (homogeneous in time). In the following, we will determine the
distribution of C(¢ 4 1) with the current situation C(t) = ¢ given in terms of its

moments up to order 3.

The RUG model

i),

The frequencies in the gamete pool (cf. figure 2.2), denoted here by ¢ = (¢}, ...,
— thus after mating and recombination — may be calculated as follows (cf. [15]): A

gamete Ay B, is produced
o with relative frequency 1 when sampling A; B; twice,

o with relative frequency % when sampling either A; B, and A, By or A; B, and
A2B17

« with relative frequency % when sampling A; B; and As B, in case of no recom-

bination,

» with relative frequency % when sampling A; Bs; and Ay B; in case of recombina-

tion,

!The capitalisation of frequencies (C(t)) indicates that these are now random variables; their
values, however, are still denoted by small letters. This notation scheme will essentially be kept
for all other appearing random variables.
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2.3 A recombinational two-loci Wright—Fisher model

thus we have (with additional factors 2 by symmetry for sampling different alleles

and with ¢ = (¢1,...,¢q) given):

;9 1 1
¢, =ci + 2cicy - 3 + 2¢yc3 - 5

1 1
+ 20104 : 5(1 - R) + 20263 : §R

=C1 — R(ClC4 — 0263). (242)

For the remaining frequencies, we similarly obtain:

¢y =Co + R(cicq — coc3), (2.43)
¢3 =c3 + R(cieq — cacy), (2.44)
¢y =cy — R(cieq — cac3). (2.45)

The appearing expression
c1c4 — cac3 =: D(c) (2.46)

is called the coefficient of linkage disequilibrium: If D(c) = ¢; — (¢1 + ¢2)(c1 +¢3) =0,
the population is said to be in linkage equilibrium, signifying that the product of the
gross frequencies of the alleles A; and B; equals the frequency of the gamete A, B,
i.e. no special concurrence of the alleles at the different loci exists (cf. ‘linkage’ on
p- 20; simultaneously, an analogous statement holds true for all other combinations
of alleles at different loci, e.g. Ay and Bs).

Clearly, this coefficient of linkage disequilibrium is also time dependent through
the frequencies ¢(t), but if no confusion is to be feared, we may drop the arguments

of D. For D' := D(c') = ¢\, — iy, we have

D" = (¢; — RD)(¢y — RD) — (¢ + RD)(c3 + RD) (2.47)
= (c1¢4 — cac3) — RD(c1 + co + ¢3 + ¢4) (2.48)
= (1—-R)D. (2.49)
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2 A recombinational two-loci Wright—Fisher model and its diffusion approximation

N zygotes N zygotes
with with gamete
gamete freq. ¢;(t) freq. ¢;(t + 1)
\mating (random union)
multinomial pool of multinomial
sampling . sampling
2N trials gamete pairs 2N trials
recombinatiox
pool of pool of
gametes gametes
freq. c(t — 1) freq. ¢ (t)

Figure 2.2: The RUG model

Hence, as R > 0, we have D' < D due to the recombinational events, signifying that
the effect of linkage is receding in the population. However, this perspective will be
further developed in section 2.6.

The analysis of the multinomial sampling step is also straightforward. The gamete
frequencies of the next generation (Cy(t + 1),...,Cy(t + 1)) given C(t) = ¢ are
M(2N, (d},...,d,)) distributed, and for the expectation values and second resp.

third moments, we thus have:

E(Ci(t+1)|C(t) =¢) =¢, = ¢; = RD, (2.50)
1 !l 1 /<
E((C:C)(t+1)|C(t) =¢) = <1 — ﬁ) e + ﬁciéj
1 i
(2.51)
3 2 ’ o 1 IBNEV]
E((GCC)E+1)CR) =) = (1- 55 + N )Gt Wciéjdk
1 1 BV / j
+ <ﬁ — (2N)2> (chekt + ciciby, + ¢ or).

(2.52)
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2.3 A recombinational two-loci Wright—Fisher model

For the increments dC; := C;(t + 1) — C;(t), this yields (the notation Eg indicates

that this is the expectation of the increment of the process within time 0t):
and

= E((C:C5)(t + DIC(t) = ¢) + E1(3C|C () = ¢) E1(6C5|C (1) = ¢)
E(G{+1)|C(t) = )E(C(t+1)|0() c)
&)

1 7
= ﬁ(c & — cic) £ (
= QL ((ci £ RD)d! — (¢; = RD)(¢; + RD)) £ (RD)?
1 i 2
= W(Ciéj — ¢ic; £ (0 F ¢; F ¢;)RD F (RD)?) £ (RD) (2.54)
as well as
E,(0C;6C;0C|C(t) = ¢)
— B((C.CCO(E + DIC(E) = o) — cicyen
E(C;C;)(t+1)|C(t) = c)cx + E(C(t + 1)|C(t) = c)cicy
—E(CiCk)(t + 1)|C(t) = c)c; + E(C;(t +1)|C(t) = c)cick
— E(C;Cr)(t+1)|C(t) = ¢)c; + E(Ci(t + 1)|C(t) = ¢)cjey,
1

3 2 1
— 1__ /1! - 61 /,5] 6k
( 2N+(2N))1CC +(2N (2N)2>(Cck +cc —i—cck )
_|_

1 1

1 .
k / / / /
—(c! §’ck + ciore; + cjéicz-) + cicjcy + cicier + ciejer — cicjck

C 2N
= (c. —¢;)(c. — ;) — g 2¢icep, — cie —c —cc + ¢
[ () — ) (ch — i) + g (2, — leht — cichd] — ikt + o]
1 ) ! j
b g (b= 09 (e — ) + b1 = 8 (s = &) + b1 — 8 (ei — )
D A , ,
= +(RD)* + W( + ¢ (1 = 0%) £ ¢ (1 — 6;) £ ¢jcf (1 —67))
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2 A recombinational two-loci Wright—Fisher model and its diffusion approximation

N Y VI 11k SYPVi
2¢;¢5¢), — €08 — ¢;¢50y, — ;07 + ci5j5k). (2.55)

1
v
The RUZ model

The RUZ model as described by Watterson in [31] comes along somewhat more
complicated, but is effectively not very different from the RUG model. However,
the assessment of the model in terms of gamete frequencies now refers rather to the
gamete pool (cf. figure 2.3) than to the population itself, which is mainly due to
technical reasons.

For a population of zygotes ; containing gametes 7,7 = 1,...,4, the relative
frequency with which a zygote? containing gametes i and j produces a gamete k is
given by a table (pi), which directly reflects the considerations above for the RUG

model, i.e.

J k=1 k=2 k=3 k=4

R
e

(i,5) =

(2.56)

D=
=
D=
—~
—_
|
=
N—
D=
—~
—_
|
=
N—
DN |
=

AW W NN N =
R W o W N R WD

e e e e e N T
M O~ Y Y N~ Y~ ~—
o
—_
O Wi = [a=)
= N O NI (a»)

for ¢ < j; for ¢ > j, the values for pi are given by pi = p; With given zygote
frequencies i, the relative frequency with which a gamete k is obtained after

uniformly sampling a zygote hence equals

4 .
¢ = Zx;pé for k=1,...,4, (2.57)
ij=1

2For simplicity, here we do not use the symmetric identification of zygotic types. This is without
any persisting effect as the results will be formulated in terms of gamete frequencies.
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N zygotes N zygotes
with with
freq. i (t) freq. z;(t + 1)
J J
recombinatiox multinomial \

sampling

pool of N trials pool of
gametes gametes
freq. ¢ (t) freq. ¢, (t + 1)
mating (random unionx

pool of
gamete pairs
freq. c,cj(t)

Figure 2.3: The RUZ model

and after random mating, we obtain a pool of gamete pairs (k,[) with frequencies
(chcp) (for systematic reasons, variables referring to the pool of gametes/gamete pairs
are primed throughout).

In the next step, multinomial sampling with these pair frequencies taken as
parameters then results in a probability distribution for (X i (t+1)), from which again
the distribution of the frequencies (C}.(t + 1)) in the gamete pool may be calculated
in accordance with equation (2.57); the corresponding moment generating function
for (C}(t + 1)) is thus given by (cf. [31])

4 i
Mor) = B (E G|y = ) = (3 dettann)”

ij=1

with 6 = (61,...,0,) € R*, (2.58)

which may be used to calculate the moments of the process.

However, this formula actually corresponds to swapping the first and the second
step of the transition, i. e. first sampling multinomially from a pool of gamete pairs
with frequencies (cjc}) to obtain a new population of zygotes (X (t+1)) and thereafter
letting it produce (infinitely many) new gametes with frequencies (C}(t + 1)) in

accordance with equation (2.57) (from which again a pool of gamete pairs with
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2 A recombinational two-loci Wright—Fisher model and its diffusion approximation

frequencies (C.C(t + 1)) may be obtained). Both (Xi(t+ 1)) and (Ci(t + 1)) are
random variables then, with the latter depending deterministically on (X:).
Hence, we are able to calculate the moments of (C}.(t+ 1)) directly from properties

of the multinomial distribution (yielding the same results as when using the moment

(t) =)

= Y B+ DIC(D) = )}

= "déin (2.59)
4,J

generating function in equation (2.58)):

E(CL(t+ 1)|C'(t) =) = E (ZX;;(t 1)

and
E((CLO)(+ DIC (@) = ¢) = 30 STE((X Xt + DIC() = ¢)phof
i,j mymn
o 1 ro 1 ol g ; m
Z Z N Cmcn + N €% )PP
i,j myn
1 i m
= (1-%) Z ik Y it
9] m,n
1 i i
+ 5 Z e phon (2.60)
i,j
as well as

B((CLCICp)(t+ 1)[C (1) = ¢) |
=3 SN TR(XXX)(E+1)|C() = ) phoipi
.j pg T8
2 . 11
—ZZZ((“N+W>““%+<N‘m>x
j P.g T8

I sij ! $pq ! 578 1//2]pq§'§§
(cccc§ + cicc, e, 00 4 ¢, 0.CL0; )+—cc§ P ) pr.pi s

1) rTsTpq 1] P qTrs qT‘SZ] NZZ]pq’I’S
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2.3 A recombinational two-loci Wright—Fisher model

3 1
=(1—N+N2)Z PkZ ka o+ (3 = 32)"
< > CQC}pip?; o ddp+ Y. & pip > 0263/)?1
0] 78 P9 Y]
ror P 1 iod
+> dlpin) c;c;pi) + 55 > cpimpi (2.61)
s D, ,J
The sum appearing in the first equation evaluates analogously to the RUG model to
Z céc;pi =, = RD' (2.62)
i3

(with D" = D(c’), cf. p. 23), while for the sum appearing in the second equation, we

get the more complicated result

Z c;c;pipi = %(025’“ + o £ R({ 22} + { Z:i;z}) F R2S’> (2.63)
irj

with ' := ¢\, + s =: f1(¢') and the braces indicating that in each place either the
upper or the lower term is chosen dependent on the indices k£ and [: If the gametes k
and [ share exactly one allele, at both places the upper entry is selected as well as
the upper sign in + and T is selected; in all other cases, at one of the braces, the
upper entry is selected, whereas at the other place, the lower entry is selected (or
conversely) as well as the lower sign both in + and F is selected. The last sum
Zi’ i cic pipipi may also be computed analogously, however, this is not necessary for
our purposes as will turn out later and hence not carried out here.

For the increment expectations, we obtain consequently:
E(0CL|C'(t) = ¢') = £RD', (2.64)
1 i
E\(0CLOCHC' (1) = &) = == > didiph D chuchpit + Z ¢piok £ (RD')?

1
=——(d £ RD/)(C; + RD')

N
g ot + et m({00) + {20)) % 12) + (hy
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2 A recombinational two-loci Wright—Fisher model and its diffusion approximation

1 i / N 7y Cllcil Cl?Cé
=N (%5 —cpa R( (Fex Fa)D' + {c’zcg} * {0/1021}>
:F RQ(S/ :l: D/2)> j: (RD/)2 (265)

and
E1(6CL6CI5C! |C'(t) = ()
<1_N N2>ZC pk; qkac (N J\1f2>
( Z & ool Z ccpi + Z ol S o
,J
+> i pini Z ¢ cqpk> Z s phpipl — e,
~((-%) Z pkzc o+~ Zc DAL )+ Chel (€}, £ RD')
~((-%) Z &, Z i+ Z AL ) e+ il = RD)
i,j ,J
(1) X e Zcrcspk b S ool )l + il (¢ + RD)
i,j 2
= £(RD)’ — 1) + 3z (e (2.66)

with fi(¢), f2(¢’) denoting some functions purely depending on (¢, ¢, c}).
Regarding the notation used here, in the long run, i.e. if multiple transitions are
performed, it is not crucial whether the model is viewed in terms of the evolution of
gamete frequencies either in the population or in the gamete pool. For this reason,
when generalising the models in section 2.4 ff., we may formulate the RUZ model

analogously to the RUG model by using unprimed variables.

RUG and RUZ in comparison

Except for interchanging the mating/recombination step and the sampling step and
consequently being actually formulated in terms of (¢;) resp. (¢}), the differences

between the RUG model and RUZ model are only subtle as the procedures applied
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2.3 A recombinational two-loci Wright—Fisher model

for the two steps are basically analogous. The only systematic discrepancy is that,
in the RUG model, a given population is merely viewed as a set of gametes, whereas
in the RUZ model, this set of gametes is supposed to carry an additional structure,
i.e. that each two gametes are paired into a zygote.

To assess the effect of this difference, we may formulate the RUG model equivalently
to the RUZ model by also swapping the sampling step and the mating/recombination
step and check whether the transition probabilities for one full transition of the pool
of gametes (c}) are identical. By doing so, we may reuse (pi;) (cf. table (2.56)), but
this time with (C;Cj) with (C;) ~ M(2N, (¢;)) as input instead of (X:) in the RUZ

model, and for the frequencies (C}) in the gamete pool, we thus have

4 )
v=) CiCipp fork=1,... .4, (2.67)

ij=1

yielding

Mo (0) = E (eZh=1Ci0%) = B (eXi5=1 GG Zhaa Ai%)  with 0 = (6y,...,6,) € R?
(2.68)
when calculating the moment generating function.

This, however, is different from the corresponding result for the RUZ model in
equation (2.58) as the distribution of (C;C};) in the RUG model is generally different
from that of (X;-_) ~ M(N, (ci¢j)) in the RUZ model: For example for N = 1 and
(c}) given, we have Pp2(C1Cy > 0) = ¢4® + 26, (cy + ¢ 4+ ¢}) = ¢, (2 — ¢}) in contrast
to Px(Xi > 0) = ¢i?. Translated back to the model, this example reveals the
effect of the additional zygotic structure of the RUZ population: From a population
comprising the gamete 1 and another gamete different from 1 in the RUG model, still
the gamete 1 may be sampled twice for mating, whereas from a population of just
one zygote other than } in the RUZ model, no zygote } may be generated. However,
in general this effect is only slight as it diminishes with increasing population size.

Moreover, assuming that no recombination is allowed, the RUZ model effectively
becomes forgetful about the zygotic structure, and then both models agree: Without

recombination, (pi,) for both models turns into p;C =1(6; + 67), and equation (2.57)

31



2 A recombinational two-loci Wright—Fisher model and its diffusion approximation

then reads

4 4

4
i 1
C,;:ZX;p;C:§<ZX§+ZXi>ECk fork=1,....4, (2.69)
j=1 i=1

ij=1

which is just the frequency of gamete k in the (multinomially sampled) population
(X;-_). Hence, the RUZ model then only depends on the gamete frequencies in the
population irrespective of their belonging with a certain zygote (the same then
trivially also holds for the RUG model). We thus obtain

Meixy(0) = E (eXi G0 = | (e% ST X+ T, X{;)ei)

_ E (G% Zz‘,j X;é(ei‘f‘ej))

;g fith N
= (chcje N ) (2.70)
1]
when calculating the moment generating function for the transition probability of
the RUZ model.

Analogously, for the RUG model, equation (2.68) without recombination turns

into

Me(0) =E (e% 2k (205 Ot Cz‘Ck)9k)
=F (ezk Ck9k)

(Zc’e?N) <ch o o ) : (2.71)

implying that the transition probabilities for both models agree, as multinomially
sampling NV zygotes from a pool of gamete pairs with frequencies (cjc}) yields the
same distribution for the gametes as directly sampling 2N gametes from a pool of
gametes with frequencies (c}).

Again with recombination, the zygotic structure affecting the recombination still
does not alter the increment expectations of the RUZ model in comparison with
those of the RUG model (cf. equations (2.53) and (2.64)), but it becomes visible
in the increment product expectation (cf. equations (2.54) and (2.65)), where the
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2.4 The diffusion approximation

R-terms differ. However, as stated, this effect diminishes with increasing population
size, and correspondingly, the non-agreeing terms are scaled by a prefactor %

In accordance with these observations, it is without much systematic difference
which of the two models is used as long as N is sufficiently large. This is in particular
the case for the diffusion approximation presented in the next section, where we
have N — oo and consequently may show that both models yield the same results
(cf. proposition 2.9). For this reason, in further investigations — in particular for
generalisation as in chapter 3 — we may only consider the RUG model as it is the

simpler® and more transparent one.

2.4 The diffusion approximation

In order to allow for a better analytic treatment, often a continuous limit process
of discrete processes (as arising from the Wright-Fisher model) is considered. This
limit process is usually referred to as diffusion approzimation (cf. [29], pp. 129f.)
and accomplished by scaling both the underlying space and the time parameter of
the discrete process such that a process with continuous state space (after suitable
normalisation if necessary) and continuous time parameter is obtained as scaling
limit.

In the setting of the Wright—Fisher model, the scaling parameter is given by the
size N of the population considered; thus, the process (C(t));eny may be marked with
an index N to indicate the size of underlying space resp. that it takes its values in

the state space A £ given by

3

Y < 1} (2.72)

=1

As = {(01,02,03) € N3,

with Ny-1 = {%‘k € N}4. As this state space already is given by frequencies, it

does not need to be rescaled itself. However, we may still additionally rescale time

3Cp. Ockham’s razor.

4This does not really apply to the RUZ model as there the state space is given by the frequencies
in the (infinite) gamete pool, which may be set to any arbitrary value. Nevertheless, as a result
of the transition with a finite population as interstage, analogously only discrete values may
occur.
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2 A recombinational two-loci Wright—Fisher model and its diffusion approximation

by N, thus having N transitions within one time step. We denote such a doubly
rescaled process by (ON(t))teNN_l with accordingly Cy(t) := Cn(Nt), t € Ny,
while the continuous limit process is denoted by (X (¢)) with corresponding state
space Az = {(z',2%,2%) € R3|2" > 0,1 = 1,2,3,57 2 < 1}. Throughout our
further analysis, we always use variables with upper indices when referring to a
continuous limit processes, whereas variables with lower index refer to a discrete

process.

2.4.1 The Kolmogorov equations

Eventually, the dynamics of such a continuous process may be described by certain
differential equations for its probability density, the Kolmogorov equations (cf. [20],
pp. 4451t.).

Generally, for a continuous process X (t) = (X%(t))i=1..., with values in Q C R"

.....

and t € (tg,t1) C R satisfying certain conditions, in particular

1 1 ,- .
51,512105_]3&(5)( |X(t) =a) = p(z,t), i=1,...,n (2.73)
and
1 o
612}21 6—E5t(5X 5X]|X ) =07 (z,t), i,7=1,...,n (2.74)

existing for all (z,t) € Q X (to, ;) and further

1
lim Est((6X)|X(t) =2) =0 (2.75)
for all (z,t) € Q x (to, t1) and all multi-indices a := (ay,...,a,) with |a| > 3, and
with probability density f(p,s,z,t) == 5=25—=P(X(t) < x| X(s) = p) with s < t, we
have:

o the Kolmogorov forward equation (also known as the Fokker—Planck equation)

I~ 02
amlaxﬂ

) f(p,s,x t)) + ( Z7(317,t)f(p,s,yc,zf)),

(2.76)
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2.4 The diffusion approximation

e the Kolmogorov backward equation

8 o?
~ 5/ P53 t) = Zu (p,8) 5= f(p s, @, 1) + ZO (p, s Zap]f(p,s,x,t)

7_]7

(2.77)

with (p, s), (z,t) € Q X (tg,t1) in each case.

The probability density function f as given here depends on two points in the state
space (p, s) and (z,t) although either Kolmogorov equation only involves derivatives
with respect to one of them (correspondingly, f needs to be of class C? with respect
to the relevant spatial variables in  and of class C! with respect to the relevant
time variable in (to,¢;)). In accordance with the probabilistic setting, the first order
derivatives are commonly called drift terms (with u' being the drift coefficients),
while the second order derivatives are usually named diffusion terms (with diffusion
coefficients o).

Note that, for the forward equation, the (generic) condition {X(s) = p} is often
replaced with X (s) ~ p for some fixed time s (usually s = 0) and some probability
distribution p € P(R™, B,,(R™)), while simultaneously the equation is only considered
in the domain Q x (s,t;) with s < ¢;. If so, we may simply write f(z,t) and indicate
the presence of such an initial distribution by separately stating an initial condition,
which needs to be attained continuously by f.

Similarly, for the backward equation, we may integrate the density function f over
some suitable target set A € B,,(R") for some fixed time ¢ (usually ¢t = 0) and only
consider the differential equation in the domain Q x (to,t) with ¢ty < t. Then, we
obtain a backward equation for u(p, s) := P(X(t) € A|X(s) =p), s € (to,t). In that
case, the presence of such a target set is separately stated by a final condition, which
again needs to be attained continuously by f; more generally, the final condition
may also express X (t) ~ 7 for some probability distribution 7 € B(R", B, (R")).
Furthermore, for notational consistency, we may then also use ¢ resp. —t instead of s,
whereas the difference in the spatial parameter (z vs. p) is maintained throughout
the remainder to provide a formal distinction between the two different types of
solution.

Technically, assessing the model in terms of such a differential equation for its
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2 A recombinational two-loci Wright—Fisher model and its diffusion approximation

probability density function rather than as a stochastic process signifies that we
shift from considerations of a random evolution of the process itself to such of the
deterministic evolution of a function which then encodes the randomness of the
process. In general, this leads to important ramifications, in particular regarding
the boundary behaviour and the hierarchicality of the process; this issue specifically
arises within more general considerations and will be addressed in chapters 4 and 5.
For the moment, we may ignore boundary concerns as we only consider the interior

of the state space.

2.4.2 The Kolmogorov equations in the context of diffusion

approximation

In order to formulate the Kolmogorov equations for a stochastic process obtained
through diffusion approximation, under the given assumptions, one only needs to
determine the drift/diffusion coefficients, i.e. the infinitesimal increment expecta-
tions/variances p'(x,t) resp. 0¥ (z,t) of the process, which may be calculated — in
accordance with the type of convergence — as a scaling limit of the underlying discrete
process. Hence, when scaling dt with % as N — oo, we get

lim NE. ((6X)*|X(t) =z) = ]&i_rglooNE%((éé’N)a‘éN(tN) = cw) (2.78)

1
N—oo N

= lim NEl(((SCN>a‘CN(NtN) = CN)

N—oo

for all multi-indices o = (a1, ag, a3) and ¢ € A%, ty € Ny_q for N € N, such that
cy — 2 €Az and ty -t €R, as N — oo. However, in the further course, we will
suppress the index of the conditional value ¢y for notational simplicity.

Here, we may now use the results of the equations (2.53), (2.54) for the RUG
model and (2.64), (2.65) for the RUZ model respectively. As the processes are time
homogeneous, i. e. the transitions do not depend on the time, we omit the parameter ¢
and also just write {C' = ¢} as the condition for the increment expectations.

First, we have for the (simple) increment expectations identically

pl(z) = lim N E, (6Cni|Cn =c) = Jim (=0 + 05 + SL)NR(N)D(x)

—00
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2.4 The diffusion approximation

forz € Agand i =1,2,3 (2.79)

for both models, from which it becomes clear that we have to require R = R(NN) with
R(N) € O(N~1) in order to assure the finiteness of the given limit (cf. section 2.3.1).

Presuming this, we obtain for the expectation of increment products

O'ij(ﬂf) = lim NEl((SCNi(SCNj‘CN = C)

N—00
L i
= A}l_r}I(l)o 5(62'5]- —¢ic; £ R(N)D(8: £ ¢; £ ¢; £ R(N)D))
+ lim N(R(N)D)?
N—o00
| .
= 51:1(5; — xj) forz € Asandi,j=1,2,3 (2.80)

for the RUG model and similarly
o (x) = lim NE1(§CN,€5CN[‘C’N = c)
N—o0

= lim %(ckéé —cxc + R(N) <2<q:Ck Fa)D+ {0104} + {cxg}))

N—00 CaC3 C1C4
1
F lim = (R*(N)(S £ D*) £2N(R(N)D)?)
N—oo 2
1
= 5:5’“(5{“ — ') forx € Ajand k,1=1,2,3 (2.81)

for the RUZ model, which is the same result. Hence, in the diffusion limit, recombi-
national effects only survive in the (simple) increment expectations, which means in
terms of the Kolmogorov equations that they only influence the drift terms, while
the diffusion terms are unaffected. Note that all coefficients do not depend on the
time parameter explicitly as already mentioned.

Furthermore, one may check that the expectation for higher increment products
(i.e. |a] > 3) all vanish with both models as required by equation (2.75): For the

threefold increment expectations, we have

lim N E;(0Cy;6Cy;0Cn;|Cxn = ¢)

N—oo
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2 A recombinational two-loci Wright—Fisher model and its diffusion approximation

1 A , A
= lim ( + N(R(N)D)? + §R(N)D( + ¢ (1= 0%) £ ¢ (1 — 6;) £ ¢ (1 —67))

N—oo

1 ; : i i
+ m(chc;c;C — 05 — G0 — c}c%(Sf + cgéjéi)) =0
for the RUG model (cf. equation (2.55)) and similarly for the RUZ model (cf.
equation (2.66))

lim N E (0C3,0C,0CY,,|Ch = ¢) = lim ( + N(R(N)D')* + O(N ‘1)) =0.

The according result for the m-fold increment expectations with m > 4 may be
shown analogously.
Now we may formulate the Kolmogorov equations for both the RUZ and the RUG

model (which are identical — cf. also section 2.3.3) — altogether, we have:

2.9 Proposition. The diffusion approzimation of a two-loci 2-allelic recombinational
Wrright—Fisher model with N individuals and recombination rate R(N) € O(N~1)
may be described by the Kolmogorov forward equation for its transition probability
density’ f: (A3)ee — [0, 1] of its gametic configuration x = (x',... x3) € A3

3

1 0?

2( s, x,t) = —
ot \P 5T 4 0w

(xl(éﬁ — :cj)f(p, s,:c,t))

N—oo

DICELE 5;;)%(( lim NR(N)D(x))f(p,s,x,t)) (2.82)

as well as by the Kolmogorov backward equation

0 & i i N 0
_Ef(pwsv'rut)_ Zp(éj_p])apzap]fQ)aS:x?t)

, , . 0
F D00+ 054 05 Jim NRON)D()) 5 f (s, 2.) - (2:83)
=1

with (p, s), (z,t) € Q X R in each case. Thus, recombination only affects the drift

5For the required regularity of f, cf. section 2.4.1; this also applies to further statements.
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2.5 Alternative coordinates

terms, but does not alter the diffusion terms. Furthermore, the given formulae do

not depend on whether the RUG or the RUZ model is chosen as underlying model.

The above Kolmogorov backward equation (2.83) agrees with equation (2.41),
obtained from transforming the Ohta-Kimura formula (2.1) into the ‘simplex’ coor-
dinates (cf. equation (2.25)), as may be seen when suppressing the coordinates (z,t)
(by stating some final condition for ¢ = 0) and in turn subsequently replacing (p, s)

by (x,—t), yielding

3 2

0 1 o ;)
— = — E A
ot (z,%) 42" (5 —= )8xiaxjf(x’t)

+5 (=64 i+ 5;)(1@00 NR(N)D(m)) %f@:, t) with (z,t) € (As)ee

(2.84)

However, in equation (2.41) as well as in equation (2.1), the limit sign with NR(N)D
is missing.

In the following, as the RUG model and the RUZ model lead to identical Kol-
mogorov equations in the diffusion limit, further results will be formulated without
necessarily stating which model has been used — which will usually be the RUG

model as already mentioned.

2.5 Alternative coordinates

Triggered by the choice of coordinates in the Ohta-Kimura formula, we will have a
closer look at the inverse of the corresponding transformation (cf. lemma 2.6), which

turns out to be

p=a'+2°, q=2'+2°, D=z'(1-2'—2°—-2°) —2%2° (2.85)

with D coinciding with the definition for D(z) in equation (2.46) taking into account
xrt=1—g! — 22— 23

In terms of the model presented and by the definition of the ¢; (cf. p. 22), it is
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2 A recombinational two-loci Wright—Fisher model and its diffusion approximation

obvious that p = o' + 22 resp. ¢; + ¢, prior to the diffusion limit correspond to the
(total) frequency of allele A; appearing at the first locus, whereas ¢ = x' + x? resp.
c1 + ¢ corresponds to the (total) frequency of the allele By, which appears at the
second locus.

The allele frequencies p and q, however, do not yet yield a full set of coordinates;
for instance, this could be achieved by adding one of the frequencies z!, ..., 2% as
third coordinate. Alternatively, the coefficient of linkage disequilibrium D, measuring
the concurrence of the depicted alleles in the actual gamete population (cf. p. 23), is
commonly employed as third coordinate. This allele-focused view yields an efficient
description as the allele frequencies are not altered by recombinational effects both
in the RUG and in the RUZ model (cf. for example equations (2.53) and (2.64)).
In the diffusion limit, this leads to non-existing drift terms for p and ¢ as seen
in equation (2.1); only for the D-coordinate, by definition measuring the linkage
disequilibrium between the two loci, a drift term is observed, which also reflects
recombinational effects leading to a drift component in direction of decrementing D.

However, in the next section, we will present a refined approach towards the
interpretation of the drift terms, whereas the allelic perspective will be further

developed for generalised models in the next chapter.

2.6 A comparison with Brownian motion

In order to gain a deeper insight into the behaviour of the process, we wish to compare
it with Brownian motion on the same domain as done in [5] for an analogous model
without recombination. The fundamental idea is that, for a Riemannian manifold

(M, g), the Laplace—Beltrami operator

) o2 )
Ay = g ( = > I (m)%) (2.86)
] k

is invariant under all isometries of (M, g). Consequently, the probability density f of

a stochastic process fulfilling the differential equation (i.e. Kolmogorov backward
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2.6 A comparison with Brownian motion

equation)

%f(x,t) _ %Agf(:z:,t) (2.87)

is likewise invariant under all isometries, and the corresponding process is thus said
to be spatially homogeneous or optimally random as no direction is favoured. The
fundamental solution of equation (2.87) is defined to be the probability density of
(standard) Brownian motion on (M, g), and hence we wish to compare equation (2.87)
with the differential equation describing the dynamics of the considered model. This

may easily be done by reformulating a generic parabolic PDE

—fa:t Zg” xt+2u

v,t)  (2.88)

with ¢¥(x) = 0¥ (z) as
gt @0 =5 5 80f (2,1) Z( 29” ) + pt(x ))%f(:c,t). (2.89)

The new additional drift terms

.
> 59 I(2)Tk (z) =: ch¥(x) (2.90)
,J
may be dubbed Christoffel forces (cf. [5]) as they originate from the geometrical
properties of (M, g). For our model given in the z-coordinates (cf. equation (2.41)),

we obtain

1 1
ch®(x) = 5(1”‘3 — Z) for k =1,2,3, (2.91)

which means that we may interpret the process as a modification of Brownian motion

on (the positive sector of) the sphere S with an additional drift

(4* + ch*)(z) = + lim NR(N)D + ;<x - i) (2.92)

N—oo
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2 A recombinational two-loci Wright—Fisher model and its diffusion approximation

The first terms represents recombinational effects, whereas the second terms describes
the influence of the geometry of the model, i.e. a drift pointing from the centroid
(}L, ey 21;) to the boundary. This may be understood biologically as follows: If a
gamete type is (already) sparsely /densely represented in the population, then it is
even more likely that this gamete type dies out/wins over other gamete types.
When wishing to assess the interplay between geometrical and recombinational
effects, one may switch back to the (p, g, D) coordinates. Computing the Christoffel

forces then yields

1 1 1 1
P — p_= q Y P
ch?(p,q, D) = 3 (p 2) and  chi(p.q, D) = 3 (q 2)7 (2.93)
whereas for the coefficient of linkage disequilibrium, we obtain
1 1 1
hP(p, q, D :——( ——)( ——> D. 2.94
ch”(p,q, D) = —5(p—5){a—3) + (2.94)

As we have p? = 7 = 0 (cf. equation (2.1)), in these coordinates there is no effect of
recombination on the frequencies p and ¢, while we still have geometrical influences.
The situation is similar to the one described before: If for example p is less/greater
than %, meaning that the allele A; is sparsely/densely represented in the population,
then its frequency is even more likely to decrease/increase compared with Brownian
motion on (Qp.q p), 9) with 3¢ = a* as in equation (2.3).

For the drift into D-direction, we have:

2.10 Lemma. In comparison with Brownian motion on (4 p), g), irrespective of
recombinational effects, the model features additional positive D-drift for (p,q, D) €
Qpg,n) close to either (0,1,0) or (1,0,0) € 0Qy.q.0), whereas for (p,q, D) close to

(0,0,0) or (1,1,0), we have additional negative D-drift.
11
2702
by the value of D, leading to additional incremental D-drift plus a decremental

However, in a neighbourhood of ( D), the D-drift is predominantly governed

component caused by recombinational effects, which may flip the direction of the net
drift if the recombination rate R(N) is sufficiently high.

Proof. For the drift coefficient of D, we have with the Christoffel forces

(4" + chP)(p.q, D) = (= lim NR(N) +%)D— %(p‘ %) (4~ %)
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e Yo (- D) e
as uP(p,q, D) = ( —limy oo NR(N) — %)D as may be seen by transforming equa-
tion (2.83) appropriately. Ignoring recombinational effects, we now have both
incremental or decremental additional D-drift — depending on D = (p — %) (q — %)
The term (p — %) (q — %) becomes extremal at the corners of €, 4 p) (equalling irll
there), while D, being restricted by max(p + ¢ — 1,0) — pg < D < min(p, q) — pq (cf.
equation (2.2)), continuously vanishes there. At the centre of the p-g-plane, how-
ever, D ranges from —i to %L, while the other term is zero, thus yielding additional
incremental D-drift.

The latter effect is overruled by recombinational effects as soon as we have
limy o NR(N) > £, then leading to additional decremental D-drift. Analogously,
the first effect may also be exceeded by recombinational effects if limy_,.. NR(N)D
is sufficiently big. O]

This is quite a surprising result as without recombination, there is no stable
point in €, , py with respect to the additional drift into D-direction in comparison
with Brownian motion. In particular, the naive interpretation of equation (2.1)
without taking into account Christoffel forces suggests an ubiquitous additional drift
towards the (then stable) linkage equilibrium {D = 0} with the recombinational
effects only amplifying an inherent property of the model. This now turns out to be
inappropriate as only the recombination — and this only dependent on D — provides
a drift stabilising the linkage equilibrium, which is opposing the native behaviour of
the model.
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3 Generalisations of the recombinational
Wright—Fisher model

3.1 Integration of other evolutionary mechanisms

As is well known, there are several other effects different from recombination which
may influence a given population. In the following we will introduce the two most
important concepts, which are natural selection and mutation: For natural selection,
a comprehensive discussion is presented, whereas mutation is only outlined briefly as

it leads to structurally analogous effects on the model.

3.1.1 Extension by natural selection

Being a fundamental principle in population genetics, we now wish to integrate
natural selection into the considered model, which means that the reproductive
success of a given individuals (or pairs of individuals) is determined by its fitness
value in comparison with the average fitness value of the population.

In the simplest case, in a population of N € N, individuals with the individuals
i = 1,...,N present at a frequencies ¢ = (¢;), every individual ¢ is assigned a
fitness value w; € R. Then the average fitness value of the population is given by

w = Zfil w;c;, and the individual frequencies after selection evaluate to

’ w;
=% 3.1
C; IDC ( )

However, it is more plausible to assign fitness values rather to pairs of individuals

than to single ones as the reproductive success is likely to depend on the concurrence
;-
For our model, a simple adaption of this idea would be to assign fitness values to

of the parents. Hence, one may assign fitness values wi to a pair of individuals
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3 Generalisations of the recombinational Wright—Fisher model

pairs of gametes (in the sense of the RUG model), i.e.

Wi AlBl AlBQ AzBl AQBQ
1
AlBl w1 w1 w1 w1
1 2 3 4
A1By | w; wy w; w3 (3.2)
AgBl w3 w3 w3 ws
1 2 3 1
AsBy | wa W4 Wa Wa.
1 2 3 4

Naturally, we assume wi = wj, and consequently we may also view (3.2) as fitness
table for single zygotes (with symmetric identification), which would be applied for
the RUZ model correspondingly. If it is additionally stipulated that the fitness of
f‘;gf agrees with the one of ﬁ;g; (hence wz = wy), then (3.2) can be shortened into
a table which gives the fitness in terms of the genetic configuration at each locus of

a zygote, i.e.

w; BBy BBy ByB,
A A, wi wy w3 (3.3)
A A, wy ws w3
Ay A, w3 ws wa.

3.1.2 An additive fitness scheme and its application

A simple scheme to fill table (3.3) is given by

w | BBy BBy BBy
AA |1 1+2 1+ 5o
AAg |1+ 14+ 5+%F 1435 +s0
AgAg | 1+51 1+s1+% 1481+ sy,

(3.4)

signifying that
o for the first locus A, is fitter than A; by s; € R,
 for the second locus Bj is fitter than B; by s € R,

o the effects of both loci add.
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3.1 Integration of other evolutionary mechanisms

Due to the last point, such a scheme is called additive. The fitness values for
heterozygotes is calculated by averaging the values of the corresponding homozygotes.

One may show that the diffusion approximation of the recombinational Wright—
Fisher RUG/RUZ model presented in section 2.3 now extended by selection in
accordance with the fitness scheme (3.4) — when requiring that s, s, depend on N
with s; € O(N71Y), i = 1,2, thus limy_,o Ns;(N) =: 0; € R — yields drift coefficients
(cf. section 2.4.2)

pt(z) = —%xl(:v3 + ) — %xl(x?’ +z*) — Nlim NR(N)D(x), (3.5)
— 00
12 (z) = —%gﬂ(ﬁ oty 4 %xQ(l —a2?—a")+ lim NR(N)D(z),  (36)
—00
13 (z) = +%x3(1 A %:ﬁ(ﬁ + ) + A}im NR(N)D(x) (3.7)
—00

with 2* =1 — 2! — 22 — 23 in the a-coordinates for either model, while all diffusion
coefficients remain unchanged. Thus analogous to recombination, selection in the
diffusion limit also only leads to (deterministic) drift: Carriers of the alleles which are
assumed to be fitter get a positive drift component, whereas carriers of the opposing,
less fit alleles receive a negative drift component.

In the (p, ¢, D)-coordinates, one obtains

g g
g g
WP, D) = =D = Fa(l —q), (39)
1
1P (p,q. D) = =-D(1— 2p) = ZD(1 - 2¢) = 5D(1+2 lim NR(N)), (3.10)
—00

for either model with the diffusion coefficients remaining unaffected again. This

agrees with the result stated in [25].

3.1.3 Multiplicative fitness schemes

An additive fitness scheme as given in equation (3.4) is somewhat unsatisfactory as
in particular the combination of alleles may be relevant for the fitness value and

not the individual contribution of each allele. A more general fitness scheme is thus
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3 Generalisations of the recombinational Wright—Fisher model

given by filling table (3.3) via

w BB BB, By By
A1 Ay 1+2a 1+a+b 1+4+2b
AlAy | 14+a+c * 1+b+d
AsAy | 142¢ 14c+d 142

(3.11)

with a, b, c,d € R, which corresponds to assigning every combination of homozygotes
at the two loci an independent value. The fitness of heterozygotes is still calculated
by averaging; at the position in the table marked with an asterisk, we do not have a
unique value, which is due to the fact that here we do not necessarily have w; = w.

This becomes evident when translating (3.11) into the fitness table for gamete pairs

w; A1 By A1 By Ay By Ay By

A1By| 142a 14a+b 14a+c 1+a+d
AiBy|14+b+a 1420 14+b+4+c 14+b+d (3.12)
ABy|1+c+a 14+c+b 142¢c 1+c+d

AsBy |1+d+a 1+d+b 1+d+c 1+42d;

thus, for * we have either 1 +a+d or 1 + b+ c.
This fitness scheme is also obtained when assigning fitness values w; to the gametes

by

gam. | wj
AiBi|14+a
A1By |1+ (3.13)
AsBy | 1+¢
AsBs | 1+d

and subsequently multiplying the fitness values of two gametes to get the fitness of

them as a pair, e. g.
wy ==wwy =1+ a+b+ ab. (3.14)

The herein occurring products of the form ab are assumed to be negligible (and hence
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3.1 Integration of other evolutionary mechanisms

do not appear in table (3.12)), which is the case anyway in the diffusion limit, where
we have a,...,d € O(N™1) (cf. below).

Note that the presented scheme is neither limited to a certain number of alleles nor
to a certain number of loci as it is essentially independent of the coaction of loci and
alleles and only takes gamete types resp. pairs of gamete types into account. Having
said this, any number of gametes may be assigned fitness values as in table (3.13),
yielding fitness values for pairs of gametes resp. zygotes analogous to table (3.11).

This is exploited for generalisations of the current situation in sections 3.2 and 3.3.

3.1.4 A recombinational Wright—Fisher model with a

multiplicative fitness scheme

We consider again the RUG and the RUZ model as presented in section 2.3 and
enhance them by selection in accordance with the fitness scheme (3.12). For notational
simplicity, we change the designation of the fitness values from 1 +a,...,1+d to
1+ ay,...,1 + ay and assume that ai,...,as depend on N with a; € O(N™1),
i=1,...,4, thus with limy_,oc Na;(N) =, e R, i =1,...,4.

In the RUG model, the selection step is employed between mating and recombina-
tion (cf. fig. 3.1). Consequently, we obtain for the gamete frequencies in the pool (cf.
equation (2.42)):

4
Wi w1 w2
r_ i, d:R(—‘* _ )
(65 ; O CiCj D C1C4 D Ca2C3
1 4
:5 ( Z(l + a; + CLj)CiCj + R((l + aq —+ a4)0164 — (1 + a9 + (13)6203)>
j=1
1
:E(Cl “+ a;c; + ZLC,L' + R(D -+ (a1 + CL4)CIC4 — (CLQ + 0/3,)C2€3)) (315)
with a := 2;1 a;c; and
4
w = Zw;cicj = Z (1+a; +aj)cic; =1+ 2a, (3.16)
'hj 17‘7:]‘
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3 Generalisations of the recombinational Wright—Fisher model

N zygotes N zygotes
with with gamete
gamete freq. ¢;(t) freq. ¢i(t+1)
knating (random union)
pool of multinomial
gamete pairs sampling
2N trials
selection\
rccombination\
pool of
gametes
freq. ¢/ (t)

Figure 3.1: The RUG model with selection

being the average fitness of the population.

In the diffusion limit N — oo (cf. section 2.4), we have a — 0 and thus w — 1, while
we have Ra; € O(N™?) for all i. Consequently, we obtain for the drift coefficients
(cf. equations (2.79))

p(z) = NILTHOONEl((SCNACN =c) = 1\}520 N(d, = ¢)
- lim. %(Ci +ai(N)es + a(N)es — (1+2a(N))e;
+ R(N)(D(c) 4 (a1(N) 4 as(N))eres — (az(N) 4 as(N))eacs))
= (; — @)’ £ Jim NR(N)D(x) (3.17)

with @ := limy_,e0 Z?Zl Naj(N)e; = Z?Zl ajcj, whereas the diffusion coefficients

are (cf. equation (2.80))

O'ij(l‘) = ]\}lm NE1<5CNi(SCNj‘CN = C)

1 )
= A}l_lr)rcl>O 5(025; —¢ics) + N(¢; — ¢i)(¢; — ¢5)
Lo isi i
:5(95 5]-—1‘.1']). (3.18)
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3.1 Integration of other evolutionary mechanisms

Again, one may check that the expectations for higher increment products all
vanish as described in section 2.4.2, which is crucial for the validity of the diffusion
approximation.

We thus have in generalisation of proposition 2.9 (cf. also equation (2.84)):

3.1 Lemma. The diffusion approximation of a two-loci two-allelic recombinational
Wrright-Fisher model with recombination rate R encompassing a multiplicative fitness
scheme o € R* may be described by the Kolmogorov backward equation for its
transition probability density f: (As3)se — [0,1] of its gametic configuration x =
(x', 2% 2%) € A3

3 2
-~ _ Y|

+Z ((cu —&):vii]\}gr(l)oNR(N)D(x))%f(x,t) (3.19)
with (x,t) € (A3)co-

Analogous to recombinational effects, selection effects only affect the drift terms.

In comparison with an additive fitness scheme, the effect this time is even more
transparent: The additional limit fitness «; of a gamete i is compared with the
average additional limit fitness of the population & and leads to positive or negative
drift if it is higher resp. lower.

The same statement as in lemma 3.1 may also be deduced by using the RUZ
model extended by selection. However, in the RUZ model, the selection step is
employed at a different stage than in the RUG model, i.e. applies to the zygotes
before they produce a new gamete under possible recombination (cf. 3.2). Calculating
the expectation of the gamete frequencies in the next generation Cj(t) leads — when
including selection — to the same result as in the RUG model (cf. equations (2.59)
and (2.62)):

Z(l + a; + aj)cicipl, — ck

.3

((ar, — @)er, = R(D + (a1 + as)cica — (az + az)eacs))  (3.20)

EL(6C,|C = ¢) =

g~ &ir
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3 Generalisations of the recombinational Wright—Fisher model

N zygotes
with
freq. z;i(t + 1)
J

\ selection

multinomial o
sampling \recomblnatlon
pool of N trials ool of
gametes gametes
freq. ci(t) freq. c(t+1)
mating (random uniorx

pool of
gamete pairs
freq. cre(t)

Figure 3.2: The RUZ model with selection

For the expectations of the increment products, we get again a different result,
but in the diffusion limit, the value coincides with the one obtained for the RUG
model as (cf. equation (2.65))

1 i m
E1(0Cx6C|C = ¢) = N Z(l + a; + a;)cicip;, Z(l + A, + An)CmCrpy
%,] m,n
1

Yo Z(l + a; + aj)ciciplp;, + E1(6Cy) E1(6C)) - (3.21)

1,J

and hence (cf. equation (2.81))

oM(z) = lim NE;(6Cny6Cni|Cn = ¢)

N—o0
= ]\}1_1}1100 ( - Z cicj,oi Z cmcnp;f + Z Cicjpip}i)
,] m,n 2y
1
= s (o — ). (3.22)

Furthermore, all expectations of the higher increment products also vanish for the
RUZ model.

Lastly, it is noted that the assertion of lemma 3.1 is consistent with the results for
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3.1 Integration of other evolutionary mechanisms

the additive fitness scheme from the preceding section: By putting a := 0, b := 3,

21192 e again obtain drift

2

c = 571’ d:= 51;52, implying a =0, § = 0—22, Y= %7 0=

coefficients as stated in equation (3.5).

3.1.5 Extension by mutation

Lastly, the integration of the evolutionary mechanism of mutation is sketched: In
contrast to the generally directional effect of natural selection, mutation represents
a variational force to the genetic configuration (cf. [10], pp. 11f.). This is usually
modelled via spontaneous shifts in the population which randomly occur at a certain
stage within the reproduction process; here we assume this to take place right at the
beginning of the reproduction cycle (cf. also below).

In order to obtain a quantitative description, analogous to natural selection, an
appropriate mutation scheme needs to be selected: For example, it may be stipulated
that only certain shifts and only into certain directions may occur. However, in the
most general setting, any gamete ¢ may mutate into any other gamete 5 and vice
versa. Each event is then assigned a corresponding mutation rate b; ; € [0, 1], i # j,
e.g. in the current setting, gamete A;B; may mutate into A, B, at rate by 4. One
may also consider a mutation scheme at the level of alleles wherein then every shift
of alleles is assigned a certain rate. Altogether, by multiplication this again amounts
to a corresponding mutation rate for each gamete mutation. For this reason, in the
following the gamete mutation scheme is employed as this imposes less restrictions
and in conjunction with the RUG model is the most handy. However, one might also
use the RUZ model and a corresponding mutation scheme at the level of zygotes and
show similarly as above that they lead to equivalent results.

To begin with, we will equip the 2-loci 2-allelic recombinational model as presented
in chapter 2 with the mutation scheme b, ;, 7,7 = 1,...,4, @ # j. To assess the
diffusion limit of the model, we again need to assume that the mutation scheme
depends on the population size N such that b;; € O(N™!) and limy_,o Nb; j(N) =:
Bij € Rfori,j =1,...,4,¢# j. If mutation — as already hinted — is assumed to
occur on the gametes of a given population before the mating step (in the sense of the
RUG model), i.e. directly after sampling gametes from the given zygote population

as depicted in figure 3.3, we obtain for the gamete frequencies ¢ after the mutation
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3 Generalisations of the recombinational Wright—Fisher model

N zygotes N zygotes
with with gamete
gamete freq. ¢;(t) freq. ¢i(t+1)

\mutation

\mating (random union)

pool of multinomial
gamete pairs sampling
2N trials

recombinatit&

pool of
gametes
freq. ¢/ (t)

Figure 3.3: The RUG model with mutation

step

_(1—§224y%+§:@4% (3.23)

J?él J?él

and for the gamete frequencies in the pool (cf. equation (2.42))
i =c" + R(c]'cfr — ). (3.24)

In the diffusion limit N — oo (cf. section 2.4), we consequently obtain for the drift
coefficients (cf. equations (2.79))

pi(z) = lim NE;(0Cy;|Cy =c¢) = lim N(c; —¢;)

N—o0 N—oo
= ]\}1_1;((1)0 N( — Z bi7jCi + Z bjﬂ'Cj) + ]\}1—I>noo NR (6164 — C2C3
J# JFi
4 4
+Cl( Zb47]64+2b]463) +C4< ZblﬂcleZbllcj)
j=2 j=2

o4



3.1 Integration of other evolutionary mechanisms

4

3 3 4
-+ ( — Z b4,jC4 + Z bj,4Cj) < — bl,jcl + Z bj,lcj>
j=1 j=1 J Jj=2
— 02( — Z b37j03 + Z bj’gcj) — 03( — Z b2,j02 + Z bj,20j>

2

J#3 J#3 J#2 j#2
— ( — Z bg,jC;«; + Z bjf,Cj) < - Z bQ’jCQ + Z bj’26j>>
J#3 J#3 J#2 J#2
- _ ot o ]
— ; Bt + g Bjia’ £ lim NR(N)D(x) (3.25)
Ve JF

as we particularly have Rb;; € O(N~?). Hence, for the diffusion coefficients, we
obtain as previously (cf. equation (2.80))

O'ij(l') = lim NEl((SCNi(SCNACN = C)

N—oo

1 )
= lim 5(025; — ¢;cy) + N(c; — ¢i)(c}; — ¢5)

N—o00

Lo i i j

= §(x 6; — x'w?). (3.26)
Again, one may check that the expectation for the higher increment products all
vanish as described in section 2.4.2, which is crucial for the validity of the diffusion

approximation.

We thus have in generalisation of proposition 2.9 (cf. also equation (2.84)):

3.2 Lemma. The diffusion approximation of a two-loci two-allelic recombinational
Wright-Fisher model with recombination rate R(N) € O(N™') encompassing a
mutation scheme B € R? may be described by the Kolmogorov backward equation
for its transition probability density f: (A3)ee — [0, 1] of its gametic configuration

= (2!, 2% 2%) € Az being

3 2

0 1 o , o
9 1 i
ot (z,1) 1 Z;x (6! — = )axiaxjf(x’t)
3 4 4 a
- Lt i : 0
+;( ;wa +;ﬁm + lim NR(N)D(x)) - f(x,1) (3.27)
el i
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3 Generalisations of the recombinational Wright—Fisher model

N zygotes N zygotes
with with gamete
gamete freq. ¢;(t) freq. ¢i(t+1)
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pool of
gametes
freq. ¢/ (t)

Figure 3.4: The RUG model with mutation and selection

with (2,1) € (Ag)ee and 2* =137 27,
Analogous to recombination and selection, mutation effects only affect the drift

terms.

3.1.6 A recombinational Wright—Fisher model with mutation

and selection

Furthermore, the model presented may be equipped with both mutation and natural
selection (cf. section 3.1.1), in which the multiplicative fitness scheme «; as introduced
in section 3.1.4 is applied for selection. Again, we need to specify at which stage
of the model both mechanism are incorporated: At first, mutation is assumed to
appear after the mating step (as previously), whereas natural selection is performed

on the newly formed gamete pairs (cf. figure 3.4). Consequently, we obtain

j=1 v
1 4 4 4 4
:E(Z(l + a; +CL])< szlci+zbl,icl) ( ijle] +Zbljcl)
g l#i l;é% l#7 l#j
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3.1 Integration of other evolutionary mechanisms

+ R(clc4 — CoC3 + ... )> (328)

for the gamete frequencies in the pool (cf. equation (2.42)) with ¢/* being the gamete
frequencies after the mutation step (cf. equation (3.23)).

Alternatively, when interchanging the mutation and selection step by moving
selection ahead of mutation, we obtain for the gamete frequencies in the pool the

diverging expression

c; —<1 — Zb”>c + Zbﬂc + R((l — Zblj>ci + Zb»,lcj ) ) (3.29)
i—2 =2
J#Z J?él ’ ’
with ¢; = 1+f“ ¢; being the gamete frequencies after the selection step with here

w:=1+ Z i1 5Cj- In this setting, natural selection needs to be applied at the level
of single gametes (instead of pairs of gametes), which still provides an equivalent
result as described in section 3.1.3 since the applied selection scheme effectively is a
haploid one (cf. also table (3.13)).

However, the chosen order of the two evolutionary mechanisms does not influence
the final result as in the diffusion limit N — oo (cf. section 2.4), we accordingly

obtain for both variants as the drift coefficients (cf. equations (2.79))
p(z) = lim NE1(5C'NZ-|CN =c) = lim N(c, = ¢)
- (al _a- Zﬁm>x v Z Bisa! + lim NR(N)D(z) (3.30)
J#z J#Z

with @ := limy_, Z?:l Naj(N)e; = Zj:l ajcj, whereas the diffusion coefficients

are (cf. equation (2.80))
O'ij(x) = J&lm NEl ((SCNi(SClecN = C)

:A}linooz(c&—cc)—i—]\f(c —¢;)(cj —¢j)

1 v )
= 5(1: &F —a'a?). (3.31)
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3 Generalisations of the recombinational Wright—Fisher model

We thus have in further generalisation of proposition 2.9 (cf. also equation (2.84)):

3.3 Lemma. The diffusion approximation of a two-loci two-allelic recombinational
Wright-Fisher model with recombination rate R encompassing a multiplicative fitness
scheme o € R* and a mutation scheme B € R*? may be described by the Kolmogorov
backward equation for its transition probability density f: (Az)ee — [0,1] of its

gametic configuration v = (zt, 2%, 23) € A3 being

2

0 sy = 2S5 ) L
o T g A T i T

+ Z ((ai —a— iﬁz])ﬂ + iﬁm’xi + ]\}1_13;0 NR(N)D(@) 8iif<x’t) (3.32)

= ]_
J#i JF

with (2,) € (Ag)se and 2* =137 2",

Having stated the above result, we may conclude our discussion of mutation at
this point and only carry natural selection onwards to our further considerations.
However, mutational effects generalise as straightforwardly as selectional effects, and
furthermore, the following results may analogously be completed by mutation if

necessary.

3.2 Two-loci multi-allelic models

The generalisation of the models considered in section 2.3 to arbitrarily many alleles
and giving its diffusion approximation is quite straightforward. However, in the
remainder we will only consider the RUG model as it is the more transparent one

(cf. also p. 33).

3.2.1 Quantitative analysis

To adapt the notation to the modified situation, we write 45 for a gamete containing
alleles 7 and j (and hence ¢;; for the corresponding frequency) with ¢ and j now

running from 1 to some arbitrary n > 2 which denotes the number of alleles admitted.
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3.2 Two-loci multi-allelic models

Correspondingly, we now have an (n? — 1)-dimensional state space (by dropping

Crn =1 = 3 (i j)£(nm Cij) Which is given by (cf. equation (2.72))

An2N_1 = {(Clla---7clnac217---;Cnla---acnn71> GNR?:S‘ Z Cij < 1} (333)
(4,9)#(n,n)

for the discrete approach resp. its limit space for means of diffusion approximation

being

Ay = {(xn7 e L L R < R”2_1|xij > 0; Z 9 < 1}.
(4.3)#(nn)
(3.34)

For a quantitative treatment, we calculate again the frequencies ¢; in the gamete
pool after mating and recombination with the gamete frequencies of the current

population ¢;; given; selection is excluded at the moment. A gamete ij is produced if
o the gamete ij is sampled twice with relative frequency 1,

o gametes 17 and ¢/ or kj are sampled with relative frequency % (plus a factor 2

by symmetry),

« gametes 7j and kl are sampled with relative frequency (1 — R) (plus a factor 2

by symmetry),

o gametes ¢/ and kj are sampled with relative frequency %R (plus a factor 2 by

symmetry)
with i, 7, k, 1 € {1,...,n} and k # i, | # j. Consequently, we obtain

C;j = Z CijCrl + R( Z(cilckj — cijckl)). (3.35)

k=1 ki
I#j

Putting

Dij(c) == Z (cacrj — cijcr) (3.36)
k#i,1#]
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3 Generalisations of the recombinational Wright—Fisher model

and using the frequency property, we get
C;j = Cjj + RDij(C), (337)

which is analogous to the formula obtained in the 2-allelic case (cf. equation (2.42)).
However, now we have n? coefficients of linkage disequilibrium D;; dependent on the
chosen gamete type, whereas in the 2-allelic case only one coefficient D suffices for
gamete frequencies (with different sign, cf. also section 3.5). This proves to be a

special case of the general situation as for n = 2 we have
D11 = Dys = —D1g = —Da1 = 12621 — C11C22 = Ca03 — €104 = —D. (3-38)

Correspondingly, while in the 2-allelic case the linkage equilibrium is equivalent to
D =0, here the (full) linkage equilibrium between the two loci considered is assumed
to be only achieved if D;; =0 forall 7,5 =1,...,n.

In the diffusion limit, where we may also write D% (x) with upper indices for
notational consistency, we obtain consequently as drift coefficients

p(xz) = lim NE;(6Cy;|Cy = c¢) = lim NR(N)DY(x), (3.39)

N—oo N—oo

whereas the diffusion coefficients again show no effect of recombination, thus

O'ij’kl(l‘) = lim NE; (50Nij50Nkl’CN = C)

N—o0
o
= lim = ((eij + R(N) D)o = (i + R(N) Dig) (e + R(N) Dia))
+ lim NR}(N)Dy;Dyy
N—o0
1.
= 52(6 — . (3.40)

With the results of the preceding section for fitness schemes generalising straightfor-
wardly, thus a;; € R being the additional limit fitness of allele ¢j and o = Zz ; QijCij
being the average additional limit fitness of the population (cf. pp. 49f.), we altogether

have:

3.4 Lemma. Forn > 2, the diffusion approximation of a two-loci n-allelic recombina-
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3.2 Two-loci multi-allelic models

tional Wright-Fisher model with recombination rate R encompassing a multiplicative

fitness scheme a = (a;j) € R may be described by the Kolmogorov backward
equation for its transition probability density f: (Anz_1)ee — [0, 1] of its gametic
configuration v = (x*, ... xtm 2?2t o a2l € Aa_y being
9 1 ij ( i kl 0
9t (2,t) = 1 Z 2 (0 — )Wf(%t)
(4,5)#(n,n)
(k,1)#(n,n)
I iy 0
+ > ((ai; — @)z £ lim NR(N)D(x))—f(x,t) (3.41)

N—oo oz
(4,4)#(n,n)

with (z,t) € (Ap2_1)co-

3.2.2 Alternative coordinates

The formula for the coefficients of linkage disequilibrium D;; may still be simplified,

i.e.

Dye) = e Y= (1= S en= T o)

I#j k#£i I#£j k#£i
= (Ci]‘ + Z ij> <Cij + Z Cil) — Cij
k#i I#j

n

(530 - =

Jj=1

This may be rendered even more handy by introducing a bullet e notation, which
indicates that it is summed over all alleles at the corresponding locus, e.g. c;o 1=
Z;;l cij fori=1,...,n with ¢,,, := 1 — Z(Lj#(n’n) c¢ij. The above formula then
reads

D;i(¢c) = CoiCie — Cii. 3.43
j j J

As ¢, corresponds to the gross frequency of (all carriers of) the allele ¢ at the
first locus etc., generalising the coordinates p, g from section 2.5, it becomes evident

that now the linkage equilibrium between the two loci considered is comprised by
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3 Generalisations of the recombinational Wright—Fisher model

n? linkage equilibria with respect to the alleles' i and j (correspondingly D;; = 0),
which are achieved if the product of the total frequencies of the alleles considered
equals the frequency of the gamete carrying both these alleles (cf. also the analogue
situation in the 2-allelic case on p. 23). However, only (n — 1)? coefficients of linkage

disequilibrium are independent as we have

n n

Z Dij(C) == Z C.jCi. — Z Cij == C.j — C.j =0 (344)
=1

i=1 =1

and analogously > 7, D;;(c) = 0. Moreover, equation (3.44) implies that — analo-
gously to the 2-allelic model — the allele frequencies ¢;o and cij, ¢,7 € {1,...,n} are
not affected by recombinational effects (cf. equation (3.37)).

Following these observations, it appears beneficial to reformulate equation (3.41)

in terms of coordinates reflecting the allele frequencies. Primarily, we may take the

2(n — 1) coordinates c;e, coj resp. ', 2% with 4,7 =1,...,n — 1 (note >, ¢'* = 1)
and, analogous to the approach presented in section 2.5, add the (n — 1)? coefficients
of linkage disequilibrium D% with 4,5 = 1,...,n — 1 to constitute a full set of n? — 1
coordinates.

Transforming equation (3.41) into such (z*, D)-coordinates then yields drift coeffi-

cients (not taking into account selective effects)

sz‘o (l’., D) _ Z ]\}520 NR(N)Dkl oy

(k,D)#(n,n)

=0 fori=1,...,n—1 (3.45)

and likewise p** (z*, D) = 0 for j = 1,...,n — 1 as expected by equation (3.44).

Furthermore, we have

y DY 1 0D
DY/ e _ . kl E kl ( ¢kl rs
1% (ZL‘ 7D) - E ]\}1_1}(1)0 NR(N)D 835“ + Z_l z (57“8 -7 )8$klaxrs
(kD) (k)#(n,n)
#(n,n) (r,8)#(n,n)
= li il 0] kj i myij
lim. NR(N)( l§_1 Dilg* 4 ;_1 DMz — D )

!Correspondingly, the coefficients of linkage disequilibrium may rather be perceived as being
indexed by combinations of alleles than by gamete types; this observation will become even
clearer in section 3.5.
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3.3 Multi-loci models

l,r=1 k,s=1
- 1. ..
= — lim NR(N)DY — =D fori,j=1,...,n—1 (3.46)
N—o00 2

via
8Dij °j i ie ] BV L
S0 =% 0p + a0 — 6,6 fori,j#mnand (k1) # (n,n),
0*DY isi L sisi .
TG 0,02 + 8]0, fori,j#nand (k,1),(r,s) # (n,n).
Thus, recombination leads to (additional) decremental D%-drift for i, j = 1,...,n—

1 via the term — limy_,o, NR(N)D% whereas the allele frequencies do not receive an
additional drift component, generalising the result for the previous model. Further-
more, there is an additional drift component resulting from the choice of coordinates
(currently —%DU ); for a complete assessment of the drift situation, however, a com-
parison with Brownian motion as in section 2.6 would be necessary. To this end, also
the diffusion terms need to be stated, yielding a full generalisation of equation (2.1);
this, however, is not pursued right here due to the bulkiness of the corresponding
expressions — but will be done for means of determining geometric properties of the

linkage equilibrium states in section 3.5.1.

3.3 Multi-loci models

When considering recombinational models with k£ > 3 loci, there exist far more
relations between different (subsets of) loci. In particular, different modes of recombi-
nation are possible, and for a certain recombinational event, it is hence necessary to
define which loci actually recombine. This may be done by introducing the concept
of recombination masks as in [27] with each mask corresponding to one particular
mode of recombination; the full recombinational action is then assumed to be the

additive effective of all active mask as will be described in the following.

63



3 Generalisations of the recombinational Wright—Fisher model

3.3.1 Recombination masks

As stated in [27], a recombination mask specifies — if recombination occurs — which
allele at a given locus is sampled. Assuming pairs of gametes from which recombi-

nation is performed, the recombination mask may be given as a 2 x k matrix with

1«1 ...11 %
m = , (3.47)
1 % ...%x x 1

signifying that, at the first locus, the allele is sampled from the one gamete, while at

entries 1 and *, e. g.

the second locus, the allele is sampled from the other gamete and so on. Actually,
giving one row of the matrix is sufficient, however, for notational reasons we will
often need both rows: Then, the upper row is denoted by m, whereas the lower row is
denoted by m. Furthermore, all matrices which can be transformed into one another
by interchanging the upper and the lower row are identified (as they correspond to
the same mode of recombination) and the trivial ones are excluded, which means
that altogether 28=! — 1 masks exist.

This space of all recombination masks with k slots is denoted by My, out of which
of course only certain masks may be active in a given model. Correspondingly,
it is assumed that every active mask m € M} is assigned a recombination rate
R,, > 0, denoting the rate at which recombination events governed by this mask
occur, whereas non-active masks receive the recombination rate 0. Necessarily, we
have ) - ay, Bm < 1. Again, these individual recombination rates may also depend
on the population size .

Under the effect of each mask m, recombination basically is a 2-locus event,
independently of the total number of loci k: All those loci at which the allele is
sampled from the same gamete are linked by that mask and hence may be interpreted
as a single locus, at which an accordingly increased number of alleles may occur;
the corresponding holds true for the remaining loci, at which the alleles are sampled
from the other gamete. More complex recombinational actions (i.e. recombination
between three or more different subsets of loci) are included in the model via the
additivity of single mask recombination events as already stated. For each individual

mask, though, the considerations of the preceding section 3.2 are likewise applicable
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3.3 Multi-loci models

as is described in the following sections.

3.3.2 Further notation

With regard to a systematic treatment, we will need to introduce some additional
notation: For a model with k loci, at which n alleles each may occur with k,n > 2,
we number the loci with 1,... k and correspondingly write ¢ = iy .. .1, for a gamete
containing alleles ¢; at locus 1, 5 at locus 2 and so forth until £ (and hence, ¢;, ;,
for the corresponding frequency), where iy, ..., 7 now run from 1 to n. This yields
an (n* — 1)-dimensional state space (by dropping ¢, ., =1 — Z(ih_”ik)#n’m,n) Ciy . ip)
which is given by (cf. equation (3.33))

Ay = {(61...117 <o Can, G2l - - -5 Clinls - -5 Clinny - - s

Z Ciy.nigy < 1} (3.48)

(315K ) # (1))

nk—1
C2..11 - - - 7cn...nn71) S NN—I

for the discrete approach resp. the corresponding limit space for means of diffusion
approximation being
1...11 l..1n .1...21 1..nl l..mn
Ank,lz{(:ﬁ B , T R N ey

gt 50, Y g 1}. (3.49)

(31, stk ) F(1yeenym)

_ k_
.1'2"'11, o ’xn.‘.nn 1) c Rn 1

Now, for some mask m € My (cf. equation (3.47)), in slight alteration of the
notation, we denote the set of loci marked by an entry 1 in m also by m =
{my,....,my} C {1,...,k} with 1 <1 < k (corresponding to the index i of sec-
tion 3.2.1), whereas the set of the remaining loci marked by an entry 1 in m is also
denoted by m = {my,...,m;_,;} = {1,...,k} \ {m1,...,m} (corresponding to the

index j previously), i.e.

( 1 % 1 1 1 =« )
m =
* 1 % * % 1
(3.50)
L N ) )
m;  my M2 My My my
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3 Generalisations of the recombinational Wright—Fisher model

Correspondingly, for the alleles which m samples from the one (upper) gamete,
we may thus write im = im, ... 0m, as well as we may write iy, = iy, - ip,
for the alleles sampled from the other (lower) gamete. Eventually, for the allelic
configuration of a gamete produced by recombination governed by m, we may write

(im, Tm) = (fm, - - - Gy Gm, - - - Im,_,) With the angles

() (3.51)

indicating that the alleles are sorted into the correct ordering regarding the locus
they are associated with. In the given example (cf. equation (3.50)), this would yield

(ims Tm) = Ty bm, By - - - By Gy B, -

3.3.3 Quantitative analysis of multi-loci mask recombination

For some gamete ¢ = 4; ... %; with corresponding frequency ¢; = ¢;, ;, and considering
only one single mask m € M}, we consequently obtain in the RUG model after

mating and recombination (cf. equation (3.37))
Cg =c¢ + RmD;n, (352)

whereas taking into account all masks m € M, we obtain in consequence of the

assumed additivity

¢=ci+ Y R,D" (3.53)

meMjy,

The appearing coefficients of m-linkage disequilibrium D! are given by (cf. equa-
tion (3.42))

D= Y Yo (Clmin) Climim) — Climmsin) Clommi))- (3.54)

(gﬁlu"wzﬁl) (:[’:le"Vzmk;fl)
#(iml 7"'7iﬁl) #(Zml 7""iﬂk—l)

As linkage generally includes all loci, these coefficients effectively assess the disequi-
librium of linkage between two subset of loci generated by the mask m, i.e. m and m,

referred to as the m-linkage here (for a more detailed discussion cf. also section 3.5.2).
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3.3 Multi-loci models

Correspondingly, since the construction is symmetric in 7 and m, the coefficients of
m-linkage disequilibrium are well-defined with respect to the identification of upper
and lower row of the mask m that we have stipulated (cf. p. 64). Instead of D", we
may thus also write D" or Di* — the required counterpart m resp. m is always given
as the row of same dimension with complementary entries.

In the diffusion limit — with D™(z) formulated with upper indices for notational
consistency — we obtain consequently as drift coefficients

p'(z) = lim NE;(0Cy;|Cy =¢) = lim N R, (N)D™(x), (3.55)

N—o0 N—o0
meMj,
whereas the diffusion coefficients again show no effect of recombination as we have

O'i’j<£L‘) = lim NEl((SCNi(SCNACN = C)

N—o0
.1 N
= Jim 5(et 3 RO
me My
— i (it Y Ra(WND) (¢4 Y RulN)D)')
meMy me My,
+ Jim NS R (N)Ra(N) DYDY
m,meMj,
- 5 =) (3.56)

With the results of section 3.1.1 for fitness schemes generalising also to multi loci,
thus a; = oy, 4, € R being the additional limit fitness of allele 7 = 4;...4; and
a = ), o;¢; being the average additional limit fitness of the population (cf. pp. 491.),

we altogether have:

3.5 Theorem. For k,n > 2, the diffusion approximation of a k-loci n-allelic Wright—-
Fisher model encompassing a multiplicative fitness scheme a = (o) € R" and
recombination governed by recombination masks m € M with corresponding re-
combination rate R,, may be described by the Kolmogorov backward equation for
its transition probability density f: (Apr_1)oe — [0,1] of its gametic configuration
r = (xl"'ll, L gledn g2t Jplent L glenng2edl L gnenn—ly @ AL

AR ? ? Y
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3 Generalisations of the recombinational Wright—Fisher model

being
0 1 T =
il S iy — I
gl =7 7% =) grgg /@)
Zvj#(nv“'vn)
+ Z ( ,—a)r' + lim N R (N)Dm’i(x))if(x t) (3.57)
A N—oo iy’ oz’ ’

with t =141 .. .ig, j = j1.--Jr and (x,t) € (Apr_1) oo

3.3.4 Alternative coordinates

Finding alternative coordinates adapted to the recombination interaction like (z*, D)
in the two-loci multi-allelic model (cf. section 3.2.2) is somewhat more intricate
with the increased number of loci. However, at first the formula (3.54) for D" may

analogously be shortened into (cf. equation (3.43))

(ny...,n) (ny...,m)
Di"(e) = ( > C<im:im>>( > C%@) — G
im=(1,...,1) im=(1,...,1)
=+ Clim,0) Climm,e) — Cis (358)

wherein e as in c(;, o) now signifies similarly to section 3.2.2 that it is summed over
all corresponding alleles at the loci not belonging to m, whereas the alleles ¢,, remain
fixed, i.e.

Clime) = D Climim) (3.59)

Zm:(17a1)

with e, , =1— Z(“ 77777 i) () Citoined the significance of c;,_ ) is analogous.

The form of D™*(x) shown is again symmetric in 7 and m. Moreover, it is directly
analogous to the one of the previous coefficients of linkage disequilibrium D% (x) as
may be seen when comparing equations (3.43) and (3.58), completing the structural
analogy between two-loci recombination and multi-loci recombination via a certain
mask alluded to in the beginning of the section.

Consequently, also the corresponding allele tuple frequencies ce;,) and c_ )
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3.3 Multi-loci models

remain unaffected by the recombination governed by the mask m as we have

(ny...,n) (ny...,n) (ny...,m)

Y DMO= D ClhmeClime — D, €= Clime) = Clime) =0 (3.60)

im=(1,...,1) i=(1,...,1) im=(1,...,1)

and analogously > ; D/"(c) = 0. This, however, only holds for the contemplated
mask m, whereas the action of any other mask may still alter c(e ;) and ¢, q)-

When searching for more general invariants of mask recombination, again the allele

frequencies (c(;;4y) With i; =1,...,n—1for j = 1,...,k come into focus as we have
7Vt D)= Y Y lim NR, N)Dmlax " (3.61)
N—oo Oxt

meMy l#(n,...,n)

aztiio®
ox!

coefficients of the diffusion approximation (not taking into account selective effects).

= 5” and either {j}° D m or {j}¢ D m for the corresponding drift

via

Thus, all allele frequencies remain unaffected by recombinational drift effects.
Similarly to the two-loci model, we may wish to additionally evaluate the influence
of recombination on the drift behaviour of the coefficients of linkage disequilibrium.
In doing so, we need to anticipate some concepts which are actually only introduced in
sections 3.4 and 3.5: As we do not get a very enlightening result (cf. equation (3.46))
for the coefficients of m-linkage disequilibrium nor do they render a full alternative
coordinate system (there are only 287! — 1 masks, whereas we have n* — 1 gamete
frequencies), we rather calculate drift coefficients for the (’;) (n —1)? coefficients of

generalised 2-linkage disequilibrium
DS ith i gy € {1, kY gy # o gy = 1, — 1, (3.62)

adapting the concept of twofold linkage interactions as with D% in equation (3.43)
to the multi-loci setting (cf. section 3.5.2). Moreover, these coefficients reflect the
action of all (relevant) masks as will be shown below.

Thus, transforming equation (3.57) into the yet incomplete (x*, Ds)-coordinates
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3 Generalisations of the recombinational Wright—Fisher model

yields (again not taking into account selective effects)

D;ijl 5@ ’ NR N>Dfﬁ . aD;nﬂjm
E E 1m Se—
'U/ N—oo 8;Ul
meMy I#(n,...,n)

82 D<ij1 itig )

1 N R i
+4 Z x(ér x) O2lor

l#(n,...,n)
r#(n,...,n)
: il ol B ,® m,l ¢l 15, ,@
= > lim NRz(N) ; (D™t 4+ DTGyl
meM;,
. Dﬁm,lélzjjll 5;;22) + %(x@'jl g ,®) x(ih,o>l_(z’j2,o))
- _ Z llm NR )D<ij1’ij27.> o 1D<i11’ij27.> (3 63)
N—oo 2 2 2 '

me Mo

with R,, Z{meM =G ) }Rm for m € M, via

8D§ij1 itjg ;) B
ox! N

x<1327'>5l{1 + x(hl,')(gl@ _ 5171 51727
J1 J2 J1 J2

aQDéij17ij27.> 151 ¢ljo "J1 122
e = o0

and by equation (3.60). Thus, the coefficients of generalised 2-linkage disequilibrium
D;ij 142 Loceive an additional decremental drift component caused by recombina-
tional events with masks m bisecting the loci j; and js, i.e. j; € T and jy € m
or conversely, plus an extra component resulting from the choice of coordinates
(—%Déi“ ’i12’°>). The property of bisecting the defined loci may also be formulated by
anticipating the schema terminology and notation presented in section 3.4: Thus,
drift is only caused by masks which are not converted into the trivial mask by
reduction with the schema class (ij,,i;,,*) (cf. also pp. 74f. for a more detailed
discussion of the interplay of schema classes and masks).

However, as (z*%, Dy) does not yet form a full set of coordinates, we may add
the coefficients of generalised [-linkage disequilibrium, 3 <[ < k anticipated from

section 3.5.3 (for a definition cf. equation (3.120)). For these coefficients, we similarly
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obtain as drift coefficients
(i o
D 71 [ ] _ . _ ﬁhr zjl"’zjl
iat; (2%, Dy, ..., Dy) = E lim NR(N) E D™, i 4

= — lim NR,,(N)D™ {02 (3.64)

with R, :

the coefficients of [-linkage disequilibrium receive a recombinational drift from all

) Ry for m € M, similarly signifying that also

mask recombination events whose mask bisects the defined loci jq, ..., J, i.e. is not
converted into the trivial mask when reduced by the schema class (i;,,...,%;,*)
(plus additional terms coming from the choice of coordinates). However, for a full
assessment of the drift situation, again a comparison with Brownian motion as in
section 2.6 would be necessary — this would imply even more calculative effort than

with the two-loci model and is hence not pursued here.

3.4 Schemata

In many situation of mathematical modelling, it has proven useful to shift from
a detailed, low-level assessment of a given system to a more abstract, higher-level
view — a technique which is commonly known as coarse-graining. In the context of
genetic models, this may be implemented by reducing the information of the genetic
configuration via bundling certain gamete frequencies. In doing so, it stands to reason
to particularly coarse-grain the information of certain loci, i.e. to bundle gametes
which have a certain number of alleles in common. These clusters of alleles are then
dubbed schemata as presented in [27], a concept which is already foreshadowed in
the context of recombination, i.e. with the introduction of recombination masks m,
whose halves m and m may be directly interpreted as a schema class as will be

illustrated.
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3 Generalisations of the recombinational Wright—Fisher model

3.4.1 Notation

Returning to the setting of a k-loci n-allelic Wright—Fisher model with the loci denoted
by 1,...,k and the corresponding alleles by iy, ...,i; € {1,...,n}, thus with state
space Ak, (resp. A,x_; in case of diffusion approximation; cf. equations (3.48)
and (3.49)%, a schema of order | < k may be given by specifying a certain allele for [
loci, whereas for the remaining k — [ loci, no allele is specified (cf. [27], pp. 9f.).
Denoting the non-specified alleles by e, we may for example consider a schema (k = 5,
n=>5)

7;1 .i3i4i5 (365)

with i1,13,14,15 € {1,...,5}, comprising the gametes i1ligiyis, 112030475, 113030405,
i1 digiygis, i15iziqis.

Furthermore, for a systematic treatment, we introduce the notion of a schema
class s (of length k and order | < k) being given by a 1 X k-matrix with entries 1
and * with the entry 1 appearing exactly [ times, thus e.g. (k =5, =4)

s=(1,%1,1,1). (3.66)

Similar to the recombination masks of section 3.3.1, these entries are sequentially
referring to the loci of a gamete, signifying that, at a locus marked with 1, the allele
is taken into account, whereas it is not taken into account at loci marked with .
Correspondingly, a schema defining an allele exactly at every locus marked with 1 is
said to correspond to the given schema class s. In a slight alteration of the notation,
the set of loci marked by entry 1 is also denoted by s = {s1,...,s} C {1,...,k}
with the corresponding set of alleles denoted by i, = 75, ...%5,. The remaining loci
are denoted by s¢ = {s{,...,s%_,}, and the corresponding set of alleles subsequently
by dse =t . ige .

Now, a schema corresponding to schema class s may be denoted by (i, ) with
is € {1,...,n} giving the alleles at the specified loci and the bullet e indicating that
the allele at the remaining loci (i. e. s¢) are undefined. The angles (cf. equation (3.51))
signify that the alleles are fitted into the correct sequential ordering in accordance

with the loci they are associated with. Consequently, the frequency of a schema
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3.4 Schemata

(15, ®) corresponding to some schema class s is then determined by summing over all

gamete frequencies ¢; € A,x_, comprised by that schema, thus
N

(n,...,n)

Clis,o) = Z Clisyige) (3.67)

ise=(1,...,1)

3.4.2 Quantitative analysis

We may now transfer the results of the preceding section to a k-loci n-allelic recom-
binational Wright-Fisher model in a coarse-grained view by schemata. This may for
example be achieved by selecting a certain schema class s (of order [ < k) and assessing
the model by giving the frequencies of all schemata relating to s. The corresponding
state space is then given by A w1 (by dropping cin..n,e) = 1— Zw&(n ) Clisyo o)) TESP.
A, in case of diffusion approxunatlon this also reflects the loss of information
caused by coarse-graining as the ungrained model comes with the wider state space
Ak resp. Apk_q.

ﬁvirectly resorting to the diffusion approximation of the model, theorem 3.5 may
then be adapted to the schema view by transforming coordinates (z;) — (Z,.e))

correspondingly. In doing so, we have

0T i,
D) _ gis. (3.68)

j
8% s’

and consequently the coefficients of the first order derivatives in equation (3.57)

transform as (cf. lemma 2.2)
zs, Z bj 61;
= Z < —a)r! + hm N Z R, )ij(x))é;:

me My,

z<a<is,.><x>—a<x>>fe<i6*>+ Jim N Ra(N) YD) (369
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3 Generalisations of the recombinational Wright—Fisher model

for iy € {1,...,n}'\ {(n,...,n)} when putting

;"

j<i57‘>

i, (T) 1= (3.70)

for the fitness term. This expression may be interpreted as the additional limit fitness
of the schema (is, o). However, as indicated, it is still dependent on the individual
gamete fitness as the schema fitness of course evaluates the weighted average fitness
of all gametes present in that schema. This may be overcome by also lifting the
assignment of fitness values to the level of schemata with the downside that the
individual fitness of alleles can no longer be taken into account, thus defining o;, 4

for all i, € {1,...,n}! and subsequently putting
o; =y, forallie{l,...,n}* (3.71)

If doing so, also the average additional limit fitness & may be formulated in terms of

Z as we have
OEDPLEED SIS PLED P (3.72)

Continuing with the recombination term, we obtain (cf. equation (3.58))

Z D™ (x) = Z (le) (sz) — le (3.73)

igc igC Ty im igC

The recombination mask m bisects the set of loci into 7 and m. Thus, m also defines
a segmentation s¢ = 5 U s¢ with 3¢ C m and s¢ C m. Regarding the mask m itself,
all loci s¢ are effectively removed from the mask, converting it non-injectively into a
mask m** € M, thus of dimension 2 x [ with then m* Um** = s; if e.g. m = (1117)

and s = (1% 111), we obtain (with the diamonds ¢ indicating the entries effectively

1 ¢ 1 % %
m* = ( ) . (3.74)
¥ o % 1 1

removed)
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3.4 Schemata

Correspondingly, we also say that the mask m is reduced by the schema class s,
yielding the reduced mask m™**.

For the coefficients of m-linkage disequilibrium, we thus have

S0 = (L) (X w) ~ T

1sC ’igc T igc lﬂ

(T S )

1(scuiﬁ*s) Z(SCU’L'”L*s)

_ ( Z ;%<i37.>) ( Z :z<is,.>> — Fgge = D (), (3.75)

Vi * s

The form of the appearing coefficients of m**-linkage disequilibrium D™ =*) (%) is
again analogous to the previous coefficients D™ (z), only with schema frequencies
instead of gamete frequencies appearing as argument. This may be seen when
comparing equations (3.75) and (3.58) — and is to be expected as the recombination
event itself remains unaffected.

However, another effect enters into the discussion as for certain combinations
of m and s, we have either m* = @ or m* = @ and correspondingly m*® = s resp.

*

m*® = s, which signifies that the mask m is converted into a trivial mask via the
deletion of the unspecified loci, e.g. (111!) ~» (1¢111). Correspondingly, either of
the sums in equation (3.75) then is such that effectively the summation spans all loci
(consequently yielding 1), whereas the other sum comprises only one summand, i. e.
Z(;, ). Consequently, Dm™*{is®) then always evaluates to zero, reflecting the fact that,
with the trivial mask, no linkage relation is expressed and hence the corresponding
coefficient always indicates ‘linkage equilibrium’, i.e. D = 0.

With M; being the domain of all non-trivial reduced masks of dimension [, we

thus have for the full recombination term in equation (3.69)

= lim N ) Ry(N)D™* (), (3.76)
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3 Generalisations of the recombinational Wright—Fisher model

wherein the recombination rate R,, associated to m € M; reflects that the reduced

mask m may originate from different masks m € My, thus

Ry, = > Rs formeM,. (3.77)

(e Mj,|im*s=m}

If a mask m is reduced into the trivial mask, the corresponding term does not appear
in the sum as then D™{s* in accordance with the above considerations vanishes.
Ultimately, for the coefficients of the second order derivatives in equation (3.57),

we obtain
i) {Js®) (7 Zakl (515 5]5
= Z:c (o — a")ay: 87"
_ plise ((ybs _ glise >)_ (3.78)

Altogether, the adapted version of theorem 3.5 then reads:

3.6 Corollary. Fork,n>2,1€{1,...,k—1} and a schema class s of length k and
order [, the diffusion approximation of a k-loci n-allelic Wright-Fisher model encom-
passing a fitness scheme o = (v, 0y) € R and recombination governed by recombina-
tion masks m € M, with corresponding recombination rate Rz may be described by the
Kolmogorov backward equation for its transition probability density f: (Ani_1)oo —

[0,1] of its schemata configuration x = (z1-11s®) gl-mn=ls®))y e A, | being

0 (z,t) = L > x<isv°>(5lis—x<js*>)—82 flz,t)
ot 4 Js i) Oz ’

>ag’j<357.>
is,Js# (M)
(o))l 2
+ Z i, 0 (@) — afz))z™ Wf(xat)
is#(n,..
: 0
. m,<ls,0> ~
+ lim N Rn(N) > D (@) flo ) (379)
meM; is#(n,...,n)
With i = s, .. s, Js = Jsy -+ Jsrs B = D tme s mirsmmy fom and (2,1) € (Api_1)oo
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3.5 The geometry of linkage equilibrium states

Returning to the Ohta—Kimura formula (2.1), we may put D = 0, yielding

) . p(1—p) 0
(a%(p.q,0)) = 7 0 q(l1—g¢q) 0 (3.80)
0 0 p(p—1)g(qg—1)

with (p,q,0) € Qg0 = {(p,q,O) € R? x {0}‘0 <p,q< 1} as coefficient matrix of

the second order derivatives and

. 0
p(1=p)
(aij(p.q.0) =4 0 5 0 (3.81)
0 0 !

p(p—1)a(g—1)

for its inverse (cf. equations (2.13)f.). As described in section 2.2, (a;;(p, ¢, D)) may
be interpreted as a metric (i.e. the Fisher metric of the multinomial distribution)
on Qg qpy: Thus, when dropping the third coordinate D = 0, (a;;(p,q,0)) turns
into a product metric (cf. definition 3.7 below) on A; x Ay, in which each factor
A is equipped with the (inverse) metric g(z) = j2(1 — ), © € Ay — corresponding
(up to the prefactor) to the standard metric of the 1-dimensional sphere S} C R%
(cf. section 2.2.3). Hence, the state space Q(, 40) resp. a corresponding restriction
of Aj of the diffusion approximation of the two-loci two-allelic recombinational
Wright—Fisher model in linkage equilibrium (cf. p. 23) equipped with the Fisher
metric of the multinomial distribution (cf. lemma 2.7) carries (independently of the

chosen coordinate representation) the geometrical structure of
St x SLcs?, (3.82)

which is known as the Clifford Torus (after William K. Clifford, who in [8] first
described S' x S* as a closed, (locally) Euclidean surface embedded in an elliptic
3-space (cf. [28], p. 373)).

We wish to extend this observation to more general Wright-Fisher models as

presented previously in this chapter. First, we give a definition of the product metric
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3 Generalisations of the recombinational Wright—Fisher model

(cf. [9], p. 42):

3.7 Definition. Let (M, g1) and (Ma, go) be Riemannian manifolds and consider
the Cartesian product M; x Msy; let m1: My x My —> My and 7o : My X My — My

be the natural projections. Then the product metric g1 X go on My x My is defined as

(91 % 92)(1, V) p.g) = 91 (dm1(p, @) (w), dmi(p. @)(v)) , + g2 (dm2(p, q) (u)., dma(p, @) (v)),,
for all (p,q) € My x My, u,v € Ty (M x M) (3.83)

with drmy, dmy being the derivatives of the natural projections (cf. [13], p. 6).
The following lemma may be checked directly:

3.8 Lemma. Let (My,q1) and (Ms, g2) be Riemannian manifolds and let g1 X go as
in definition 3.7. Then (M; x Ma, g1 X g2) is a Riemannian manifold.

Taking the representation in local coordinates of the metrics, i.e. (g1;;(21))j=1,....n

with 21 = (21, ..., 27) and (9o (72))kimnt1,...nem With 2o = (251 ... 20*™) ) equa-
tion (3.83) turns into
(914;(21))ij=1,..n o
(<g1 X g2)rs)r,s:1 ..... m ’ (384)
U (9211 (22) ) ki=n+1,....ntm

with 0™™ being the n x m null matrix. For the inverse metric, we correspondingly

obtain
s (917(21))ij=1,..m o
(91 % 92)") o = ! (3.85)
U <g2kl (x2>>k,l:n+1 ..... n+m
as for a block matrix M = (4 B) like ((g1 % 92)1”5)m=1 ., we have
AP+ A'B(M/A)ICA™Y —A'B(M/A)!
—(M/A)~tcA™ (M/A)~
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3.5 The geometry of linkage equilibrium states

with (M/A)™! := (D — CA™'B)™! being the Schur complement of A in M (cf. [34],
pp. 17f.). Clearly, these considerations extend straightforwardly to product metrics

with more than two factors.

3.5.1 Linkage equilibria in two-loci multi-allelic models

In order to generalise the above observations, we first need to extend the notion of
linkage equilibrium to more advanced models. Generally, ‘linkage’ between certain
loci (or sets of loci) relates to the fact that the allelic configuration at the one locus
resp. loci set affects/determines the allelic configuration at the other locus resp.
loci set (cf. also p. 20), i.e. in the two-loci 2-allelic model, each allele at the one
locus is ‘linked’” with both other alleles at the other locus. However, as the allele
frequencies at each locus actually form a 1-dimensional space, for a given allele only
one parameter suffices to describe the degree of linkage disequilibrium with respect
to both other alleles at the other locus as well as both relations for the other allele
at the same locus. Hence, only one parameter is sufficient to describe 2 - 2 linkage
relations; this fact is algebraicly expressed in equation (3.38).

With n > 3 alleles and two loci (cf. also section 3.2), we have n - n linkage
relations, which — as the allele frequencies at each locus form an (n — 1)-dimensional
space — effectively reduces to (n — 1)? linkage relations, which are correspondingly
expressed by (n — 1)? coefficients of linkage disequilibrium D%, i, =1,...,n—1
defined in equation (3.36). If all these coefficients vanish, the population is defined
to be in linkage equilibrium, signifying that each allele at the one locus is in linkage
equilibrium with all other alleles at the other locus and conversely.

To determine the geometrical structure of the two-loci model in linkage equilibrium,
the corresponding state space A,2_; (cf. equation (3.34)) needs to be transformed
appropriately, i.e. with all D¥ appearing as coordinate. This may be achieved by
transforming into the alternative coordinates (z*, D) = (z°*, D); j=1,..n—1 comprising
2n — 2 allele frequencies z°® and z* and all coefficients of linkage disequilibrium D%
(cf. section 3.2.2). This implies

o' - O0x™

i j oDY i ci i ej ie )
ol = O g =01 G = ~O + Ot 4 a0 (3.87)
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3 Generalisations of the recombinational Wright—Fisher model

for i,j # n and (k,l) # (n,n), and transforming the (inverse) metric given by the
coefficients of the second order derivatives of the corresponding Kolmogorov equa-
tion (3.41), i.e. (a¥*(z)) = (:EZ]((S,Z — z*)), accordingly yields

o .z oz’ Ox*
a® szmn 5mn . 7“5) 8;mn airs

m,n 7,8
_ E E xm 5m_ rl

xt il I’Z.:L'.l Dzl
ol

@™ (z*, D) foril=1,....n—1 (3.88)

(with the last equality being due to the undirectedness of linkage) and similarly

a/Ii.7xk. (.CE., D) — x“((slzc o .CIZk.) for 2‘7 k = 1’ Lo, n = 17 (389)
a/zoj7xll($0,D) :x.j<5lj _:C.l) fOI- ]’l = 1’,71— 1 (390)

For the further components of the metric, we have

rie Dkl mn/ smn axi. aDkl
6 —
_ szn< 5[27 _ ZEkl) + Z((s;? _ {Erl)l‘k. + Z(élzc?; _ l‘ks)l'.l>
= —5. DM 4 2 DM 4 ghe D (3.91)

aDkl’xi'(f,D) fori,k,l=1,...,n—1

and analogously

a=" D" (x*,D) = aP* e (z*,D) = —5ljDkl + 2 DM 4 g*t Dk
for j,k,l=1,...,n—1, (3.92)

thus these entries also vanish in linkage equilibrium, signifying that the corresponding

coordinate representation of the inverse metric in linkage equilibrium entirely turns

30



3.5 The geometry of linkage equilibrium states

into a block matrix, i.e.

(azi',xk') On_lm_l On—l,(n—l)2
e e A (Vi I i S (3.93)
O(n—l)Q,n—l O(n—l)Q,n—l (aDij,Dkl)

with the remaining entries being
aP P (z°, D) = (' — o)k (2% — 6))a® for i, jk,l=1,....n—1, (3.94)

hence giving the generalisation of the metric representation corresponding to the
Ohta—Kimura formula in linkage equilibrium (cf. equation (3.80)) to an arbitrary
number of alleles.

Moreover, (a®**P)(z*, D)) may be inverted in accordance with equation (3.86),

exhibiting the product structure of (a(ye py(x*, D)). We thus have:

3.9 Lemma. In linkage equilibrium, for all n > 2 the corresponding restriction of
the state space A,2_1 of the diffusion approximation of a two-loci n-allelic Wright—
Fisher model equipped with the Fisher metric of the multinomial distribution is a

(2n — 2)-dimensional manifold and carries the geometric structure of

STt xSt s (3.95)

3.5.2 Linkage equilibria in three-loci multi-allelic models

Having more than two loci, the situation gets significantly more complicated as
now linkage does not only need to be considered between pairs of loci, but also in
relations of higher order. In particular it needs to be clarified what exactly is to be
understood by the term ‘linkage equilibrium’ in this extended setting. To keep the
calculative effort manageable, we first analyse a three-loci model; in doing so, we
will give a definition of linkage equilibrium in the current setting plus an adaption of
lemma 3.9.

When wishing to analyse the geometry of the corresponding state space A,s_;
(cf. equation (3.48) with k = 3) restricted to the — yet to be determined — linkage
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3 Generalisations of the recombinational Wright—Fisher model

equilibrium states, again we need to transform the state space appropriately, for which
in turn suitable coordinates are required: This may be done somewhat tentatively
by first adapting the coordinate scheme of the two-loci model as far as applicable
and subsequently extending it to also fit the three-loci model.

Hence, analogous to the two-loci model, the configuration at each locus will be

assessed by the corresponding allele frequencies z%1°®, z°2® 2°*% with i, 149,13 =

1,...,n— 1, yielding (n — 1)® coordinates; the coefficients of linkage disequilibrium

D% are transferred into 3(n — 1)? coefficients of generalised 2-linkage disequilibrium

i1i2@ 11003 ®ioi3 :
D3"?% D% D3P 4,109,013 = 1,...,n — 1 with
D;122.($) = letox.lgt _ x’LlZQO’
D;l.ls(l') — I1100x0013 - .1711”37 (396)
D;ng ({L‘) — xozgoxoozg _ l,ozgzg’

measuring the linkage disequilibrium with respect to any pair of loci (the correspond-
ing twofold interactions are structurally analogous to those of the two-loci model,
giving rise to the notion of ‘generalised 2-linkage’). The structure observed in the
equations (3.96) coincides with those of the coefficients of linkage disequilibrium
for masks D™ defined in equation (3.54) resp. (3.58) and (3.75) with the argument
being all schemas of order 2 (cf. section 3.4.1) and the corresponding mask m € M,
bisecting the two defined loci of the given schema.

However, (z*®, D) does not yet form a full set of coordinates nor is linkage between
more than two loci (threefold interactions) taken into account. For this reason, we
introduce the coefficients of generalised 3-linkage disequilibrium by extending the
structure (3.96) into

D32 (x) = o020 x® — 2128 for iy, 9,3 =1,...,n— 1, (3.97)

now taking into account all three loci and hence employing the product of all
corresponding allele frequencies, which is no longer related to any mask recombination
event. By adding these (n — 1)? coefficients as coordinates, (z**, Dy, D3) now forms
a complete set of n® — 1 coordinates, which — as will turn out — renders a suitable

description of the linkage equilibrium.
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3.5 The geometry of linkage equilibrium states

Thus, on changing coordinates from (z) to (x*®, Dy, D3), which implies

1100 oize 03 1120
ax— - (Si-l, aCU— - 5112, ax— - (51'-3, aL (511512 (521 oize + x“"é”,
OxJri2is T Hpdrjeds J27 Hdrjeds I3 Opdrjeds J1772 J2
aDiloig ) ) 8D.i2i3
2 11 13 1] ,.,0003 i10@ Ci3 2 19 (13 i3 _eei3 eioe (i3
alejgjg - 6]15J3 5j1$ + 5]3’ 8$j1j2j3 o 6]26% 5 Tz 5]3’
aDgﬂﬂ'z

— _ i1 S22 C13 i1 ,.800@ 0013 i100 Cio eeig i1e@ 0120 i3
8Ij1j2j3 5]16]25]3 + 5 +z 5 +z 5]3’

we may also transform the (inverse) metric given by the coefficient matrix of the 2nd
order derivatives in the corresponding Kolmogorov equation (3.57), i.e. (a¥(z)) =

(2*(0% — a7)) with i = iyiis and j = j1jajs, by which we obtain at first

xil"

’x.jz.(l"", D,, D3) = D;m.’
TR (2°*, Dy, Ds) = D%, (3.98)
a$oi2‘,x‘°j3< ' D27D3) D‘ZZJS

and
all,iloo7l.jloo( oo Dg,Dg) _ 11-0(5;1 . ,Ijl..)7
az"?’,z'ﬂé'( oo D2’ DS) — 022'(5;; _ 17.j2.), (399)
ax“ig’x"B( P D27D3) _ ooi3 ((5;2 o xoojB)

as well as

) o 100 Jj1j2®
a$11°°,D%1J2.(I_O. D _D ) — Z Z mklkgkg 6k1k2k3 o xlllglg) 8.’]) 8D2
y /2, L3 lll2l3 Oxkikeks Hylalals
k1,k2,k3 11,1203

_ E xi1k2k3< 521k2k3+xj1j213+§ 511k2k3 xj1l213)x°j20
l2

J1j2ls J1lals
ka,k3,l3
i1kaks l1j2l3 jlee
+ z : 611]213 )ZL‘
— o2 D;m' — et DY e e (3.100)

Dj1j2°

=q"2 vxil'.(x",Dg,Dg)
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3 Generalisations of the recombinational Wright—Fisher model

and analogously

riiee DJI'J3 Djl'JS ijee

Xz DQ, D3

r®i2® DJ1J2' D]1J2' eige

x.. l)2 ,

-

3

)

)

poize iz D2 geine )
)
)

G ) C
( ) (
(:v" Dy, D3) =a 2 (2%, Dy,
°( ) (
G ) C

-

DJl 'J3 r*®3

r*®3 D'J2]3 'JQJS r*®3

(3.101)

with all indices 41, 49, i3, j1, J2, J3 Tunning from 1 to n — 1. This all corresponds to

the results for the two-loci model analysed in the preceding section. Thus again,

when all coefficients of generalised 2-linkage disequilibrium vanish, the coordinate
representation of the inverse metric has (at least partially) the structure of a block
matrix as all components (a®*" ) vanish and (a*""*"") is a block matrix itself.
However, this condition (perceivable as linkage equilibrium with respect to all pairs
of loci) does not yet yield a product metric on the corresponding restriction of the
state space as the coordinate representation of the inverse metric is not yet entirely
a block matrix: When calculating the metric components for allele frequencies and
coefficients of generalised 2-linkage disequilibrium — which do not share any defined
locus and hence refer to all three loci e. g. 2%1** and D;jm — these entities do not yet
vanish, rather the coefficients of generalised 3-linkage disequilibrium (in the given

1]2]3)

example D come in. We have

) 0o i100 ®j273
214003 ee by _ ey keoks 5k1k2k3 _llals Ox oD;
a (2°%, Dq, D3) = z Lol Z )
1l2l3 Oxkikzks Oplilals
k1,k2,k3 l1,l2,l3

o i1koks i1koks 117273 i1koks l1l2j3 ejoe
- Z L ( 6l1]2]3 +z +§ :6l112j5 )l‘

ka,ks,li
i1koks o l1j2l3 003
+ Z 511]213 )l’
— D§1]2J3 _ xz1“D;J2J3 _ xOJzOD;ﬂJa _ woqu;mo (3‘102)

_ D.j2j3,$i1" P
=a 2 (ZL‘ ,DQ, Dg)
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i1 7)J193 __ .i1ee 1)j193 __ j1ee 1)i1e]3
0D "% Dy x*** D,

iz )j1j2® _ .eize 7yjij2® _ ejoe myjiice
02D x*?* Dy x*2* Dy,

.Z'.. DQ, D3 — 5}§D%1.]3 _ xoong%l']:s _ l,jlooDéloz:;

__ §13 1)®J273 eei3 1®J273 003 19203

Y

Y

i2 7)®j2J3 oize 1®j273 oj2e 1i2]3
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3.5 The geometry of linkage equilibrium states

and likewise

x'iQ',Djl.jB oo - Djl'j37xci2¢ P
a > (2%, Dy, D3) = a"> (x**, Dy, D3)
_ D:]))szza _ xhnD;ZzJS _ w'lz'Dél'J?) — w"hD%IZQ., (3103)
I..iS,Djle. P _ Dj1j2.733"13 (1}
a 2 (2%, Dy, D3) = a2 (x**, D, Ds)

= DJiis _ giiee sizis _ gpeiae piieis _ geeis pitize (3 104)
Furthermore, we have

i 717273
mZ]‘.'7D3

($"; D, D3)

i100 J1j2J3
— k1k’2k‘3 5/4}1]62]63 _ xlllzlg) ax aD?}
: : : : 111213 axk1k2k3 axlllglg,

k1,k2,k3 l1,l2,l3

— 2 wilkgkg( 6z1k2k3 +1}j1j2j3 +§ :511k2k:3 $j1l213>x.j2.x..j3

J1j2J3 1l2l3
kg,kg, 12713
i1 kak: 1172l i1kok llj jlee ejoe (3105)
1hoks _ o, 1]23 Jj1ee "33 1k2k3 _ .lilags 1 2
+ Z 551]2l3 m + Z 5l1l2]3 ).CL' z >
ll,lg ll,l2

- i1 i1ee J1J2J3 108 ( ej20 i1®j2 eej3 iij2®
= (65, —a"**)Dy 21 (x*2° Dy x**2 D37?*®)

J13233 i
= D3 7x11..(

x**, Dy, D3)
and analogously

x.iQ.,D§1J2J3 (

$..7D2,D3> = aDglan’m.m.(x..,Dg, D3)
_ (5;2 N xoz‘gO)DgleB . I.j2.(flij1“D5i2j2 . x"j3Dgli2.),
(3.106)
ax“iS,Dglj”‘"’ (1:"7 D27 D3> = aDglj2j37xooi3 (.T}", DQ, Dg)
_ (52 . xuig)pgﬂﬂs LVE (xjuoD;jzig _ xojznguis).

(3.107)

Thus, the linkage equilibrium with respect to all three loci is defined to be a state
where all coefficients of generalised 2-linkage and generalised 3-linkage disequilibrium
vanish, i.e. both all twofold and all threefold linkage interactions between the loci

are in equilibrium. Consequently, we then have for the coordinate representation of
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3 Generalisations of the recombinational Wright—Fisher model

the inverse metric

(ax",:r“) Onfl,(nfl)2 O"*l»("*l)g

(a(woo7D2,D3)) — 0(n—1)2,n—1 (aDQ,DQ) (aDz,D:s)

0(n—1)3,n—1 (aD:s,DQ) (aD37D3)

with (a®**"") being a block matrix itself, i. e.

(aa:“",ﬂfjl") On_lvn_l On—l,n—l
(a:poo’xu> _ On—l,n—l (az.i2o7z-j2-) On_Ln_l
Onfl,nfl Onfl,nfl (a$'°i3,x"j3)

D2,D2)

and the remaining entries (a equalling

Dili?.,Djlj2 oo

a2 277 (2°°, Dy, Ds)
Dil.i?’,Djl.j?’ oo

a2 2 7 (2°°, Dy, Ds)

D.i2i3,D.j2j3 oo
a2 277 (2*%, Dy, Ds)

( 100 —5;‘-1)1’]‘1..( oice 512) 0]20
( 100 —5;‘-1)1’]‘1..( 003 513) ..]3

( oice _5;;)1,0]'2.( 003 523) 003

as well as
Di1i2o7Dj10j3 .o . Dj1°j37Di1i2° oo
a2 2 (2°%, D9, D3) = a2 2" (z*%, Dy, D3)

_ 11 1111213 i108 1J112]3 j1ee Myi1i273

D2 ®i2i3

. .o . D°j2j37Di1i2' oo
a2 27 (2°%, Dy, D3) = a2 2" (z*%, Dy, D3)

_ 12 1917213 eize Mi1J2J3 ®joe 1i11213

D'j2j3 Dil'id

Dil'i3,D°j2j3 P _ , ' oo
a2 2 (ZL’ ,DQ,D3) =a 2 2 (.CE ,DQ,Dg)
— _5;2D§11225 + .T..igDélizjs + x..j3Dzi),1i2i3
and (a?»72) resp. (aP>P3) being
Di1i2i37D'j2j3 oo J2J3 D11Z2 3, o
a-s 2> (2%, Dy, D3) = a” (z**, D2, Dj)

:mll.'( ®ioe 512) o]go( 003 513) 0033

36

(3.108)

(3.109)

(3.110)

(3.111)

(3.112)

(3.113)

(3.114)
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DiliQiB’Dj10j3 .o . Djlojg’DiliQiB P
a3 2 (2**,Dy,D3) = a2 37 (2°%, Do, D3)

— (Iiloo — 5;1)$j1°°l‘.i2.($..i3 - 6;’§):E..j3a (3115)
aD?WSvDém.(m", Dy, D3) = apgmopéumg (2°*, Dy, D3)
= (a1 = o)l (@ — 5)at et (3.116)

and eventually (a”*P3) equalling

Dii2is piiiziz gq
a-s » (2%, Dy, D)

(
:Eil.':L-jl'Oaj'iZ'x.jQ.x”iBx”j3

L1900 T190 .0020 0728 J.00i3 J.0e]3 (2 - S Son l.j e )
6j1fr ! +6j2‘7,3 2 +6j3‘r 3

- ) ) ) ) N y riiee +$"2‘

l’zl..]}]l..CL'.ZZ..Z'.]Q..’L'..BZE..]‘S (2 _

- (3.117)
) ) {Eil";l:"'?' jl.j2
$11.o+x0013 y :L,0220_|_$007,3

113

T " gieis )
i1ee eeis Jijs pei2e peeiz J2J3

\

if either none, one or two of the indices i1, i5, i3 and j1, Jo, J3 coincide resp.

Di112i37Di112i3 oo
a3 3 (x 7D25 D3)

— xllooxozgomoo’Lg(l _ 1‘“":(7"2' _ .I'.ZQ..Z'..ZS _ leoonOlg + 2leooxozgoxoo13) (3118)

if all three indices coincide.
Thus, the block matrix (a*""P2P3)) may be inverted in accordance with equa-

tion (3.86), demonstrating the product structure of (a(zes p, ny)), and we consequently

obtain for the three-loci model transferring the assertion of lemma 3.9:

3.10 Lemma. In linkage equilibrium, for all n > 2 the corresponding restriction
of the state space A,s_1 of the diffusion approzimation of a 3-loci n-allelic Wright—
Fisher model equipped with the Fisher metric of the multinomial distribution is a

(3n — 3)-dimensional manifold and carries the geometric structure of

STt x ST x st st (3.119)
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3 Generalisations of the recombinational Wright—Fisher model

3.5.3 Outlook and further considerations

It appears plausible that also general models with an arbitrary number of loci and
alleles feature a product structure in linkage equilibrium when equipped with their
Fisher metric. Clearly, the presented definition of linkage equilibrium in the context
of three loci (cf. p. 85) may be extended to any number of loci via defining suitable
coefficients of linkage disequilibrium with respect to any tuple of loci. This may
be achieved by pursuing the forms (3.96) and (3.97): For a model with k£ > 2 loci
and n > 2 alleles at each locus, we introduce the coefficients of generalised [-linkage

disequilibrium for 2 < [ < k by putting
Dl<7,j1 ..... ij,‘) (.T) — H x(ijm,0> _ x(ijl ..... ijl’.> (3120)

for i;,,...,4;, =1,...,n— 1 and every subset {j1,...,51} C {1...,k} with j, # js

for r # s, measuring the [-fold linkage interactions for every subset of [ loci.
Taking the (7)(n — 1)" coefficients of generalised I-linkage disequilibrium, | =

2,...,k plus the n¥ — 1 gamete frequencies as coordinates yields a full alternative

description of the k(n — 1)-dimensional model as we have

k
k
Z(l)(n—l)l:(n—l—i—l)k—l:(n—l)k—l. (3.121)
=1
It may be added that — in accordance with the given scheme — we may also formulate

coefficients of generalised 1-linkage disequilibrium

1
D;lh’.>(q:) = H glime) — 0 =0 forall iy, =1,...,n with j; € {1,...,k},
m=1

(3.122)

which though provide no information about the state of the model as each locus is
trivially in (full) linkage equilibrium with itself. Instead, the allele frequencies are
used as non-interaction coordinates.

Correspondingly to the three-loci case, we may then define the model to be in

linkage equilibrium if for all [ the coefficients of generalised [-linkage disequilibrium
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3.5 The geometry of linkage equilibrium states

vanish and conjecture that the corresponding restriction of the state space A, x_;
when equipped with the Fisher metric of the multinomial distribution carries the

geometrical structure of

Shx L Lox ST c gt (3.123)

k

To prove this, however, in the light of the bulkiness of the calculations involved,
one may strive for more advanced tools; potentially a perception of the coefficients
of generalised [-linkage disequilibrium as coefficients of [-tuple interactions and the
corresponding stages of linkage equilibria as a hierarchical foliation of the state space

as presented in [3] might be helpful.

Other interesting observations in this context include the following: All consid-
erations with respect to linkage equilibria actually do not take into account the
recombinational structure of the model (if present at all) as the calculations only
relate to the diffusion coefficients of the corresponding Kolmogorov equations of the
diffusion approximation of the model — which are, as has been shown previously,
independent of recombination. Without recombination, however, the assignment of
alleles to loci becomes effectless as a k-loci n-allelic model and a (1-locus) nk-allelic
model may be identified.

Conversely, this signifies that — as soon as any loci structure comes in — the concept
of linkage between different loci or subsets of loci generates the question of linkage
equilibria, which themselves directly relate to the concept of recombination via the
common structure of coefficients of linkage disequilibrium. Moreover, the formulation
of these coefficients also directly implies the concept of coarse-graining and schemata

as introduced in section 3.4.
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4 Analytic aspects of the diffusion
approximation of the 1-dimensional
Wright—Fisher model

Having dealt with various generalisations of recombinational Wright—Fisher models
in chapter 3, we now wish to solve the corresponding Kolmogorov equations, i. e.
determine the associated dynamics and check whether this provides a complete and
valid description of the behaviour of the corresponding model. Finding such a solution
analytically, however, can prove to be quite challenging. For this reason, additional
features of the models like recombination, mutation or natural selection will not
be considered in the remainder, nor any coarse-graining. Without recombination,
the assignment of alleles to a certain locus is no longer significant, and hence any
Wright-Fisher model may be interpreted as a 1-locus model with a corresponding
number of alleles. As a result, we will start our analysis with the simplest case of a

1-locus 2-allelic haploid model.

4.1 The Kolmogorov forward equation

To state the problem, we return to the setting of proposition 2.9. Setting the number
of loci at 1 and changing the notation into the form u: (A1), — R for the solution
and f: A; — R for the separately stated initial condition for ¢ = 0 thus yields as

the Kolmogorov forward equation (cf. section 2.4.1) for the diffusion approximation
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4 Analytic aspects of the diffusion approximation of the 1-dim. Wright—Fisher model

of the 1-locus 2-allelic Wright—Fisher model!

(e t) = 5 (2(1 = z)ulz,1)) i (Ar)w = (0,1) x (0, 00) 1)
u(x,0) = f(2) in Ay, f€L2A))

with the regularity requirement u(-,t) € C*(A;) for each fixed t > 0 and u(z, -) €
C1((0,00)) for each fixed z € A;.

Subsequently, we will aim at finding a solution of the given Kolmogorov forward
equation and develop a presumably complete solution scheme — from which we
will advance to an analogous treatment of the corresponding Kolmogorov backward

equation in section 4.2.

4.1.1 The solution scheme by M. Kimura

An explicit solution of the above Kolmogorov forward equation (4.1) was already
provided by M. Kimura in [16]. In the following, we will put Kimura’s solution
strategy into perspective and analyse the obtained solution with special regard to its
interaction with the boundary of the given domain as this will turn out to be a key
point for our subsequent analysis.

In solving the given problem, Kimura uses a separation ansatz u(x,t) = v(x)w(t),

converting the first line of equation (4.1) into

0 1 0?

v(aﬁ)aw(t) = §w(t)W(gg(1 — z)v(x))
10 1 02
wor = %W(ﬂl —z)u(r)) = —A (4.2)

with A > 0 as we have

0< /1< (1 - 2)o(z) ) dr — — /xl—x (;;)Z(x(l—x)v(x))dac

1Since a haploid model is sufficient for the intended setting without recombination, the correspond-

ing equation lacks a factor % when compared to those from the diploid model in proposition 2.9.

This applies to all further considerations and will not be stated separately.
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4.1 The Kolmogorov forward equation

= %/x(l —z)v¥(x) do (4.3)
—_————
0 >0
for v € C2(A,).
The problem then reduces to finding solutions of %w = —\w, which is easily done
by putting w(t) := w(0)e *, and of
L (e~ ap) = o), rea (4.4
2((%)290 r)v) = —=-v(z), =« 1. .

We already note that no boundary values on dA; = {0,1} need to be stated for
the differential equation (4.4) as the solution finds those itself (this observation will
become even more relevant in our analysis of the corresponding higher-dimensional
problem in chapter 5).
Expanding equation (4.4) further into
2

0 0
x(1— a:)Wv(w) +2(1 - 2x)a—xv(:v) + (2N =2)w(z) =0, ze€l (4.5)

and substituting z = 1 — 2z yields

82
(92)°

0(z) — 422”&(2) + (22X —2)0(2) =0, ze€(-1,1) (4.6)

(1—2% %

with 0(z(z)) = v(z) (cf. [16]). A generalised form of this equation is known as the

Gegenbauer differential equation

92
(02)°

X(2) — 2a+ 1)22)((2) +nn+20)X(z) =0 forzeR (4.7)

(1— 2% 5

with n € N? and a € R. Its solutions are the Gegenbauer polynomials C%(z), which

are for example given by the recurrence relation

nC¥(z) =2(n+a—1)zCo_(z) — (n+2a —2)Cy_5(z), n>2 (4.8)

2Throughout this work, we usually assume N = Ny = {0,1,2,...} and N, = N\ {0}.
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4 Analytic aspects of the diffusion approximation of the 1-dim. Wright—Fisher model

and C§(z) =1 and CY(z) = 2az.

The Gegenbauer polynomials obey an orthogonality relation w.r.t. the product
+1

(da= [0 -2t

-1

(4.9)

. a _ 9l—2a P(n+2q)
with ¢ =2 W(n+a)r2(a)?‘(n+1)'

In order to fit them to the given problem, we have o = 2 and 2\ — 2 = n(n + 3),
therefore one puts
(n+1)(n+2)

Ap 1= 5 , neN, (4.10)

+1
= [(1 — 2?)dz with the orthogonality
“1

The product then takes the form (-,-)

N

relation being

3 4N,

3
Ci,Cin)s =0 4.11
{ >% "2n+3 (4.11)
3 n : n n
as T'(2) = \/TE and consequently ¢3 = (7(1 ++%2))7'l! = X ;ﬂ;z) = 2?4:3'

3
Transforming back to the = coordinate, Cy? (1 —2z), n € N are obtained as solutions
of the eigenvalue equation (4.4) and hence

3
2

Cz(l—2x)e™" neN (4.12)

as solutions of the differential equation in (4.1).

In order to also fulfil the initial condition, one may use that the linear combinations
of the Gegenbauer polynomials C’é (2), n € N are dense in C*([—1,1]) (cf. the Stone-
Weierstrass theorem in [1], p. 88) and consequently also in £2(—1,1), for which
reason the initial condition f(z) — after transforming it into f(z) with f(z) = f(z(x))

— may be decomposed in terms of these polynomials, i.e.

2n+3,; 3

Fz) =3 anCi(z) with a, = i(f,cé)% .

C
neN n

) (4.13)

Njw
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4.1 The Kolmogorov forward equation

and consequently

3
2

u(et) =Y 22;?’(]& CH3CH1 = 2)e™, (2,8) € (A)ue (4.14)

neN

is obtained. Thus, for any given data (i.e. any initial condition), there exists an
(explicit) solution of equation (4.1). Moreover, this solution also is the unique solution
as will be shown in lemma 4.2 below.

In the special case f(x) = d,(x) for some p € Ay, thus f(z) = 6,(z) with
r:=1-—2pe€ (—1,1), one gets

(ﬁ C§>% = /(1 — 22)07%(2)57«(7:) dz=(1- 7"2)05(7“) (4.15)
and continuing
- on +3 oy B 3
flz)=>_ o (1 —7r%)C2 (r)C3 (2), (4.16)

thus

3
2

u(e,t) =3 20 e e - 2)e M, (n) € (Aw (417)

as a solution of the original problem (4.1) with initial condition f = ¢, (cf. [16]).

4.1.2 Properties of Kimura’s solution

Concerning the regularity of the obtained solution, we have:

4.1 Lemma. The solution given in equation (4.14) continuously extends to the

boundary and is of class C™ with respect to x € Ay fort > 0.

Proof. Clearly, all Gegenbauer polynomials (and all their derivatives) continuously
extend to the boundary, and furthermore, we have
ok s

‘ oo C? (1 —2x)

< AL for kyn >0 (4.18)
CO(A1)
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4 Analytic aspects of the diffusion approximation of the 1-dim. Wright—Fisher model

and also

(1—2)CE ()
| |

< VA f > 0. 4.19
an = orn > ( )

Thus consequently for arbitrary k& > 0, we obtain

243 5 5 O g Dt
> o (Ot oGl (1 = 2a)e

neN CO(ZI)
8 .
< | fllz2an Z)\gﬂe—’\"t < N flle2(an) /wk+ge_xtdx <oo fort>0, (4.20)
neN 0

meaning that the series and all its derivatives converge uniformly on A;. Analogously,

one may prove that the solution also is of class C*° with respect to t € (0,1). O]

Moreover, it may be shown that the solution found in equation (4.14) actually

(uniquely) solves the given problem:

4.2 Lemma. For a given initial condition f € L2(A), Kimura’s solution (cf.
equation (4.14)) is the unique solution of the Kolmogorov forward equation (4.1)
in A1 within the class of solutions which are square-integrable with respect to x for

every t > 0.

Proof. As we have uniform convergence in the spatial variable, we may differentiate
the series term by term with respect to x; for ¢, uniform convergence of the termwise
differentiated series may be shown similarly as for . Hence, the series fulfils
equation (4.1) as all summands do so by construction.

Furthermore, the property of matching the initial condition f follows directly from
the decomposition of f in terms of the Gegenbauer polynomials (which coincides
with the corresponding decomposition of u( -, 0) by definition). Since the linear span
of the Gegenbauer polynomials is dense in £2([—1, 1]), the equality (a(-,0), C’T% ) g =
<f, C§>% for all n € N already implies @( -,0) = f and hence u(-,0) = f.

To show the uniqueness, assume that u': (A1)ee — R with u/(-,t) € L£*(A;)

for all ¢t € [0,00) is another solution of equation (4.1). As the linear span of the

Gegenbauer polynomials is dense in £2, we may thus for all £ > 0 decompose /(- , 1)

96



4.1 The Kolmogorov forward equation

as

2 3 3
(o t) =3 Z;B(a’(z,t),Cﬁ ()3 CH1—20), weAL (4.21)

neN

The property of v’ of solving equation (4.1) then implies

O 3(2,8), C(2))g = —Mf@(2,), CA (2)

Py , t>0 (4.22)

for all n € N, yielding

3
2

(i (2, 1), CA ()3 = e (i (2,0), G (2))s = e (F, C3) (4.23)

[SI3Y

as v’ also fulfils the initial condition. Consequently, v’ already agrees with . m

4.3 Remark. In accordance with standard PDE theory (cf. e.g. [14]), any solution
u': (A1)se — R of the Kolmogorov forward equation (4.1) is sufficiently regular, in
particular u'(-,t) € £2(A,) for every t > 0. Hence, we may just say that Kimura’s

solution (4.14) is the unique solution of equation (4.1).

4.1.3 Moments and an extension scheme to the boundary

Due to the degeneracy of the differential operator at the boundary, i.e. its lack
of uniform ellipticity when approaching the boundary, we cannot prescribe any
boundary values (in the classical sense), as already stated. Instead, a solution finds
boundary values itself as it extends continuously to the boundary (lemma 4.1).
Hence, — starting at some p in the interior A; — we first have u(0) = u(1) =0
for u as in equation (4.14), while at the course of time both boundary values become
positive. For t approaching infinity, the solution vanishes everywhere, including at
the boundary. This is of course not the kind of behaviour that one would expect
— calculations with the underlying discrete model suggest that the total number
of individuals (and the expectation value of the gametic configuration) should be
preserved. In particular, we see some accumulation at the boundary (i.e. in the
stages of homozygosity) for ¢ — oo in the discrete model, which should also be

reflected in the continuous model.
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4 Analytic aspects of the diffusion approximation of the 1-dim. Wright—Fisher model

More generally, this leads us to a discussion of the moments of the distribution,
both in the discrete and in the continuous case (with the numbers of individuals in
the discrete case corresponding to the total probability mass of the distribution, i.e.
the zeroth moment) and their mutual relation. In [16], Kimura also tackled the issue
of moments of the distribution; the following considerations are based on his work.

Thus, if we denote the discrete process with N individuals by (C(¢))en (cf. also

section 2.3.3), for its moments
mi(t) :=E(C(t)*), k,teN, (4.24)

we then have

=0t +> (?) C(t)*E; ((6C)C(1)). (4.25)

Using E1(6C|C(t)) = 0, E1((0C)*|C(1)) = C(H)(1-C(2)), E1 ((6C)'|C(1)) € O(N7?)
for 1 > 3 (cf. also equations (2.53)—(2.55) accordingly for a haploid model and with
R =0), this yields

Tig(t + 1) — g (t) = E (E (C(t+ 1)¥|Ct) — C(t)’“)

- _M@ (Ct)") - E (C(t)’“)) +O(N*)X (>3},

2N
(4.26)

describing the (expected) incremental change of the moments within 1 time step for
k > 1, whereas mo(t) = 1. In particular, the expectation value is thus preserved as
is the total number of individuals.

Turning our attention to the diffusion limit process (X (t))icr, , we of course wish
to obtain a corresponding description. In order to do so, the natural assumption on
the diffusion approximation would be that the moments of the limit process coincide

with the limits of the moments of the (suitably time-rescaled) discrete processes
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4.1 The Kolmogorov forward equation

A

(CN(tN))tNeNN,l (cf. section 2.4), i.e.

Jim E(Cy(tn)*) = B(X (1)) (4.27)
—00
for k€ N, t € R, and (ty)nen such that ty — t as N — 00.3

Stipulating equation (4.27) and formally defining

fe(t) == E(X®)"), keN, t>0, (4.28)

for the moments of the limit process, then equation (4.26) — after replacing t by
Nty with ty € Ny-1 for N € N such that ¢ty — t for some t € R, as N — oo and

dividing by 6t = % — for N — oo turns into a differential equation for the moments
i (t)

%uk(t) - —@(uk(w - gk_1<t)) for k> 1,¢> 0, (4.29)

the moments evolution equation (cf. [16], p. 145). Here, again the expectation value is
preserved as is the total mass, which may additionally be formulated as % fio(t) = 0.

To proceed, we may now choose a different approach than Kimura in [16] and
rather pose the question of how the obtained solution (cf. v in equation (4.14)) can
be related to the moments evolution equation, in particular how the moments i (%)
may be formulated in terms of the solution.

Preliminarily, one would consider
1
/ u(z,t)x*dr, keN,t>0 (4.30)
0

for fix(t), which — however — does not fulfil the conditions stated and hence may
not be interpreted as limit of the moments of the discrete processes my(t). This is
rooted in their definition in equation (4.24), which also involves configurations of

C(t) where an allele frequency may be zero; in the diffusion limit, this corresponds

3This is effectively a stronger condition than the one in equation (2.78) since the expression does
not involve any contribution of the boundary 8A%, ie. imy_oo NE% (5CN|3A L 1ICn(ty) =
N

CN) =0 for ey € A%.
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4 Analytic aspects of the diffusion approximation of the 1-dim. Wright—Fisher model

to the boundary 0A; of the state space of the continuous process A;. For this
reason, the definition of i (t) should likewise account for the boundary by extending
expression (4.30) in an appropriate way.

Kimura instead solved the moments evolution equation (4.29) explicitly in [16] and
was able to construct values ug on dA; from this solution, which were interpreted
as probabilities for the process to have reached {0} resp. {1}. Thus, in terms of
the probability density function of the process, these values may be viewed as point

masses on the boundary. Explicitly, Kimura obtained (cf. [16], p. 146)

1 2n + 3 o\ 2 It
w(0.t)=p—5 o (=) r)e (4.31)
neN
and
1 2 3
wo(L,1) = 1—p— 5 S (1) 2 3 (1 =)0 (1)t (4.32)
neN n

as boundary probabilities.

Our further analysis reveals that these values directly show some strong connection
to the solution given; indeed, we may formulate them in terms of the solution wu, i.e.
more precisely in terms of the (outward normal) flux G- of the continuous extension
of the solution to the boundary. Generally, the flur G, : (A1)s — R of a solution
u: (A1)oe — R of equation (4.1) is defined such that the continuity equation

0 0

au(:c,t) = _(9_13G“<x’t)’ (x,t) € (A1) co- (4.33)
is satisfied. Since u satisfies 2u(z,t) = %(88;)2 (z(1 — z)u(z,t)), we thus have
10
Gu(z,t) = —58—I(I(1 —z)u(z,t), (z,t) € (Al)oo' (4.34)

This concept naturally extends also to the boundary 0A; = {0, 1} if u is extendable
there with the extension being of class C? with respect to € A;, which is the
case for Kimura’s solution by lemma 4.1. We thus have for the outward normal

component of the flux G := G,, - v on the boundary (with the extension of u also
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4.1 The Kolmogorov forward equation

denoted by u)

G 1) = ;%(1 — 9)u(w, ) + 2(1 — x)%u(x,t) _ %u(x, 0, (x.t) € (0A)_
(4.35)

Kimura’s boundary values may then be formulated as follows:

4.4 Lemma. For up: (0A1)ee —> R as in equation (4.31) and the continuous

extension of Kimura’s solution u(x,t) to (0A1)e, we have

t t

o, 1) = / Gz, 7)dr — » / w7 dr,  (2.1) € (9A)w. (4.36)

2

Proof. We have

t

1 2n+3 3 3 T
5/ /Z (1 —=7r)C2 (r)C2 (1 —2x)e 7 dr
0

:_ZQH?’ )0 (I CE(L— 20) (A — ATteM),  (4.37)

wherein we may first put € > 0 as lower integration limit to assure uniform convergence
3
and then let € N\, 0. Now taking into account C;% (1 — 2$)|{x:1} = (=1)"\, for n € N,

we obtain for z =1

t

l/u(m) dr=p-— %Z(—UHQZ;BQ —?)C

2
0 neN

Solw

(r)e " = ug(1, 1) (4.38)

" 3
as we have with (721) = fol xCZ(1 —2z)dx forn € N

:/xz 23 ek (1Ol — 22) d — /$5p(x) de=p.  (4.39)
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4 Analytic aspects of the diffusion approximation of the 1-dim. Wright—Fisher model

3
Similarly, by using C2 (1 — 2z) } (e=0) = A, for all n and exploiting the symmetry of
3 3
the Gegenbauer polynomials, i.e. C;2 (r) = (—1)"C2(—r), we also get

1 1 2 3
= /u(O, T)dr=1—p—— Z nx 3(1 —r?)Cg (r)e " = (0, 1). (4.40)
0 neN ]

As may be seen from the proof, 1 — p and p are the probabilities to eventually
reach (and end up in) the boundary points 0 resp. 1, while the series express the
probabilities to do so not earlier than at time t.

An important observation now is that Kimura’s boundary values exactly fit the
solution in the interior in the sense that the total mass of the probability density

function of the process is preserved, thus

1
up(0,t) + /u(x,t) dr +up(l,t) =1 forallt >0 (4.41)

0

as Kimura showed in [16]. It is straightforward to check that for this construction

an analogous assertion about the expectation value also holds, i. e.

1
/xu(w, t)dx +up(l,t) =p forallt>0. (4.42)

0

Thus, already the Oth and the 1st moment evolve as described by equation (4.29).
Hence, this so far successful integration of the boundary leads us to the introduction

of an accordingly refined concept of solution: If we explicitly include the boundary

into the description of the process with specifically prescribed values there, we may

define an eztended solution®

0: (Ao — R, @z, t) = u(z,t)xa, () + uo(z, t)x0a, (2) (4.43)

4Likewise, also an extended initial condition f: A; — R might be prescribed, signifying that the
process carries additional boundary weight right from the beginning, which, however, evolves
exactly as a 0-dimensional process (i.e. stays constant) and is without further effect on the
model. For this reason, we will usually assume f|sa, = 0 or that f is extended that way if it is
only given on Aj.
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4.1 The Kolmogorov forward equation

of equation (4.1) in the sense that @|a, solves equation (4.1), while @ describes the
behaviour of the process both in the interior and on the boundary; its moments may

correspondingly be defined as
fir(t) =E (X (t)*) == / u(z, )" de + ug(x, t) ¥ xon, (v), k€N, t>0, (4.44)
Ay

extending the preliminary conception of expression (4.30). We note that this new
formulation involves an integration adapted to the varying dimensionality of the
domain of the process and its boundary, i.e. the additional boundary values are
interpreted as 0-dimensional masses (this concept will be further developed and
generalised in chapter 5).

Now, for @ and its moments as defined in equation (4.44), the aforementioned

conservation laws read:

fio(t) = /u(:v,t) dx + up(z,t)xen, (r) =1 and [i1(t) = /u($,t):v dr +up(1,t) =p
A1 A
(4.45)

for all £ > 0. Furthermore, this formulation of moments in equation (4.44) likewise
yields all ‘right” moments of the process in the sense that their evolution is as to be
expected by the underlying discrete model, confirming the choice for the moments in
equation (4.44); more generally, based upon Kimura’s work [16] and the assumption
on the diffusion approximation that the moments of the limit process match the
limit of those of the underlying discrete model (cf. equation (4.27)), we may then

formulate the following result:

4.5 Proposition. For a given initial condition f € L?(A;), the Kolmogorov forward
equation corresponding to the diffusion approximation of the 1-dimensional Wright—
Fisher model (4.1) always allows a unique extended solution : (Zl)oo — R in the
sense that |, solves equation (4.1) and that its moments ix(t) = [, 0(z, t)z* dx +
t(x, t)akxon, (z), k € Nt > 0 (cf. equation (4.44)) fulfil the moments evolution
equation (4.29).

Proof. What remains to be shown is that for the extended solution @ as defined in

equation (4.43) and u as in equation (4.14) and g as in lemma 4.4 all moments fix(t)
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4 Analytic aspects of the diffusion approximation of the 1-dim. Wright—Fisher model

evolve in accordance with the moments equation (4.29). For arbitrary ¢ € C*°(A,)
we get by integrating by parts twice (with u|ga, denoting the continuous extension
of u in opposition to the ‘proper’ boundary value ug and G,, being the flux of u (cf.
equation (4.34))):

1

/ > (z(1 — z)u)pdr = g(m(l —z)u)p — (1l — x)uggp

K (9z)? Ox dr " |,
82
+/uw(1 — ) (&E)zgodx
= —ZGu(x,t)ap]1 + /uaz(l —x) o s dx. (4.46)
" (0)

A

Consequently, for @ we obtain (cf. lemma 4.4)

1 0?
/WP dr + (uo)epXon, = /§W($(1 - x)U)sodx + GquOXaAl
A1 A1

1 0?

In particular for ¢ = z*, k > 2, we have

%x(l — ) ot = 2 (2" = 2, (4.48)
while for ¢ = 1 and ¢ = x the right-hand side vanishes altogether. Hence, the
moment formula (4.29) for ji(t), k € N follows.

Conversely, if the moments evolution equation is assumed to hold for the moments
corresponding to some @': (A1)s — R with @'|s, solving equation (4.1), then we
immediately have @/ = @ on A; by lemma 4.2 and consequently also on A; by the

moments equation. ]

Thus, the extended solution #, which is piecewise defined both in the interior and
on the boundary, yields a complete account of the dynamics of the process. For

t — o0, the interior solution uniformly vanishes in A; (for a proof cf. the analogous
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4.2 The Kolmogorov backward equation

lemma 4.7), and we obtain as limit for ¢ = co

i(z,00) = (1 = p)xqo(r) + pxy(x), =z € Ay, (4.49)

which may either be derived from the explicit formulae for ug (cf. equation (4.31)f.)
or as a consequence of the moments evolution equation (4.29). Consequently, all

mass is eventually accumulated at the boundary points as desired.

4.2 The Kolmogorov backward equation

After having obtained a solution of the Kolmogorov forward equation for the 1-
dimensional Wright—Fisher model including a corresponding extension scheme for
the boundary of the domain, we now wish to treat the corresponding Kolmogorov
backward equation (cf. section 2.4.1) by similar strategies. The equation again may
be stated by making use of proposition 2.9 applied to the current setting of 1 locus
and 2 alleles and separately stating the final condition f for ¢ = 0, which corresponds
to a certain (generalised) target set. At first again only considering the interior Ay,
this yields

9 1 82 . _
—giulp ) = zp(1 = p)mulp,t)  in (Ar) oo = Ay X (=00,0) (4.50)

u(p, O) = f(p) in Al? f € ‘C2(A1)

for u(-,t) € C%*(A;) for each fixed t € (—00,0) and u(z, -) € C*((—00,0)) for each
fixed x € A;. Note that this equation is given in terms of the initial value p and that

the time parameter ¢ now is negative.

4.2.1 A solution scheme by Gegenbauer polynomials

The procedure described in paragraph 4.1.1 may be analogously applied to the
Kolmogorov backward equation (4.50) in Ay, for the notation used see also there.
The separation ansatz yields
82
p(1=p)——v(p) +2kv(p) =0, pei (4.51)

(9p)
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4 Analytic aspects of the diffusion approximation of the 1-dim. Wright—Fisher model

as a differential equation in p, which needs to be solved for the eigenvalues k. Again

changing coordinates by dint of » = 1 — 2p, this equation reads

2

(1 —r*)——=0(r) + 2kd(r) = 0. (4.52)

r)
Again, the Gegenbauer polynomials C(r), n > 0 (cf. p. 93) emerge as solutions,
requiring o = —% and 2k = n(n 4 2«a). Hence, we put

n(n —1)

fip 1= ——F—, NE N, (4.53)

whereas the product takes the form (-,-)_ 1,2

=

+1

= [ —L5dr, and the orthogonality
“1

relation is

1 1

1
<Cn2’cm2>_%:5:?2n—1m_n for n,m > 2 (4.54)
1
as T'(—3) = —2y/7, and thus ¢, ? = (7(1”_’%2)); = 5L n(n{l) = 2n171é'

_1
Consequently, we obtain Cy, 2(1 — 2p), n € N as solutions of the eigenvalue

equation (4.51) and hence

"

Cn

[

(1—2p)e™*, neN (4.55)

as solutions of the differential equation in (4.50).
Note that the Gegenbauer polynomials appearing in the forward equation and

those for the backward equation are linked through

3 _1
2 2

1
p(l —p)CE(1—2p) = 4_1<n +1)(n+2)C, %(1 —2p) forn >0, (4.56)
which is a consequence of the relation between the forward operator and the backward
operator (cf. also the more general lemma 5.1); accordingly, we have \, = K,2. By
1
equation (4.56), all Cy, 2 (1 — 2p) vanish on 0A; for n > 2.
Next, we wish to decompose the final condition f(p) — after transforming it into

f(r) with f(p) = f(r(p)) — in terms of the Gegenbauer polynomials, thus obtaining
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4.2 The Kolmogorov backward equation

a series
fr) = %5@ 2(r) (4.57)
with
8, = égﬂ oty 1 = (20— Dl f, CaF) . (4.58)

However, some care is required here as for n = 0 and n = 1 the coefficients (f, C,, %)_ 1
do not need to exist for all f; on top of that, the eigenvalue k,, is zero. Nevertheless,
this may be ignored for the moment: Since the linear combinations of (Cn% Jn>0 are
dense in C*°([—1,1]), the linear span of (C;%)nzg is already dense in C°([—1,1]) by
equation (4.56) (for a definition of C2° cf. equation (5.18) on p. 120) and consequently
also in £2((—1,1)). Hence, it suffices to decompose f in terms of the C’;% with

n > 2, yielding

Fp) == 20— ralf,Ca 2

n>2

(4.59)

1
2
and consequently

ulp,t) == 0 = Dl F. G 4G =2, (b € (B)ss (460)

n>2

as solution of equation (4.50). Its convergence and regularity (i.e. being of class C'*°
with respect to p € Aj) may be proven similarly to the forward case in section 4.1.2

using

<k fork>0,n2>2 (4.61)

[
—Cy2(1—2p)
ap* COBy)

and

<1 forn>2. (4.62)
L£2(A1)

e

1—17r2
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4 Analytic aspects of the diffusion approximation of the 1-dim. Wright—Fisher model

However, for a given final condition f, in general this is not the unique solution as is
already observable at its decomposition in terms of eigenfunctions in equation (4.59):
For example, for f = 1 € L*(A;) as final condition, we obtain both u as in
equation (4.60) and v’ = 1 as a solution of equation (4.50): Although we have
u=u'" = f on Ay x {0}, their further evolution disagrees as u vanishes everywhere,
whereas u’ remains constant.

Analogous to the forward case, we expect that a proper integration of the boundary

into the model may resolve this defect.

4.2.2 The uniqueness of solutions and an extension scheme

from the boundary

Striving for an inclusion of the boundary into our model, we may at first observe
that — as in the forward case — a solution u of the backward equation as given in
equation (4.60) is smoothly extendable to the boundary 0A; = {0,1}. However, this
is quite effectless as all summands in equation (4.60) vanish on A, and consequently
the extension of the solution there also vanishes for all ¢ > 0, nor does it solve the
uniqueness issue. Yet, this is consistent with the probabilistic interpretation of the
solution, meaning that there is no positive probability to reach the interior when
starting at the boundary (cf. below).

Nevertheless, the concept of solution still may be extended to the boundary if we
reverse our angle of view and rather look for an extension of the yet to be determined
specific boundary values into the interior than for a continuation the other way round.
Also, this will rather match the backward setting with its reversed sense of time.

Such an extension may be carried out by (at first formally) augmenting the domain
of equation (4.50) so that it comprises all of A;. Thus, we may state an extended

Kolmogorov backward equation by

—Zu(p,t) = 1p(1-p) (gj)gu(p, t) in (Ay)__ =10,1] x (—00,0)

N (4.63)
u(p, O) = f(p) in Al? f|A1 S ‘CZ(Al)

for u(-,t) € C%*(A;) for each fixed t € (—00,0) and u(xz, -) € C*((—00,0)) for

cach fixed z € A;. This also allows us to prescribe an extended final condition
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4.2 The Kolmogorov backward equation

f = foxoea, + fixa,, which is defined on all of Ay, i.e. the boundary points
may also belong to the target set considered (in contrast to the forward case, this
extended condition is crucial and will also affect the solution in the interior as will be
described below). The dynamics of the boundary values are those of a 0-dimensional
Wright—Fisher process, hence they stay constant; this may formally be expressed by
Sulpa, = 0, which coincides with the restriction of the first line of equation (4.63)
to 0A;. For this reason, it is also justified by the considered model to formulate
equation (4.63) to hold on the boundary as well since this reflects the evolution of

the process both in the interior and on the boundary of the domain.

A solution scheme for the extended Kolmogorov backward equation with a given
extended final condition f is now as follows: At first, we solve equation (4.63) only
in OA; for the final condition fxs,a, = fo (separately for each Ay C 0pA;) and
consecutively extend these solutions to A; by the requirement that each extension

yields a solution of equation (4.50) in (Zl)_oo, thus in particular

(i) extends to the boundary dyA; such that it coincides with the previous solution
in the respective Ay C 0y resp. vanishes on the other Ay C 0yA; and is of

class C? with respect to the spatial variables in A,

(i) fulfils —2u(p,t) = ip(1 - p) (gj)Qu(p, £)in (A1) _se.

A solution ug of equation (4.63) respectively restricted to the relevant Ay C oAy
is — of course — trivial, i.e. ug = fo, but for the continuation to Ay, we note that the
eigenvalues need to be matched in terms of the chosen separation ansatz for being a

82
(9p)
{0}, the continuation to A; needs to be established by eigenfunctions corresponding

solution: As on JyA; the spectrum of the differential operator %p(l — p)-Z= is only

to the eigenvalue 0. We may also use the Gegenbauer polynomials to this end,
this time the ones corresponding to the eigenvalue 0, i.e. Cjy %(1 —2p) = 1 and
C, %(1 — 2p) = 2p — 1. Using condition (i) above, their associated coefficients Sy, £
may be determined by

1
2

fo(0) = BoCy 2 (1) + 5101_%(1) = fo — b (4.64)
and  fo(1) = 5000_%(—1) + 5101_%(—1) = fo + b1 (4.65)
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4 Analytic aspects of the diffusion approximation of the 1-dim. Wright—Fisher model

such that fy is matched by their continuous extension to the boundary. Thus,
’l_Lol (Al)—oo — R with ﬂg(p, t) = Bo + 51(2]?1 — 1) (466)

defines an extension of ug in 9yA; to a solution of equation (4.63) in A;. Rewriting

this as

to(p,t) = (Bo + B1)p1 + (Bo — B1)(1 — p1), (4.67)

it becomes apparent that the right term is the contribution of the solution in
A((){O}) = {0} and the left term is the one of A((){l}) = {1} with both extensions
satisfying the conditions stated above. We note that this continuation to A; by
eigenfunctions for the eigenvalue 0 is unique for given boundary data by the maximum
principle and that it is of course also definable on A; x (—o0, 0]; then fy := @( -, 0)
may be interpreted as an extension of the final condition fy in dyA; to A;.

The observed extension ug at this stage, however, actually is the solution to a
different problem, i.e. to the extended Kolmogorov backward equation (4.63) with
final condition fyxa,a, + foxa, (instead of foxaoa, + fixa,). Then, fo is perceivable
as an induced additional target set on the entire A;, which is generated by the
eventual target set resp. fo in dypA; via the extension conditions (i) and (ii) above.
This induced target set in turn modifies the already existing final condition f; in Ay,
and consequently a (proper) solution u; in A; needs to cater to this modified final
condition, signifying that the attraction of the eventual target set in 9yA; via the
induced target set in Ay is handed over to the 1-dimensional process governing the
correspondent dynamics.

Thus, in the next step, a (proper) solution u; of equation (4.63) restricted to A,
is determined as in the previous section 4.2.1, but this time for the correspondingly

adapted final condition

fip) =f(p) — folp), pE€ AL (4.68)

Restricting the choice of eigenfunctions to those corresponding to a strictly positive
cigenvalue, this construction is unique for arbitrary (f, — fo) € L£*(A;), which

may be shown as in the forward case in lemma 4.2. Also, with such a choice of
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4.2 The Kolmogorov backward equation

eigenfunctions, there is no interference of the solution u; with the boundary data
since the resulting solution smoothly vanishes on the boundary (as already stated).
Thus, the disjointness of the effective spectra of the operator in the interior and on
the boundary prevents any ambiguity at this point.

Altogether, this amounts to an eztended solution w: (Zl)foo — R of equa-
tion (4.50) defined by

u(p, t) :=uo(p, t)Xoa, (p) + (Go(p,t) + u1(p, 1)) xa, (p)
=#%+&@p—n+§:@n—U%Uiaﬁxéaﬁu—amwm (4.69)

n>2

=

with u(-,t) € C®(A,) for t < 0 and

umm:{% =h ok (4.70)

’ljo + U1 = f1 n Al,

thus fulfilling the extended final condition f = foxa,a, + fixa, in Ay, If we have
fo = 0, then this solution agrees in A; with the one obtained before in equation (4.60)
for f := f;. Otherwise, we obtain another solution which evolves differently.

Thus, as already hinted, in contrast to the forward case, the specification of

boundary data is required to obtain a unique solution. We have:

4.6 Proposition. For a given final condition f: A — R, fla, € L2(Ay), the
extended Kolmogorov backward equation (4.63) corresponding to the diffusion ap-
proximation of the 1-dimensional Wright—Fisher model always allows a unique so-

lution w: (Zl)—oo — R with u(-,t) € C°(A,) for each fized t € (—o0,0) and
u(z, -) € C®((—00,0)) for each fired x € A;.

In the light of these considerations, we may now resolve the previous uniqueness
counterexample for the Kolmogorov backward equation (4.50) in A; presented on
p. 108. There, the initial condition f = 1 did not seem to lead to a unique solution:
This may now be overcome by shifting to the extended Kolmogorov backward
equation and specifying whether the extended initial condition on A; is either f =1

or f = xa, corresponding to fo = 1 resp. fo = 0 (or something else). In all cases, a
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4 Analytic aspects of the diffusion approximation of the 1-dim. Wright—Fisher model

corresponding (extended) solution u is obtained as the unique solution (only in the

first case, we have u = 1).

4.2.3 Long-term behaviour and a probabilistic interpretation

Analogous to the forward case, we are also interested in the behaviour of the backward
solution in the long run and will check whether it matches our previous findings in
the forward case (cf. equation (4.49)).

Hence, for the extended solution u = ugxa,a, + (U + u1)xa, (cf. equation (4.69)),
we may directly observe that for ¢ — —oo all eigenmodes corresponding to a positive
eigenvalue (i.e. uy) vanish, whereas those corresponding to the eigenvalue zero (i. e.
up) survive with the presence of the latter merely determined by the values of the
extended final condition on the boundary. This construction of g as presented in the
preceding section is equivalent to finding a solution of the homogeneous or stationary

formulation of the extended Kolmogorov backward equation (4.63) being®

01— p)mu(p) =0, p e A

ap (4.71)
u(p) = f(p), p € 0N

for u € C?(A,) with uy now appearing as an (arbitrary) boundary condition f;
this may be perceived as the Kolmogorov backward equation for ¢t = —oo. As
already pointed out, a solution of such an equation is always unique by the maximum
principle.

These considerations may be reflected by the following lemma:

4.7 Lemma. Fort — —oo, a solution of the extended Kolmogorov backward equation
(4.63) for a given final condition f = foXaya, + fiXa,, J1 € L2(A1) converges
uniformly on Ay to the unique solution of the corresponding stationary equation (4.71)

with boundary condition fo. The space of such solutions is spanned by 1 and p.

Proof. 1t remains to show that u = 4 + u; as given in equation (4.69) (and all its

derivatives) converge uniformly on A; towards . This may be done by observing

5As in equation (4.63), one might equivalently formulate the equation to also hold on the boundary.
However, we rather stick with the usual notation for boundary value problems.
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4.2 The Kolmogorov backward equation

that for ¢ > ¢t; > 0 we have

ok | o 1
HW“M Ol I DR A e - e O T e
P C0(A1) n>2 p C0(A1)
<3| fll2 Z giT2emrnt < 3||f||2/ ety L 201
n>2 2 - _
<oo

(4.72)
for all £ > 0, which thus vanishes for ¢t — oo. O]

In consideration of the probabilistic interpretation — which is that when the final
condition f is chosen to be the characteristic function of some appropriate target set A,
then the solution u(p,t) gives the probability to end up in A at time 0 when starting
in p at time ¢t < 0 — this signifies that, if the boundary is not included into A, the
eventual hit probability (i.e. when starting at ¢ = —o0) vanishes everywhere, whereas
all interior points are without effect. This matches the expected behaviour of the
process from the analysis of the Kolmogorov forward equation in section 4.1.3, where
in the long run the probability density function of the process vanishes uniformly in
the interior (cf. equation (4.49)).

However, adding some boundary points to the target set A corresponding to fy # 0
in JyA; should change the observed behaviour of the backward solution decisively.
Indeed, this provokes a positive eventual hit probability in the entire interior, which
is again consistent with the model: Even if starting with a high frequency of a certain
allele, eventually this allele may become extinct. Analogously, the observed behaviour
of the (extended) forward solution in equation (4.49), where e. g. a process starting in
p € A; eventually ends up in {1} with probability p, is matched; the corresponding
stationary backward solution u(p, —0o) = p yields the same result. Furthermore, in
case both boundary points belong to the target set, the hit probabilities generated
by each one overlap; in a more refined scenario, one could also assign arbitrary values
to the boundary points, and the solution would then give a weighted mixed eventual
hit probability.

Still, we wish to point out a subtle difference in the possible interpretations

of an extended solution originating from JyA; (as in section 4.2.2), which may
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4 Analytic aspects of the diffusion approximation of the 1-dim. Wright—Fisher model

simultaneously appear as a stationary solution in A;. While the stationary solution
is time-independent in the strict sense, the obtained solution in proposition 4.6 is time-
dependent, and this in principle also holds if it only consists of the (time-independent)
component ug. As stated, for ¢ = 0 this may be interpreted as the probability density
of an additional (generalised) target set induced by JyA;, spanning the entire A,
as the boundary at this time is not reachable from anywhere in the interior. For
t < 0, it would then indicate the joint hit probability for both the induced and
the eventual target set since the boundary has become reachable meanwhile. As ¢
progresses further, the attraction of the component of the target set in A; diminishes,
whereas that of JyA; increases as the boundary is more and more likely to be reached
over time. For t = —oo, then a solution as in proposition 4.6 merely expresses
the attraction of the boundary target set component, which coincides with the
interpretation of u as a stationary solution.

We also note that accounting for the boundary in the backward scenario again
reveals the hierarchical structure of the process already observed in the analysis of
the Kolmogorov forward equation. Here, this again expresses itself in the different
dimensionality of the boundary and the interior as well as in a correspondingly
different reception of the final condition on them: The value of f at boundary points
substantially influences the whole process, whereas the value of f at single points
in Ay is without effect as this is a A;-null set. This hierarchicality as well as the
fact that the boundary values determine the solution in the interior (in a manner
of speaking “extend to the interior”) will also be observed in higher dimensions (cf.
chapter 5.4).
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5 Analytic aspects of the diffusion
approximation of the multidimensional
Wright—Fisher model

5.1 Preliminaries

Having analysed the diffusion approximation of the 1-dimensional Wright—Fisher
model in the preceding chapter 4, we now wish to generalise the solution techniques
found, in particular for the extension scheme, by applying them to the diffusion
approximation of the multidimensional Wright—Fisher model. First, we again aim
to solve the corresponding Kolmogorov equations. Again, recombination, mutation
or natural selection will be left out, and we will consider a ‘pure’ 1-locus n-allelic
haploid model; as already stated, without recombination this also covers multi-loci
models.

To begin with, we will explore the structure of the now bigger domain and introduce

some new notation with respect to it.

5.1.1 The simplex

As we are considering frequencies, this directly leads to simplices as corresponding
state space. Recapitulating the definition from section 2.2.3, the (open) n-dimensional

standard orthogonal simplex is given by

A, = {(ml,...,x”) € R”‘xi >0fori=1,...,n and sz < 1}, (5.1)
i=1

115



5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

which we usually refer to when talking of the ‘simplex’. This is a projection of the

fully regular (open) n-dimensional standard simplex

n+1
Y= {(ml,...,x”“) eR"™z' >0fori=1,....,n+1and in: 1} (5.2)

i=1

onto R™ by suppressing the (n + 1)-st coordinate. In terms of the frequencies of a
Wright—Fisher model, there is no difference between the two simplices; therefore, we

will primarily use the first formulation, which is the handier one.

5.1.2 The boundary structure of the simplex

In the following, we will introduce a suitable notation for different instances of the
boundary of the simplex. Beforehand, we explicitly denote the coordinate indices
for A, by providing the corresponding coordinate index set I, := {ig,...,i,} C
{0,...,n}, i; # i, for j # | with usually iy = 0 corresponding to 2° :==1—>"" 7

as upper index of A,,, thus

n

A = {(a",...,a") €R"|a' > 0 forall i € I,}. (53)

This is particularly useful for boundary instances of the simplex (cf. below) or if for
other purposes a certain ordering (i;);=o,..» of the coordinate indices is needed. If
no index set is stated for A,,, we usually have I, = {0,...,n} as in equation (5.1).

Now assessing the boundary structure of the simplex, we first recall that the
simplex A,, is open in the standard topology on R™ (which we always assume when

writing A,,); its closure A, is given by (again using the index set notation)
Al = {(z',....2") eR"z’ > O foralli € I,} (5.4)

including 2° = 1 — 3" 2°. The boundary A, = A, \ A, consists of various
subsimplices of descending dimensions called faces, starting from the (n — 1)-dimen-
sional facets down to the vertices (which represent 0-dimensional faces). All appearing
subsimplices of dimension & < n — 1 are isomorphic to the k-dimensional standard

orthogonal simplex A and hence (in slight abuse of notation) will be denoted by
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A,(CI’“) with usually Iy, := {ip, ..., 0} C I, i; # 9 for j # [ and iy = 0 again listing

the k + 1 coordinate indices with strictly positive value:
AU {(xl, ) e Al et > 0for i€ Iy 2t =0 for i € I, \ Ik}. (5.5)

Generally, for a given k < n — 1, there are of course (Zﬁ) different (unordered)
subsets I of I, each of which corresponds to a certain boundary face A,(f’“). We

therefore introduce the k-dimensional boundary Oy A, of A, by putting

AL = | ) AY oAl for0<k<n-—1. (5.6)

I,CIy

For reasons of notational systematics, we sometimes also write 0,4, for A,,, though
this does not comprise a boundary in the current setting (however, it might be
imagined as a boundary face of some A,,;1). Of course, the concept of the k-dimen-
sional boundary also applies to simplices which are themselves boundary instances
of some Al(m, I, C I, for 0 <k <l<n,thus

oA = A conf. (5.7)

I, CI;

Translating this notation to the setting of the Wright-Fisher model, we have: A,
corresponds to the state of all n + 1 alleles being present, whereas 9, A,, represents
the state of exactly (any) k41 alleles being present in the population. The individual

A,g{io""’ik}) comprising diA,, correspond to the state of exactly the alleles i, ..., i

being present in the population. Likewise, ak,lA,(c{iO""’i’“}) corresponds to the state

of exactly one further allele out of iy, ..., being eliminated from the population.

5.1.3 Geometrical properties of the simplex

In contrast to the fully regular standard simplex X" (e.g. for n = 3, the regular

tetrahedron), the standard orthogonal simplex A,, as defined in equation (5.1) has
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

an orthogonal corner at the coordinate origin and volume

1
vol,(A,) = / A\, = = for all n € N (5.8)
n!
Apn
with A, being the n-dimensional Lebesgue measure on R". The subsimplices Agﬁ}{l}),

[=1,...,narein fact (n — 1)-dimensional standard orthogonal simplices spanned

by n — 1 coordinate axes respectively, whereas the (n + 1)-st subsimplex
Affﬁ}{o}) ={(z',...,2") € ]R”|:L’i >0fori=1,...,nand sz =1} (5.9)

lies opposite the origin coinciding with 3"~ as defined in equation (5.2).

When determining the (n — 1)-dimensional volume of A, I"\{O} , the measure with
respect to which we integrate in equation (5.8) needs to be replaced by the one
induced on A \{O}) by the Lebesgue measure of R™; however, this will still be
denoted by A,_; as it is apparent from the domain of integration which version is
used. We then obtain that vol,_; (Agﬁ}{o})) is y/n times the volume of the other

subsimplices A, I"\{l} = A,,_; as follows from the generalised Pythagorean theorem

Zvol (ALY = voi2_ | (A D), (5.10)

thus vol,,_; (A(I"\{O})) vnvol,_; (A(I"\{l}))

This difference in volume of the boundary faces, however, is only due to the choice
of coordinates of the standard orthogonal simplex, in which the Oth coordinate is
implicitly formulated in terms of the remaining coordinates. With the regular simplex
3", none of the faces is distinct, and the same also applies to the Wright—Fisher
models that we are looking at: For the corresponding process, none of the alleles is
special, and hence all boundary faces are equivalent. Correspondingly, for example

(In\{O}))

in equation (5.52), a correction factor f to vol,_1 (An—l appears.
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5.1.4 Products and further notation

Analogous to vol,(A,), we also introduce a product of functions u,v € L%(A,) by

putting

(1, v), = / w(@)o() A (d) (5.11)

An

with A,, again denoting the Lebesgue measure. It is emphasised that only the interior
A,, is assumed as the domain of integration; the index — if no confusion is to be
expected — may be omitted. Of course, as n was arbitrary, the product may also be
used on some A(I’“) C 0A,; yet, this requires a slight modification: Analogous to
vol,,_1 (A(I"\{ D ), if integrating over some Al(f’“) with 0 ¢ I, the measure needs to be
replaced with the one induced on A,(f’“) by the Lebesgue measure of the containing
RF*1 — this measure, however, will still be denoted by A, as it is clear from the
domain of integration A,(f’“) with either 0 € [ or 0 ¢ I, which version is actually
used.

The products (-, ) on AT for | = 0,...,n may then be utilised to construct
a hierarchical product on the closure of the simplex A, which is adapted to the
hierarchical structure of the boundary instances of the simplex. Hence, for functions

u,v: A, — R with U?U|akA(’"> c L? (&cAg”‘)) for all k =0,...,n, we may put

n

[, V] =) (u,0)i (5.12)

k=0

with (u,v), — deviantly to its proper definition in equation (5.11) — in this con-
text denoting the integral over the full k-dimensional boundary 0yA, of A, (cf.
equation (5.6)), thus

n n

o =Y o= [ @ aian =Y Y [ ue) avan

k=0 k=0 5N, k=0 IiCln {1,
k

(5.13)

with \; again denoting either the Lebesgue measure of R* or — if the domain of
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

integration is some Aff’“) with 0 ¢ I, — the measure induced on A,(CI’“) by Lebesgue
measure of the containing RF*1.
Corresponding to the hierarchical product [-,-],, we may restate the integrability

criterion for functions on A,, by defining a corresponding space

2 _Jrx .
L ( U akAn> = {f A, — R ‘ fla.a,, is Ag-measurable and
/ |f(2)|? A\ (dx) < oo for allk:O,...,n} (5.14)
Ok

(with the modified measure Ay if applicable), whereas for the top-dimensional simplex,

we simply have

L3(A,) = {f: A, — R ‘ f is A\,-measurable and |f( WP A (dz) < oo},

(5.15)

coinciding with the usual definition. Furthermore, we also define for k € NU {oo}

C Z = {f S C’ ‘f|aAn = 0} (5.16)

CH(A,) = {f € C*A,)|3 f € C§(A,) with fla, = [} (5.17)
as well as

CE(A,) = {f € C*(A,)|supp(f) € A, }. (5.18)

5.2 The Kolmogorov operators

With the simplex notation and the products in place, we may now start our analysis:
Again picking up the setting of proposition 2.9, we may formulate the Kolmogorov
forward equation for the diffusion approximation of a now n-allelic 1-locus Wright—
Fisher model

2z, t) = Lou(z,t) i (Ay)e = Ay X (0,0) (5.19)

u(x,0) = f(z) in A, feL}A))
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for u(-,t) € C*(A,) for each fixed t € (0,00) and u(z, -) € C*((0,00)) for each fixed
z € A, and with

Lou(z, ) ::% aafaxa( (0 — adyu(e, 1) (5.20)

Z’mj_

being the forward operator. Analogously, we introduce the backward operator

Liu(z,t) = % > (25 — a)) ajaxju(x,t), (5.21)

,j=1

appearing in the corresponding Kolmogorov backward equation (a detailed discussion
of this equation will be carried out in chapter 5.4). The definitions of the operators
given in equations (5.20) and (5.21) also apply to the closure A,; this is just noted
here as we will also consider extensions of the solution and the differential equation
to the boundary.

For relations between the two operators, we immediately have the following two

lemmas:

5.1 Lemma. L, and L} are (formal) adjoints with respect to the product (- ,-), in

the sense that
(Lntt, @) = (u, L), foru € C*(A,), ¢ € CL(A,). (5.22)

Proof. The assertion directly follows from proposition 5.7 below. n

5.2 Lemma. For an eigenfunction ¢ € C*(A,) of L, and w, = [[r_, (1 —
St ), we have: wyp € C2(A,) is an eigenfunction of LY corresponding to the

same eigenvalue and conversely.

Proof. Looking for a function w, with L’ (w,u) = w,L,(u) (and hence for L,-
eigenfunctions ¢ consequently L (w,¢) = wn Ly (@) = —Awpp), we have on the one
hand
__nn+1) o 9
L”“__TU+Z (1—(n+1 8$Zu+ Zx ) 8xl%u (5.23)
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

and

, o 0
L7 (wpu) Zx — a:] —u

Tt Ol

o , o 0 0 0 o 0
2y

on the other hand. Thus, it is sufficient if such a function w,, satisfies

Zi,j xl((;; - xj)aiz 8?:] Wn = n(n + 1)wn (5 25)
Zj xi(é; - xj)%wn =(1-(n+1)a")w, foralli, '

which is the case for w, = [];_, 2*(1 — Y_|_, ') as may easily be verified by direct

computation. O

We continue with some further observations on the operators, in particular with
regard to the boundary of A,: The operator L, if restricted to subsimplices
A,(f’“) = Ay in OAL) of any dimension k, then again is the adjoint of the differential

operator Ly, corresponding to the evolution of a (k 4 1)-allelic process in Ay:

5.3 Lemma. For 0 <k <n and I C {0,...,n}, |Ix| =k, we have
L a0 = L (5.26)

Proof. For I, C {1,...,n}, |I;| = k and A;fk) = {(:pl,...,x")‘xi > 0 for i € I,
a'=0forie{0,...,n}\ It} with 2 =1— Y"1, we directly have:

* L (s ' 0
Ln Agfk) = QZJZ::I (:U (63' - x]))ﬁxiaxj A,ilk)
-1 T 5.27
_5,2((%(]'_3:))8:6’613]‘: b (5.27)
1,J €I
By symmetry, this also holds for I}, with 0 € I, hence for arbitrary I. O

We may therefore omit the index k in L} whenever convenient, in particular when

considering domains where (parts of) the boundary are included.
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5.2 The Kolmogorov operators

For the operator L,,, we do not have such a restriction property: If restricted to
some A,(f’“), it does not correspond to Ly describing a (k + 1)-allelic process in Ay.

This becomes clear when carrying out the differentiations, i.e.

Lou(z,t) = ————— (n+1 —i—zl— n+1 )%u(m t) + Lyu(, t),

(2,1) € (Ap). (5.28)

This expanded equation may be interpreted as follows: The 2nd order derivatives
(= L}) represent the (undirected, but generally with different absolute value for
different directions) diffusion term, while the 1st order derivatives may be interpreted

s (directed) drift from the centroid (n+1’ N n+1) of A, to the boundary. The

"(";1) u expresses the total loss of mass, which is due to the absorption

olp—1(On—1An) _ (n+1)n!
volln(Anl) = o) (cf.

reaction term —

at the boundary being (heuristically seen) proportional to *
also proposition 5.7 below).

Now restricting equation (5.28) to e.g. Afff}{m}) for some m # 0 (assuming the
appropriate extendibility of the solution ) yields

z;ém
+ %U(M) + L qu(z,t),  (x,t) e (AT | (5.20)

which may be contrasted with the proper equation for Agf}{m}) with L,y (i-e.
equation (5.28) with n replaced by n — 1), thus

n(

ug(z,t) = Ly_qu(z,t) = u(x,t) + Z (1 — na —u(x t)+ Ly _ju(z,t),

z;ém
(z,1) € (AU (5.30)

Thus, while the diffusion terms agree in both cases (= L% _,), the drift components are

notably different: Apart from that the extension of the n-dimensional process features

In\{m}) (i 9 (

i.e. 557u(xr,t)), also the projected drift onto

a drift component normal to A,
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

Agﬁ}{m}) does not agree with the one generated by L,,_1: The n-dimensional process
has a diverging drift centred about (%H, cee n+r1) € Aiﬁ}{m}), whereas the drift of
the (n — 1)-dimensional process centres about (%, ey %), the centroid of Agﬁ}{m}).

Also, the reaction terms expressing the total loss over time do not agree, which is
due to the higher number of options to lose an allele that the higher-dimensional

solution has (cf. also the heuristics in the preceding paragraph).

This lacking restriction property of the forward operator (and the corresponding
process) seemingly is a notable distinction from the behaviour of the underlying
discrete process. However, this is rather a technical artefact than a gap in the
diffusion approximation: If considering paths, a process that has already lost one or
more alleles is equivalent to a process starting with the same reduced number of alleles.
Of course, this applies both to a discrete process as well as to the corresponding
diffusion limit process. However, in the context of the Kolmogorov equations, we are
rather observing probability densities than paths: Then, the evolution of the process
on a boundary instance (i.e. at a stage where the process would already have lost
some alleles) is generally not independent from higher dimensional entities of the
domain (cf. also section 5.3.2). In this conception, this holds for both the discrete
and the continuous limit processes; merely, probability densities are rarely used when
setting up a discrete Wright—Fisher model and only arise as a technical necessity for

formulating the Kolmogorov equations (cf. also section 2.4.1).

5.3 Solution schemes for the Kolmogorov forward
equation

As in the 1-dimensional case, we are eventually striving for a solution of the Kol-
mogorov forward equation (5.19) which is preferably valid and complete in terms
of the underlying model. Again, solution schemes already exist: As early as 1956,
Kimura presented a solution scheme for the 3-allelic case (n = 2) in [18]. Another
approach by separation of variables was presented by Baxter, Blythe and McKane
in [7], this time for an arbitrary number of alleles. A recent work by T.D. Tran
in [30] provides a solution scheme in terms of a generalisation of the Gegenbauer

polynomials used for solving the 1-dimensional Kolmogorov forward equation:
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5.3 Solution schemes for the Kolmogorov forward equation

5.4 Proposition (cf. [30], p. 55). Forn € N and each multi-index o = (o, ... a™)
with |of =o' +---+a" =m >0,

m—1
Crnalx) i=2%+ Z amﬂxﬁ, r €N, (5.31)
|B81=0

with amp inductively defined by am g := 0g for |3 =m and

ST LB+ 2B+ Dappr.. pisr,...om
mp =TS o+ 1) HO<|Bl<m—1, (532
" N B e el 0Bl S m =1, (5:32)

is an eigenfunction of L, in A, corresponding to the eigenvalue AR = Mﬂ
Knowing the eigenfunctions, it is straightforward to construct a solution of the
corresponding equation (for details cf. [30]), leading to the following result, which

effectively coincides with those of the other sources mentioned (i.e. [18], [7]):

5.5 Proposition. For n € N and an initial condition f € L*(A,), the Kolmogorov
forward equation corresponding to the diffusion approximation of the n-dimensional
Wright—Fisher model (5.19) always allows a unique solution u: (An)oo — R with
u(-,t) € C*(A,) for each fizred t € (0,00) and u(x, -) € C*((0,00)) for each fized
x € A,. Furthermore, this solution (and all its spatial derivatives) may be extended

continuously to the boundary 0A,.

However, this result primarily only covers the existence (and uniqueness) of a
solution in the interior A, and does not provide any proper assertions about the
behaviour of the process on the boundary. Yet, as seen from the discussion in
chapter 4, the appropriate inclusion of the boundary in terms of a probability density
describing its entire evolution is crucial for a complete account of the model. Thus,
our main goal will be to establish a solution scheme including the boundary as already
done in the 1-dimensional setting. This will again depend on the extendibility of the
solution to the boundary of corresponding regularity, i. e. an extension of class C?
with respect to the spatial variables at least. For this, the corresponding statement
of proposition 5.5 is needed; also, this regularity, which is based on the regularity
of the generalised Gegenbauer polynomials, is in concordance with standard PDE
theory (cf. e.g. [14]).
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

5.3.1 Moments and the weak formulation of the Kolmogorov

forward equation

As in the 1-dimensional model, we may observe that a solution of equation (5.19) in
A, lacks conservation properties: As the smallest eigenvalue of L, is /\(()n) = w >0,
a solution vanishes everywhere in A,, for ¢ — oo, which in particular implies that
the total mass and the expectation values are not preserved. However, again these
properties are an important aspect of the validity of the model, and we will hence
strive to fulfil them. Eventually, this will lead us to introducing a suitable extended
solution on the entire A, as in the I-dimensional setting (cf. section 4.1.3); a
justification of this concept will again be obtained through considerations of moments
of the process, for which we analogously require that they coincide with the limit of
the corresponding moments of the underlying (suitably rescaled) discrete processes
(cf. equation (4.27)).

This assumption again allows us to also establish an n-dimensional generalisation

of the moments evolution equation (cf. the 1-dimensional case in equation (4.29))

being
0 _ al(la] — 1) _ "Ly —1)
Doy =M=V gy oy @@= e
ot 2 R

for a = (cu,...,an), la| > 1, whereas 2ig(t) = 0 (with e; denoting the multi-index

(0,...,0,1,0,...,0) with 1 appearing at the i-th position) for the moments of the

n-dimensional process, which we may formally write as
fia(t) = E (X ()%). (5.34)

This may be derived analogously to its 1-dimensional correspondent, equation (4.29)
in section 4.1.3, primarily for the discrete model (C(t)):en using Eq(6C|C(t)) = 0,
E1(0C;6C;|C(t)) = %C(t)(d; —C(t)), E1((60)¥|C(t)) € O(N72) for |a] > 3 (cf. also
equations (2.53)—(2.55) accordingly for a haploid model and with R = 0) and by

shifting to the diffusion limit subsequently.
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5.3 Solution schemes for the Kolmogorov forward equation

While we obviously have
ma(t) =E (C(t)*) (5.35)

for the moments of the underlying discrete process, it is again not quite apparent what
exactly corresponds to the moments fi,(t) of the diffusion limit process (X (t))icr, -
However, analogous to the 1-dimensional setting, the discrete moments as defined in
equation (5.35) also span configurations where certain allele frequencies may be zero;
in the diffusion limit, this corresponds to the boundary dA,, of the state space of the
continuous process A,,. For this reason, the expectation with respect to (X(t))icr,
should explicitly take into account the boundary 0A,,, and hence, when rewriting

equation (4.29) by application of a (generic) product |-, -]
fialt) = E (X(0°) = [U(t),2%], (5.36)

this should involve an integration over A, in extension of (-, ), (cf. equation (5.11));
in this context the capitalised U: (A,)s — R shall denote an extended solution
which is assumed to be the probability density function of (X (¢))cr, on the entire

A, (thus in particular U|a, is a solution of the Kolmogorov forward equation (5.19)
in A,).

Yet, even with the exact form of [, -] remaining unclear, we may already illustrate
the coherence between the moments evolution equation (5.33) and the Kolmogorov
backward operator L* in A, as defined in equation (5.21). Since L* has polynomial

coefficients, it maps polynomials to polynomials, and we have

1 < o . 92
¥ 00 T LISt ] @
Lz —QMZZI («'(5 m))ﬁazia:ﬂx
1 - a—e; o 1 «
=35 ai(o; — 1) (2% —x )—52041-04]0:
1=1 17
1o ., 1 —~
=3 a;(o; — 1) — §|oz|(|oz| —1)z® for x € A, (5.37)
i=1

127



5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

which yields, using the notation of equation (5.34),

n

1

U0, Lia] = 5 3" 0i(os — Diiae(t) — glal(la] — D (1) (5.38)

i=1

with the right-hand side being equal to that of equation (5.33). Thus, if the moments
equation is fulfilled for some probability density function U, we may equivalently

write

%ﬁa(t) = {%U(t),xa] = [U(t),Lyaz*] fort € (0,00). (5.39)

A (formally) more general version of this equation with x replaced by a generic

test function ¢, thus
0 i -
[aU(t), go} = [U(t), L] for ¢ € C(A,) and all ¢ € (0, 00), (5.40)

may be perceived as a weak formulation of the Kolmogorov forward equation (5.19).

Simultaneously, we may rewrite the initial condition! weakly as
[U(-,0),0] = [f,¢] forall p€ C*(A,). (5.41)

The advantage of such a weak formulation is that — in addition to accounting for
all A,, — there is no explicit regularity requirement towards the boundary (yet, we
will need that its restriction to interior instances is continuously extendable to the
corresponding boundary). Only, an integrability condition applies, which is at least
U, %U, f € L2(A,) since a corresponding requirement on 94, still needs to be
formulated.

Continuing our analysis of relations to the moments evolution equation, the weak

equation (5.40) obviously implies the moments evolution equation (5.33), but the

1 As the integration is over A,,, f may now also be formulated as an extended initial condition on
the entire A,,. Then, f loa, # 0 would correspond to the process (partially) already starting
on certain boundary instances. However, these parts of the process exactly evolve as a proper
process of corresponding dimension, and hence do not yield any further insight into the nature
of the process. For this reason, we will usually assume f|ga, = 0 or that f is extended that
way if it is only given on A,,.
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5.3 Solution schemes for the Kolmogorov forward equation

converse is also true: If the moments equation is given, the weak equation already
holds for all ¢ = z“ and consequently also for all polynomials. For an arbitrary

¢ € C*°(A,) we may find polynomials Py, (z), m = (mi,...,m,) with

| P — SOHCO(ZH) — 0 for 11%111Sr1n m; — 00 (5.42)
as well as
0 0 0? 0?
P, — — — 0 d — P, — —— —0 (543
H ! 0z' "l oo,y o ’ Oz 07 02059 || (s, o4
foralli,7 =1,...,n and miny<;<, m; — oo (this may be shown as a generalisation

of the result for 1 dimension in [32]; the 2-dimensional case is illustrated in [19]).
As N\, (A,,) (and precautionarily also N, (0xA,,) for 0 < k <n — 1) are all finite, we

obtain

MU,L P, - UL goH — 0 for Join m; — 00 (5.44)
and also
‘ [%U, Pm] — [%U, 90] — 0 for 1r£ii§nnmi — 00 (5.45)

and consequently that the weak equation holds for all ¢ € C*° (Zn)
Summarising our findings, we have (preliminarily, as the exact product and hence

the specific requirements on U are not identified yet):

5.6 Lemma. A probability density function U: (Z”)oo — R with the correspond-
ing moments fulfilling the moments evolution equation (5.33) also solves the weak

formulation of the Kolmogorov forward equation (5.70) and conversely.

As by lemma 5.1 a solution U of the weak equation restricted to the interior A,
also solves the Kolmogorov forward equation (5.19) in A,, and vice versa (each time
assuming sufficiently regular extendibility of the solution in A, to 9A,,), we rather
focus on solutions of the weak equation as then no regularity of the solution itself up
to the boundary is required, i.e. in particular functions which are defined piecewise

on boundary instances are also in focus.
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5.3.2 The boundary flux and a hierarchical extension of solutions

In order to construct suitable boundary values as required for an extended solution
U: (Zn)oo — R, the very useful concept of boundary flux already used for the
1-dimensional model in section 4.1.3 is also applied here. Restating the definition
— this time for A,, —, the flux G,: (A,)0e — R™ of a solution u: (A,)s —> R" of

equation (5.19) is given in terms of its components

. o . e 0 | . _
Gl 1) = =5 3 = (@' (0 = ule, 1) = =5 > o (@u(e,t), =1,
j=1
(5.46)

thus implying divG, = >, %Giu = —L,u = —u;. Again, this concept directly
extends to boundary instances of A, if u is extendable to the boundary such that
the extension is of class C? with respect to the spatial variables (which is the case
for a solution as in proposition 5.5).

With the flux at hand, we may now state the generalised form of lemma 5.1,
which gives the adjointness relation for the Kolmogorov operators L, and L} with

non-vanishing boundary terms:
5.7 Proposition. Forn € N, and u, € C*(A,), we have
(Lyu, p)n = — / @Gy vdXp—1 + (u, Ly o)n (5.47)
On—10n
with G, being the flux of u and v the outward unit surface normal to OA,,.
Proof. We use the integration by parts formula

/g;igodﬁ = /gouz/ d@Q—/u% ds2, (5.48)
)

Q o0

holding for a domain € with piecewise continuous boundary 99, u, p € C*'(Q) and

130



5.3 Solution schemes for the Kolmogorov forward equation

V' being the i-th component of the outward unit surface normal to 9. This yields

(Lntt, ), /ZaZthdA

0A,

0A,\ UZ;?) O, clearly is a null set with respect to A,,_1, and we may hence replace
the domain of integration at the first summand by 9,,_1A,,. For the second term,
we apply the integration by parts formula again (also using the modified domain of

integration):

1 i 5i N
/ZGu8 “pd\, = — / §Zx((5j—x3)u1ﬂ%gpd)}\n,l

8nflAn b

1 0?
= Y . dN,. (5.50
+ 2 Z N i * ( )
A, M
For the appearing boundary integral over d,_1A, = J,_, A I"\{l}) , we have 1/ = —5{
on A;If}{l}),l =1,...,nand VW = \/Lﬁ on Agf}{ Y which ylelds
Zx Nupd = —' (8 — 2)u =0 on A (I {l}) = {z' =0} (5.51)
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thus the second integral over 0,14, vanishes. Altogether, we have

(Lnu, @), / ;G’ VlSO dX,_1 + /u— Z ij axzax]gpd}\ (5.53)

n IA
=— / Gu-vpdh,—1+ (u, L o). O
8nflAn
Thus, if only employing (-, - ), for the generic product |-, -] in equation (5.36), we

do not yet get that the weak formulation of the Kolmogorov forward equation and
hence the moments equation (5.33) is satisfied by a solution u of the Kolmogorov
forward equation (5.19) — which is of no surprise as this does not account for the
boundary at all. However, integrating the flux G, on 0,_14A,, over time as boundary
values (as in the 1-dimensional setting), already yields a limited version of the desired
moments condition: For ¢: A, — R being a polynomial of degree less than 2, thus
with

Lo =0, (5.54)

proposition 5.7 yields for a solution u of equation (5.19) resp. for the flux G, of its

continuous extension to A,

0
E(u, ©)n = (Lpu, @)y = — / Gy - vodA\,_1, (5.55)
Op1An,

which may be integrated over ¢, yielding

(u(t) /A O/ v drdN,—1 + (u(0), ©)p. (5.56)

For o =1 and ¢ = 2%, i = 1,...,n, this results in:

5.8 Lemma. Forn € N, and a solution u: (A,)s — R of the Kolmogorov forward
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equation (5.19) (cf. proposition 5.5), we have

t

/ ul(t) dM, + / / Gu(7) - vdrdh_, = / w(0)dh, =1, (5.57)

An n 1A 0 An
/xu t) dA\, + / / cvdrdN,_1 :/xiu(O)d)kn =p', i=1,...,n
On—14n 0 Ap

for all t > 0; the right equalities hold for u(0,z) = 6,(z), p € A,,.

Thus, we already obtain conservation laws for the total mass and the first moments
if the accumulated flux on the boundary is added to the solution as an extra (n — 1)-
dimensional weight on the boundary. This accumulated flux may be calculated

explicitly as the normal component of the flux G+ = G - v becomes on A "\{l})

Oy, l=1,....n

G-v Z Gxﬂ — 27)u)

-0 1 1 0
_ 1 O T S B N T Y A D N o
5 jéél( ru—z'r &Eju) 2(1 22" )u 2:10(1 :E)axlu
:%u (5.59)

and on A <9 A,
1 7 i
G-u:ﬁZG \/_28:1:3 85 — a')u)

- _ﬁ<2(—mlu — xizvjaiiu) + Z (1 —22"u+2'(1 - x’)aizu)>,

17]
JF
. . i i1 i (In\{0})
which equals, accounting for >, 2' =1l and 3,2/ =1 —2" on A",
1 1
=——((-n+Du+(n-2)u) = —=u. (5.60)

o/ o/
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Thus, if we introduce a rescaled version A; of the measure A, (cf. p. 119) for
k=1,...,n such that

1
/ dA} = ] for all index sets I, C I,,, (5.61)
N

we may rewrite equation (5.47) due to the generalised Pythagorean theorem (cf.

equation (5.10)) as
1 * *
Lone)==5 [ oudh i+ (L) (5.62)
an—lAn
and reformulate the preceding lemma correspondingly:

5.9 Lemma. Forn € N and a solution u: (A,)sx — R of the Kolmogorov forward
equation (5.19) (cf. proposition 5.5), we have

[uvansd [ [uwa = fuoan, =1 o

An an—lAn 0 An
¢
/x”u(t) dA\, + 3 / x' /ude)}\:Ll = /J:zu(O) d\, =p', i=1,...,n
An 8n—lAn 0 An

(5.64)

for all't > 0; the right equalities hold for u(0,z) = d,(x), p € A,,.

However, this concept of a solution in A, plus accumulated flux on the boundary
0,_14\, is not yet sufficient as in general it does not yield the desired evolution laws
for moments of degree 2 or higher (a more detailed discussion is postponed to p. 143),
nor does 9, 14, account for the full boundary 9dA,,. Thus, we may still strive to
extend the construction of boundary data to the remaining boundary instances.

To this end, we first note that the incoming flux on 9,,_14,, for n > 2 should not
be accumulated statically (as it is only in 0 dimensions), but rather evolve as if it
was an (n — 1)-dimensional Wright—Fisher process, i.e. as a subsolution on 0,,_14,,.

We may then carry forward the construction of boundary data to the boundary
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5.3 Solution schemes for the Kolmogorov forward equation

instance of subsequent lower dimension by assessing the respective boundary flux
of the subsolutions on each 0, _sA,_;. Continuing this scheme successively to all
boundary instances of descending dimension leads us to the following definition (cf.

also the corresponding definition in equation (4.43) for the 1-dimensional case):

5.10 Definition. For AY" with I, ={0,1,...,n} and a solution u: (A,(f”))oo — R
of the Kolmogorov forward equation (5.19) for given f: AU 5 Rasin proposi-

tion 5.5, a hierarchical extension

n

U: (A7) — R with Uz, t) =Y Us(w,t)xy, a0 (7) (5.65)

k=0

is given by

u(z,t) for z € A = 9,A
Uk: (achgn))oo_) R with Uk:(aja t) = Uka (:E,t) for x S Al(fk) C 8kA$f”), Ik C In

0 else
(5.66)
forall 0 <k <nand
t
Unge: (YY) — R with Uy, (2,t) == / uj (vt —7)dr (5.67)
0

for 0 <k < n — 1 and for all subsets [}, C I,, and with uj ; (z,t): (A,(f’“))oo — R

being a solution of

Liu(z,t) = %u(z,t) (x,t) € (A,(fk))oo

(Ix)

i (5.68)
u(z,0) = ZIHQI;C GUHMHI (x,7) €l

L

U being the normal component
k+1,0p 41

for all 7 > 0 as in proposition 5.5 and with G
of the flux of the continuous extension of U1 1, ., to Al(fﬁl).

5.11 Remark. For a given solution u of equation (5.19), the induced boundary

functions Uy on (‘)kAg") for 0 < k < n —1 in general do not fulfil the equation
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%Uk = LU, in some Aff’“) C 8kA£LI") and consequently are not solutions of the
corresponding k-dimensional problem (5.19) in A,(f’“), which is due to the incoming flux
of probability density from the higher-dimensional entities (cf. also the considerations
on pp. 123f.). Thus in the considered forward case, the process in a domain (if
interpreted as a certain boundary part of a higher-dimensional domain) is affected by
entities of all higher dimensions subsequently, whereas conversely the process gives
rise to boundary processes on entities of all lower dimensions. When only considering
the interior of the domain of highest dimension, boundary values may be ignored (as
they are a consequence of only the process itself), and the problem is fully stated by

equation (5.19).

5.3.3 An application of the hierarchical conception

As demonstrated in the preceding section, the hierarchical extension scheme of a
solution in A, to A, proceeds successively from the interior to boundary instances of
subsequent lower dimension, while on every such a k-dimensional boundary instance
a corresponding subsolution exists. The idea now is to also utilise this concept
for the formulation of the moments and the related weak equation: We may thus
define an integration over A, resp. redefine the (generic) product [-,-] on A, from
equation (5.34) such that it takes into account the descending dimensionality of
boundary instances appropriately. This is essentially rendered by an integration with
respect to a measure of corresponding dimension on lower-dimensional boundary
instances, i.e. as in the product [-,-], on A, (cf. equation (5.12)).

When applying this concept, we obtain for the formulation of the moments of the

process in equation (5.36)

falt) = /U(x,t)xo‘)}\k(dx)z[U,xo‘}n, £>0, 0= (an....an), (5.69)
k:OakAn

whereas the weak formulation of the Kolmogorov forward equation (5.40) turns into

0 x r 00
[&U(t%%p}n = [U®), L Sp]n for ¢ € (0, 00) for all p € C™(A,) (5.70)

[U('vo)aw}n = [fa Sp}n
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with the integrability requirement then being U(-,t), 2U(-, ), f € L*(Uj_p OrAn)
for ¢t > 0.

Even with the modified formulation in equation (5.70), we note that lemma 5.6
still holds as in the corresponding proof, no specific form of the product on A, was

required. Now, we may actually give its accurate formulation:

5.12 Lemma. A function U: (A,)  — R, U(-,t),5U(-,t) € L2(Up_ OcAr)
for t > 0 with corresponding moments [U(t),x%,, o = (aq,..., ), t > 0 fulfill-
ing the moments evolution equation (5.33) also solves the weak formulation of the

Kolmogorov forward equation (5.70) and conversely.

For the hierarchically extended solution and the product [-,-],, we may now prove

that in continuation of lemma 5.1 and proposition 5.7 the following assertion holds:

5.13 Proposition. A hierarchical extension U : (Aq(f”))oo — R (¢f. definition 5.10)
of a solution u of the Kolmogorov forward equation (5.19) in A, fulfils

[%U(t), go] = [U(t),L*gp}n (5.71)

n

for p € C* (Ag")) and for all t € (0, 00).

Proof. By proposition 5.7 we have for U,, = u and arbitrary ¢ € C* (Ag"))

<%Un,g0> = (L,U,, cp)n =— / ¢ G ANt + (U, L;’;go)n (5.72)

On—1 AL

with Gi;, = Gy, - v denoting the (normal) flux of the continuous extension of U,
to (9n_1A£LI"). The appearing boundary integral may be expressed in terms of the
evolution of the boundary function U, _; that lives on 8n_1A,(f”). As this implies
a hierarchical dependence on the particular subprocesses, we directly start our
consideration for arbitrary k € {1,...,n}. Then we have by proposition 5.7 and for
all I, C I,

/ (LkUka)(p d)}\k = — / (pGik’Ik d»\k—l + / UkaLZQD d»\k (573)

AR RN N
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

with Gy, I again denoting the flux of the continuous extension of Uy 1, to 8k_1A,(f’°)
(not to be confused with the proper boundary function Uy_; on 8k_1A,(f")). This
may be summarised for the Whole k-dimensional boundary (9kA$LI”) of AL by
summing over all A(I C akA I) resp. all subsets I, C I,,. This yields (because of
Ur.cr, = 0,A") and the definition of Uk)

/ (LkUk pdA\, = Z / QOGUI” dN,_1 + / UkLZQO ANy, (574)

8kASLIn) feCin

o1 ALK BN
which may be rewritten by transforming the boundary term using [ J ner, Ok-1 Al(fk) =

U]k C In Ik Y and employing the product notation:

(Lilk0), = Y. / v > G, A+ (U Lig),. (5.75)

Iy 1Cln (I_1) IOl
Aklfl !
Now, the sum of fluxes appearing herein may be expressed in terms of the evolution
of the associated boundary function Uy_; 1, , on Aff_’“;l) for every I_1 C I,,. By the

(I
chain rule, we have on A ’“ 2

t
9 o [
8tUk 1,0 1(‘r t) - a /ukl,lkl(x7t - T) dr

0
t

. o .
- uk_lalk—l($7t B T)‘T:t + / auk—uk_l(%t - 7') dr

0
t

= uiflylkil(x, 0) + /Lk_lugukl(x,t —7) (5.76)
0

by the solution property of ug_, ; . Interchanging Ly_; with the T-integration and

substituting UZ—L 1., (x,0) by the initial values as prescribed altogether yields:

0
Z GUkI 8tUk 1,1, 1(I t)+Lk 1Ur— 1,05 1(17 t) (5.77)

1 D11
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5.3 Solution schemes for the Kolmogorov forward equation

Multiplying this with ¢, integrating over A ’“ Y and summing over all Iy C [,
results in

_ Z / © Z GU“ dNg—1

Iy ICInA(I D IOl
Z / SﬂatUk I VSIS Z / @ Ly 1Up—11, , dXi—1
Ix—1ClIn ](fkll Ij— ICI'ILA](;_]C;U
0
=— | 5;Uk-1,¢ + (LiaUk-1,9),_, (5.78)
ot b1

because of UIk—lCIn A,(fffl) = ak_lAS”). Combining this with equation (5.75), we
get

0
(LkUka @)k = (atUk 15 §0> + (kalUkA#P)k,l + (Uk, LZ@)M (5-79)
k—1

which — by assumption — holds for all £ € {1,...,n}. Hence, this formula may be
iterated over k, yielding

0
(atUn>90>n = (LnUna @)n

9 9 )
< (aUmSO)n + <aUn17<P> . = (Un, Ly0),, + (Lu-1Un-1,9),, 4

n

/0
k=0 ko k=1

wherein the last summand on the right-hand side may (formally) be replaced by
(UO, Lz‘)gp) , as they both vanish due to Ly = Lg = 0, thus proving the assertion. [

By lemma 5.12 we immediately obtain (going beyond the results of lemma 5.8 and
lemma 5.9):

5.14 Corollary. All moments [i,(t), t > 0 as defined in equation (5.69) of a hi-
erarchical extension U : (Aﬁf"))oo — R (¢f. definition 5.10) of a solution u of
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

the Kolmogorov forward equation (5.19) in A, satisfy the moments evolution equa-
tion (5.33).

Proof. For ¢ =1 and ¢ = 2, we have L*(p) = 0, thus by equation (5.71)

> (%Uk, gp)k = 0. O
k=0

Thus, the hierarchical extension of a solution of the Kolmogorov forward equation
(5.19) via the flux of the solution yields the ‘right’ boundary values on the entire
0A,, in the sense that all moments of the process defined via the hierarchical product
[, ] in equation (5.69) do behave like the limit of the moments underlying discrete
processes (cf. equation (4.27)), which as well confirms the specific choice of [-,-],.
In particular for the total mass and the expectation value, we again have the desired

conservation laws (by putting ¢ = 1 resp. ¢ = #* and hence L*(¢) = 0):

Zn: /Uk(ﬂfat)d)\kzzn: / Uk(x,O)d)}\kE/u(:c,O)d)}\n (5.81)

k=0 5. An k=09, An An
and
> / 2 Up(z, t) dhe =Y / 2 U (,0) dAy, = /u(w,O) dN,, i=1,...,n
k=0 9. A, k=09, A An
(5.82)
for t > 0.
Moreover, based on the choice of the product [-,-],, we may show that any

extension of a solution of the Kolmogorov forward equation (5.19) to A, yielding the
correct moments already coincides with the hierarchical extension as in definition 5.10,

which is due to lemma 5.12 and the following proposition:

5.15 Proposition. For an initial condition f € L*(A,,), a solution U : (Zn>oo — R
of the weak Kolmogorov forward equation (5.70) is uniquely defined on A,,.

5.16 Corollary. For an initial condition f € L*(A,), a solution U : (Zn)oo — R of

the weak Kolmogorov forward equation (5.70) coincides with the hierarchical extension
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5.3 Solution schemes for the Kolmogorov forward equation

U: (Zn)oo — R (¢f. definition 5.10) of a solution u of the (strong) Kolmogorov
forward equation (5.19) in A,,.

For the proof of proposition 5.15, we need the following lemma:

5.17 Lemma. The linear span of {wncp e C§e (Zn) ‘gp eigenfunction of Ln} is dense
in C(A,).

Proof. From proposition 5.4 we already see that the linear combinations of the

eigenfunctions of L, are dense in C*(A,). Dividing a function f € C>®(A,) by w,

(cf. lemma 5.2) again yields a function in C(A,,) C C5°(A,) as w, is in C{°(A,,)

itself and positive in the interior A,,. n

Proof of proposition 5.15. Assume that U’: (Zn)oo — R is another solution of
equation (5.70) for a given initial condition f. We will subsequently show the
accordance of U and U’ on all 9y A,, C A, for k =n, ... ,0. Starting with 9,4, = A,
we have: For an eigenfunction ¢ € C‘X’(Zn) of L, (corresponding to the eigenvalue
A), we obtain by lemma 5.2 that ¢ := w,¢p is an eigenfunction of L corresponding

to the eigenvalue A and — by nature of w,, — ¢ € C§°(A,,). For such a v, the weak

Kolmogorov forward equation (5.70) then reduces to

0
(50:0) =@ Lw =-xT.0), (583)
and
0
(aU’,w) = (U, L) = ~A(U' ) (5:84)

respectively. Consequently, by ¢-integration we have

from which we obtain via U(0) = U’(0) = f

U@), ), = (U (t),), fort>0 (5.87)
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

and for all eigenfunctions . Since the linear span of these functions is dense in

C>®(A,) (cf. lemma 5.17), U and U’ agree in A,,.

Now, we proceed inductively. Assuming that the accordance of U and U’ is already
shown for all 9,A, C A, with k& > m, then for an eigenfunction ¢: A,, — R of
L., (corresponding to the eigenvalue \), 1 := w,, again is an eigenfunction of L*,

corresponding to eigenvalue A and — by nature of w,, — ¥ € C§°(A,,). From any such

¥: A,, — R, a function 1: AP 5 R may be composed, e.g. by copying ¢ to
Al oA, for all I, C I, and employing convex combination of the boundary
values to spread to all higher dimensional (boundary) instances subsequently while
putting ¢ := 0 on all lower dimensional boundary instances. Of course, ¢ is generally
not an eigenfunction of L* in A, but we still have (L*¢)| atm = Ly = =M for
all A™) C 9A,.

For such a 1), the weak Kolmogorov forward equation (5.70) is rendered into

(%Uﬂ)m = —(U, L), + Zn: ((%U, E)k - (T, L;;E)k) (5.88)

k=m+1

and

(507) =z, + 3 ((f077) -@m@),) s

k=m+1

with the sums on the right agreeing as U = U’ on all 0yA,, with & > m, hence

(5.90)

m’

0 — — _
(E(U—U’),Lb) = (U’—U,L;:@/))WE)\(U'—U,@b)
which yields — analogously to our considerations above — U = U’ in 9,,A,, on account

of the completeness of the ¢’s and the initial condition. n

Thus, with the additional assumptions that the moments of the process coincide
with the limits of the moments of the underlying discrete processes, we altogether have
as a generalisation of the corresponding result in proposition 4.5 for the 1-dimensional

model:
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5.3 Solution schemes for the Kolmogorov forward equation

5.18 Theorem. Forn € N and a given initial condition f € L*(A,), the Kolmogorov
forward equation corresponding to the diffusion approximation of the n-dimensional
Wright—Fisher model (5.19) always allows a unique extended solution U : (Zn)oo —
R in the sense that Ul|a, is a solution of equation (5.19) and that its moments
fia(t) := [U(t),2%] , t >0 (cf. equation (5.69)) fulfil the n-dimensional moments

evolution equation (5.33).

Finally, it may be illustrated that the presented hierarchical extension scheme
for solutions is qualitatively different from the extension scheme in 1 dimension as
the obtained boundary values are no longer static as already observed on pp. 134 f.
However, for an attempt of also equipping the n-dimensional setting with static
boundary values, one might consider a (simple) extension @: (A,)s — R of a
solution u of the Kolmogorov forward equation (5.19) in A,, that has the ¢-integral of
the outward normal component of the flux fg G.(7) - vdr added as a supplementary
(n — 1)-dimensional mass on the boundary 9,,_1A,, (and vanishes elsewhere on 0A,,).
For such a solution, we have already shown in lemma 5.8 that at least total mass
and expectation values are preserved.

However, we may now demonstrate that in general all higher moments do not
evolve as required by the moments evolution equation (5.33): For the ¢-derivative

of @, we then have correspondingly

u; = Lyu  in A,

Uy =49 G, v in 9,14, (5.91)

0 else

and thus by virtue of proposition 5.7

[T, @ln = (Lpu, @)n + / Gy -vdN\,—1 = (u, L p), forall p € C“(Zn)
8nflAn

[0, L@l — (@, Ly, 1 p)n-1,  (5:92)

signifying that @ only fulfils the weak formulation of the Kolmogorov forward equation

(5.70) for such a ¢ with (@, L*),_1 vanishing. Specifying the assertion of lemma 5.8,
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

a sufficient condition for this would be L’¢ls, ,a, = 0, which is the case for
e e {1 u{a’li=1,...,n}UB, with B, := {w, € C§*(A,)|¢ eigenfunction of L, }
(for wy,, cf. lemma 5.2), but not generally for all ¢ € C*°(A,). Hence, @ is not a
solution of the weak equation — which is no surprise as it is not a hierarchically
extended solution on A, as in definition 5.10, which we have shown to be the unique
solution. In the 1-dimensional case, though, the linear span of {1} U {z} U B, is
dense in C*®(A;) (cf. lemma 5.17), signifying that equation (5.70) is fulfilled for all
¢ € C*(A) and that hence 4 is a solution of the corresponding weak equation (cf.
also the proof of proposition 4.5). This again is in accordance with the model as in 1
dimension the full dynamics of the model (thus accumulation at the boundary) are

captured by @ (cf. also pp. 102 et seq.).

5.3.4 Conclusion and outlook

The presented methods allow a complete and valid solution of the diffusion ap-
proximation of an n-dimensional Wright—Fisher model in the sense that this model
behaves analogously to what one would expect from the underlying discrete model,
in particular including all results found for the 1-dimensional case. By the stated
extension scheme to the boundary resp. its equivalent, the weak formulation of the
Kolmogorov forward equation, it is also possible to construct a solution on the closure
of the simplex explicitly (this is carried out in [30]), from which it is e. g. possible to
calculate fixation probabilities for certain alleles or exit times from a given domain.
For a most universal application, however, it would be expedient to generalise the
model by incorporating further evolutionary mechanism as selection, mutation or
recombination (and eventually coarse-graining). The corresponding Kolmogorov
equations (for a diploid model) have been presented in chapter 3, and one would
expect that a full solution of these generalised equations again involves a hierarchical

account of the boundary structure of the simplex.
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5.4 The Kolmogorov backward equation

5.4 The Kolmogorov backward equation

Following our discussion of the Kolmogorov forward equation for the diffusion
approximation of an n-dimensional Wright—Fisher model in the preceding section, we
will now analyse its counterpart, the corresponding Kolmogorov backward equation
(for the definitions cf. section 2.4.1). The equation again may be stated by making
use of proposition 2.9 applied to the current setting of 1 locus and n alleles and
separately stating the final condition f for ¢ = 0, which corresponds to a certain

(generalised) target set. At first again only considering the (open) simplex A,,, this

yields
—%u(p, t) = Liu(p,t) in (A,)-0 = A, X (—00,0) (5.93)
u(p,0) = f(p) in A, [ €L(A,)

for u(-,t) € C*(A,) for each fixed t € (—00,0) and u(z, -) € C'((—00,0)) for each
fixed x € A, and with the n-dimensional backward operator as in equation (5.21),

i.e.

PNCICESD) 7o) (5.94)

In accordance with our considerations in section 4.2 for the 1-dimensional model,
the backward solution u(p, ) now expresses the probability of having started in some
p € A, at the negative time ¢ conditional upon being in a certain state u(p,0) = f(p)

at time ¢ = 0, i. e. having reached the corresponding target set.

5.4.1 Solution schemes for the Kolmogorov backward equation

Since the Kolmogorov operator L,, and L} are linked through the adjointness relation
given in lemma 5.1, the generalised Gegenbauer polynomials in A,, introduced in
proposition 5.4 also occur as eigenfunctions of the Kolmogorov backward operator as is
illustrated in lemma 5.2. All these eigenfunctions acquired by the adjointness relation
are in C§°(A,,), but L’ in A, possesses even more eigenfunctions (in particular for
smaller eigenvalues) as all eigenfunctions of L} in Ay for some 0 < k < n also occur

as eigenfunctions of L’ by e.g. constant extension.
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

With the eigenfunctions given, the construction of a solution of equation (5.93) in
A,, is rather straightforward. However, the — in comparison with the forward case —
larger set of eigenfunctions causes ambiguities when decomposing a final condition in
terms of eigenfunctions with differently evolving solutions (analogous to the 1-dimen-
sional case), for which reason the choice of eigenfunctions needs to be restricted to
the ‘proper’ eigenfunctions in the domain, i.e. those in C§°(A,,), which are derived
from eigenfunctions of L,; this is also sufficient as their linear span is already dense
in £2(A,,) (cf. proposition 5.4 and lemma 5.17). Correspondingly, a solution by
proper eigenfunctions will be called a proper solution of the Kolmogorov backward
equation in A,, and hence, the existence and uniqueness of a solution observed in
the forward case directly translates into a corresponding backward counterpart of

proposition 5.5; equivalent results may also be found in the literature (e. g. [22]):

5.19 Proposition. For n € N and a given final condition [ € L*(A,), the Kol-
mogorov backward equation corresponding to the diffusion approximation of the
n-dimensional Wright—Fisher model (5.93) always allows a unique proper solu-
tion u: (An)__ — R with u(-,t) € C°(Ay) for each fized t € (—o0,0) and
u(z, -) € C°((—00,0)) for each fized x € A,.

The notion of a proper solution in A,, in terms of the C§°(A,,)-eigenfunctions also
corresponds with the probabilistic interpretation of the solution as the hit probability
for (subsets of) the interior A,, is obviously higher when starting rather in the middle
of the domain than close to the boundary. This already hints at the problem that
we are going to address next: the inclusion of the boundary into the model, i.e.
setting up a solution scheme for the entire A,,. This will also clarify the role of the
non-proper eigenfunctions of L), which will be interpreted in terms of an extension

of proper solutions in sub-dimensional boundary instances of the domain.

5.4.2 Inclusion of the boundary and the extended Kolmogorov

backward equation

Again, an inclusion of the boundary cannot be done by an extension of the proper
solutions obtained in proposition 5.19 (as has been carried out in the forward case)

since the continuous extension of such a solution always vanishes on the boundary by
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definition. However, the concept of solution still may be extended to the boundary
if we reverse our angle of view and rather look for an extension of the yet to be
determined, specific boundary values into the interior than for a continuation the
other way round as has been implemented in the 1-dimensional case (cf. section 4.2.2).
Likewise, this approach will rather match the backward setting with its reversed
sense of time.

Such an extension may be accomplished by (at first formally) augmenting the
domain of equation (5.93) such that it comprises the entire A,,. Thus, we may state

an extended Kolmogorov backward equation by

—2up,t) = Lrulp,t) in (A,)__ X (=00,0)

N =S (5.95)
u(p,0) = f(p) in Ay, f€L2(Up_oOdn)

for (preliminarily at least) u(-,t)|a, € C?(A,) for each fixed ¢ € (—o0,0) and
u(z, -) € C'((—00,0)) for each fixed € A,,.

Likewise, we may also prescribe an extended final condition f which is defined
on A,, i.e. any boundary instance may also belong to the target set considered.
With n dimensions, the boundary now has a hierarchical structure, i.e. it comprises
collections of simplices of different dimension. On each of them we may observe
an (extended) solution as all these entities represent a certain state of the model.
Correspondingly, the associated integrability criterion is such that the extended final
condition needs to be of class £? on every (boundary) instance of the domain.

Regarding the dynamics of such boundary functions, we note that now the configu-
ration on the boundary is no longer static in general (which distinguishes this problem
also from usual final-boundary value problems; this is only true for 0-dimensional
entities), but is again subject to the same type of evolution, merely in different
dimension. Hence, the dynamics may be formulated by using L; with k being the
corresponding dimension resp. by L} restricted to the corresponding domain — as
this just matches the degeneracy behaviour of L? (cf. lemma 5.3). Hence, the index
may be omitted, and we may just write L* (for dimension 0, i.e. the vertices, no
evolution is present, and we formally put L* = L{ := 0 there as already described
in section 4.2.2). For this reason, it is also justified by the considered model to

formulate equation (5.93) to hold on the boundary as well since this exactly captures

147



5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

the dynamics on all lower dimensional entities of the domain.

The corresponding regularity requirement with respect to the spatial variables
for a solution of equation (5.95) is that it needs to be at least of class C? in every
boundary instance (actually, a solution typically always is of class C*°, which likewise
applies to each boundary instance). In principle, this conception would still allow for
piece-wise defined solutions on A,, as observed in the forward case. However, in terms
of the probabilistic interpretation, a solution should be continuous when approaching
a boundary since small portions of an allele — which would else be non-existent —
should not affect hit probabilities substantially; this, however, only holds true for a
single allele in question and hence for boundary relations with exactly one dimension
in difference, i.e. for A,(f’“) and a boundary face Ay_; C 8k_1A,(f’“). Correspondingly,
with the restriction property of L* given, a natural assumption would be that L*u
is continuous up to the boundary, for which v € C?(A,_; U Al(f’“)) with respect to
the spatial variables — respectively u € 02(8k_1A,E:Ik) U A,&I’“)) if all relevant boundary
faces shall be accounted for — is sufficient.

Globally, we may thus require that such a property applies to all possible boundary
transitions within A, and define correspondingly for I € NU {oo}

LAY -
ue Cp(An) = U‘Ayd)uad,

aup €CM AT ULAYY) forall g C L, 1<d<n
d
(5.96)

with respect to the spatial variables, implying that L* is continuous at all boundary
transitions within A,. For later purposes, we also introduce a special version for
ascending chains of (sub-)simplices with a more specific boundary condition and

hence put for index sets I, C ... C I,, and again for [ € NU {oo}

" i = 1A () (Ig)\ .-
l )\ ulA(dId> is extendable to u € C*'(A,; " U 04_1A,; ") with
u < Opo U Ad <~ _
d=k ulad—lA;Id) = uXAfiljlfl)X{d>k} for all max(l, k?) S d S n
(5.97)

with respect to the spatial variables. We note that such a function may straightfor-

wardly be completed into a function defined on the entire A, by putting u := 0 on
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An\ (ngk Afild)) for corresponding ¢; however, such an extension is generally not
of class C’;l) (Zn) w.r.t. the spatial variables.

These specific regularity properties are better adapted to the model than a global
regularity property for A, (as this would limit the choice of solutions excessively
otherwise), and we may hence use a regularity as in equality (5.97) as the standard
requirement w.r.t. the spatial variables for solutions of the extended Kolmogorov
backward equation (5.95), with [ = 2 as needed for L* (this will also apply when
talking of a ‘smooth’ function throughout the remainder of this chapter; likewise,
‘smoothly extendable’ is meant to signify that a continuous extension exists and is at
least of class C?). For the sake of completeness, we also list a corresponding property

for the final condition being

n fl NZ is Ag-measurable and

fe 52( U Affd)) o

(5.98)
d—k fAflId)|f<x)|2 Ng(dz) < oo foralld =k, ..., n,

which is a refined version of the previous definition in equation (5.14).

Within the extended setting, we again expect the solution to depend crucially on
the situation on the boundary: Whenever some boundary instance is included into
the target set, this alters the probability of having started there for all accessible
boundary instances of higher dimension as the process inevitably tends towards

corresponding (lower-dimensional) boundary entities.

5.4.3 An extension scheme for solutions of the Kolmogorov

backward equation

Having stated the extended Kolmogorov backward equation, we will now present
an extension scheme for solutions of the Kolmogorov backward equation (5.93) in
boundary instances of the considered domain (this may of course be a boundary
instance itself and consequently may allow successive extensions), which will even-
tually lead us to a construction of solutions of the extended Kolmogorov backward
equation (5.95). As in the 1-dimensional case (cf. p. 109), we need to determine
which requirements are to be met by such an extension, and hence we define for

an extension from some simplex of arbitrary dimension d — 1 to the simplex of
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subsequent higher dimension (however, d = 1 requires a somewhat specific treatment;

a probabilistic analysis of these conditions will be provided in the next section):

5.20 Definition (extension constraints). Let /; be an index set with |I;| = d+1 > 2,
0,s € Iy and Agd) = {(p")icr,\qo3|p" > 0 for i € Iz} with p° == 1 — Zield\{o}pi.
For d > 2 and a solution w: (Aff_‘i}{s}))_m — R of the Kolmogorov backward
equation (5.93), i.e. u(-,t) € COO(AElI_d}{S})) for t <0, u(zx, -) € C*°((—00,0)) for
T € A&Ij}{s}) and

0

——u=L*u in (Ag_d}{s}))

o (5.99)

a function u: (Aflf"l))_OO — R with u(-,t) € C“’O(A((i[d)) for t < 0 and u(x, -) €
C*>((—00,0)) for z € Agd) is said to be an extension of u in accordance with the

extension constraints if

(i) fort < 0 u(-,t) is continuously extendable to the boundary 8d,1A£lId) such that

it coincides with u(-,¢) in Agj}{s}) resp. vanishes on the remainder of 6d_1A((iId)

and is of class C"*> with respect to the spatial variables in Agd) U 8d_1A£lId),

(ii) it is a solution of the corresponding Kolmogorov backward equation in (Agd))

—o0

. o — R (Iq)
Le. —fu=L'uin (A" )_oo.
For d = 1, this analogously applies to functions v with —%u = 0 (in accordance with

Ly = 0), and consequently the equation in condition (ii) is replaced with L*u = 0.
Furthermore, an extension which encompasses multiple extension steps is said to be

in accordance with the extension constraints, if this holds for every extension step.

5.21 Remark. In case of d > 2, if u for ¢ < 0 extends smoothly to the boundary

5’d,2AfiI_d}{s}) such that this extension vanishes everywhere on 8d,2A((jI_d}{s})

, the above

definition corresponds to (uXAud\{s}) + ﬁXAw) € C’;(‘)’(A((il_d}{s}) U Ailld)) with respect
d—1 d

to the spatial variables for ¢ < 0 (cf. equality (5.97)) except for the Kolmogorov

backward equation solution property.

In the following, we will mainly be concerned with the existence of such extensions
which comply with definition 5.20; the issue of their uniqueness will be dealt with

in the next chapter. Corresponding to the chosen separation ansatz (on which the
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5.4 The Kolmogorov backward equation

result 5.19 is based), the foundation for the construction of an extension as desired
is such of the eigenmodes; the following lemma generalises the existence procedure

applied for extensions from JyA; in the 1-dimensional case to arbitrary dimension:

5.22 Lemma (extension of eigenfunctions). Let I; be an index set with |14 = d+1 >

2,0,s € I; and Agd) = {(P)icr\qo3|p" > 0 fori e I;} with p® :==1— Ziefd\{o} P

For d > 2 and an eigenfunction ¢ € C* (Ag_d}{s})) of L, for the eigenvalue k > 0,

1. €.
Ly =—rp in AYHEY c 9Al), (5.100)

a linear interpolation 1) = ™ : Afild) — R of ¢ from A&Ij‘}{s}) (source face) towards
Aéff}{r}) - 8d_1AéId) for some r € 15\ {s} (target face) is given by

r

O (p) == (7" (p)) - forpe A (5.101)

p*+p"
with 7% (pt, ..., p%) = (P, ..., p?) such that p* = 0, p" = p* +p" and p' = p' for
ielg\{s,r}.
Then 1 features reqularity corresponding to that of as 1 in Agfd) (i. e. is of class
C*) and fulfils

Lipp = —ktp in AYY. (5.102)

Ij}{s}) and A&I_d}{T})

Moreover, ¥ extends smoothly to A& , and there we have

@E|A§l@1\{s}> =, 1/;|A;1:11\{r}) = 0. (5.103)

If furthermore ¥ extends smoothly to Afll_d;{s’q}) - 8d,2AflId\{s}) for some q € 1;\{r, s},
then v likewise extends smoothly to Agﬁ}{q”. In particular, 1 fulfils the extension
constraint 5.20 (i) if 1 extends smoothly to (9d_2Ag_d}{s}) \ Agf;{r’s}) and vanishes
there.

For d =1, the preceding statements analogously hold for arbitrary 1 : A(()h\{s}) —
R as eigenfunction of L = 0 for the eigenvalue O; then, Y is of class C™ in A(lh),

and such an extension is always in accordance with the extension constraint 5.20 (1).
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

Since the eigenfunctions are the building blocks for a solution scheme, the preceding

lemma directly extends to solutions of the Kolmogorov backward equation:

5.23 Proposition (extension of solutions). Let I; be an index set with |14 = d+1 >
2,0,s € I; and A((ild) = {(p")icr\(o3|p" > 0 fori e I} with p°® :=1— Zield\{o}pi.
For d > 2, a given final condition f € L? (Agj}{s})) and a given extension target face
index r € I;\ {s}, a solution u: (Ag_d}{s}))_oo — R of the Kolmogorov backward
equation (5.93), u(-,t) € C"O(Agf_"l}{s})) fort <0 and u(z, -) € C*((—00,0)) for

T € Agj}{s}), may be extended to a function

a=a": (A1) —R (5.104)

with (- ,t) € C*°(A Id)) fort <0 and u(x, -) € C*((—00,0)) for z € Afild) as well
as fulfilling

—Za="La in(AYY) . (5.105)

Furthermore, fort <0 u(-,t) smoothly extends to the boundary in Ag_d}{s}) with

u( -, t)| yaotsn =, in particular (-, 0)| yanen = fl Gaven (5.106)
d—1 d—1 d—1

and in Agd}{r}) with u( -, t)|A<1d\{r}) = 0. If furthermore u(-,t) for q € I;\ {r,s}

extends smoothly to A Id\{q Do, 2 A\ (Ta\is}) for some t, then u( - ,t) likewise extends
smoothly to A, I‘i\{q} ]n particular, u fulfils the extension constraints 5.20 if u( - ,t)
extends smoothly to ad_gAélj}{s}) \Agf;{r’s}) and vanishes there fort < 0.

For d =1, the antecedent analogously holds for functions w: (Agll\{s}))_oo — R
with u(z,-) € C*((—00,0)) and fu = 0; then, u(-,t) is of class C* in A
for every t as well as u(z, -) € C®((—00,0)) for x € AId with §u = 0, and
equation (5.105) holds correspondingly. Furthermore, this extenswn always is in

accordance with the extension constraints 5.20.

5.24 Remark. The extension of a solution of the Kolmogorov backward equation
for a final condition f € £? (A Id\{s})) as in proposition 5.23 is also applicable for
t = 0, yielding an analogously extended final condition f = f* € £2 (A Id)) We
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5.4 The Kolmogorov backward equation

then have @(-,0) = f in Agd) by continuous extension as we have u(-,0) = f in
Agf}‘{s}); however, for d > 2 this extension of f in general does not have the boundary
regularity described due to the missing regularity of f (and hence in general does

not satisfy the extension boundary constraint 5.20 (i)).

In addition to the preceding proposition, it should be noted that u does not
necessarily extend continuously to the entire Ay, in particular not to the remaining
boundary parts of dimension d — 2 and less. This is due to the fact that on instances
of 8d_2AéId), which are shared boundaries of higher-dimensional faces of the simplex,
continuous extensions from each of those faces regularly may exists, but do not

necessarily correspond.

Proof of lemma 5.22. The regularity assertion for 7 in A(Id) follows from the regular-

belng of class C’°° on A(Id The boundary

s+ =1lon Adl_d}{ }), whereas
p”

=0on A, Id\{r} . Both boundary extensions are smooth in the sense described,

ity of m and of the projection and from -£— S g

behav10ur is similarly straightforward as 7™* = id and

p? +p
which is again due to the regularity of the projection and of -£—
A(Id\{s})

o + - when approaching

resp. A, Id\{r}) Analogous considerations yield the assertmn for other bound-
ary faces of 9,_ 1A : The projection 7™ maps 8d 1A \ (A(I‘i\{r} UA, Id\{s} )
smoothly onto d,_ ZA([”’\{S} which together with S+ - being of class C'*° on 0, _1A (Ia)

(via p* + p" > 0) yields the stated regularity; the value of this boundary extension of

1 of course coincides with the one of the corresponding extension of .
To prove equation (5.102), w.l.o.g. let I, = {0,1,...,d}; summation indices,

however, run from 1 to d if nothing differing is stated. To begin with, we have

T s

i (v 2

_ * r,5 p
) =it @»ﬁ+ﬂ

+§)ﬂ@—¢(
e (

o)) (a5 p’"p)
)

Next, we will show that the first summand equals —r%), whereas the two other

0
" OpI p
summands vanish on Agd).
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

For the first summand, we use L} ;¢ = —k1 in Aﬁf_d}{s”, which holds by assump-
tion. To extend this statement to Agd) , the interplay of the projection needs to be
analysed, for which several cases are distinguished. That is, for s # 0, r = 0, the pro-
jection 7% yields p* = 0 and p' = p' fori € {1,...,d}\ {s}, hence %ZZ: = 6" (1—0™),

and we have

8 0
Lip(m Zp ap g (7**(p))
o Y - (- - B ()
m,n 4,J
1 . R R i
=5 2 IO = ) ) = L) = —su(p). (5.108)
m,n#s

Ifs =0, r#OandhenceAId\{O} {(p,...,ﬁd)‘ﬁi>0forz’:1 dzgll~i:

1}, we have p' = p' for i € {1,.. N L
We get:
Lol (p) = & 3 S (0] — )07 = 66— ) ()
' 2o b o opr
1 m/sm n 0 0 ~ 1 i(st_.m d i ~
1 o 0 1 0?
_ = m/sm __ ,m — ~ + = v ~
2 ;zj:p ( J p )apr opn (p) B ;p( i pi)(a~r)2¢(p)
| o 0 1 R
=3 p" (6 —p”)ﬁﬁ¢(p) D) Pp 95" O (P)
N N O W I
-5 a p"p 5 (9]57"1’/}(1?) +5p (1—p )(aﬁr)Qw(p). (5.109)

When replacing the remaining p-coordinates by p (except for p°, which is missing in

A((f_d}{o})) via pt = p' — p°6¢ for i = {1,...,d}, the expression transforms into:
. 00 | N I R
L (m Z — ") g5 5 ) + 520+ )0 55 57V )
m,n#Er n;ér
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5.4 The Kolmogorov backward equation

o 0 1
PSP ) ~T¢(15)+§(ﬁ”—p°)(1—ﬁr+p°)><

m# op™ Op
o d i
(8p -5 ZP -5 Z 8_ (p)
O(~r _ .0 0 - 1 01 _ .0 0 ~
—p (P —p )(%T)w(p) +op(l—p )(8ﬁr)2¢(p)

1 g 0
=3 2P0 P gen (P = i) = —wb(p)- - (5.110)

The next-to-last equality is due to the fact that in A d\{ Y one coordinate is obsolete
and consequently 1 is formulated in d — 1 coordlnates (which may be chosen freely).

It is straightforward to show that, independently of the choice of the omitted
(Id\{O}
on A,

coordinate 7, we have Lj | = 3> 5™ (0" —p )8pm 5

Lastly, if s 7é 0, r 7é 0, the projection 7™ yields p* = 0, p" = p* + p" and p' = p’
=6m(1 — &™) + 6™5.. Then we have:

Lt () = 5 SO0 (0 = 1) g s )

2%

1 i St j m m m St n n n a (9
i

1 m(sm n a ~
1 o 0 1 82

— = " ——1(p) + =p°(1 — p° D). 5.111
2mésp P g apmﬂ(p) S (1 —p )@ﬁr)gw(p) ( )

Replacing the p-coordinates works as shown in the preceding case, and thereupon

we obtain
o 0 . . _ -
Ly(m Z 78_15”1/)(}7) = Ly 19(p) = —kp(p), (5.112)
mn;ﬁs
thus in total
Lyp(m"*(p)) = L1 (p) = —K(p) = —kp(7"*(p)) (5.113)
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

for arbitrary r, s, which is the desired equality result for the first summand.

To show that the two remaining summands vanish, an analogous case-by-case

.. . " p"
analysis is necessary. If s =0, r # 0, we have il e s Due to (remember

9™ _ sm m

a opm o
— 114
ap Z W —(p) = 0, (5.114)

the second summand equalling

gy (P
S0 (gt <p>>)2<5j W(a pjl_zl#pl> (5.115)

i#£r

N J/

" 1

(1- P S S
Zp]( pl_Zlyérpl

J#T Zl;ﬁ p )2

along with the third summand equalling

L 6090 _ P
V) 2 (ZP (api apjl—zl#pl>

i#T J#T

vanish.

Similarly, if s # 0, r = 0, thus pffpo = ll__zzl:;flpl and again (with %’Z =0"(1—-467))

8
ap Z 3 ap =0, (5.117)
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5.4 The Kolmogorov backward equation

the second summand equalling

i j 0 1_21Pl
> (et p”) 20577 (%m)

1#£s J
1=>p
Zp] 1=>_v) i
1- j#s ( - Zl;ﬁs )
(5.118)
vanishes, and the third summand via
Zp 8 0 1- le
ap apj I- Zl;és
T 7 ) ) _ l
o (“ D@D o0 - sy - a2 )
(1 - Zl;ﬁs pl) (1 - Zz;és pl>
Zz s Z spj i j 1 - !
:_2( LRGP )+2<Zp><1—2p7> Elpl3:0
(1 - Zl;«ss ) its j#s (1 - Zz;ﬁsp )
(5.119)
also does.
Ultimately, if s # 0, r # 0, we have
: P Py o
— = 07— 97). 5.120
p78pfp +p (p8+pr)2(’" R (>120)
Using this property for the second summand, we obtain
S ) a T, i pr
S0 -2 (g 0) (5757
0 ) ) 0 p" p" ) )
— : r,s 7 52
Z (WWT (p)))p (ZJ: (apjp +p ) Zp? (Wp +p
_ 5 ry i
Z ap (p et S(0F = 0%) = (5.121)

The last equality is due to the fact that the sum over 7 in the last line vanishes

157



5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

in conjunction with the symmetry of 7 in the coordinates p* and p”, i.e. we have

8@]577? = 6"(1 — ™) + 6™4" and consequently

9, 0 9,

apsww»%p)) = aﬁrw@ = apT@D(WT’S(p)). (5.122)

For the third summand, we use

0 0 _p 50w 6w 08156 —p)

- —— = 5.123
Op* Op p* + p" (p* +p)? (p*+p)? (5:123)

and thereon get

i ; . a 8 pT 2pS 1 _ ps p'l" _ 2p7’ 1 _ pT' pS _ 2p8p"' pT _ pS
Zp(éj_p])a 18_ S r: ( ) (s 7")3 ( ):O
v p' Op7 p* +p (p*+p")
(5.124)
Altogether, we have
Ly =1 (wwrﬁ(p)) 2z ) (TP = = k) (5.125)
pS + p'f’ pS + p'r'

for arbitrary r, s € I, thus proving equation (5.102). O

5.4.4 A probabilistic interpretation of the extension scheme

In order to understand the nature of the presented extensions as well as their
probabilistic implications, we will at first illustrate the significance of the extension
constraints 5.20: If in the setting of a Wright-Fisher model an (evolving) probability
density for ending up in a target set is given on the space of d — 1 alleles, we wish to
determine how the attraction of the mentioned target set also extends to the space
of d alleles as of course it is also reachable by a d-allelic process by correspondingly
losing one allele. As already stated, a natural assumption for such an extension is that
the probability density at the transition from the d-allelic domain to the (d—1)-allelic
domain stays regular, i.e. small alterations of the allelic configuration should only
affect the probability in a controlled way, which is formulated in condition (i) in

the extension constraints. Moreover, for the transition to domains of a different
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set of d — 1 alleles, the corresponding probability should also stay regular with the
additional requirement that in the limit it vanishes on those other (d — 1)-allelic
domains; this is also part of condition (i). As a possible extension is so far only
confined towards the boundary of the domain, we also wish to link the evolution of
the original probability density and its extension by requiring that both are subject
to the same type of evolution in the corresponding domain, i.e. are governed by the
corresponding Kolmogorov backward equation in the relevant formulation, which is
condition (ii).

The extension proposition 5.23 then states that any (proper) solution of the
Kolmogorov backward equation, which describes the evolving attraction of some
target set given via the final condition f, may be extended to a corresponding
solution of the Kolmogorov backward equation in the domain of subsequent higher
dimension with both conditions above applying. However, as may be observed by
remark 5.24, this actually yields the solution to a somewhat altered problem, namely
the attraction generated by the target set itself plus an induced (generalised) target
set in the bigger domain which are given by f and its corresponding extension f.
If one wishes to return to the original problem, thus the attraction of the original
target set only located in the (d — 1)-allelic domain, the induced target set needs to
be compensated for by a proper solution in (the interior of) the d-allelic domain for
a corresponding final condition. This just signifies that the influence of the target
set on the (d — 1)-allelic domain is handed over to the d-allelic process and evolves
accordingly (which will be fully applied in section 5.4.6). In particular, the evolution
of the attraction of each component may be adverse as is e. g. observed for d = 1
(there, the attraction of Jy/A; increases over time, whereas that of A; diminishes, cf.
section 4.2.2).

However, as may also be seen in proposition 5.23, the given extension scheme
involves a potential ambiguity regarding the choice of the extension target face
index r. Aiming for a clarification of its role, we will look at a suitable example,
namely the simplest case, where we start the extension from some vertex. As a
solution in a 1-allelic domain is always constant (due to Lg = 0), this likewise applies
to its extension, and hence we obtain a stationary solution (this type of solutions
will be discussed in more detail in section 5.4.7). Yet, this still reveals the relevant

characteristics of the extension scheme.
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

A simple example

We will demonstrate an application of the extension proposition 5.23 for A, and
a vertex in JyA, as an (eventual) target set: In a first step, a solution in e. g. the
vertex {1} can be shown to extend to the 1-dimensional simplex A({O ol =(0,1). We
0+p1 =p!in Al{o 1) by
linear extension towards {0} = A((){O}) (note p° = 1 — p'), thus reproducing the result

have u =1 on {1} = A{") and consequently a'(p!) =1 -

from section 4.2.3. Clearly, at this level (d = 1) there are no ambiguities, and the

considered extension is in accordance with the extension constraints 5.20. As a next

1,2})

step, however, the function u itself may be extended to Ag{o (from boundary

part A({O’l}) and now p¥ := 1 —p! —p?), in principle offering two different choices for

the extension direction: An extension towards A ) leads to
0 1 2
p IL—p —p° . 0,1,2
(@) (", p*) = a(="* (", p Negp =P 1= AR (5.126)

whereas an extension towards AS{OQ}) would yield

1 1

(@) (', p%) = a(x"* (0", p ))p—gip1 =(p1+p2)plip2 =p' in AT
(5.127)

Here, this example already illustrates the mentioned ambiguity (which in this
case is ruled out by the extension constraints, however), namely that the extensions
generally are not unique as there are several possible extension target faces for d > 2.
Their distinction is primarily seen by their behaviour towards the boundary: In the

L0Y1? oxtends continuously to the full closure

given example, the latter function (u
A,, while the other solution (111’0)0’2 — although being of class C'*° in the interior —
does not extend continuously to the boundary in {1} (cf. proposition 5.23). On the
other hand, (71)*? smoothly vanishes on all other faces in & A, except for the (last)
extension source face, thus particularly complying with the extension constraints 5.20,
which does not hold true for (a'0)".

This difference is particularly relevant when interpreting the solutions in terms
of probability. As stated, we want to determine the eventual ‘attraction’ by u =1

on {1}, i.e. {1} as eventual target set, which in the 1-dimensional setting is done by
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5.4 The Kolmogorov backward equation

the function @', hence describing how probably the allele 0 is lost over 1 eventually.
Adding one further dimension, the two extensions correspond to either asking for the

probability to lose allele 2 over 0 [(61’0)0’2} resp. to lose allele 2 over 1 [(ﬂl’o)l’z]: The

02 . . . . . .
, in compliance with the extension constraints, vanishes on

{o.1}h)

first extension (u'?)

Ag{w}), whereas positive boundary values only occur on Ag

. This corresponds to
the extension of {1} as ultimate target set in competition to allele 0, and consequently,
(@9)*? gives the probability to end up in vertex {1} ultimately under the additional
assumption to pass through A" (and not through A{t"?V) before as (transitional)

first level target set generated by {1}, thus how probable a loss of alleles by
{0,1,2} — {0,1} — {1} (5.128)

is. (This also gives an explanation why (@°)** is not smoothly extendable into {1},
i.e. the boundary values on Ag{o’l}) and A§{1’2}) are not compatible as on the former
they correspond to {1} as target set, whereas on the latter they correspond to the
empty target set.) Correspondingly, we may also contract the notation of (111’0)0’2

into w92,

{0’2}), thus has positive

On the other hand, (@°)"*(p) = p; only vanishes on Al
values on both other faces, which corresponds to the influence of {1} as target set in
competition to both the alleles 0 and 2. Consequently, it gives the probability to end

up in {1} ultimately with no certain first level target specified.

In the remainder, we will only consider those pathwise extensions (like u!?)

cor-
responding to the predication of the extension constraints 5.20, i.e. extensions which
correspond to a successive loss of alleles. For these, the probabilistic interpretation
of proposition 5.23, in addition to what has already been described, is that, in the
context of a Wright—Fisher model, an extension of a probability distribution from
a (d — 1)-allelic domain to a d-allelic domain is always such that the potential loss
of the extra allele is modelled as if it was in competition with just 1 other allele r
dependent on the index chosen (fibration property). Thus, we say that allele s is lost
over allele 7.

However, as already stated, in general this target face index r is not uniquely
determined, and — depending on the situation at hand — its choice may decide whether

an extension is in accordance with the extension boundary constraint 5.20 (i). For a
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

simple extension from a 0-dimensional domain (as observed in the preceding example)
or if the starting distribution smoothly vanishes towards all boundaries of subsequent
lower dimension, an extension is always in accordance with the extension constraints,
but particularly in the case of an iteratively continued extension, the choice of the
target face index r(d) is crucial as will be shown in the following section. Conversely,
demanding the extension constraints also uniquely determines the index r(d) from

the second step for non-empty target sets.

5.4.5 lterated extensions

A repeated application of proposition 5.23 yields the existence of iterated extensions
(generalising the corresponding result for n = 2 in [21] and the (less explicit) result

in [23] without derivation):

5.25 Proposition (pathwise extension of solutions). Let k,n € N with 0 < k <
n, ik, ittty C I, = {0,1,...,n} with @; # i; fori # j and I = I, \
{ik+1,- - in}, and let uy, be a proper solution of the Kolmogorov backward equation
(5.95) in A,(f’“) for some final condition f € L? (Agk)) as in proposition 5.19. For
d=k+1,...,nand I := I;; U{igs1,...1q4}, an extension ofﬂz’jc’“"id’l in (Afj[_d[l))ioo
to ﬁ}’;zd n (Af{d))m as by proposition 5.23 is in accordance with the extension
constraints 5.20 if (and for d >k +2 and [f] # 0 in L* (A,(f’“)) also only if) putting

r(d) = iq_1 for the extension target face index, and we respectively have

-1

gy T b’ I

u[i “(p,t) = up (7" (p), t) H W, (p,t) € (Az(i d))—oo (5.129)
ik 21=j

with p° =1 — D el \{0) P’ and wita(p) = (P, ... p") such that pit = p'* + ...+ pid,
pri=...=pd4=0and p' =p’ forje Ig\ {ig,... 04}

Correspondingly, the resulting assembling of all extensions to a function U}:

m (Uk‘ﬁdﬁn Ag@) N by putting

U 0:) = un 0 Xm0+ > W 0 X0 P)
k k+1<d<n !
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d—1 ;.
oy pY

= ur (P X0 () + Y ur(r" d(p),t)HmXAgd)(P) (5.130)
k4+1<d<n ek 2al=j

with p° = 1_27;6[“\{0} p'isin Coo ( ngdgn Ag@) with respect to the spatial variables

fort <0 as well as in C*°((—o00,0)) with respect to t, and we have

W T O TTikeenrin - (1)
PR (Uizez (Ajd)d ). (5.131)
U (,0) = Fp™in Upcgen A"
with F’I’:Z" € £2<Uk§d§n Afi["l)) being an analogous extension of the final condition
f=fi, in A,(f"') as by remark 5.2/4; in particular, we have U}:"“’i"}A(zk>( S0)=f
k

m A,(CI’“) )

5.26 Corollary. For n € N, k = 0 and ugyy = 1 in A((){i‘)}) C A, equa-
tion (5.129) resp. equation (5.130) restricted to A, and with the t-coordinate sup-
pressed coincides with Littler’s formula in A, (cf. [23]):
pi1 pinfl
EVTEES v I

Uy |, ) = WG (p) = p° (5.132)
Proof of proposition 5.25. The result is basically an application of proposition 5.23,
which yields the regularity and the solution property (cf. equation (5.131)) in every
Agd). It only remains to be shown that the boundary behaviour in each extension step
is in accordance with the extension constraints 5.20 as well as the formula (5.129),
which is both done inductively.

Clearly, a proper solution u;, of the Kolmogorov backward equation in (A,(f’“))ioo
as in proposition 5.19 satisfies equation (5.129) and is of class C§° (Al(f’“)) w.r.t. the
spatial variables for ¢ < 0 (which in particular signifies that it is smoothly extendable
to ak,lA,(f’“)). Extending uy, to (A,i[ffl)) _., Via proposition 5.23 with s(k + 1) = x4,
and r(k + 1) = i), yields a function ﬂib;’i"'“ of type (5.129), which for ¢ < 0 smoothly
extends to all boundary faces QkA,(ﬁf) and vanishes there except for A,(f’“) (where
it coincides with uy, ) by the assumed boundary behaviour of u;,. We may thus

assume that for k < d — 1 < n an assembled extension U;:""’id*l (corresponding to

163



5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

equation (5.130)) in Cp¢(Ujcpmeq 1 A(I’”)) with respect to the spatial coordinates
’zd_l{(A(zd_l)) = ulfk a1 gatisfies

exists whose top-dimensional component U;*

equation (5.129).
We may then perform an extension of ﬂ?k""’id’l in (Al(il_df))foo to ﬂzﬁczd
(A(Id))_oo via proposition 5.23 with s(d) = iz and 7(d) = i4-1. By the assumed

’Lkz id

in
boundary behaviour of @, et (i.e. Uik"“’id’l being of class Cp°), u smoothly
extends to all boundary faces 04— 1A(I"l \ Ay Id\{ld V) and vanishes there except for
Aglldll) (where it coincides with uz’“’ W1y for t < 0. By putting r(d) = i4_1, this

Id\{” 1} , which in turn would otherwise be violated if

particularly also holds for A,
f # 0 almost everywhere as may be seen from the proof of proposition 5.23. Then,
the boundary behaviour is in accordance with the extensions constraints 5.20, and
we correspondingly have (_]]Z: = U““ """ e u““’ ’dXA(dId) eC (Uk<m<d A(Im))
w.r.t. the spatial variables for t < 0.

To show equation (5.129), we obtain for a}’;’d by equation (5.101) when plugging

in the formula (5.129) for uZI’“""’“ !

L ‘ i A ‘ pldfl
) =y w0, )

o o a2 fd—154d ()i fd—1
— U/[k (Wlk,...,’l,d,1(Wld,1,1d<p)) t) H (ﬂ- (p)) . : p :
ok i (wia-via(p) )it pla-t o+ pld

d—1 ;
o i
= uy, (7 (p), 1) [ ] 5—2, in (AYY) (5.133)
=k Zl:jpl
as (w1l (p))i = pli for i; = ig,..., 149 and (7'4-1"(p))"-1 = pla-1 4 pid. If some

index i; equals zero (w.l.0.g. ig = 0) corresponding to (71 (p))°, this expression
gets replaced by p® € Aff‘i) as we have (7d-1id(p))0 = 1 — S9! (gia-via(p))is = 1 —

7=1
Z?_l p' = p°. Furthermore, 7' d-1(gld-1id(p)) = 7T“€“( ) directly follows from
the definitions, thus proving equation (5.129) for u}' berertd (Uk<m<d A(Im)>7oo. ]

5.27 Remark. Geometrically, the choice of the extension target face indices s(d) = iq
tq—2,8a—1})

and r(d) = iq_ signifies that the extension source face A {ZO’ ’ and the target

face Ail{j(i’ Ha-2ial) g adjacent faces to the highest degree, as they share d—1 vertices

A {207 Sid—2}) .

(for d > 2). Furthermore, their intersection is the extension source face
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5.4 The Kolmogorov backward equation

of the previous step.

kL1

Sticking to the preceding probabilistic interpretation, u;, n depicts the iter-
ated ‘attraction’ of an (analogously extended) target set in A,(f'“) along a corresponding
extension path specified by iy, ..., 1, resp. the corresponding index sets I, C ... C I,,.
Thus, U}:’Z’““’""Z" gives the total probability for all paths in A, starting in AY™,
passing through the (sub)simplices

AU s Ay A s Al (5.134)
and reaching the eventual target set, which, in the setting of the Wright—Fisher

model, corresponds to eventually losing n — k of originally n alleles in such a manner

that from dimension n — 1 down to 0 exactly the allele sets
L, — I, 1 —...— Ly — I (5.135)

are present until reaching the eventual target set. The loss of the corresponding
allele at each stage is over the allele which is lost next, thus allele 74 is lost over i4_1.
Merely in the last step, i.e. the loss of allele ix, 1, the index i; determines which of
the alleles in [ is the one 45 is lost over.

However, the corresponding extensions in proposition 5.25 are not satisfactory
to the extent that they lack a global (pathwise) regularity property on the entire
A,, i.e. are not in Cp° w.r.t. the spatial variables, as this applies only along the
corresponding extension path. Outside this path, generally no continuous (or even
smooth) extensions exist. This is caused by the incompatibilities involved by this
construction (cf. also section 5.4.4): For example on A,g’ff) with Ty = I, U {i}
and 7, € I, \ Ix41, a positive hit probability for the target set in AI(CI’C) by a direct loss
of allele 7 would exist, yet the considered solution necessarily vanishes on A,(j:fl) as
this is a boundary face of A,(Ci’ff) outside the specified path.

This defect may be overcome by mounting these extensions into a global solution
covering all possible extensions paths, each one of them corresponding to a certain
ordering of the indices in I, \ I. While this mounting construction is rather
straightforward, there is an ambiguity at another stage: For a given extension path

and a non-empty target set, in the first extension step, the extension target face
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

is not defined by the extension boundary condition (i) in definition 5.20 (except
for k = 0; cf. proposition 5.25), consequently all indices in [ may serve as target
face index, and hence all choices of this also need to be taken into account. Thus,
additionally summing over all possible first stage extensions and normalising, we

obtain the following result:

5.28 Proposition (global extension of solutions). Let k,n € N with 0 < k < n,
Iy € I, == {0,1,...,n} with |I| = k + 1, and let u;, be a proper solution of the
Kolmogorov backward equation (5.95) in A,(f’“) for some final condition f € L? (A,(f’“))
as in proposition 5.19. Then an assembling of all pathwise extensions of uy, as by

proposition 5.25 into a function U[k € (Zn) by putting®

Ulk (p7 t) = Uy, (pa t>XAl(eIk) (p)

1 ik
FEY Y Y Y d e ) 6130

g€l k+1<d<n ik+leln\lk idEI7L\(IkU
ik+l7“"id71})

for (p,t) € (UIkCIdCIn AElId))_OO and Uy, (p,t) == 0 in the remainder of (A,,) . sin
C(A,) with respect to the spatial variables for t < 0 as well as in C*((—o0,0))
with respect to t. Furthermore, Ulk s a solution of the corresponding Kolmogorov

backward equation in (Zn) o, and for t = 0 matches an analogously assembled
extension Fy, of f = f1, in A,(f’“) as final condition in A, (cf. remark 5.24).

Proof. The asserted global regularity directly follows from properties of the applied
extension scheme as stated in lemma 5.22 and proposition 5.25 and the construction
of U 1., which is such that potential discontinuities are ruled out by assembling all
extensions along arbitrary paths. The solution property and the compliance with
the analogously constructed final condition likewise straightforwardly extend from

proposition 5.25. O

Shifting again to the probabilistic interpretation, U 1, now depicts the full iterated

‘attraction’ of some eventual target set in A,(f’“) and its (successively) induced target

sets in Afild) CA,withI; DI &, which may now be reached along arbitrary paths.

2The last sum actually only comprises a single summand; this notation is used to illustrate the
choice of the index i4, however.
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5.4 The Kolmogorov backward equation

Thus, Uy, gives the total probability for all paths from AT to eventually A,gfk) — with
no assumptions on possible interstages made. In the setting of the Wright—Fisher
model, this corresponds to eventually losing n — k of previously n alleles irrespective
of any order of loss.

Since U 1, represents the most general extension of a given solution uj, in A,(f’“) to

A, we are now in a position to develop a general solution scheme for solutions of

the extended Kolmogorov backward equation (5.95) in the next section.

5.4.6 Construction of general solutions via the extension scheme

For a given final condition f = >0, faxa.a, € L£2(Uj_o0ady), the following
extension scheme allows us to construct a solution of the extended Kolmogorov
backward equation (5.95) which captures the full dynamics of the process on the
entire (Zn) _, analogously to such in the 1-dimensional case. The main ingredient
for this are the global extensions of a (proper) solution of the Kolmogorov backward
equation in every instance of the domain as in proposition 5.28; these globally
extended solutions just need to be superposed in a way that eventually the given
final condition is met in the entire A, (cf. also section 5.4.4 for a probabilistic
interpretation).

Thus, first equation (5.95) is solved in each (A((){i()}))_oo C (0hA,)-oo for the
final condition fy, and afterwards, these solutions are successively extended to
(Zn) ., by means of proposition 5.28, which analogously generates a successively
extended final condition in A, for t = 0. Subsequently, a (proper) solution in
each (Aﬁfl))_w C (01Ay) - for the final condition f; minus the extension of fj is
determined, which is then successively extended to (Zn) _. (again likewise generating
an analogously extended final condition). This procedure is repeated until after
finding a (proper) solution in (A,)_o an extended solution in the entire (A,) s
determined.

A solution of the extended Kolmogorov backward equation (4.63) restricted to
some (Aé{i()}))_oo C (OvAn)—o is — of course — trivial, i.e. ugy(p,t) = fo(p) for

(p,t) € (Ag{iO})) and by proposition 5.28 we obtain Uy, as an extension to

—o0’
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

(Zn)_oo. Summing over all A((){iO}) yields

Uoi= Y Uuy in(A) (5.137)

{io}CIn

with U in cr (A,) with respect to the spatial variables as well as in C*°((—o0, 0))

with respect to t and

LUy = 20, i (&,) _

_ _ (5.138)
Up(-,0)=F] inA,

with F} being a corresponding superposed global extension of all f} = fy in 94,

as described above for the wugy (cf. also remark 5.24), in particular we have

Uolopa, (+50) = fo.

For the next step, proper solutions in (0;4,)_. are determined and likewise
extended to (anoo' However, as this extension procedure will be repeated for
all d-dimensional instances of (A,)_o for d = 1,...,n, we directly assume that
suitable solutions in (Ufn_:lo 8mAn)_OO already have successively been determined
and extended to (Zn)ioo, thus an_:lo U, solves the extended Kolmogorov backward
equation (5.95) in (Zn)foo and matches the final condition f for t = 0 in Ui::lo Om\,,
(still, with Up(-,0),...,Us_1(-,0) in A, respectively matching a corresponding
superposed global extension £, of the final condition f/, in 9,,A, modified as below).
Then, a proper solution u;, by proposition 5.19 in each (Aff‘i))ioo C (0aAn)—oo,

1, C I, is determined which matches the modified final condition
d-1
fi=Ffa=Y _ Fllona, in o, (5.139)
m=0

correspondingly restricted to the relevant Aff‘i). For each I, the solution uy, is then
extended to (Zn)—oo via proposition 5.28 each leading to a function U; .- Clearly,
these extensions do not interfere with the solutions on lower dimensional entities by

definition.
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5.4 The Kolmogorov backward equation

Summing over the extensions of all ur,, I; C I,,, we obtain

Usi= Y U, in(A,) (5.140)

as the global extension of all (proper) solutions in (J4A,)-~. By proposition 5.28
and the linearity of the differential equation, Uy is in Cyr (Zn) w.r.t. the spatial
variables as well as in C°((—o0,0) with respect to t and solves the extended Kol-
mogorov backward equation and for ¢ = 0 matches a corresponding superposed global
extension F} of the final condition f/ in 9;A,,, thus in particular Uy(-,0)|a,a, = f/-
Consequently, the sum of all up to now extended solutions also is in Cp° (Zn) w.T. t.

the spatial variables as well as in C'*°((—o0,0) with respect to t and fulfils

(Shal) —3(5hal) )

¢ g 0 — oA (5.141)
2 im—o Um |Ufn208mAn('> )_f|Ufln:Oc‘9mAn in Up—o OmAn.

Repeating the preceding step successively one eventually arrives at an;lo U,,. For
the remaining (A,)_o, at last a (proper) solution u;, =: U, by proposition 5.19 is

determined matching the modified final condition

n—1
fio=fo=> Flla, inA, (5.142)
m=0

Then the sum of all globally extended (proper) solutions in all instances of the

domain

3

C
i

(5.143)

j=0

is in C2°(A,) w.r.t. the spatial variables as well as in C*°((—00,0)) with respect
to ¢ and fulfils

(5.144)

169



5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

thus is a solution of the extended Kolmogorov backward equation (5.95).

Altogether, we have the following existence result:

5.29 Theorem. For a given final condition f € EZ(UZ:() adAn), the extended
Kolmogorov backward equation (5.93) corresponding to the n-dimensional Wright—
Fisher model in diffusion approzimation always allows a solution U : (Zn) o —R
with U(-,t) € C(A,) for each fized t € (—o0,0) and Uz, -) € C®((—00,0)) for
each fivred v € A,,.

In the following chapter, we will be able to show that for f € £2 ((%An) — and
under some additional regularity assumptions — the solution obtained, i.e. Uy, also is

the unique solution.

5.4.7 The stationary Kolmogorov backward equation

As in the 1-dimensional case, we are also interested in the long-term behaviour of the
process, i.e. which alleles are eventually lost and in which order (cf. section 4.2.3).
This will lead us to a stationary version of the Kolmogorov backward equation;
solutions thereof have already appeared implicitly in the preceding section as exten-
sions of solutions in 9yA,, since the corresponding operator Lj only possesses the
eigenvalue 0. Even with the extended setting presented in section 5.4.2 available, we
will at first tentatively limit our view to some interior simplex A,,, thus restrict a
given extended solution to A, if necessary.

Then, for a solution in A,, we may argue again that all eigenmodes of the
solution corresponding to a positive eigenvalue vanish for ¢ — —oo, while those
corresponding to the eigenvalue zero are preserved (cf. the analogous lemma 4.7 in
the 1-dimensional case). Thus, it may be shown that a solution of the Kolmogorov
backward equation (5.93) in A,, converges uniformly to a solution of the corresponding

homogeneous or stationary Kolmogorov backward equation

L*u(p) =0 in A,
u(p) = f(p) ndA,

(5.145)

for u € C%*(A,) and with boundary condition f, which needs to be attained smoothly

in a certain sense.
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5.4 The Kolmogorov backward equation

In this formulation, the equation appears as a boundary value problem (for some
suitably chosen boundary function f, assuring the uniqueness of a solution). However,
as may be expected from previous considerations, the role of the boundary here
is different from usual boundary value problems and again requires some extra
care: On the one hand, a proper solution in A, always converges to the trivial
stationary solution (i. e. constantly equalling 0), which is linked to the fact that their
(continuous) extension to the boundary also vanishes at all negative times. On the
other hand, any solution which extends to 0A,, is already strongly constrained by the
degeneracy behaviour of the differential operator if suitable regularity assumptions

on the solution in A, (cf. also equality (5.96)) apply:

5.30 Lemma (stem lemma). For a solution u € C*(A,,) of equation (5.145) with

extension u € C° (Zn), we have
Lu=0 inA,. (5.146)

Proof. The statement is proven iteratively: Assuming that we have L;u = 0 for all
A,(f’“) C Ok, we show that this property extends to each A,(:f[l) - 8k,1A,(f’“) for
every A,(f’“), hence we obtain L; ;4 = 0 on Jx_1A,. A repeated application then
yields equation (5.146).

W.Lo.g let AU and A" < 9, AV with I, \ I,_; = {ix}. Then for the

operator Lj in Ag’“), we have

i€ \{0}

with L}, being the restriction of L} to A,(ffil).

Now, choosing some p € A,(fffl) and a sequence (p;)jey in A,(f’“) with p; — p and
applying the above formula to u at p; € A,(f’“), the big bracket is controlled by p}"“ — 0
while approaching p and — with the derivatives of u inside being bounded on a closed
neighbourhood of p by reason of the regularity of u — is continuous up to p. Likewise,
all derivatives of u within A,glfil) are continuously matched by the corresponding
ones in A,(f’“), thus L;_,(u(p;)) is also continuous up to the boundary in p (as the

corresponding coefficients are, too). Hence, the whole expression is continuous up
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

to the boundary in p with L;_,u(p) = Liu(p) = 0, and since p was arbitrary, this
applies to all of A,(f_kf). O

This signifies that — assuming the stated pathwise regularity — the values of u resp.
fon0A, = UZ;Ol Ok, for equation (5.145) may not be chosen freely but have to
be solutions of the corresponding version of the stationary Kolmogorov backward
equation (5.145) in each A,(f’“) C A, for all k =0,...,n — 1. Hence, the boundary
value problem in equation (5.93) is rather restated as an extended homogeneous or

extended stationary Kolmogorov backward equation’

L*u(p) =0 in A, \ GA,
u(p) = f(p) in oA,

foru € Cz (Zn) with the only ‘free’ boundary values remaining the ones on the vertices

(5.148)

DoA,,. The values on 0yA,,, however, suffice as boundary information determining a
solution uniquely if we also assume global continuity of the solution. Consequently;,
a stationary solution and the stationary component of a global extension as in the

preceding section are also identical:

5.31 Proposition. A solution u € C}° (Zn) N o (Zn) of the extended stationary
Kolmogorov backward equation (5.148) for some boundary condition fo: oA, — R
is uniquely defined and coincides with (the projection of) a solution of the extended
Kolmogorov backward equation (5.95) in (anoo to A, for a final condition f €
L‘2(UZ:O 8dAn) with f = foxa,a, as by theorem 5.29. Furthermore, the space of

solutions is spanned by p*, ..., p" and 1.

Proof. The first assertion may be shown by a successive application of the maximum
principle: In every instance of the domain A,(f’“) C O A, for all 1 < k < n, the

operator L* is locally uniformly elliptic, and hence, u| AU 18 uniquely defined by its
k

values on 8A,(f’“) by virtue of the maximum principle. Applying this consideration

successively for 0gA,,, ..., 0,4, = A, yields the desired global uniqueness.

3As already stated, it is without effect whether 9pA,, is added to the domain of definition of the
differential equation or not. Although dyA,, has been included in equation (5.146), this is not
done here for formal reasons.
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5.4 The Kolmogorov backward equation

Next, we will show that a final condition f = y Altio) for some iy € I,, gives rise to
an extended solution U(p,t) = U(p) = p' in (Zn) ., Tesp. A, proving the second
assertion. With f as described, the extended solution (cf. theorem 5.29) is solely
given by U = Uio, i.e.

Ugio} (P, 1) = ugio} (p, t)XA((){io})(p>

+ Z Z Z f{%} (p, )XA;{iO ,,,,, id})(p) (5149)

1§d§n i161n\{i0} idEI7L\{iO7---,id—1}

(cf. equation (5.136)). Considering an arbitrary Aﬁfd) C Ay, I; C I,, we obtain for
the restriction of Uj, to Agd) using equation (5.130)

Do lygo= S o e

i1€Ig\ {0}

d\{ZOu ﬂd 1}
. . d-1 pij
oy u{io}(ﬂm,...,u(p),t)ﬂd—i (5.150)
i1€l4\{io} iq€ <0 2i=j P"

Ig\{i0,-.,ia—1}

with wgy (70" (p), t) = 1 as w0 (p) € A((){i(’}) for all p € Agd) and ugy = f =1
in (Aé{m}))_m by assumption. Since we have Zflzo p" =11in A&fd)7 we may replace
the expression Z;i: y p by 1 — {;& p" and rearrange the sum (by also suppressing

the last sum as the index iy does no longer occur), which yields altogether

ﬁ{io} (p7 t) |Afifd> =

. pil pij pid71
( i€ 1=pw ij€ 1 - Zl op ig 1€ Zz o P"

Ia\{io} T\ {0y rij—1} zd\{io,...,id,z}
(5.151)
As we have %ﬁpi = 1for j = d—1,...,1, the whole expression reduces to
U{io}(p, t)|A(1d) = p'. Since Agd) was arbitrary, we obtain U{io}(p, t) = U{io}(p) = plo
d —
in the entire A,,. O
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5 Analytic aspects of the diffusion approximation of the n-dim. Wright—Fisher model

Regarding the probabilistic interpretation, the extended setting (5.148) also
matches the considerations of section 5.4.2 as equation (5.148) may be viewed as the
limit equation for t — —oo of the extended Kolmogorov backward equation (5.95)
(which may be shown as previously). This is also reflected in proposition 5.31:
For t -+ —oo and any solution, the only target set with persisting attraction are
of course the vertices (respectively corresponding to configurations of the model
where all but one allele are extinct), and hence the stationary solutions match the
stationary components of the global extensions as in theorem 5.29, which in turn
result from a non-vanishing final condition in JyA,,. Then, every Aé{i}) C OpA,, may
give rise to a solution (component) p’ — in particular yielding a positive target hit
probability on the entire A,, for all times. However, it is still noted that even the
stationary component of solutions as in theorem 5.29 may in principle be perceived
as time-dependent and also describing the transitional attraction of target sets in
the entire A, induced by a given ultimate target set in 9yA,, (cf. also section 4.2.3).

In total, proposition 5.31 under the given restrictions thus already yields a full
description of the stationary model in the entire A,. However, dropping the global
continuity assumption, a much wider class of (stationary) solutions may be observed
as described in the preceding section, and the goal of the following chapter will be to

maintain the uniqueness of solutions even for this bigger class.
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6 A regularising blow-up scheme for
solutions of the extended Kolmogorov

backward equation

6.1 Motivation and preliminary considerations

While the preceding chapter was dealing with the construction of extensions of
solutions of the Kolmogorov backward equation to higher-dimensional entities of
the domain in accordance with the constraints 5.20, which resulted in the depicted
extension scheme, we now wish to address the issue of the uniqueness of such
extensions.

Standard theory which caters to questions of this kind, however, is inapplicable
as the operator does not meet usual regularity requirements with its degeneracy
behaviour. For example, the (universal) uniqueness result in [26], pp. 177f. for
combined Dirichlet—Poisson problems is not applicable as the square root of the
operator L* does not fulfil a Lipschitz continuity condition at the boundary, which is
mandatory. Alternatively, in order to resolve the uniqueness issue, we will pursue
a strategy here which is specifically adapted to the situation at hand. This even-
tually proves successful if we stipulate some additional regularity properties, and
correspondingly we may show that for the stationary components of the extension
of solutions as in proposition 5.25 for a given extension path as well as the global

extensions as they appear in proposition 5.28 and in theorem 5.29 are unique.

This strategy utilised here is aimed at gaining global regularity in the closure of the
domain by resolving any incompatibilities between different boundary faces, which are
typical for the considered pathwise iteration of the extension of solutions in accordance
with the extension constraints 5.20 (the first extension step, however, does not yet

cause incompatibilities). That will be achieved by an appropriate transformation

175



6 A regularising blow-up scheme for solutions of the extended KBE

of the relevant part of the domain (i.e. the simplex A,) which transports the
whole problem to the corresponding image domain of a product of a simplex and
a cube. Simultaneously, the iteratively extended solutions of proposition 5.25 are
turned into corresponding solutions of the transformed equation, which are then
of sufficient global regularity, in particular are globally continuous. For generic
iteratively extended solutions in accordance with the extension constraints 5.20, this
does not yet yield a corresponding regularity, however, their transformation image
may assumingly be extended that way. Alternatively, such an assumption may also
be based on certain reasonable properties of the underlying model as will be discussed
in section 6.5.

With such regularised solutions at hand, the further advancement for proving the
uniqueness in the stationary case (corresponding to k& = 0 in proposition 5.25) is
straightforward: Analogous to a globally continuous solution of the original problem
in A, (cf. section 5.4.7), such a solution is uniquely defined by its values on the
vertices of the domain by virtue of the maximum principle, which will be detailed in
section 6.4. It then only remains to be shown that the extension constraints 5.20

already uniquely confine sufficient boundary data.

In order to illustrate the motivation for the regularisation scheme using the example
of U}:’ in A (cf. equation (5.130)), an assessment of the geometrical situation
of the respective incompatibilities reveals that for every t < 0 the critical area

_ikw"ain

for the top-dimensional component uy resp. its continuous extension actually

only consists of the domain where we have pi* + pi»—* = 0, hence A'";?). On all
other boundary instances of arbitrary dimension, ﬂ}’;’” as in equation (5.129) is
continuously extendable and of class C*° with respect to the spatial variables there.
Thus, at first there is only one connected component of the boundary gap which
needs to be addressed.

However, as will turn out, the full hierarchical solution U}:“ actually comprises

a nested incompatibility in Afffg 2) in the sense that also ﬂ?’;""’i”’l does not extend

continuously to Agﬁg?’) and so forth until ﬁi’;’i’““’i’““ not extending continuously
to A,(CI’“). This implies that the desired transformation needs to affect all relevant
dimensions, which will be accomplished by an iterative advancement: In each step,

we will remove one dimension from the simplex and convert it into a dimension of
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the corresponding cube component, i.e. the corresponding coordinate is released
from the simplex property >, p* < 1. In doing so, the solution gains the required
regularity at the corresponding level with each iteration, i.e. eventually each of its

components is transformed such that it extends smoothly to the boundary. Thus,

after n — k — 1 of these steps, the relevant component of AU is converted into a
cube of dimension n — k — 1, and we may show that the correspondingly transformed
solution is sufficiently regularised, in particular meaning that it now smoothly extends
to the full boundary.

6.2 The cube and further notation

Prior to describing the blow-up transformation in full detail in the following section,
we wish to introduce some additional notation for the appearing cubes and their
boundary instances: In conjunction to the definitions for A,, in section 5.1.1, we

define for n € N an n-dimensional cube [, as

O, = {("....p")|p" € (0,1) fori=1,...,n}. (6.1)

Analogous to A, if we wish to denote the corresponding coordinate indices explicitly,
this may be done by providing the coordinate index set I/, := {i1,...,i,} C {1,...,n},
i; # 4 for j # | as upper index of [,,, thus

O = {(p",....p")|p' € (0,1) fori € I,}. (6.2)

n

This is particularly useful for boundary instances of the cube (cf. below) or if for
other purposes a certain ordering (i;);—o,.., of the coordinate indices is needed. For
O, itself and if no ordering is needed, the index set may be omitted (in such a case
it may be assumed I/, = {1,...,n} as in equation (6.1)). Please note that a primed
index set is always assumed to not contain index 0 (resp. ig = 0, which we usually
stipulate in case of orderings) as the cube does not encompass a Oth coordinate.

In the standard topology on R", [, is open (which we always assume when
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writing [J,,), and its closure [J,, is given by (again using the index set notation)

O = {@",....p"|p' € [0,1] for i € I} (6.3)

Similarly to the simplex, the boundary 0UJ, of [J,, consists of various subcubes
(faces) of descending dimensions, starting from the (n — 1)-dimensional facets down
to the vertices (which represent 0-dimensional cubes). All appearing subcubes of
dimension 0 < k£ < n — 1 are isomorphic to the k-dimensional standard cube [
and hence will be denoted by [ if it is irrelevant or given by the context which
subcube exactly shall be addressed. However, we may state D,(f’,“) with the index set
I o= {iy, ... i} C I}, i; # 4, for j # [ stipulating that [, lists all k& ‘free’ coordinate

indices, whereas the remaining coordinates are fixed at zero, i.e.
Uy ._ 1 ny | i . r.oi . ' /
O ={®",....p")|p" € (0,1) fori € I}; p' =0 for i € I, \ I}} (6.4)

down until DE)@) = (0,...,0) for k =0.
For a given k, there are of course (Z) different (unordered) subsets I}, of I/, each

)

of which corresponds to a certain boundary face D,(f’/“ . Moreover, for each subset I},

with k elements, altogether 2("~*) subcubes of dimension k exist in d0J,,, which are
isomorphic to D,(f’,“) (including D,(f’/“)) depending on the (respectively fixed) values of
the coordinates with indices not in I;. Thus, if necessary, we may rather state a
certain boundary face O, of 90, for 0 < k < n — 1 by only giving the values of the

n — k fixed coordinates, i.e. with indices in 1], \ I}, which may be either 0 or 1, hence

O ={p" =b1,....p""* =b,_y} (6.5)

with J1, ..., jn_g € I}, i, # is for r # s and by, ..., b,y € {0,1} chosen accordingly.
In particular for dimension n — 1, it is noted that we have n — 1 faces, which each
appear twice; in zero dimension, there are 2" vertices. If we wish to indicate the total
k-dimensional boundary of [J,, i.e. the union of all k-dimensional faces belonging to
0,, we may write 9,0, for k = 0,...,n with analogously 9,0, := 0,.

Lastly, when writing products of simplex and cube which do not span all considered
dimensions, we indicate the value of the missing coordinates by curly brackets marked

with the corresponding coordinate index, i.e. for I,, = {ig,11,...,%,} and Iy C I,
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6.3 The blow-up transformation and its iteration

with ix1 ¢ I we have e. g.

Affk) v {1}({ik+1}) « Diﬁ;(ﬁu{ikﬂ}))
() > O for i € T = 1 € (0,1) for j € I\ (LU {inan}))
(6.6)

with pio = p¥ =1 — Zle p'. If coordinates are fixed at 0, the corresponding entry
may be omitted, e. g. we may just write A,(CI’“) for A,(fk) x {0}Un\lk),

Furthermore, we also introduce a (closed) cube D,(CI’“) with a removed base vertex

Dég) somewhat inexactly denoted by &,(f’/“), ie.

- k
=D = g\ g = {pil, el 1]( S g > 0}. (6.7)
j=1
For functions defined on the cube, the pathwise smoothness required for an
application of the yet to be introduced corresponding Kolmogorov backward operator

(cf. p. 182) may be defined as with the simplex in equality (5.96); hence, we put
u e C’;(ﬁn) = U|ouue, 0, € CH(Oq U 0q-10y) for every Oy C O, (6.8)

with respect to the spatial variables, implying that the operator is continuous at all
boundary transitions within 0,. This concept may likewise apply to subsets of O,

where needed.

6.3 The blow-up transformation and its iteration

In this section, we will present the blow-up transformation in full detail and state all
necessary results. We start with the findings for the basic transformation (which is
already formulated to hold in arbitrary dimension as required later) and will later
advance to the results for a suitably iterated application of the blow-up transforma-

tion:

6.1 Lemma (blow-up transformation). Let I, = {0,1,...,d}. A blow-up transfor-
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6 A regularising blow-up scheme for solutions of the extended KBE

mation T with r,s € I\ {0} mapping

AYON\ AL = Lt ph)|pt > 0 ford € Iy, pm +p® > 0} (6.9)

with p° =1 — Zigd\{o} pt O -diffeomorphically onto

( ATNGT \ AT ) « O

={@",....p)|p" >0 forie I\ {s},p" > 0;p° €[0,1]} (6.10)

with p° =1 — D i1\ 0,5} Pt and altogether

A((ild) — <Aglff}{s}) X Dg{s})> \ N, (6.11)
with
Ny o= AT (0} x R, 612
. . dditional (d — 1)-di . (Ia\{s}) {sh) o o
ppearing as an additional ( 1)-dimensional face of Ay "7 x 07, is given by
p= fori#r,s, (6.13)
Fo= 4 (6.14)
P forp" 4 p* >0
5o d P Jorp"+p (6.15)

0 for p" +p* = 0.

6.2 Corollary. While we obtain N, = AV 5 &Y o5 an additional (d — 1)-
dimensional face with @7, the existing (d — 1)-dimensional faces of Agd) including

their boundaries are mapped as follows:

Agll_d}{s}) — A(Id\{s}) % {O}({S}) (6.16)
A((j[_d}{r})\A&]_d;{r,s}) . (A 1\Bh\ A Id\{Ts})> x {1} (6.17)
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6.3 The blow-up transformation and its iteration

and

AN \ AT, < ATRTT\ A fd\{wsn) «OED  fori e I\ {r, s}.

(6.18)
pTA
2’57’
Aé{(),r,s})
0 P
0 Ag{r}) v Dg{s})
A
ﬁs
Figure 6.1: An illustration of the blow-up transformation for d = 2
6.3 Remark. If the p® in lemma 6.1 is chosen differently with
T (6.19)

({s})

this flips the orientation of the p°-coordinate in [;'""’ as all appearances of p* now need

to be replaced by 1 — p°. This, however, does not affect the statements of lemma 6.1,
Id\{r}) \ A Id\{T s}) A(Id\{s}) \ A Id\{T s})

whereas in corollary 6.2 the images of A, and
are interchanged. Thus, unless stated dlfferently, in the following we will always

assume that the p°-coordinate is chosen with an orientation as given in lemma 6.1.

Proof of lemma 6.1. The transformation corresponds geometrically to a scaling of
the domain into p®-direction with the scaling factor given by i. The assertion
<lon

about the transformation domains is straightforward since we have 0< 5 ﬂ;

Ad \Aﬁl]f;{r’s} . Likewise, the C'*°-diffeomorphism property follows from ®7 being
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6 A regularising blow-up scheme for solutions of the extended KBE

smoothly differentiable as long as p” = p" + p® > 0 and the smoothness of the inverse

transformation (®7)~!, given by

pr=p"(1-p°), (6.20)
P> =77p, (6.21)
p'=p" fori#rs. (6.22)

By this, it also becomes obvious that (®7)~! maps (Agj’}{s}) \ Agljl;{r’s})> X Dg{s})
onto A(Id) \ AS Id\{T s} []

The next lemma is concerned with the transformation behaviour of the operator
L} ; all considerations apply to L? in its domain A, as well as — considering the
restrictability of L* (cf. lemma 5.3) — in the closure A, resp. to the transformed
operator L* in the subsequent transformation images of the domain (the domain in

question may not be stated explicitly — this will be done in proposition 6.5):

6.4 Lemma. Let I :={1,...,n} be an index set with r,s € I], and let {i1, ... i,}
be an ordering of I, such that r,s € {i1,..., iy} for some m < n. When changing

coordinates (p)ier, — (P')ier, by P, the operator

L = L > a¥(p) 0 9 (6.23)

with a (p) = p"(éé —p?) fori,j € {iy,...,im}, a”? =0 else for i # j is transformed
mto

T (7) (6.24)

with A (p) = 7 (6F — §) for k.l € {ir,... in} \ {s}, a(p) = &2, v =a =0
forl # s and a*(p) = a*(p) (with the coordinates yet to be replaced) for all remaining
indices. This also holds if the p*-coordinate is chosen with opposite orientation (cf.

remark 6.3).

Proof. Under a change of coordinates (p’) — (p'), the coefficients of the 2nd order
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6.3 The blow-up transformation and its iteration

derivatives a/ transform as (cf. lemma 2.2)

~k A~
=3 aiﬂ'g%%, (6.25)

Y]

7'] 62 ~k
dpiop

For the transformation at hand, we have (cf. equations (6.14) and (6.13))

while we may get additional first order derivatives with coefficients ) _; . a

gik — 0% 4+ 6F67 for k# s (6.26)
and (cf. equation (6.15))
P g —85?" S U R (6.27)
ot (@ Ep) (o) p’“ P
Utilising this, we obtain
Z a” (p)(5F + 6% 67) (6% + 0153 (6.28)

for k,l # s, yielding

a"'(p) = a"(p) + a™ (p)0, + a“< )5’“ +a” (p)d;0)

=0 — ) = P, — 'O} + 07 (L = p)6,
=0 — 1) (6.29)
for k,1 € {i1,...,im}\ {5} using the given form of the a*”’, whereas for all other index

pairs not containing the index t, we always have
a*'(p)d, = a”(p)o; = a**(p);, =0 (6.30)
and hence

Za” )ordt = a™(p), (6.31)
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6 A regularising blow-up scheme for solutions of the extended KBE

thus proving the last statement. Furthermore, we have for arbitrary [ # s

=S ew(5h

:%(a%p) “)3h) — E o) + 0" ()3

1_138 ~P ~§ ~ p ~S\ ~T ~
z(— 5 ppsp“rﬁ(l—ps)ppl))c{n ..... it (1)

ﬁ8~r ~S 1
— (=) (

- %53) (8! + a.%)

=S =S

— P s ST 58 D ~S\ =T =S
- pp(l—pp)Jr]?p(l—p)pp)a,{:o

(6.32)

as well as @'* = 0 (I # s) by symmetry and eventually
~SS( =\ __ ij 1_133 253 r 1_138 s ﬁs T
a*(p) = Za (p) R 1?51' ——0; — —0;

i D p

= a”(p) (1 — ﬁS)Q +a"" (p) <p—>2 — ZCLST(p)pN—S(l )

pr pr (]'57")2
(1-p°)?

__ =S8 ~7 ~S ~S ~T ~T ~S <ﬁ5>2

=p°(1 —p'p°) + (=P )1 =p" +0'p°) =~

s . ]58 1 _ﬁs 258 1 _ﬁs

—2p"p*(1 = p°) (ﬁr ) (ﬁ" ), (6.33)

by which the form of all @ is shown.

When checking for possible additional first order derivatives, it is obvious that the
second order coordinate derivatives do not vanish at first glance only for p°. But we
have (cf. equation (6.27))

0 0 2 1
——p' = ———= (P — ") (0 +05) + ——= (070 — 0.6 6.34
and subsequently
> o — I (@7 ) — (@ ) (0 — ™)
3p 3p] (p" +p*) (p" + p°)
2

= m(psp’”(l —p =P )+ (P —1+p°)) =0, (6.35)
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6.3 The blow-up transformation and its iteration

for which again the specified form of the appearing a* is needed.
If p* is chosen with different orientation as in remark 6.3, instead of equation (6.27)

we then have

op* _ p°

api P

1—7p°
ﬁr

07 — o7, (6.36)
signifying that in the respective formulae the indices r and s are swapped, which in
turn is matched by the corresponding inverse transformation now yielding p" = p"p*
and p®* = p"(1 — p°). O

Combining the preceding results, we obtain for an iterated application of the

blow-up transformation:

6.5 Proposition. Let k,n € N with 0 < k < n — 2, {ig,igr1,-.-,0n} C I, ==
{0,1,...,n} with i; #i; fori# j and 15 := I, \ {ia41,...,in} ford=1Fk,....n—1.

A repeated blow-up transformation ®"F1o .. .o QL1 with @™ as in lemma 6.1 with
T = ln—m ONA Sy = lp_mae1 form=1,....n—k—1 maps A,(fﬁl) onto itself and
A — Al gl for g = k42,0 (6.37)
and altogether
n—1
Al — (Al <o)\ U (6.38)
j=k+1
S ” _ ; ; (Tk+1) (In\1k41)
The n—k—1 additional (n—1)-dimensional faces Nyi1, ..., Np_1 of A, 7Y <O "4
are given by
Nisq = AR s {0} Einnd) 5 gl Vien) (6.39)
and
N; = AP s gy {03 x D) (6.40)

for 7 =k+2,...,n—1. Simultaneously, the operator L* = Zpl((sjZ — pj)aii % in
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6 A regularising blow-up scheme for solutions of the extended KBE

AU s transformed into

k+1 ~ z 2
_ _ p] 1 —p4) 0
= E ’J ) — E (6.41)
03 7 ~i\2
24~ 0pfé’pl St Tl 9 (997)

. Tir) o, U\
in (AL < O ) UL
If in any step the coordinate psf is chosen with alternative orientation (cf. re-

mark 6.3), all appearances of p° in the above formulae are replaced by (1 — p%).

Thus, the iterated blow-up translates the (extended) Kolmogorov backward equa-

tion in A, into a corresponding differential equation in (A,(fjf) Dg",ykf 1)> \

Ui= k 41 IVj. For the successively extended solutions of the Kolmogorov backward
equation introduced in the preceding chapter, the transformation behaviour is as

follows:

6.6 Proposition. Let k,n € N with 0 < k < n — 2, {ig,ig11,---,in} C I,
{0,1,...,n} with i; # i; fori#j and 1y := I, \ {ige1,...,0n} ford=Fk,...,n—1,
and let uy, in (A,(f’“))_oo and U}:’ in <Uk§d§n Aﬁfd)) as in proposition 5.25.

Then a repeated blow-up transformation ®5" "1 o... 0 QL with @™ as in lemma 0.1

with Ty, = ip_m and Sy = ip_me1 form=1,... ., n—k —1 converts

Ut (p, t) == ur (P, )Xy (P) + > ﬁ?i’“"”(p,t)xAgd)(p)

k+1<d<n
. , d-1 pij
= u ()Xo () + Y ur (e (p) ) [ S i Xaua ()
k+1<d<n ji=k l= ]
(6.42)

!Please note that on boundary instances of Dgfj;f“l“), i.e. pi = 0 for some [ € I, \ I11, the

corresponding summands are assumed not to appear in the right sum in equation (6.41), which
may be interpreted as a result of a successive restriction. The glven domain is the maximal
domain for the operator as it is not defined on the exception set U k 41 Nj (however, cf. also
lemma 6.9 for the stationary case).
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6.3 The blow-up transformation and its iteration

n <Uk§d§n Af{“) N into

U’Lk,lk+171k+27 ,1n (p7 t) e U]k (ﬁ, t)XA(Ik) (ﬁ)

+ DA B X et () (6.43)

k+1<d<n k1 d=kt

n ( Ur<a<n Ai(ﬁfl foﬁ,ﬁﬁ* 1)> with

—0o0

d

e gy = e (7 (), 8) [ (L—5Y) ford=k+2,...,n
Jj=k+2

(6.44)

with 7*+1(p) 1= P9 for i; € Ipyq, T*+1(pY) := 0 else. The transformed functions

Gttt g oothly extend to (A,(fjf) X D(Id\lkl“)> respectively; consequently

I,

also U;:’ik+l;ik+2""’i" smoothly extends to (A,&ij) X fof,ﬁf“f”) . Furthermore, it
—o0

may be simplified to

Ty t) = g () (A,(fj;l) x DI";IW) . (6.45)

n
—0o0

If in any step the coordinate p% is chosen with alternative orientation (cf. remark 6.3),

all appearances of p° in the above formulae need to be replaced with (1 — p®).
For the stationary components, we have in particular:

6.7 Corollary. For k =0 and w.l. 0. g. ig = 0, the transformed function of proposi-
tion 6.6 in equation (6.45) simplifies to

O™ 0) =y (1) - [T =5%) i T, (6.46)
j=1

while in accordance with proposition 6.5 the domain is mapped

A(Id) — D( 2 ford=0,...,n (6.47)
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6 A regularising blow-up scheme for solutions of the extended KBE

and altogether

n—1
A e Ol N (6.48)
j=1

The n — 1 additional (n — 1)-dimensional faces Ny, ..., N,_1 of 0D£ZI;I) are given by

N, = {0} 5 gUn D) (6.49)

n

and

N; = D;ﬁfl) % {0}({i1}) % &Sﬁj\'[j)

for j = 2,....,n — 1, whereas the operator L* = > p'(6; — p’) 5525 in AU s

transformed into

pZJ (1 02 —75.
_ =
§ a — O\ YN (6.51)
] i 1p (0p") j=1

Proof of propositions 6.5 and 6.6. We prove the assertions of both propositions in
parallel: Aiming to transform U}:’" into a function that does not feature any
incompatibilities and hence is of sufficient regularity with respect to the entire
closure of the (transformed) domain, we show that the full blow-up via a repeated
application of the coordinate transformation @] of lemma 6.1 with the indices r and
s to be picked as shown in each step yields the desired result for U}:’ik+1;ik+2""’i",
whereas the transformation behaviour of the domain and the operator is as stated in
proposition 6.5. Note that in the designation of any domains, we will usually suppress
the t-component throughout this proof, e. g. write A" instead of (A I"))_OO, for
notational simplicity.

Starting with the top-dimensional component of UIZ:Z", which is

— T fyersin yeeyln— in—1,in pin_l
T ) = T )0 R
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6.3 The blow-up transformation and its iteration

7 I — 7 7 4 pin_l : n
=y, (it (i bin( HZZ o ‘p' - — in A;”
J
(6.52)

with p = p® = 1 = 37", p¥ (if 49 # 0, one may change the coordinates, i.e.

permute the vertices correspondingly), we initially put? 7y := i, 1 and s; := 4,.
Changing coordinates (p’) — (p') by @' maps AL onto Agffl) X Dg{i”}) and

ASLI”II) onto A(I" D x {0}{inh) | whereas the entire domain A s transformed into

(A(I" D gltinh ) \ N,_; with

Ny = AU 1o} (lin1)) 5 gl (6.53)

being an additional (n — 1)-dimensional face of A [ D% D({Z”}) (cf. lemma 6.1).
In 2)

Simultaneously, the (n — 2)-dimensional 1ncompat1b1hty at A of the continuous

n)

extension of u”“’ o 9, 1A is removed as the transformatlon yields

G (5 ) e (78 (3), ) - (1 - )
oremrin—1 ( ~in—1 (5 P i,
= ug (w7 (D)), t) H S g (L—p")
in AU s Oltind) - (6.54)

by equation (6.20) et seq. (note 7'»~1(p) = m'=1»(p)). Hence, the complete function

U Uein o transformed into

U}:7...7in71;i7L(p, t) - Z a?z,..‘,id(p’ t)XA((iId)(p>

k<d<n—1

+ ai];:...,zn_um (p7 t)XAffffl) legI"\I"*l) (p) (655)

with the transformed top-dimensional component up; Ut 1’Z”(

P, t) smoothly extending

2 Alternatively, one could also put 71 := i, and s; := i,_1, which would correspond to inverting the
orientation of the p*'-coordinate in accordance with remark 6.3 (cf. also below) plus subsequently
swapping the coordinate indices 4, and i, 1, thus pi» would get replaced with 1 — $»-1 and
pin—1 with pin.
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6 A regularising blow-up scheme for solutions of the extended KBE

o A" s Ot with

71211: vin- 1Zn ‘ (In 1) x{0}{in}) = ﬂzlk e 1(]97 t) in A’EL X {0} {Zn} (656)
As ﬂ?’;;""’i"‘l itself smoothly extends to 8, A", thus ulI’“ i1 now smoothly
extends to the entire (9,_,AU"") x D({i”}), in particular to A"5?) x Dg{i"}) C
N,_1 (however, fc}’“zn’l resp. its continuous extension to 0,_ QA( 1) 4till has an
incompatibility at A I” s) ).

The operator L* = 3 Zz,j:1 pr(oi—p) a?; 57 | ") transforms into (cf. lemma 6.4)
g 9 1p~(1-pm) 0 0
- Z il — 20 Lpn(=pr) 0 9 (6.57)
] . apzj apu 2 pzn_1 apzn 8pzn

on (Afl o x ot ) \ N, since we have a*'(p) = p*(6F — p') = p*(6F — p') for
k,l % i, 1,i,. If p'» is chosen with alternative orientation (cf. remark 6.3), then p*

needs to be replaced by (1 — p™) everywhere.

As already indicated, the transformed solution is still not smoothly extendable to
the full boundary of the transformed domain: Its (n — 2)-dimensional incompatibility
is resolved, but its lower-dimensional incompatibilities persist. Thus, the highest-
dimensional incompatibility now is of dimension n — 3, and hence the situation is
ready for another application of the blow-up transformation, yielding a corresponding
situation afterwards.

Thus, an iterative advancement is necessary to resolve all incompatibilities. For
this purpose, we assume that after the m-th step (m =1,...,n — k — 2) an already
transformed function U I’“’ Vimomitnomibeotn with (note that we again associate coordi-
nates p resp. p etc. to the domain before/after the (m + 1)-th transition; furthermore,

we will use the convention ﬂ}’; = uy, to simplify the notation)

N D D el A

k<d<n—m

b 0y ) 659

d—
n—m-+1<d<n nkm
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6.3 The blow-up transformation and its iteration

with
d
iy ) < e gy ) T 0-pY) (659)
Ik p’ Iy p ) p .
j=n—m+1
ford=n—m+1,...,n and
X . | . . pinfmfl
—iyesin—m _ =hkyeein—m— In—m—1,n—m .
ulk (p7 ) ulk (ﬂ- (p)vt) pin—m—l +pin—m
(v ). ) ] < — 2
— UI ,n-lky---,ln—m—l 7-[-7fn—m—171n7m p 7-[; - — . - .
k Zl:j pll pln—m—l + pln—m
(6.60)
in A;Iﬁ,;r). The corresponding total domain as an image of AU s given by
(Al gy U (6.61)
with previously additional (n — 1)-dimensional faces
Ny = Allr=m) ) inem) 5 gl \n—m) (6.62)
and
(Ij—1\In—m) i (In\I)
Ny = A x O s {0pED x gD (6.63)
forj=n—m+1,...,n—1.
The functions ul’“’ sinemiinomitesld goothly extend each to AU D&Id,\ifmm),
and we have
]y = e (G 6a)
ford=n—-—m+2,...,n and
ﬂi,i""’i"*’";i"*m“ AUn—m) = u}’z e, (6.65)
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With ﬂl[’zl"’m being smoothly extendable to 8n_m_1A(I”_m), also the functions

n—m
aéf;y...,in—m?in—mﬁ—l:-~~7id SmOOthly extend to <8n—m—1A1(1[f1;1m)> X DEIIET\“L{:TTIM)’ in particular

all additional faces are covered.

Furthermore, we assume the operator L* to be of the corresponding form

IS . .0 9 1 < pui(l—pi) &2
L* — _ plg (5{ _ pll) - - + = - : : (666)

on (Aiﬁ;n’") X Dﬁ,ﬁ"\f’“”)) \U;:nl_m N;.
For the (m + 1)-th blow-up step going to be applied now, we first notice that

(In—m)

n—m

—iyeesin—

uy ™ resp. its continuous extension to 0,,_,,_14A still has an incompatibility

at Afff;{’ff) c A%=m) corresponding to pin-m +pin-m-1 = 0. Consequently, this may
be resolved by a blow-up transformation @’;zﬁ with 7,01 = ip_m-1 and Sp11 = Ty_m
(note that, due to the stipulation iy = 0, we always have r,,,1, S;1 # 0), mapping

the simplex part of the domain (cf. lemma 6.1)

Al iy Al ) s i) (6.67)
resp.
N A S (1) S (6.68)
and altogether
Aln=m)y Alnem) o llinmhy (6.69)
with
Ny 1= Aln=m=2) s £} Hin-m—1}) 5 (gitin-m}) (6.70)

being an additional (n — m — 1)-dimensional face of Afff;{:l) X Dg{i”*’”}).

Dgn\ln—m)

From this — when gradually adding the cubic part with coordinates
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6.3 The blow-up transformation and its iteration

pin-m+L . p» — equation (6.67) turns into
Allrem) e gfartnem) y A1) o im0 for 4 > — m, (6.71)

and by applying equation (6.69) to the previous image of the initial domain AU in

equation (6.61), we obtain for the transformed total domain

n—1
Infmf In Infmf \/
N i AN (6.72)
j=n—m-—1
with Nn_m, . ,Nn_l being the images of the previous additional faces: The faces
Np—ma1, .-+, N,_1 are only affected indirectly as they contain the full Agﬁ;{") as a

factor, and hence only the %,_,,-th coordinate is moved from the simplex to the cubic

fraction, thus

Ny = Allm m0) s gllimitinom=1) o (o)D) o w0 (6.73)
for j=n—m+1,...,n—1, whereas N,_,, = N,_,, is virtually not affected as

only p»-m = 0 is transformed into p'»~m = 0. For the ‘new’ additional (n — 1)-
dimensional face N,_p_1 (resulting from N,_,,_1), we may — having added the

remaining dimensions — relax the condition p'»~™ > 0 in equation (6.70), which

ensures N,,_,,—1 # Agf;{’fzz), into > 7, p% > 0 and hence obtain
Ny = Al s oy Ein-m-ad) s gln\nom-1), (6.74)

cesln— ~ ks in—mitn—m—41seld d
)

Simultaneously, 'IZZI’Z " and up =n—-m+1,...,n get

transformed into

d
,I'Z}I:mﬂ«nfmfl;ln—mgmﬂd(ﬁ’ t) _ ,L—[/?:mﬂn—mfl(ﬁ.in—m—1<ﬁ)’ t) H (1 _ ﬁzj) (675)

j=n—m

in Anff”’j’ll) X Déﬁi}lﬁ;jﬁf) for d > n —m, and hence
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U]Z:, ln—m—13ln—m,-..0 (p7 t). Z ﬁ?;c,...,zd(p’ t)XAfiId)(p)

k<d<n—m-—1

+ Z ~Zk, Sin—m—1tn—m,---t (p’ t)X n—m le(Id\In — 1)<p) (676)

—m— d—n+m+1
n—m<d<n m nm

The transformed functions ﬂ;’;”’"i”‘m‘“i”‘m"”’id then each smoothly extend to

A(Infmfl) X D(Id\l’n*mfl)

1 dntmar s and we have

~lkseesbn—m—T1iln—m,-id ~Tkyeesin—m—1}tn—mysld—1
u ’ Un—m=-1) _ ~Tg—1\In—m—-1) — U (677)
Ik A momeYxgydn e I
ford=n—-—m+1,...,n and
~ ik yeesin—m—1iin—m —fyeeesbn—m— 1
n—m-—1

With a}k sin—m—1 being smoothly extendable to 9,_,,_ QA [n-m-1) "the functions

n—m—1

~Uyeenbn—m—13tn—m,--ld In m— 1) (Id\Infmfl)
uy also smoothly extend to <8n m— gAn o ) x Oy, by

yeeosln—m—1}in—m

which all additional faces are covered; in partlcular a I smoothly ex-

yeesbn—m—13tn—m,-yb

tends to N,,_,,_1 resp. eventually qu " extends to N,,_,,_1 (however,

1)

Tf]’; sin—m-1 resp. its continuous extension to Oy,_,— QAn "o still has an incompati-
In m— 3)
bility at An ).

To analyse the transformation behaviour of the operator, we first note that the
requirements of lemma 6.4 on a” are met as for ¢, € {i1,...,ip_m} We have

a’(p) = p'(0% — p’) by equation (6.66), while all other non-diagonal coefficients

vanish. Hence, by the lemma, we have for i,5 € {i1,...,ip_m}
a"(p) = p'(6; — '), (6.79)
while for @%% with j =n —m +1,...,n we obtain

P p) 50 p)
Hl n— mp Hl =n—m-— 1p

@ (p) = av" (p) = (6.80)
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Likewise, ai»—m%-m takes the form

B p’lnf’m(l _ ﬁznfm)

gin—min=m(p) = = , 6.81
0=t (6.51)
whereas all other coefficients vanish. Altogether, this yields
1" 5 0 0 1 & ﬁ'j(l —pl) 0
=3 Z (8 — pit) +5 (6.82)

apzj ap’l J =n— mHl n—m-— lp” (aﬁZJ>2

n—m—1

(A(I” m) Dgg\f“—m ! ) \U] oy ;. If g is chosen with alternative
orientation (cf. remark 6.3), then p»—™ needs to be replaced by (1—p»—=) everywhere.
Thus, after the (m + 1)-th blow-up step, domain, solution and operator are of
analogous form as before, just with the index m replaced by m + 1. Eventually, after
n — k — 1 blow-up steps domain, solution and operator have attained the asserted
form of the corresponding statements. In particular, the remaining u;, as a proper

solution smoothly extends to the entire boundary of A( , and hence so does u?“’““+1

(Ix)
in Ak+17

~Zkﬂk+1 Ut 2yeesld (Tx+1) % D(Id\fk+1)

implying that each @ smoothly extends to A, T

Tyl t 150k 4250+o50n (Te+1) x D(In\fk+1)

and eventually U smoothly extends to A, 1. Moreover,

the restriction property in equations (6.77) and (6.78) yields equation (6.45). [

Proof of corollary 6.7. In the given setting, we have u u{ }(~) Ugio} (P ZO—I—p“)W =
Uugioy(1)(1 = p) in Aﬁ{“’“} = Dg{“} (and A, AlloD) = {0}{oh) which proves the as-

serted form of the (simplified) solution, the domain and the additional faces. O

However, the global smoothness of the transformed solution of proposition 5.25
observed in the preceding corollary does not necessarily hold for other functions
in question, i.e. arbitrary iteratively extended solutions U in accordance with the
extension constraints 5.20 (this corresponds to U particularly being of class Cp°, cf.
also remark 5.21). However, we still have a weaker global regularity assertion for the
transformed function U on the entire image of the simplex (only formulated for the

stationary component corresponding to the setting of corollary 6.7):

6.8 Lemma. Let n > 2, 1; = {ig,i1,...,iq} C {0,1,...,n} ford = 0,...,n

NG

with i; # i; for i # j and ug): — R. Then an iterated extension
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6 A regularising blow-up scheme for solutions of the extended KBE

U=>"nou € C2(Ui Afild)) of ugiyy in accordance with the extension con-
straints 5.20 is transformed by a successive blow-up transformation ®7-1o... o @]
as in proposition 6.5 into a function U = Y_ iq: s, D;Id) — R with exten-

sion to all faces {]5“ = 1}, cee {f)’i" = 1} (perceivable as boundary instance of any

Dg&) C D%m) which is of class C;° and vanishes on the mentioned faces.

Proof. By lemma 6.1 and proposition 6.5 resp. corollary 6.7, the full blow-up trans-

formation respectively maps
Ual— oy (6.83)

C*-diffeomorphically (cf. equation (6.47)). By the Cy<-regularity of U, u, in Al

(In-1)
n—1

; an analogous statement holds for all lower dimensions. Thus it

smoothly connects with wu,_; in A , and consequently so does 1, in O with

i,y in OV
remains to be shown that U extends those faces of O™ given by {p% = 1} for

J =1,...,n such that the extension is of class C}°.

In anticipation of lemma 6.18 on p. 210, the interior of {p% = 1} C O corre-

sponds to pii-t = 0 and p* > 0 for [ # j — 1 in AY), thus to Agﬁ}{ij’l}), which is a
boundary face of AU outside the assumed extension path defined by the (ordered)
I,. Hence by the Cjr-regularity, the relevant continuous extension of U needs to
be zero there, and this is attained smoothly when coming from the interior A,
Considering the diffeomorphism properties of the transformation, this also applies to
the cube.

An analogous observation holds for subcubes Dfﬁ{l) c O, d=1,...,n: The
interior of its face {p% = 1} corresponds to Aé{d__ll\{ij -1} - A&]_d[l) when transformed
back to the simplex (cf. equation (6.83) and lemma 6.18). This is again outside
the assumed extension path, in particular if starting in Agj;l), and hence the
corresponding boundary extension of uy_; needs to smoothly attain zero there by

the Cpr-regularity, which likewise applies analogously to the cube. O]
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6.4 The uniqueness of solutions of the stationary Kolmogorov backward equation

6.4 The uniqueness of solutions of the stationary

Kolmogorov backward equation

We will now start the discussion of the main application of the blow-up scheme,
which is the uniqueness of iteratively extended solutions of the Kolmogorov backward
equation in accordance with the extension constraints 5.20. However, as already
mentioned, in the presented work, this is limited to the stationary components. First,
we will discuss the uniqueness of solutions of the (correspondingly transformed)
stationary Kolmogorov backward equation on the cube, which is basically analogous
to our considerations for the simplex in section 5.4.7. After that, we will state the
main result of this chapter by applying the uniqueness result for the cube to the
transformed iteratively extended solutions (assuming sufficient regularity if necessary),
thus substantially broadening the previous uniqueness result of proposition 5.31.
Regarding the uniqueness of stationary solutions on the cube with the transformed
Kolmogorov backward operator given by equation (6.51), we have in conjunction to

lemma 5.30 for the simplex:

6.9 Lemma (stem lemma, cube version). For a solution u € C*°(0,,) of the sta-

tionary Kolmogorov backward equation i;‘;u =0 in U, with

-, 1< ﬁz 1 _ﬁz’ 52
L= 52 <i_1 M) — (6.84)
i=1 Hj:lp] (817)

and with extension u € C2°(0,), we have

L'u=0 in0,, (6.85)
1. €.
. . 1 & p(1- 0*
Lyjp=0 with Ly=5 b E,_l P) — (6.86)
=i+l [P (9p°)
Fim o ji(d)+1
#im

in Oy = {p" = by,...,p = b, ,} C 9,0, foralll < d < n-—1 and all
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6 A regularising blow-up scheme for solutions of the extended KBE

Wyeveyin_g € {1,...,n}, ix # 4 for k # 1 with i = i(d) := argmax{b;,, = 0} resp.
Ulyeesln—d
i(d) :==01ifb;,, =1 for all iy,.

Proof. The statement is proven iteratively: Assuming that equation (6.86) holds in
some (arbitrary) domain [y 1 C 0410, we show that a corresponding formula also
holds for any Oy C 9,041 C 040J,. A repeated application of the argument then
yields the assertion.

Let Ogy1 = {p" =by,..., 00t =by_g1 pand Oy = {p" =by,..., 5" = b,_q}
with 4,,_q # 41,...,0n_q-1 and b,_4 € {0,1}. If we have i,,_4 < i(d + 1), then as
pin=d — 0 resp. p'»~¢ — 1, the value of the operator in equation (6.86) applied to
u — with the occurring derivatives and the coefficients being continuous — depends
continuously on p up to the boundary, thus equation (6.86), which already has the
corresponding form for Oy (note i(d) = i(d + 1)), also holds on [y.

If we rather have i,,_4 > i(d + 1) and b,_4 = 1, then, when choosing some p € [,

and a sequence (P;)en in Ogy1 with p; — p, the expression

Ly t(=-p) o
in—q—1 ~j iy —
ILSma b (95,

J#im

2a<ﬁl) (6'87)

~lp—d

is controlled by (1 — p,"~*) while approaching p and — with the derivatives of u
being bounded on a closed neighbourhood of p by reason of the regularity of v —
is continuous up to p. Analogous to the previous case, all other summands of the
operator in equation (6.86) are also continuous on the boundary, thus proving that
the corresponding form of equation (6.86) (with the 4,_4-th summand deleted) holds
in Oy (again i(d) = i(d + 1)).

If instead i,_q > i(d + 1) and b,_4 = 0, then we may multiply the whole equa-
tion (6.86) by pi»—¢. If now p»—¢ — 0, then by a similar argument as above all
derivatives of the operator that do not contain p»~¢ in the denominator of their
coefficient continuously vanish, whereas the values of all other summands are also
continuous up to the boundary. Thus, equation (6.86) holds on [J; with the index
i(d+ 1) replaced by i(d) = ip,_g. O

The obtained equation (6.85) may again be perceived as an extended version of
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6.4 The uniqueness of solutions of the stationary Kolmogorov backward equation

the stationary Kolmogorov backward equation on the cube (cf. also equation (5.148),

although the domains do not fully correspond), and we have (cf. proposition 5.31):

6.10 Proposition. A solution u € C’;’O(in) NC°(0,) of the extended stationary

Kolmogorov backward equation
L'u=0 in0, (6.88)

with L* as in equation (6.86) is uniquely determined by its values on Op,,.

Proof. The uniqueness may be shown by a successive application of the maximum
principle: In every instance of the domain [J; C 9,00, for all 1 < d < n, the solution
|, is uniquely defined by its values on 004: If equation (6.86) comprises d derivative
terms, this follows directly from Hopf’s maximum principle as the operator is locally
uniformly elliptic on [g; if it only comprises d’ < d derivative terms, analogous
considerations apply for each d’-dimensional fibre of [J; (with corresponding boundary
part), thus giving the uniqueness of a solution on every fibre first and after assembling
also on all ;. Applying this consideration successively for 91, ..., 0,0, = U,
yields the desired global uniqueness. O

With the blow-up scheme and its regularising effect on the solution at hand, we
may now show that the preceding uniqueness result may also be conveyed to the
simplex A, assuming some additional regularity. As already indicated, it then
only remains to be shown that there is sufficient and unique boundary data for any

extension, and we eventually have:

6.11 Theorem. Let n € N, I; := {ig,i1,...,iq} C {0,1,...,n} ford=0,...,n
with i; # 1; for i # j and ug: Aé{iO}) — R be given. Then an extension
Ug’o}z" Uogdgn Afi[d) — R as in proposition 5.25 is unique within the class of

extensions U which satisfy the extension constraints 5.20, i. e.
, o I .
(i) are of class Cp; (Uogdgn Afl c‘)) with U|Aé{i0}) = U,y and
(i) solve the stationary Kolmogorov backward equation (5.148) in Jy< <, A&Id),

as well as, in case n > 2, whose
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6 A regularising blow-up scheme for solutions of the extended KBE

(iii) transformation image U : Ui DE;‘;) — R by a successive blow-up transfor-

mation ("t o ... o P as in proposition 6.5 has an extension to the entire

boundary 5’521;‘) which is of class C;° (D,(ﬂl)) N Co ([]7(1%)),

Consequently, also the global extension U{io} as in proposition 5.28 resp. also in

theorem 5.29 is unique.

Proof. The assertion for the trivial case n = 1 directly follows, as (7{2201}1 is as already

h) = Y“ for an application of the maximum principle,

sufficiently regular in A§
in particular globally continuous. For n > 2, any function U which is a solution
of the stationary Kolmogorov backward equation (5.148) in AT by a full blow-
up transformation of the domain transforms into a function U, which solves the
stationary Kolmogorov backward equation (6.41) in |J]_, Dg‘;) (cf. proposition 6.5

resp. corollary 6.7 and lemma 6.8). Furthermore, with the assumed regularity after a

(I
n

full blow-up, it has an extension to [J ) which is pathwise smooth as well as globally

continuous and by lemma 6.9 solves the stationary Kolmogorov backward equation

LU =0 in Dfﬁ‘) with L* as in equation (6.86). Hence, the uniqueness result of
proposition 6.10 applies and proves the uniqueness of the transformed function (and,
regarding the injectivity of the blow-up, also the uniqueness of U) — for specified
boundary data on the entire 80D7(f;l). Thus, we only need to show that this boundary
data is uniquely determined by the assumptions made.

This is straightforward: In accordance with lemma 6.8, U resp. its corresponding
continuous extension vanishes on {p% = 1} C 8[12%), J=1,...,n. As by assump-

(17

" ), U resp. its extension

tion (iii) the continuous extendability applies to the entire [J

even vanishes on

{pr =1}, {p =1} (6.89)

In particular, this signifies that U resp. its extension vanishes on any vertex [y C

80D£LI;) — which may always be written as
Op={p” =b; forj=1,...,n} with correspondingly b; € {0,1} -  (6.90)

except for the vertex D(()g) ={(0,...,0)}, where it attains the value uy;,; as stated
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previously. Thus, the (transformed) boundary data given on all vertices is identical
for any extension in question, and since UE‘;O}’” Uog d<n Aff‘i) — R as in propo-
sition 5.25 satisfies the extension constraints and has an extension to the entire
boundary 90" which is in C2>(0{) N C°(OY") (this may be seen directly from

equation (6.46)), it also is the unique extension. O

6.5 Some combinatorial and model related aspects of

the blow-up scheme

Having stated the main result, we now wish to illuminate some combinatorial aspects
of the presented blow-up scheme as well as give a justification of the regularity
assumption in theorem 6.11 (iii) in terms of the model.

As, with both the simplex and the cube, a stationary solution on the entire
domain which is pathwise smooth and globally continuous is uniquely determined
by its values on the vertices, the increased number of dimensions of the linear space
of solutions from n + 1 in proposition 5.31 to (n + 1)! in proposition 5.25 resp.
corollary 5.26 should be linked to the increase in the number of vertices that [,
encompasses (i.e. 2") in comparison with that of A, (i.e. n+ 1). In accordance with
proposition 6.10, one would at first suspect that the 2" vertices of the domain [J,,
imply a 2"-dimensional solution space (which is different from (n + 1)!). However, it
turns out that the increase in the number of different solutions is rather due to the
numerous ways to catenate cube and simplex part as we have (the result holds for
arbitrary 0 < k <n — 2):

6.12 Lemma. There are %EZIB’ possibilities to map A%I") onto A,(fﬁl) X fof;ﬁ“)
(irrespective of any additional faces) by an iterative blow-up scheme as presented in

proposition 6.5.

Proof. The given number results from the various choices of coordinates that are
made during the application of such a blow-up scheme. As is obvious from the proof
of proposition 6.5, in the first blow-up step two out of n 4+ 1 coordinates in I,, are
chosen, i.e. p=1 and p’, in no specific order as they determine the current (n — 2)-

dimensional blow-up domain (swapping the coordinates only swaps the corresponding
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6 A regularising blow-up scheme for solutions of the extended KBE

indices of the p-coordinates as well as inverts the orientation of the p‘»-coordinate
orientation; cf. also the footnote on p. 189). In all following blow-up steps, only one
further coordinate out of the n — d + 1 remaining coordinates is chosen since by
the applied scheme the corresponding blow-up domain needs to be a subsimplex of
subsequent lower dimension of the previous blow-up domain, which also defines the
other blow-up index. With n — k — 1 blow-up steps altogether, the total number of

the choices made thus equals

n+n-n—=2)---(k+2)=

N | —

Furthermore, each blow-up scheme actually works for two different iteratively
extended solutions, which is due to the ambiguity in the first blow-up step: Thus, for
a given extension path I, an iterated blow-up transformation as in proposition 6.6
has the same qualitative effect on the corresponding iteratively extended function
as in proposition 5.25, even if in the extension of the function the indices i,,_; and
1, are exchanged; that just converts the last factor of the transformed extended
function from (1 — p'™) into p». Conversely, this is also reflected when asking which
iteratively extended functions may be transformed back into the desired form by a

given blow-up scheme (formulated only for k£ = 0):

6.13 Lemma. In the situation of proposition 6.6 resp. corollary 6.7, out of the

class of functions o € CI;’O(D%[’II)) N CO(D%)) which solve the extended stationary

Kolmogorov backward equation (6.85) in 0% and vanish everywhere on QODg;‘) except

for a single vertex ﬁo C 80D£II’/L), only those functions with ﬁo eNN...0NN,_1

are transformed into a function of type (5.129) when reversing the given blow-up

transformation.

Proof. Since being in 00D£LI;I), we generically have ﬁo € {0,1}"; furthermore, let g
be the value of % on Elo. At first we note that all solutions in question are of the

form
a(p) = o [ [ @, (8), pe O™ (6.91)

with either 4;,(p) = (1 — p%) or u;,(p) = p" for j = 1,...,n as they all satisfy
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equation (6.85) and are of sufficient regularity — hence by proposition 6.10 are
uniquely determined by their values on 80D$Lm. The requirement of vanishing on all
vertices except for ﬁo directly implies the depicted shape.

If E]O ¢ NiN...NN,_i, then consequently the i;-th component of E]o equals 1 for
some [ € {1,...,n — 1}, and we correspondingly have @, (p) = p'. Transforming @

now reversely in particular signifies for [ # 1 that, when reversing the (n — [ + 1)-th

blow-up step (with 7, ;41 =4, and s,_;.1 = 14;), p is replaced by pilf’liirp”. When

subsequently reversing the preceding (i.e. (n — [)-th) blow-up step, the numerator
p'l
pl+p'i+l _ ‘
the transformation result of the factor u,,_,, being P resp. P f ] = 1,

is transformed into p + p¥+* and hence cancels with the denominator of

Pl +pil+1 pil+piz+1 .

reversing the last (i.e. (n — 1)-th) blow-up step yields p* = p'* +p™ and p*2 =

(3

p'2
Pltp2

resp. 1 — p2 = which also cancel. Thus, at least one fraction is lost, and the

fully reversely transformed solution @ is not of the form as given in equation (5.129).

Solely, both choices of u;, correspond to a function w of the form (5.129) as
described in proposition 5.25 after a full reverse transformation: It is easy to see
that this corresponds to endowing either of the two vertices in NyN...NN,_; with

a positive value. O

6.14 Remark. As may be seen from the yet following lemma 6.18, both possible

choices of CJy correspond to A((){O}) when transformed back to the simplex.

(n+1)!
2

different blow-up schemes and a two-dimensional space of transformable iteratively

Thus, combining the results of lemma 6.12 and lemma 6.13 for £ = 0,

extended solutions each yield altogether an (n 4 1)!-dimensional space of functions
of the desired type (5.129).

Another interesting aspect is to explain the increase in the number of vertices
from A,, to O, when applying the blow-up scheme in terms of the incompatibilities
which need to be resolved. As already stated, _{220}1” features an (n — 1)-fold
nested incompatibility, i.e. an incompatibility of the boundary extensions of the

n

corresponding component of UESO}Z at each different level. To resolve this at the
top-dimensional component, we require one extra copy of the face A,,_5 as this is
the intersection of the two conflictual faces, which signifies an increase in vertices by

n — 1. After d — 1 blow-up steps, the corresponding face is of dimension n —d — 1
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and is — within the simplex part of A,,_441 X [y_1 — again the intersection of two
conflictual faces, thus also one extra copy is required. The hereby implied increase
by n — d vertices, however, is reflected in the d — 1 dimensions of the cube fraction
g1, vielding an additional factor 277!, Eventually summing over all new vertices
generated in the n — 1 blow-up steps and the previously existing n + 1 vertices, we

obtain
n—1
> 2 n—d)+ (n+1)=2", (6.92)
d=1

which is the total number of vertices in [J,, (if the reflection in the cube part is

ignored, then only 3"~ (n — d) = @ new vertices would be generated).

Justification of the regularity assumption in terms of the model

Finally, we will illustrate some model related arguments in support of the reqularity
assumption as it appears in theorem 6.11 (iii) for n > 2, thus argue that the existence
of a pathwise smooth extension to the entire closed cube for a transformed iteratively
extended stationary solution of the Kolmogorov backward equation in accordance
with the extension constraints 5.20 — which by lemma 6.8 is already pathwise
smooth in the transformation image of the simplex — may also be based on some
reasonable assumptions on the behaviour of the underlying Wright—Fisher model.
As such an extension particularly requires that all incompatibilities are resolved (in
contrast to the solution on the simplex), we may furthermore stipulate that atypical
solutions whose extension still lacks global continuity in the entire closure of the
cube are also excluded in terms of the underlying model, hence in total matching
the condition 6.11 (iii).

Analysis of a simple example

To develop the general principle of the desired plausibilisation of the C°-regularity
property, we start with some observations on the behaviour of an iteratively extended

solution as in proposition 5.25 for n = 2 in the context of the presented blow-up. We
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then have e. g.

2
_ _ . veonsd
UJ?(’)I}’Q = U{O}XAé{O}) + U?bl}XAg{o,l}) + u?bl}:QXA;{o,m}) n U Aé{o D (6.93)
d=0

(for a detailed construction of such a function cf also p. 160), and of course only the

top-dimensional component u?bl}’Q (p) = p°- 2 L5 in A({0’1’2}) (with p° =1 —p; — p»)
resp. its continuous extension yields incompatibilities. Hence, applying a blow—up
transformation with r = 1, s = 2 transforms it via p' := p* + p? and p* := S +p2 into

?61}’2(19) (1 —p")(1 — p*), which is found to be smoothly extendable to D({l 2 (as

then also Uy = wgoyxo, + u{o}xmg{m + gy XDg{1,2}>)~

The observed smooth extendability of ﬂ({)bl}ﬂ in particular to the additional 1-dimen-

sional face N; := {0}{1}) x x§{2}) of ng}) then implies that, for any sequence

(P1)i>0 in Dg{l’z}) with lim;_, iy := p € Ny, i.e. p* = 0 and jp? = a for some « € [0, 1],
the limit
i 55 699

exists and depends smoothly on « itself, in particular up to the boundary of Ny,
equalling {(0, O) (O 1)}. There, the limit coincides with the limit of (the continuous
extension of) @ {0} ’D“} = u{o} on the face D({l} x {0}42D) resp. u{o} = 0 on

0l {1 x {1} ({2}
Translating this back to A, ({0.1.2}) , we have that, for all sequences (p;);>1 in Ag{(’“})
2
with lim; o pj = 0, limy_,o p? = 0 and lim;_, ., p—ﬁpz = « for some « € [0, 1], the
1 l

limit
hm u?bl}’Q(pl) (6.95)

also exists and likewise depends smoothly on a.. This signifies that, when approaching
the incompatibility of (the continuous extension of) ({)61}’2 at A = {0} - with a
certain limit ratio of p' and p? given —, we still obtain a limit for u(p), which itself
depends smoothly on the chosen limit ratio and coincides with the corresponding

limit of u{o} \Aqo 1) = u{o} on the face Aj ({01 3¢ o = resp. u?bl}’Q =0on Ag{”}) if
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General considerations

While having observed the properties of a specific iteratively extended solution as by
proposition 5.25 in the preceding example, one may generally argue that we may
expect analogous properties for any function which in the setting of the Wright—Fisher

model gives the probability for an eventual loss of alleles by
{0,1,2} — {0,1} — {0} (6.96)

(if present) when starting in some p; € Ag{o’m}) (as does U?(’)%Q resp. its top-dimen-
sional component ﬂ?bl}’z). Then the considered situation of p; approaching the vertex 0
via p? — 1 for [ — oo may be interpreted as allele 0 increasingly dominating the
initial population — up to the limit case, where allele 0 is the only remaining allele.

For this limit, one would expect the following behaviour for the model:

(i) As the path probability depends crucially on the ratio of the frequency of
allele 2 to the joint frequency of the alleles 1 and 2 (and the ratio of the joint
frequency of the alleles 1 and 2 to the joint frequency of all alleles), its value
should stay regular when approaching the incompatibility, i.e. have a finite

limit, if the limits for the mentioned ratios exist (the latter equalling zero).

(ii) This limit of the path probability should always be less or equal than the
original path probability for only the allele 0 being present and should depend
smoothly on the limit ratios. Furthermore, for boundary values of the limit
ratios, it should be smoothly compatible with the path probability for starting
with a configuration of only 2 alleles (which in the given example is ﬂ?bl} in
Ag{o’l}) resp. 0 in Ag{w}) by definition).

These assumptions on the model directly translate into regularity properties of the

corresponding solution of the Kolmogorov backward equation in Ag{o’l’z}), describing

the path probabilities (as is also observed with ﬁ?bl}’Q)

: (i) yields the existence of
all limits for the vertex {0}, which are by (ii) bounded and do smoothly depend

on the chosen limit approach direction towards the vertex as well as coincide with
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the lower dimensional components of the function if the approach limit direction
agrees with the direction of the adjacent faces. For the transformation image of any
such function satisfying the listed properties, this correspondingly yields that the
solution by (i) continuously extends to the new face N; with the extension by (ii)

being bounded by the value of the function in D(() )

as well as also being smooth
and smoothly compatible with the remainder of the function towards the boundary

points of Ny, thus pathwise smooth.

With more than two alleles, the situation is analogous, but more intricate as
one has to take into account the hierarchical structure of A,,: We may then expect
that any function describing the path probabilities for a successive extinction of
alleles fulfils adequate limit requirements on the simplex, which are formulated in

the following definition in terms of the underlying model:

6.15 Definition (domination limit property). Let n > 2 and I; := {ig, i1, ...,4} C
{0,1,...,n} for d =0,...,n with i; # i; for i # j and w.l.o.g. iy = 0 (if iy # 0,
the vertices may be permuted correspondingly). In the setting of the Wright-Fisher
model with allele set I,,, a function U = Y uq € C22 (UG, A ) giving the hit

probabilities for the eventual target set {io} along the extinction path
{io, - 7in_1} — {ig, N ,in_Q} — .. {io, Zl} — {Zo} (697)

(cf. equation (5.135), p. 165) is said to fulfil the domination limit property if for all

index pairs (dy,dy) out of {0,...,n} with d; + 2 < ds and for all sequences (p;);>0 in
AéﬁdQ) with lim; ,.op; =p € Agldl), i.e. pla+1 . ple =0 and particularly p'a > 0,

the following properties hold:

(i) ua,(pr) has a finite limit for [ — oo if simultaneously all limits for the pivotal

d 12 ig
Ty +pl pl 2
dy 1 tdy+2 11ty ig o

P, + +p, 12y +p p, 2 +p

allele ratios exist.

(i1) limy_oo ug,(pr) is less or equal in absolute value than wug, (p) and depends
smoothly on lim; ., p; as well as on the given pivotal limit ratios. Furthermore,
for boundary values of the pivotal limit ratios, we require compatibility in the

sense that the limit
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(ii)a smoothly coincides with any (other) domination limit of U for Agd) if

p;’d+1 +.__+p:dz
id2

PR equals zero for some d > d; + 1,
Pt +p, * t+..+p

liInl—>oo

(ii)p in particular smoothly coincides with u, in Aff‘i) (resp. its continuous
ldtl, oty iq
extension) if all lim;_,, — L2 e iy e % equal zero
p;d_’_pld+1+._.+pl 2 P, 2*1+pl 2

for some d > dj,

(ii)e smoothly attains zero if at least one of the pivotal allele limit ratios in (i)

equals 1.

6.16 Remark. Definition 6.15 is well-defined in the sense that the conditions (ii),,
(ii)p and (ii). likewise apply to domination limits for higher dimensions d} > d;; in
condition (ii)p,, the functions u, pathwise smoothly connect by lemma 6.8, and in
condition (ii)., the relevant pivotal allele ratios rather appear as coordinates (cf. also
the proof of proposition 6.17). Moreover, the case dy = dy + 1 (which would also
apply for n = 1) is not included in the definition as this corresponds to a regular

transition to a boundary instance of subsequent lower dimension.

Returning to the differential equations nomenclature, a function giving the hit
probabilities of course is a solution of the corresponding Kolmogorov backward
equation, whereas ‘for the extinction path’ corresponds to ‘for the extension path’
with the extension constraints 5.20 applying; the latter is somewhat redundantly
also formulated by the Cp¢-regularity requirement. In the following, we will illustrate
the significance of the further stipulations in definition 6.15.

Starting with the pivotal ratios in (i), they may be seen as determining the
(previous) path probabilities until reaching the new starting set of alleles I;, =
{io, ..., %a,} resp. A((ildl) as the domain of u4, (plus lower-dimensional components).
This path until reaching /;,, which may be perceived as a previous path, does not
need to start with n alleles; instead it may start with an arbitrary number of dy < n
alleles, thus not accounting for earlier losses of alleles (if applicable).

Since it is always two alleles which are competing (in accordance with the fibration

property (cf. section 5.4.4)), in the first step, where iy, and i4, 1 are rivalling, the
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pivot ratio is given by
iay
E;%:Eg, (6.98)
whereas for the next step it is assumed that, by the loss of allele i4,, its share is

transferred to allele 74, 1, thus the pivot ratio is given by

Idy—1 id
bt h (6.99)
ldoy—2 ldgy—1 idy )
Dy +p, +p
This is continued until the last pivotal ratio, which is given by
ldy 42 Lds,
D + ...+
o e i (6.100)
P, + D, + ...+
The limit for [ — oo of
idy+1 idy
D, +...+p
i o T (6.101)

D, +p +...+p

corresponding to the pivot ratio for allele ¢4, 11 winning over ¢4, , is zero by assumption
— which is a direct consequence of the chosen setting of i,...,7; dominating the
population.

Thus, the ratios contain all information about the previous path, which is passed
on to the limit case — the resulting domination limit path probability may then be
perceived as a corresponding modification of the ‘proper’ path probability ug4, for
starting in A((illdl), which is — due to the inclusion of the previous path — always less or
equal than ug4,. This is expressed in 6.15 (ii); equality would correspond to reaching
A((fldl) almost surely in the previous path.

Furthermore, item (ii) in definition 6.15 lists several compatibility conditions
for the obtained limit, which are needed to obtain the desired regularity result
in the following; in particular, this is the required smoothness of the domination
limit. Moreover, condition (ii), ensures that the limit is smoothly compatible with

other domination limits at other instances of the domain, whereas condition (ii)y,
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guarantees that the ‘proper’ path probability uy in Afild) is smoothly matched if all
antecedent pivotal allele ratios vanish, which corresponds to almost surely reaching
Afi[d) beforehand; this also holds at higher levels. If, however, a certain pivotal allele
ratio becomes 1, this implies that the respective starting domain Agd) is almost
surely missed in the previous path — and condition (ii). demands that the domination
limit smoothly vanishes in such a case.

For functions fulfilling the domination limit property, we now have, enhancing the

statement of lemma 6.8:

6.17 Proposition. Let n > 2 and I; = {ig,i1,...,iq} C {0,1,...,n} for d =
0,...,n with i; # i; fori # j and w.l.o.g. igc = 0. Then a full blow-up transfor-
mation @T”—i o...o® as in proposition 6.5 transforms a function U = Yoo Ud €
(Ud 0 Id ) satz’sfyz'ng the domination limit property 6.15 into a function U =
Zd o Ud: Ud o ) 5 R with extension to D () which is of class (O (D(]"))

To show the assertion of the proposition, we will trace the regularity of U towards
the additional faces back to that of U in AY™ for approaching the incompatibilities
— which is accomplished by the priorly following lemma — and thereon use the
domination limit property 6.15. Note that in the following we will use a disjoint
formulation of the additional faces by putting

(6.102)
6.18 Lemma. In the setting of a full blow- up tmnsformatwn as in pmposztwn 6.5, for

d=1,...,n the additional face Ny = D( il Vo {o}diah) x ¥ "\I c O corresponds

d+1 _l’_”'_l,_pln pln
pid+pid+1+...+pi’ﬂ g ey pi”*1+pi”
(perceivable as limits of sequences as in definition 6.15). Furthermore, for j =
1,1 1)

1,....,d — 1 the face {p¥ = 1} C D( “ v corresponds to pi-t = 0 in A Y, in

particular its interior corresponds to A Id i),

to Aif_‘ill C Anl" with additional values existing for

Proof. To take account of the ‘additional’ faces N,, of Dﬁf“ produced during the blow-

up transformations, we carry out the full blow-up transformation by proposition 6.5,
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yielding
oo | AR for Pt >0 (6.104)
0 for p +... +p™ =0,

_plit.Apin i1 in
ﬁij = pljfl—l—plj—&-...-i-pi" for pj + T +p = O (6105)
0 for pti-t + ... +p" =0,

. sz—nz for in—1 + in >0
pin = { i OTPTETE (6.106)
0 for p'»=1t 4+ p'" =0

for p € U, Aéld) and conversely

P = (1 — ), (6.107)

Pl = Pl (1 — plit), (6.108)
pint = it Pt (1 — i), (6.109)
pin = pit .. e (6.110)

for p € U, Dg‘,”) (note that we also have p® = 1—p"); however, the given equations
also smoothly extend to the entire W This allows it to also transform the N; ¢ 0,
back to A,, i.e. p'e = 0 implies p%, ..., pi» =0, whereas 0 < p*, ..., p* < 1 leads
to pt,...,p1 > 0. Keeping the values of pia+1, ... p'» yields the pivotal allele

.. . pld+1l 4. 4pin pin i .
(limit) ratios T S If however p% = 1, this corresponds to
pi-t =0 (and p, ... pY-t phtt . pld > 00f 0 < phr ... plet plitt L pld <
and pla+t = 0). O
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6 A regularising blow-up scheme for solutions of the extended KBE

Proof of proposition 6.17. By lemma 6.8, we already have that U has a (vanishing)
extension to all faces {p’ = 1} (and naturally their intersections as well) which is of
class C)°. Striving to demonstrate the corresponding extendability to the additional
faces, we first note that Diﬁf) = Dgﬁil) x {0}{D) | for which the extendability
has already been shown, may be perceived as N, — we will use this notation as a
reference in the following.

For the first ‘true’ additional face
Ny = On2) s (o) in-1d) s g(nD), (6.111)

we have: In accordance with lemma 6.18, a sequence (;);>¢ in fo’g) with lim;_ p; =
p € N,_; corresponds to a sequence (p;);>o in AU with limit p € Agﬁf) and

pivotal limit ratio lim;_, ., % = pi». Thus, this corresponds to the situation of
Py pln

a domination limit as presented in definition 6.15. Since U resp. its components are

assumed to fulfil the domination limit property on Aﬁf"), limy o0 un (py) exists and

depends smoothly on lim;_,. p; and lim;_, % = pi». Hence, limy_,q @, (p7)
p

S
likewise exists and depends smoothly on lim; ., p;, yielding the smooth extendability
of 4, up to N,,_1. By definition 6.15 (ii)y,, for p» — 0 this domination limit smoothly

) C N,_; (which itself smoothly connects with @,_;

connects with @,_» in Dfﬁg ?
in [I,(ﬁ;l) = N, as indicated before) as well as smoothly attains zero for p'i — 1
for j = 1,...,n — 2,n resp. corresponding combinations of boundary values of
coordinates (note that i, o also smoothly vanishes for p — 1 for j=1,...,n — 2
also by lemma 6.8). Thus U is pathwise smoothly extendable also to N,,_; (and its

intersections with N,, and the faces {p¥ = 1}).

For the remaining faces, the situation is still somewhat more complicated: If the

extendability to

/
ITL
n—

Ny =0 s {010 5 @UND - for g = — 2,1 (6.112)

is to be proven, we may consider sequences® (P1)i>0 in Dfﬁ) with lim;_,. p; = p € Ny,

. . . ~ . 17, .
3 Alternatively, one might as well consider sequences (f;);>0 in Dfi,d ) for some d' > d, which,

however, by definition 6.15 (ii), yields equivalent results; thus the index n may be replaced by
d' in the following. This independence of the starting domain also applies to other references to
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which this time correspond to sequences (p;);>¢ in A with limy_ oo =p € Afff;l)

plus pivotal limit ratios

1441 in in
lim — P T TP ey — P (6.113)

=00 p'ltd + p;d+1 + ..+ p;n l—00 p;n71 + p;" o

(cf. again lemma 6.18). Thus, this likewise corresponds to the situation of a domina-
tion limit as presented in definition 6.15. Since U resp. its components are assumed
to fulfil the domination limit property on A , limy 00 up (py) exists and depends
smoothly on lim;_,,, p; and the pivotal limit ratios. Hence, lim;_,, @, (p;) likewise
exists and depends smoothly on lim;_,., p;, which yields the smooth extendability of
Uy, up to Ny.

In accordance with definition 6.15 (ii),, on those boundary parts of Ny with
p = 0 for j > d + 1, this domination limit smoothly connects with the one for
N; obtained previously; if multiple coordinates equal zero, then this holds for the
smallest coordinate index j with p% = 0 with the compatibility between N; and
other N; having been shown analogously in a previous step. If in particular there is
an index 7 > d such that p%, ..., p» = O,/then by condition 6.15 (ii), the domination
i
limit of @;_4; since the @, themselves connect smoothly (cf. lemma 6.8), this holds

limit smoothly connects with @;_; in [ C Nj resp. a corresponding domination
for all possible choices of j.

Similarly, if (additionally) p** — 1 for suitable k¥ = d + 1,...,n, by (ii). the
domination limit smoothly attains the value 0, however, this holds as well for
k=1,...,d—1: Asly_q in D;I_&Il) smoothly vanishes for p* — 1fork=1,...,d -1
(cf. again lemma 6.8 and lemma 6.18) and any domination limit for Ag_df) is always
less or equal in absolute value than ug_; in Aff_dil) (corresponding to g1 in Dfﬁ[l))
by definition 6.15 (i), it follows that U(p) for p € Ny is bounded by U(§') = tig_1 ()
with ¢’ € Diﬁf) being the projection image of p by removing the coordinates with
index strictly greater than d — 1, thus also U needs to vanish smoothly for p* — 1.

Hence, U is extendable also to N, and its intersections with Ngi1,..., N, and all
faces {p" = 1} such that this extension is pathwise smooth. Eventually, this yields

the C°-extendability of U to the entire O™ O]

an existing domination limit.
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