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Abstract

The diffusion approximation of the Wright-Fisher model of population genetics
leads to partial differentiable equations, the so-called Kolmogorov equations, with an
operator that degenerates at the boundary. Standard tools do not apply, and in fact,
solutions lack regularity properties. In this paper, we develop a regularising blow-up
scheme for a certain class of solutions of the backward Kolmogorov equation, the
iteratively extended global solutions presented in [19], and establish their uniqueness.
As the model describes the random genetic drift of several alleles at the same locus
from a backward perspective, the singularities result from the loss of an allele. While
in an analytical approach, this causes substantial difficulties, from a biological or
geometric perspective, this is a natural process that can be analyzed in detail. The
presented scheme regularises the solution via a tailored successive transformation of
the domain.

Keywords: Wright-Fisher model; random genetic drift; backward Kolmogorov equa-
tion; global solution; loss of alleles; blow-up of solutions

1 Introduction

The Wright-Fisher model [13, 40] is concerned with genetic drift which constitutes the
most basic mechanism of mathematical population genetics. Let us briefly describe this.
In a finite population of fixed size, parents are randomly sampled and pass the alleles
which they are carrying on to the offspring generation. By repeating this process over
many (non-overlapping) generations, the model describes the evolution of the probabilities
of the different alleles in the population. In the basic setting, the model covers a single
locus only. Extensions to several loci are possible, as is the inclusion of mutation, selection,
or a spatial population structure. This has the leading research strand in mathematical
population genetics ([11, 4]) since the work of Kimura [23, 24, 25].

Even for the original basic model, there remain interesting and deep mathematical
questions, particularly when one passes to the diffusion approximation. Following Kimura,



one shifts to a model with an infinite population size and continuous time. This leads
to the forward and backward Kolmogorov equations. The forward equation is a partial
differential equation of parabolic type, while the backward equation is not parabolic as
it evolves backward in time; it is the adjoint of the former w. r. t. a suitable product.
Both equations become degenerate at the boundary. This makes standard PDE theory
inapplicable, and this therefore is a source of mathematical challenges.

In this paper, we study solutions of the Kolmogorov backward equation

n 2
_ %u(p, t) = ;i;lpl@; —p7)ap?apju(p,t) =: Lyu(p,t). (1.1)
p' is the relative frequency of allele 4; note that p° does not appear in (1.1) because of
the normalization Y -, p’ = 1. If one of the frequencies p’ becomes 0, the corresponding
coefficient also become 0. We define the Kolmogorov backward equation in the closure of
the probability simplex A, = {(p*,...,p") : p* > 0, E?lej <1}

Thus, the differential operator in (1.9) becomes degenerate at the boundary of A,,.
(The fact that (1.1) is not parabolic because time is running backward is not such a serious
problem, because of the structure of the model and the duality with the — parabolic —
Kolmogorov forward equation.)

The Kolmogorov equations have been studied with tools both from the theory of
stochastic processes, see for instance [7, 9, 10, 22|, and from the theory of partial
differential equations [5, 6]. These approaches are quite general and cab produce existence,
uniqueness and regularity results, but cannot come up with explicit formulas, for instance
for the expected time of loss of an allele.

Therefore, people have also looked more closely into the specific and explicit structure
of the model. Of particular relevance is the global aspect. This means that one wants to
connect the solutions in the interior of the simplex and on its boundary faces. Over the
years, several global representation formulas have been derived. For a survey, see Section
5.10 of [11] and [4], but in order to set the stage, we want to discuss certain results in
more detail and with a different focus.

It was observed in [32] that one can write the Kolmogorov backward operator in the
form

§ 1 &N S 2
Au(z,t) == B Z x'(6; — x])axiamju(x,t), (1.2)
4,7=0
using the variables (z°,2!,... 2") with > i—0 27 = 1 in place of Lu(p,t) (cf. equa-
tion (1.1)) with (p',...,p") and p® = 1—>"" | p’ implicitly determined (for our notation,

see Sections 2.1, in particular (2.2) and (1.11)), that is, one works on the simplex
{2 + 2l + ... 2" = 1,2° > 0}, i.e., the variable 2" is included. This formulation has
the advantage of being symmetric w.r.t. all 2¢, but because the operator invokes more
independent variables than the dimension of the underlying space, the elliptic operator
becomes degenerate. Here, we have opted to work with L}, but for the comparison with
the literature, we shall utilize the version (1.2).



A starting point for much of the literature that we shall discuss here is the observation
of Wright [41] that the degeneracy at the boundary may be removed if one includes
mutation. Let the mutation rate m;; be the probability that the offspring carries the
mutant j instead of the parent’s allelel 7; also, m;; = — Zj i T This produces the
Kolmogorov backward operator

n

* 1 i 0 —~ i 0
Nu(e,t) = 5 EACE 2) gl 1) + SN i 5o (1.3)

i,j=0 §=0 i=0

Calculations become simpler, if following Wright [41],

1
SHi > 0 for ¢ # j. (1.4)

ms; =

This means that the mutation rates depends only on the target gene (the factor % is
inserted solely for purposes of normalization) and are positive. With (1.4), (1.3) becomes

I 9? 1 - 0
Anu 2 E:: Dridw T, 1 2; ;Mi)x](w' (1.5)

In this case, one obtains a unique stationary distribution for the Wright-Fisher diffusion,
given by the Dirichlet distribution with parameters pug, ..., tn. A further simplification
occurs when

o = -+ = iy =: > 0. (1.6)

This means that all mutation rates are identical. From a biological perspective, the
assumption (1.4) that the mutation rates only depend on the target gene is not so natural
(the mutation rate should rather depend on the initial instead of the target gene, but
(1.6) remedies that deficit in a certain sense), but for our purposes, the more crucial issue
is the assumption of positivity.

Several papers have studied this model and derived explicit formulas for the transition
density of the process with generator (1.5) including [29, 33, 14, 15, 34, 35, 8, 16]; these,
however, were rather of a local nature, as they did not connect solutions in the interior
and in boundary strata of the domain. A useful tool is Kingman’s coalescent [27], the
method of tracing lines of descent back into the past and analyzing their merging patterns
(for a brief introduction, see also [21]). In particular, some of these formulas likewise
extend to the limiting case p = 0 in (1.6). Ethier—Griffiths [8] have for the transition

density
P(t,z,dy) = Z dS,(t Z <|Z|>anir(a, dy), (1.7)

M=>1 |a\:M,aezi

also for the case y = 0. Previously this was known under the assumption g > 0. Here,
Dir is the Dirichlet distribution, and d9,(¢) is the number of equivalence classes of lines
of descent of length M at time ¢ in Kingman’s coalescent. For the latter, analytical



formulas can be found in [35]. (1.7) has been studied further in many subsequent papers,
for instance [16]. Shimakura in [34] came up with the less explicit formula

P(t,z,dy) = ZG_AmtEm(l‘,dy)

m>1

= Z P(t,z,y)dSk(y)
Kell

= > e Bu(r,y)dSk(y). (1.8)
Kell

Here, the A\, are the eigenvalues introduced above, and E,, stands for the projection
onto the corresponding eigenspace, and the index K enumerates the faces of the simplex.
However, the Dirichlet distribution in (1.7) and the measure dSgk(y) in (1.8) both become
singular when y approaches the boundary of K, which means that the transition from
one face into one of its boundary faces becomes singular in this scheme, considering the
solutions on the individual faces invoked by the sum. Thus, in fact, (1.8) is simply a
decomposition into the various modes of the solutions of a linear PDE, summed over all
faces of the simplex; this illustrates the rather local character of the solution scheme.

In the present paper, we want to get a more detailed analytical picture of the behavior
at the boundary and investigate global solutions, in particular their uniqueness, on the
entire state space including its stratified boundary. In an important recent work, Epstein
and Mazzeo [5, 6] have developed PDE techniques to tackle the issue of solving PDEs on
a manifold with corners that degenerate at the boundary with the same leading terms as
the Kolmogorov backward equation for the Wright-Fisher model (1.1) in the closure of
the probability simplex in (A,)_s = A, x (—00,0). This analysis is heavily based on
the identification of appropriate function spaces. In our context, their spaces C’S’,VF(Z”)
would consist of k times continuously differentiable functions whose kth derivatives are
Holder continuous with exponent v w.r.t. the Fisher metric. (This only holds true for L},
although E&M also use this construction for their generalised setting.) In terms of the
Euclidean metric on the simplex, this means that a weaker Holder exponent (essentially
-

) is required in the normal than in the tangential directions at the boundary. Using

this framework, they subsequently show that if the initial values are of class C’{fv} (Ay),
then there exists a unique solution in that class. This result is very satisfactory from the
perspective of PDE theory (see e.g. [20]). The solutions we consider here, however, are
not even continuous, let alone of some class C%7(A,,), as we want to study the boundary
transitions. Likewise, in our setting, the (stationary) uniqueness assertion does not apply,
which E&M have established for regular (in particular, globally continuous) solutions
by a modified version of the Hopf boundary point lemma and some maximum principle
(yielding a similar, but more general result as proposition 10.2 in [19]).

This assessment also applies to other works which treat uniqueness issues in the context
of degenerate PDEs, but are not adapted to the very specific class of solutions at hand.
This includes the extensive work by Feehan [12] where — amongst other issues — the
uniqueness of solutions of elliptic PDEs whose differential operator degenerates along a



certain portion of the boundary 02 of the domain € is established: For a problem with
a partial Dirichlet boundary condition, i.e. boundary data are only given 99 \ 9p{2, a
so-called second-order boundary condition is applied for the degenerate boundary area;
this is that a solution needs to be such that the leading terms of the differential operator
continuously vanishes towards 92, while the solution itself is also of class C' up to
00€). Within this framework, Feehan then shows that — under certain natural conditions —
degenerate operators satisfy a corresponding maximum principle for the partial boundary
condition, which assures the uniqueness of a solution. Although this in principle may also
apply to solutions of Wright—Fisher diffusion equations, however, this does not entirely
cover the situation at hand, as, if n > 2, L* does only partially degenerate towards
the boundary (instances of codimension 1). More precisely, its degeneracy behaviour is
stepwise, corresponding to the stratified boundary structure of the domain A,,, and hence
does not satisfy the requirements for Feehan’s scenario. Furthermore, in the language
of [12], the intersection of the regular and the degenerate boundary part 99y<2, would
encompass a hierarchically iterated boundary-degeneracy structure, which is beyond the
scope of that work.

Therefore, in this paper, we continue the detailed investigation of the boundary behavior
of solutions of the (extended) Kolmogorov backward equation (1.1) started in [19]. In
analytical terms, the issue is the regularity of solutions at singularities of the boundary,
that is, where two or more faces of the simplex A, meet.The particular extension paths
from the boundary into the interior of the simplex (they have nothing to do, however,
with Kingman’s coalescent lines of descent as utilized in some of the literature discussed
above) may result in boundary singularities at certain strata of the boundary the domain.
We are interested in the directions in which the singularities of the boundary of the
simplex are approached from the interior, because our aim is to resolve these boundary
singularities.

In contrast to some of the approaches discussed above that invoke strong tools from the
theory of stochastic processes, our approach is not stochastic, but analytic and geometric
in nature. Analytically, our approach is more related to that of [5, 6]. Geometrically, we
develop constructions, within the spirit of information geometry, that is, the geometry
of probability distributions, see [1, 2]. This will provide us with tools that on one
hand can naturally handle the general aspects mentioned above, but on the other
hand can still derive explicit formulas. This is part of a general research program, see
[36, 17, 37, 38, 39, 18, 19].

Let us now describe in more specific terms what we achieve in this paper. Based on the
previous work [19], we continue the analysis of solutions of the (extended) Kolmogorov
backward equation for the diffusion approximation of the Wright—Fisher model

{L*U(p,t) =—5U(p,t) in (D) x (=00,0) (1.9)

_A,
U(p,0) = f(p) in Ay, f e L*(Up—okAn)

for U(-,t) € CZ(A,) for each fixed ¢t € (—00,0) and U(p, -) € C*((—00,0)) for each



fixed p € A, resp. the stationary (extended) Kolmogorov backward equation

L'U(p) =0 in A, \ A, (1.10)
Up) = f(p) in doAn
for U € C’g (Zn) and in either case with
* 1 ¢ Y j §
L U(p, t) T 2i]z:1 (p (6] _p])) Opiﬁpju(p’ t)' (111)

being the corresponding backward operator.

Emerging solutions of the backward Kolmogorov equation may be interpreted as the
probability distribution over ancestral states yielding some given current state of allele
frequencies with time running backward as indicated by the name. Such an ancestral
state could have possessed more alleles than the current state, as on the path towards
that latter state, some alleles that had been originally present in the population could
have been lost. In analytical terms, one could assume that such a loss of allele event is
continuous, in the sense that the relative frequency of the corresponding allele simply
goes to 0. Geometrically, however, this means that the process from the interior of a
probability simplex enters to into some boundary stratum and henceforth stays there.
Also, when two or more alleles got lost, they could have disappeared in different orders
from the population. A corresponding global and hierarchical solution for the Kolmogorov
backward equation that persists and stays regular across different such loss of allele
events in the past was constructed in the preceding paper [19], which was technically
rather involved. This not been achieved before in the literature, but is indispensable for
a complete understanding and a rigorous solution of the Kolmogorov backward equation.
This approach is now completed by also establishing the uniqueness for this class of
solution in the stationary case, which likewise has not been considered before.

The key is the degeneracy at the boundary of the Kolmogorov equations. While from
an analytical perspective, this presents a profound difficulty for obtaining boundary
regularity of the solutions of the equations, from a biological or geometric perspective,
this is very natural because it corresponds to the loss of some alleles from the population
in finite time by random drift. And from a stochastic perspective, this has to happen
almost surely. For this reason, the above equations are not accessible by standard theory,
as perhaps the square root of the coefficients of the second order terms of L* is not
Lipschitz continuous up to the boundary. As a consequence, in particular the uniqueness
of solutions to the above Kolmogorov backward equations may not be derived from
standard results. Instead, such degenerate equations arising from population biology
have been anlyzed by Epstein and Mazzeo (cf. [5], [6]) only recently. Contrasting their
aim of developing a preferably general and broad theory, we rather focus on the some
very specific aspect within this field, i. e. the regularity resp. uniqueness of a certain class
of functions, and use a strategy which is specifically adapted to the situation at hand.
These functions are the hierarchically extended solutions of the Kolmogorov backward
equation developed in [19].



Our strategy here is aimed at gaining global regularity in the closure of the domain by
resolving any incompatibilities between different boundary strata. That will be achieved
by an appropriate transformation of the relevant part of the domain (i.e. the simplex
A, cf. below) which transports the whole problem to the corresponding image domain
of a product of a simplex and a cube. Simultaneously, the iteratively extended solutions
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 this does not yet yield a corresponding regularity, however, their
transformation image may assumingly be extended that way, which is likewise reasonable
in terms of the underlying model.

Then, in the stationary case such regularised solutions are uniquely defined by its
values on the vertices of the domain (analogous to a globally continuous solution of the
original problem in A,,, cf. section 10 in [19]). It just needs to be shown that there is
sufficient (unique) boundary data.
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2 Notation

2.1 The simplex

As we are considering frequencies (of alleles) in a population, this directly implies the
probability simplex as the corresponding state space. In this subsection, we will recall
the simplex notation from [18] as well as the appropriate function spaces.

Let p°,p',...,p" denote the relative frequencies of alleles 0,1,...,n. As we have
Z?:o pP=1&p’=1-3" p’ this leads to an n-dimensional state space

A, = {(po,...,pn) eR™|p > 0for j=0,1,....nand Y _p’ = 1} (2.1)
§=0
or equivalently
A, = {(pl,...,pn) € R”‘pi >0fori=1,...,n and Zpi < 1}, (2.2)
i=1

which is the (open) n-dimensional standard orthogonal simplez.
The closure of this simplex is

n
A, = {(pl,...,p") GR”’pi >0fori=1,...,n and Zpi < 1}. (2.3)
i=1



In order to include the time parameter ¢ € (—o0, 0], we also write
(Ap)—oo := Ay X (—00,0).

Considering the boundary of the simplex 0A,, = A, \ A, all boundary strata, which
are (sub-)simplices themselves, are called faces, from the (n — 1)-dimensional facets down
to the 0-dimensional vertices. Each subsimplex of dimension k& < n — 1 is isomorphic to
the k-dimensional standard orthogonal simplex Ay. To denote a particular subsimplex,
we introduce index sets Iy, = {ig,%1,...,9t} C {0,...,n} with i; # 4; for j # [ and put

A,(CI’C) = {(pl,...,p”) € Zn‘pi >0foriel; p'=0forie In\Ik}. (2.4)

The index set I, may be omitted, thus A,, = Aﬁf”).
Each of the (Z_H) subsets Iy of I,, corresponds to a boundary face A,(f’“) (k<n-1).
The k-dimensional part of the boundary O A, of A, is therefore

oAl = ) Al coal foro<k<n-1. (2.5)
I.CIy

For notational consistency, we also put 9,A, = A,. This boundary concept can iteratively
be applied to simplices in the boundary of some Al(m, L Ccl,for0<k<lI<n. We
thus have

oA = | al® conf. (2.6)

I.CI;

Regarding the Wright—Fisher model, the simplex A,(C{io""’i’“}) corresponds to the state

where the k + 1 the alleles iq, ..., i are present in the population. The boundary 9y A,
i.e. the union of all corresponding subsimplices, represents the state with any k& + 1

alleles. Specifically considering the set of alleles i, ..., corresponding to Alg{io""’i’“}),
({ioyesik})

the elimination of one of the alleles corresponds to a transition to 014, .
We also introduce spaces of square integrable functions for our subsequent integral
products on A,, and its faces (which will mainly be used implicitly, for details cf. [38])!,

L2< U 8kAn) = {f: A, — R ‘ flo,a,, is Ap-measurable and
k=0

/ |£(p)|? Mi(dp) < oo for allk:(),...,n}. (2.7)
81@An

In order to define an extended solution on A,, and its faces (indicated by a capitalised
U), we shall in addition need appropriate spaces of pathwise regular functions. Such a

'Here, Ay stands for the k-dimensional Lebesgue measure, but when integrating over some A,(f’“) with
0 ¢ I, the measure needs to be replaced with the one induced on Aff"') by the Lebesgue measure
of the containing R**! — this measure, however, will still be denoted by Ay as it is clear from the
domain of integration Agf’“) with either 0 € I, or 0 ¢ I, which version is actually used.



solution needs to be at least of class C2 in every boundary instance (actually, a solution
typically always is of class C*°, which likewise applies to each boundary instance).
Moreover, it should stay regular at boundary transitions that reduce the dimension by
one, i.e. for Al(fk) and a boundary face Ag_1 C 8k_1A§fk). Globally, we may require
that such a property applies to all possible boundary transitions within A,, and define
correspondingly for I € NU {oco}

UeCh(B) o Ul ap,, 0w € CHAYY U0 1AYY) forall Ijc I, 1<d<n
d 124

Udg_
(2.8)

with respect to the spatial variables. Likewise, for ascending chains of (sub-)simplices
with a more specific boundary condition, we put for index sets I C ... C I, and again
for [ € NU {00}

n Ul ., is extendable to U € Cl(AfiId) U Od_lAéId)) with
U e C},O( U Agfd)> o { B
art U‘ad,lAffd’ = UXA((ifjl—l)X{d>k} for all max(1,k) <d <n

(2.9)

with respect to the spatial variables.

2.2 The cube

We furthermore introduce some notation for the appearing cubes and their boundary
instances: In conjunction to the definitions for A,, in subsection 2.1, we define for n € N
an n-dimensional cube J,, as

O, = {(pl,...,p")‘pi €(0,1) fori=1,...,n}. (2.10)

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},
ij # 1 for j # 1 as upper index of [J,,, thus

O = {(@",....p")|p" € (0,1) for i € T,,}. (2.11)

This is particularly useful for boundary instances of the cube (cf. below) or if for other
purposes a certain ordering (i;);=o,...n of the coordinate indices is needed. For [J,, 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 (2.10)). Please note that a primed index set is
always assumed to not contain index 0 (resp. i9 = 0, which we usually stipulate in case
of orderings) as the cube does not encompass a Oth coordinate.

In the standard topology on R™, [J,, is open (which we always assume when writing [1,, ),
and its closure [, is given by (again using the index set notation)

o) = {(p',...,p")|p € [0,1]) for i € T, }. (2.12)



Similarly to the simplex, the boundary d0J,, 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 [y if it is irrelevant or giYen by the context which subcube exactly shall be
addressed. However, we may state D,(f’“) with the index set I}, := {i1,...,i} C I, i # i
for j # [ stipulating that I} lists all k ‘free’ coordinate indices, whereas the remaining
coordinates are fixed at zero, i. e.

D](CI’/“) = {(pl, .. ,p”)’pi € (0,1) fori e Ij; p' =0 for i € L\ I;;} (2.13)

down until D(()g) :=(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
elemerllts, altogether 2(/"*’“) subcubes of dimension k exist in 0J,,, which are isomorphic
to D,(f’“) (including D,(fk)) 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
Ok of 003J,, for 0 < k < n — 1 by only giving the values of the n — k fixed coordinates, i. e.
with indices in I, \ Ij,, which may be either 0 or 1, hence

Oy = {p‘h =by,... ,pjn_k = bnfk} (214)

with ji,...,Jn-k € I}, iy # is for r # s and by,..., b, € {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 O,, i.e. the union of all k-dimensional faces belonging to [J,,,
we may write Jx[1, for k = 0,...,n with analogously 9,00, := OJ,,.

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,1,...,i,} and Iy C I, with
ig+1 ¢ I we have e. g.

AU ¢ (13 l)) o UGk D)

= {(pil,...,pi")‘pi >0foriel,,p*t =1,p € (0,1) for j € I\ (I}, U {zk+1})}
(2.15)

with po = p? =1 — Z§:1 p%. If coordinates are fixed at 0, the corresponding entry may

be omitted, e.g. we may just write Agf’“) for A](f’“) x {0} (In\ k),
)

)

. I; .
Furthermore, we also introduce a (closed) cube D,(€ k" with a removed base vertex D(()z

somewhat inexactly denoted by @gk), i.e.

k
g .— gl \ o) — {pn’ e, 1]‘ Spl > 0}. (2.16)
j=1

10



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. 15) may
be defined as with the simplex in equality (2.8) in [19]; hence, we put

U € Cllj(in) = ﬂ"Dduadflmd € CZ(Dd U 8d_1|jd) for every Uy C in (2.17)

with respect to the spatial variables, implying that the operator is continuous at all
boundary transitions within [J,,. This concept likewise applies to subsets of [J,, where
needed.

3 Hierarchical extended solutions of the Kolmogorov backward equation

In this section, we will provide the principle results from [19]; for details please see also
there. The class of extensions in consideration is confined by the extension constraints
(definition 6.1 in [18]):

3.1 Deﬁnition (extension constraints). Let I; be an index set with |Ij] =d+1 > 2,

0,5 € Iyand AV = {(p)ic1 (3 p' > 0 for i € Iy} with p° := 1= e\ oy ' Ford >2

(A(Id\{s}))
d—1

and a solution u:

backward equation (1.9), i.e. u(-,t) € C*(A (I‘i\{s})) for t <0, u(p, -) € C*°((—00,0))
Agl_d}{s}) and

_ .o — R of the correspondingly restricted Kolmogorov

for p €

=1 i (A (3.1)

ot

7005

a function u: (Affd)),oo — R with a(-,t) € C’OO(A(SIC‘)) for t < 0 and u(p, -) €

C*®((—00,0)) for p € Agd) is said to be an extension of u in accordance with the
extension constraints if

(i) for t <0 u(-,t) is continuously extendable to the boundary ad_lAﬁfd) such that it

) in AU

coincides with u( -, resp. vanishes on the remainder of Jy_ 1A£l[d) and

is of class C*° with respect to the spatial variables in A( fa) Oa— A(Id)

(ii) it is a solution of the corresponding Kolmogorov backward equation in (A&Id))_oo,

: D= _ T (1a)

ie. —Su=L*uin (A )700.
For d = 1, this analogously applies to functions u with — atu = 0 (in accordance with
L§ = 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.

The presented extension scheme then first yields the extensions of single extensions
of solutions from a boundary instance of the considered domain to the interior (propo-
sition 6.4 in [19]), from which one can advance to the existence of pathwise extensions
(proposition 8.1 in [19]):

11



3.2 Proposition (pathwise extension of solutions). Let k,n € N with 0 < k < n,
{iksiht1s-- i} CIn:={0,1,...,n} with i; # i; fori# j and I, := I, \ {ikg1,-- -, in},
and let ur, be a proper solution of the Kolmogorov backward equation (1.9) restricted
to A,(f’“) for some final condition f € EQ(Agk)). Ford=k+1,...,n and Iy := I} U
{iks1,---1q}, an extension ofﬂéz”“’idfl in (Agf{l))_m to aZI’Z” = (ﬂ?}“ﬂ"“’id’l)u_wd in
(A((ild))—oo as by proposition 6.4 in [19] is in accordance with the extension constraints 3.1
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

d—1 i
gy T p I
uzl;z (p,t) = ug, (w4 (p), t) H Py a—— (p,t) € (Aé d)),oo (3.2)
=k Zl:jpl
with 1 = 1 = iy oy ¥ and w34 (p) = (..., 5") such that i+ = pi* + ...+ ps,
PRl = ... =pd =0 and p' = p’ forj € Iy\ {ir,...,iq}.

Correspondingly, the resulting assembling of all extensions to a function U}:Z” n

< Uk<a<n Aff‘”) - by putting

U}:,..-,zn (p’ t) =y, (p, t)XA;(cIk)(p) + Z a}lza-n,zd (p, t)XA;Id)(p)

k+1<d<n
o a1 i
= ur (p, X 00 () + Y urm’kv---ﬂd(p),t)Hwagm (33)
k+1<d<n j=k Zal=j

with p® =1 — 2ie1\ {0} p*is in CJ° < Ur<d<n Aéﬁz)) with respect to the spatial variables

fort <0 as well as in C*°((—o0,0)) with respect to t, and we have

* 77;k:7---7in _ 0 77;](:7"'77;71 : (Id)
L UIk = _aUlk m (ngdgn Ay e
7ik7---7in _ 7ik7---ain . (Id)
U; (+,0)=F; m ngdgnAd

k k

(3.4)

with F}:""’i” € ‘C2<Uk‘§d§n Agd)> being an analogous extension of the final condition
. I
A (50) = [ in A
k

(L) , ikyeensin
f=fi, in A,(C "); in particular, we have U}: !

From this, a corresponding existence result by Littler (cf. [30]) may be reconstructed.
Assembling all pathwise extensions eventually yields the existence of the global extensions
(proposition 8.4 in [19]). At last, a solution scheme for the extended Kolmogorov backward
equation based on the global iterative extensions is presented, yielding the following
existence result (theorem 9.1 in [19]):

3.3 Theorem. For a given final condition f € ‘CQ(UZ:O 8dAn), the extended Kolmogorov
backward equation (1.9) corresponding to the n-dimensional Wright—Fisher model in
diffusion approximation always allows a solution U: (An)foo — R with U(-,t) €

Cr (Ay) for each fized t € (—o00,0) and U(p, -) € C*®((—00,0)) for each fized p € A,,.
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4 Motivation

To illustrate the motivation for the regularisation scheme, we use the example of U}:”Z"

in Ag”) as in equation (3.3): An assessment of the geometrical situation of the respective
incompatibilities shows that for every ¢t < 0 the critical area for the top-dimensional

component I’Z’ "™ resp. its continuous extension actually only consists of the domain

where we have p» 4+ p'»-1 = 0, hence Agfg 2) . On all other boundary instances of
arbitrary dimension, ﬂ}’;ln as in equation (3.2) 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}:Z

n

actually comprises

a nested incompatibility in Agﬁg 2) in the sense that also ﬂl[’zl"’l does not extend

continuously to Agfg?’) and so forth until ﬂj’;’ik“’ik” 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, one dimension from the
simplex is removed and converted into a dimension of 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

Ag") is converted into a cube of dimension n—k—1, and the correspondingly transformed
solution is sufficiently regularised, in particular meaning that it now smoothly extends to
the full boundary, as will be shown.

5 The blow-up transformation and its iteration

Now, we will present the blow-up transformation in full detail and state all necessary
results. We start with the findings for the basic transformation and advance to the results
for a suitably iterated application of the blow-up transformation later:

5.1 Lemma (blow-up transformation). Let I; = {0,1,...,d}. A blow-up transformation
&7 with r,s € I\ {0} mapping

s

AN AL = fpt L p)|pt > 0 fori € I, +p° > 0} (5.1)
with p¥ =1 — Zield\{o} pt C*®-diffeomorphically onto
I \{s I \{r,s s
(Afl_d}{ by \ A((jf;{ })) < Dg{ )

={@",....pN[p' >0 forie I\ {s},p" > 0;5° €[0,1]} (5.2)
with p° =1 — Zield\{O,s} P and altogether

13



with

Ny i ATIE o (016D ) (5.4)

appearing as an additional (d — 1)-dimensional face of Agf}{s}) X Dg{s}), s given by

pre= p fori# s, (5.5)

pi= p +p (5.6)

_ P forp" 4+ p* >0

P = PP L (5.7)
0 forp" +p*=0.

5.2 Corollary. While we obtain N, = A&Ifé{r’s}) X &g{s}) as an additional (d — 1)-
)

dimensional face with ®%, the existing (d — 1)-dimensional faces of A((jld including their

boundaries are mapped as follows:

AT s ALY s {0y, (5.8)
I \{r I\{r,s I Ig\{r,s s
AT\ AT o (8T ATET) @ (e

and

AT\ ATATD y (ATATIN AT D for i € 1\ {r, 5
(5.10)

TA
p

Ag{O,r,s})

Figure 1: An illustration of the blow-up transformation for d = 2

14



5.3 Remark. If the p® in lemma 5.1 is chosen differently with

p’l"

pf = — 5.11

P (5.11)
this flips the orientation of the p®-coordinate in Dg{s}) as all appearances of p° now need
to be replaced by 1 — p®. This, however, does not affect the statements of lemma 5.1,
whereas in corollary 5.2 the images of Afff}{r}) \ A&If;{r’s}) and A&Ij’}{s}) \ A((i[jl;{r’s}) are
interchanged. Thus, unless stated differently, in the following we will always assume that
the p°-coordinate is chosen with an orientation as given in lemma 5.1.

Proof of lemma 5.1. The transformation corresponds geometrically to a scaling of the
domain into p°-direction with the scaling factor given by ]%. The assertion about the

< 1 on Agd) \

S
transformation domains is straightforward since we have 0 < prprS

A&IL”;{T’S}). Likewise, the C*°-diffeomorphism property follows from ®? being smoothly
differentiable as long as p" = p” +p°® > 0 and the smoothness of the inverse transformation

(@g)*l, given by

p" =p"(1—-7p°), (5.12)
p*=p"7, (5.13)
pl=p" fori#r,s. (5.14)

By this, it also becomes obvious that (®7)~! maps (A((ff}{s}) \ Agf;{m})) X Dg{s}) onto

AT\ ATTSD, O

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. [19]) — 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 5.5):

5.4 Lemma. Let I :={1,...,n} be an index set with r,s € I and let {i1,...,in} be an
ordering of I), such that r,s € {i1,...,im} for some m < n. When changing coordinates
(P)ier, = (B')ier, by P, the operator

1 4, 0 0
*— v -
L; 5 E a'’(p) oy 9 (5.15)

i,j=1

with a' (p) = pi(5;~ —pJ) fori,j € {i1,...,im}, a¥ =0 else for i # j is transformed into

k

—_

0 0

=kl
5 a”(P) 57 77
2k7l:1 opr Op

L = (5.16)
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with @M (5) = §F(oF — §) for k.1 € {ir, ... im} \ {s}, @ (p) = ELTD @l =gl =0
for 1 # 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 5.3).

Proof. Under a change of coordinates (p?) +— (7°), the coefficients of the 2nd order
derivatives a/ transform as

opF opt
~kl __ % It et
a —;a 97 Op” (5.17)
while we may get additional first order derivatives with coefficients » _; ; a’ 8232;.
For the transformation at hand, we have (cf. equations (5.6) and (5.5))
8]5k k kss
op*
and (cf. equation (5.7))
8}58 pr ps 1— ]58 ]58
- = 0; — 0] = ——0; — =9 . 5.19
8pz (pr +ps)2 (p'r +ps>2 pr p'r ( )
Utilising this, we obtain
a*'(p) =) a(p)(6} + 6;57)(8) + 6,05) (5.20)
1,3
for k,l # s, yielding
a"'(p) = a™ (p) + " (p)0) + a™ (p)} + a>*(p)0}6;
=p"(6f —p') = P"P°6, — o) +p°(1 - p*)5rd,
=p"(5f — ') (5.21)
for k,1 € {i1,...,im} \ {s} using the given form of the a*, whereas for all other index
pairs not containing the index ¢, we always have
" (p)s! = o (p)dt = a*(p)sal = 0 (5.22)
and hence
a*'(p) = _a"(p)sfsh = a™(p), (5.23)
Y]
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thus proving the last statement. Furthermore, we have for arbitrary [ # s

~sl [~ 7 1-p° S p° r S
& (p) =Zaf<p>< —_ —;6i><5§-+5£6j>

]

1—p° 5
- Tf’(asl@) +a* (p)dL) — %(a” (p) +a" (p)3L)
1- ~r~s~l S ~$\ ~r ~l
= ( o i + ~(1—p°)p"p )X{i1,...,im}(l)

~S

P ~5 1 p =1 ~S ~r =5 =S\ ~T ~S
—ﬁp(l—p)55«+( 5 PPl —p'p%) + = p(l—p)pp>5i=0 (5.24)

as well as @' = 0 (I # s) by symmetry and eventually

- (ST - D) (- By
p p
1— ~s\ 2 ~5\ 2 =S 1— ot
=a85<p>< p) +a”<p>(p) i )

3 P ()
_ ~r =5 ( _ﬁs)2 _ _ ST =S (ﬁs)Q
p°(1—p"p%) 5 +(1=p)A-p" +p"P°) 5
_ oFTES(1 S ﬁs(l _ﬁs) — ﬁs(l _ﬁs)
2p"p°(1 - p°) 5 T (5.25)

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 (5.19))

o0, 2

2 a D = g (070 —p"07)(6F +07) + 5 (0765 — 0,6 5.26
8p] 8p2p (pr _|_p5)3 (p 7 b Z)( Wi ,7) (pr +ps)2( ] 7 j) ( )
and subsequently
-0 0 2 1
at ~3_7 S(a"" +a™) — " (a* + a®¥)) + ———(a°" — a"®
2 ooy " ) =7 )+ e )
= pp PP AP =) PP - 1) =0, (5.27)

for which again the specified form of the appearing a* is needed.
If p® is chosen with different orientation as in remark 5.3, instead of equation (5.19)
we then have

op° ~3 1— ~s

PP 7P g (5.28)
o P P
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%). 0
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Combining the preceding results, we obtain for an iterated application of the blow-up
transformation:

5.5 Proposition. Let k,n € N with0 < k <n—2, {ig,iks1,...,in} C I :={0,1,...,n}
with i; # i for i # j and Iy == I, \ {ig41,...,in} for d = k,...,n — 1. A repeated

blow-up transformation <I>SZ ’; lo...o0 QL with ®L™ as in lemma 5.1 with vy = ip—m
and Sm = in—my1 form=1,....,n—k—1 maps A,(ka) onto itself and
Ay Al e gl ford =k +2,... 0 (5.29)

and altogether

W — (A,(fj{l) X foﬁ,éﬁ“f”) \ U Nj. (5.30)
j=k+1

The n—k —1 additional (n — 1)-dimensional faces Nii1,..., Np—1 of A;fﬁ’l) Dgﬁ;ﬁ“{rl)
are given by

Nist = AT 5 (o) Hinnd)  gUn\TeeD) (5.31)
and
Ny = Al 5 o) o foytind) o @D (5.32)

(In)

forj=k+2,...,n— 1. Simultaneously, the operator L* = Zp’(é} — )8‘2 8?77

is transformed into®

k+1

~Z] ~%z 9 - 1 — p ] 82
ZP ) 555 a i — (5.33)
Jl 1 peop ] —k+2 Hl k+1pl (9p%)

Uk+1) o qUn\
i (ALY <O ) Ui
If in any step the coordinate psﬂ is chosen with alternative orientation (cf. remark 5.3),
all appearances of p°i in the above formulae are replaced by (1 — p%7).

Thus, the iterated blow-up translates the (extended) Kolmogorov backward equation

in A,, into a corresponding differential equation in (A,(Ci’ffl) D(I"\Ik“ ) \UZ . k N
For the successively extended solutions of the Kolmogorov backward equation 1ntroduced

in the preceding chapter, the transformation behaviour is as follows:

2Please note that on boundary instances of Diﬁ;i’“{rl), i.e. p* = 0 for some | € I, \ Iry1, the

corresponding summands are assumed not to appear in the right sum in equation (5.33), which may
be interpreted as a result of a successive restriction. The given domain is the maximal domain for
the operator as it is not defined on the exception set |J7_,_ ; N, (however, cf. also lemma 6.1 for the

j= k+1
stationary case).
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5.6 Proposition. Let k,n € N with0 < k <n—2, {ig,iks1,...,in} C I :={0,1,...,n}
with i; # i fori # j and 1g := I, \ {igs1,...,in} ford =Fk,...,n—1, and let us, in

(A,(fk))_oo and U}:Z" in (Uk<d<n A&Id)> as in proposition 3.2. Then a repeated

. E—1 . . . .
blow-up transformation ®5""F 1o .. . o QL with ®L™ as in lemma 5.1 with vy = ip—m
and Sy, = ip—m+1 form=1,... n—k—1 converts

U™ (p,t) = ur, (P )X 00 (P) + > ﬂﬁ"”’”(p,t)xAg@(p)

k+1<d<n
= ur (P, X 500 (P) + > ug @) | s — Xzt (P)
k+1<d<n i b i P
(5.34)
on <Uk§d§n AE{”)_OO into
U;:ﬂk+171k+2» i (p7t) = ur, (P, t)XAuw(ﬁ)
i Z ~lk,lk+1,lk+2v ot (pat)X AdR+D E,Ud\flcﬂ)(l[’) (5.35)
k+1<d<n k-‘rl d—k—1
n <Uk§d<n Affﬁl) Dﬁff,ﬁf“fl))m with
d
'IIZIIZv’Lk-Q—L’Lkﬁ-T ot (p, t) = ’U,ZIka’Lk-&-l (7F*+1(P), t) H (1—p4) ford=k+2,...,n (5.36)
j=k+2

with 7+1(p) == pY for ij € Ixy1, T*-1(P4) := 0 else. The transformed functions

ﬂﬁ’ik“;i’““"“’id smoothly extend to (A,(ffjl) X DE{E,}?{”) respectively; consequently
—0o

also U;:’ik+1;ik+2""’i" smoothly extends to (A;fjfl) fof;f“fl)) . Furthermore, it may
—00

be simplified to

U;':@Hl;ikw,...,in (5,1) = alj/;,zml,zwz, 8 (p,t) n (A’(f:#) Dgnklkfl))foo- (5.37)

If in any step the coordinate pi is chosen with alternative orientation (cf. remark 5.3),
all appearances of p% in the above formulae need to be replaced with (1 — pi).
For the stationary components, we have in particular:

5.7 Corollary. Fork =0 and w.l. 0. g. 19 = 0, the transformed function of proposition 5.6
in equation (5.37) simplifies to

F790,81382 - osbn [~ - Z, i I
gt (p) = ugy (1) - [Ja = ") i O, (5.38)
7j=1
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while in accordance with proposition 5.5 the domain is mapped

Afild) — Dgé) ford=0,....n (5.39)
and altogether
n—1
AL g™\ | Ny (5.40)
j=1

The n — 1 additional (n — 1)-dimensional faces Ny,..., Np_1 of 8[!&1’2) are given by

Ny = {0yinh) 5 M) (5.41)

and

Ny =0V x {03 x g (5.42)

forj=2,...,n—1, whereas the operator L* = Zpl(éé —p) 22 in A,(f”) is transformed

Op* OpJ
into
o LSNP —pY) 92 i
=2y "0 2—— in O\ [ J N (5.43)
24 - P (9p%) oA

Proof of propositions 5.5 and 5.6. We prove the assertions of both propositions in paral-
lel: Aiming to transform U}:’“"z” 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 @7 of lemma 5.1 with the indices r and s to be picked as shown in each
step yields the desired result for U;:’Z’““ﬂk”""’zn, whereas the transformation behaviour of
the domain and the operator is as stated in proposition 5.5. Note that in the designation
of any domains, we will usually suppress the t-component throughout this proof, e. g.
write A%I") instead of (Ag") )_oo, for notational simplicity.
Starting with the top-dimensional component of U}:"“’i”, which is
pnt
P

n—2

B ) = )1

( Ugyeenyt 1( In—1,0 ( )) t) pij pin_l . (In) (5 44)
=uy, (wroroT T (e R — . — - in Ay .
" PP L Pt p "

with plo = p¥ =1 — Z?Zl p% (if ig # 0, one may change the coordinates, i.e. permute the
vertices correspondingly), we initially put® ry := 4,1 and s := 4,. Changing coordinates

3Alternatively, one could also put r1 := i, and s1 := i,—1, which would correspond to inverting the
orientation of the p°!-coordinate in accordance with remark 5.3 (cf. also below) plus subsequently
swapping the coordinate indices i, and i,—1, thus p** would get replaced with 1 — p*»~1 and p'»—1!
with pin.
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(p") = (p") by ®7! maps AU onto Agl 1 % Dg{i”}) and Aq(f"fl) onto A;I”II) x {0}{ind)
whereas the entire domain A% n) is transformed into (Ag’j ) X D ({in}) ) \ N,,—1 with

Np_y = AUn2) o roytin-ad) 5 gD (5.45)

being an additional (n — 1)-dimensional face of Ail 1 x D({i"}) (cf. lemma 5.1). Simul-
)

taneously, the (n — 2)-dimensional incompatibility at A(I" ) of the continuous extension

of uZ]’Z i o an_1A,(1 ") is removed as the transformation yields

ajfz, Yin—13in (p,t) _ ﬂZIk7...,Zn 1(7_‘_1'”,1 (ﬁ),t) . (1 7]52”)

n—2 ~
Z]

ijZl]

= g (0 (7 (), ¢ (-5

in A1) s gltind) (5 46)

by equation (5.12) et seq. (note Fin-1(jp) = win-1in(p)). Hence, the complete function
U}:z” is transformed into

0;:7‘..,Zn—1§2n<p7t) = Z ﬂ?’;v---vld(p7 t)XA([d)(p)
k<d<n—1 d

+ @?,Z’""Z"_m" (2, X\t a1 (P) - (54T)

with the transformed top-dimensional component ' I inliin (p,t) smoothly extending
to AT 5 O i

~Ufyensln— 17271

ur, (B,1)] Unit) s qoyiny) = =y "B, in Al s foytlh (5.48)

As q‘/’“ “in1 tgelf smoothly extends to 9, oAU thus Ulfk #1 now smoothly

extends to the entire (0y,— QA(I” 1)) X D({ n}) , in particular to A(I"52) X Dg{i"}) C N,_1
( n 1)

..... K
"1 resp. its continuous extension to 0, _ 2A)"

(however, uI
bility at A23)).

The operator L* = § 7. p/ (8% — pf) %52

still has an incompati-

") transforms into (cf. lemma 5.4)

8p8p7

o o0 1pn(1—pn) 0 0
Zﬁ” (67 — p't) + 22 (~i 1p) (5.49)
2 81?]3191 2 pn dp'n Op'n

on (Agﬁ;l) X Dg{i"})> \ N,_1 since we have a*(p) = pF(6F — p') = p*(6F — p') for
k,l # in_1,in. If p™» is chosen with alternative orientation (cf. remark 5.3), then p'»
needs to be replaced by (1 — p'*) everywhere.
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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-dimen-
sional 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 (m=1,...,n—k—2) an already transformed
function U Uereesn=mitn—midoin iph (note that we again associate coordinates p resp. p
etc. to the domaln before/after the (m 4+ 1)-th transition; furthermore, we will use the
convention ' Ik = uy, to simplify the notation)

UIZ:v":Zn—mﬂn—m+l:~~~7'Ln (p,t) — Z ,L—Lgllza---vid(z% t)XA(Id) (p)
k<d<n—m d
+ D ey, DX \Un-m) G\ (P)  (5.50)
n—m d—n+m
n—m+1<d<n
with
R e (ORONN | (R R CA Y
j=n—m+1
ford=n—m+1,...,n and
7 [ [ 7 ; i pin7M71
—lky-stn—m —lksstn—m—1 In—m—1sn—m .
u]k (pat) - u] (7’[’ ! (p)a t) pin—m—l +pin—m
i . . . n—_m—2 pin—m—l
= 7TZI€7"'7Z77,7777.71 7-‘-Zn7m7177fn7m . _ _
]k( ( H Zl —j pll plnfmfl + plnfm
(5.52)
in A,(ff,‘nm). The corresponding total domain as an image of A,(f") is given by
n—1
(Al gy LN (5.53)
j=n—m
with previously additional (n — 1)-dimensional faces
Nop— = Aln=m=1) s 13 {lin-m}) 5 g{In\In=m) (5.54)
and
Nj = Al m) s glloaiinom) o (03D x {3 (5.55)
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forj=n—-m+1,....,n—1.

: ~ sy bn—min—m-+1,---50d (I"*m) m
The functions smoothly extend each to A, " ™ x ;7 """ and
we have
~Uyesin—miin—m-41,ld ~Ufgyeenyin—miin—m+1yeytd—1
a | =a 5.56)
I (Un—m)  Ta1\n—m) = U (
K Allnom) =t nem K
ford=n—-—-m+2,...,n and
~Uyesin—miin—m+1 _ —gyeenin_m
Uy, | \Gnm) = T, : (5.57)
n—m

(I:L—m)

~ Uy in—miin—m+1y--ld

With ﬂifz pevsbn—m being smoothly extendable to 0, —;,—1 A ; also the functions @,

smoothly extend to <8n,m,1A£LIf;{”)> X Dgfbﬁr;m), in particular all additional faces are
covered.

Furthermore, we assume the operator L* to be of the corresponding form

1<K o0 0 1 L (1 —p) 82
L*:§ZPZJ(5l]_p”)a ijail+§ pj(*l pi) ii\2 (558)
Gl=1 P op j=n—mt Llizn—m P (9p%)
Infm In Inf'm -
on (Al s O ) N UL, ;.
For the (m + 1)-th blow-up step going to be applied now, we first notice that
ﬂZI’Z""’Z”_m resp. its continuous extension to an_m_lAﬁff;nm) still has an incompatibility

at Agﬁ;{fj) C Aﬁff;lm), corresponding to pin—m + pin-m-1 = (. Consequently, this may
be resolved by a blow-up transformation @;:ﬁﬁ with 741 = them—1 and Spm41 = tn_m
(note that, due to the stipulation iy = 0, we always have ry,11, S;my1 # 0), mapping the

simplex part of the domain (cf. lemma 5.1)

Alnom) y Alnome) o ftin-mD) (5.59)
resp.
Al ) s Al ) s (o) (5.60)
and altogether
AT s BT % B\ Ny o)
with
N, o = m x {O}({in_m—l}) % W (5.62)

A(Infmfl) X D({lnfm}) .

being an additional (n —m — 1)-dimensional face of A" ™7 i
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From this — when gradually adding the cubic part D(I"\I” m)

— equation (5.59) turns into

AUn=m) o a\a—m) |, AU

n—m d—n+m

Vo gUa\n-m=1) gy g > —m, (5.63)

(In—m—
n— 1 d—n+m+1

and by applying equation (5.61) to the previous image of the initial domain A( [n)

equation (5.53), we obtain for the transformed total domain

n—1
In m— In In m— \
PN ) RN (L (5.64)
j=n—m-—1
with Np—m, ...y Ny being the images of the previous additional faces: The faces
Np—m+1,---,Np—1 are only affected indirectly as they contain the full Aﬁff;ﬁ as a

factor, and hence only the ¢, _,-th coordinate is moved from the simplex to the cubic
fraction, thus

Ny = Al s gl ) oy €D x ) (5.65)
forj=n—m+1,...,n—1, whereas N,,_,, = N,y iS virtually not affected as only

p»—m = 0 is transformed into p»~m = 0. For the ‘new’ additional (n — 1)-dimensional
face Np—p—1 (resulting from N,,_,,—1), we may — having added the remaining dimensions

— relax the condition p»—™ > 0 in equation (5.62), which ensures Ny,_,,—1 # An o 22),
into Y7 j=n—m p% > 0 and hence obtain

< In—m bry— 1 — In\In—m—
Nn—m—l = Agz m— 22 X {0}({% m-1}) X ®£n+\1 1)‘ (566)
Simultaneously, a'j,’;"“’i"*m and ﬂ;’;""’i"’m;i”*m“""’id, d=n—-—m+1,...,n get trans-
formed into
a’t[];,...ﬂnfmfl;anm,--qld(ﬁ’t) — ﬂZIIZ Sin—m— 1(7.(.177, m— 1 H 1 _ ~’L] (567)
j=n—m

in Adn-m-1) o qUa\In-m-1) ¢ o > n —m, and hence

n—m-—1 d—n+m+1
UIZ:, sln—m—1itn—m,---0 (p,t) Z U’ZIIZ ’d(pvt)XA(I(ﬁ(p)
k<d<n—m—1 d
4 Z ﬂl[]m Sin—m—13tn—m,-0 (p7t)X Iy —rm—1) (Id\jn_m_1>(p)_ (568)
k A 1 Dd
n—m<d<n n—m-— —n+m+1

)

The transformed functions @ I’“’ sin—m—1iin=m--ld ¢hen each smoothly extend to A,(1

,_\

Oa\n—m— 1), and we have

d—n+m+1
Ty ln—m—15tn—1mye-ld ~'Lk7 Sin—m—1n—m,--id—1
g, | \nm) a1\ ) = T (5.69)
n—m—1 m—+1
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ford=n—m+1,...,n and

~Useenin—m—13In—m —lfyeeesin—m—1
qu ‘ In—m-1) — ulk . (570)

n—m-—1

With ﬂ;’;"“’i”’m’l being smoothly extendable to 8n_m_2AT(ff;n”fll) the functions ul’“’ nin—m=15in—m,...ld

also smoothly extend to (8n m— QATS o 11)) X Dgfrgzliil), by which all additional faces

yeeosln—m—1ln—m

are covered; in particular, @ I, smoothly extends to Nj—m—1 resp. eventu-

'Lkv sin—m—1n—ms-in yeesln—m—1

ally u; extends to Nn m—1 (however, uI resp. its continuous

extension to 8n_m_2A£LIf;{Z_11) still has an incompatibility at Agﬁ;n"i}f)).

To analyse the transformation behaviour of the operator, we first note that the
requirements of lemma 5.4 on a* are met as for i,5 € {i1,...,ip_m} we have a¥/(p) =
pi(éé — p’) by equation (5.58), while all other non-diagonal coefficients vanish. Hence, by
the lemma, we have for 4,5 € {i1,...,%n—m}

a"(p) = p'(5; — ), (5.71)
while for a%% with j =n —m+1,...,n we obtain
. . i'1_i' P (1 — phi
() = vt () = U2 PP (572
Hl n— mp” Hl n—m— lp
Likewise, @'»-min-m takes the form
“'infrninfm 5) — ﬁzn_m(l — ﬁzn_m)
a P)="—F (5.73)
whereas all other coefficients vanish. Altogether, this yields
1! 0 9 1 <& pi(l—ph) 02
5 Z p~l] NZl)8~i. 8~il +* ( J) — (574)
Ji)l=1 peop j=n— m]._[l =n—m— lpll <8plj)
on (Ag"mm 11) Dgrjr\ll"’m ! ) \UJ o1 Nj. If pi»=m is chosen with alternative

orientation (cf. remark 5.3), then p»—m 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

(Ix) Tt 5 A(Ik)

smoothly extends to the entire boundary of A;*’, and hence so does ﬂzlk PaeT

Zkﬂk+1ﬂk+27 i (Tr41) (Ia\Tx+41)
x

implying that each u; ¢ smoothly extends to A, e dep—1 ', and eventually

smoothly extends to A(I’““) fof\ﬁ“f v, Moreover, the restriction

property in equations (5.69) and (5.70) ylelds equation (5.37). O

UZk 1Zk+1 7lk+27 Lin
I,
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~0

Proof of corollary 5.7. In the given setting, we have u{Z }(~) Ugioy (P o +p“)w =

ugy(1)(1—p") in Ag{m’“}) ({“}) (and A Alfion) = {0}{})), which proves the asserted
form of the (simplified) solutlom7 the domam and the additional faces. O]

However, the global smoothness of the transformed solution of proposition 3.2 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 3.1
(this corresponds to U particularly being of class Cp¢). 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 5.7):

5.8 Lemma. Let n > 2, Iy := {ig,i1,...,iq} C {0,1,...,n} ford = 0,...,n with
i; # ij for i # j and ugy: Ag{m}) — R. Then an iterated extension U =Y} uq €

ng(uszo A((ild)) of ugiyy in accordance with the extension constraints 5.1 is transformed
by a successive blow-up transformation ®5" "l o. . 0@l as in proposition 5.5 into a function

U= Yoo ta: Uio DEZI&) — R with extension to all faces {p"* = 1},...,{p"" = 1}

(perceivable as boundary instance of any Dflld) C Dg;‘) ) which is of class Cp° and vanishes
on the mentioned faces.

For the proof, we trace the extendability of U towards the additional faces back to

that of U in Ag") for approaching the incompatibilities — which is accomplished by the
priorly following lemma. Note that in the following we will use a disjoint formulation of
the additional faces by putting

(I/ \I’)

N; _D ﬂ Vs {0} (5.75)

5.9 Lemma. In the setting of a full blow-up transformation as in proposition 5.5, for

d=1,...,n the additional face Ny = Dgf;l) x {0}({ia}) % ﬁiﬁc\ll‘;) c oy~ corresponds

to Az(il_dfl) c A with additional values existing for pif:;i:r{fpi;m""’pi"*pliip""
(perceivable as limits of corresponding sequences). Furthermore, for j =1,...,d — 1 the

face {p¥ =1} C D( “ ) corresponds to pii-1 = 0 in A( “ 2

(Id 1\{% 1})

, in particular its interior

corresponds to A

Proof. To take account of the ‘additional’ faces IV,;, of Dg;t) produced during the blow-up
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transformations, we carry out the full blow-up transformation by proposition 5.5, yielding

Pi=plt 4 4 pin, (5.76)
p'24..4pin ] in
52 = ) g TP P >0 (5.77)
0 for p" + ...+ p" =0,
4 Pkt i1 o pin
Pl = L P 4pl o pin or p'] t -l-p‘ >0 (5.78)
0 for p-1 + ... 4+ p'" =0,
. P for pin-1 4 pin > 0
131” - p nfl_‘_pln p p (579)
0 for p'»=1 4+ p'» =0
for p € UJ_, Aglld) and conversely
pt =" (1 - "), (5.80)
Pl o= (1 — P, (5.81)
pinfl :152'1 ,,,p‘infl(l —ﬁi”)7 (5.82)
pr=pt i (5.83)

for p € Uj_, ng) (note that we also have p? = 1 — p1); however, the given equations

also smoothly extend to the entire Dg‘l). This allows it to also transform the Ny c O,

back to A, i.e. p'¢ = 0 implies p'e,...,p'» =0, whereas 0 < p'1,...,pl-1 < 1 leads to
p't, ..., p'e=t > 0. Keeping the values of p'*+1, ..., p' yields the pivotal allele (limit) ratios
pzd+‘1 ++pln ] pin
pi'd—f—pld"'l-fl—...—‘rpiﬂi ge ey pzn_'l—‘rpin . . . . ' '
P P P pid > 00 0 < FY,. .. pl1, L e < 1 and lart = 0). O

If however p% = 1, this corresponds to p%-! = 0 (and

Proof of lemma 5.8. By lemma 5.1 and proposition 5.5 resp. corollary 5.7, the full blow-up
transformation respectively maps

Ual— o (5.84)
d=0 d=0

C*-diffeomorphically (cf. equation (5.39)). By the Cpo-regularity of U, u, in Ag")
(In—l) ’:L)

smoothly connects with u,—1 in A"/, and consequently so does @, in Dq(f with @,_1

I/
in Dflfil); an analogous statement holds for all lower dimensions. Thus it remains to be
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shown that U extends those faces of Dg’/l) given by {p% =1} for j =1,...,n such that
the extension is of class Cp°.

In anticipation of lemma 5.9 on p. 26, the interior of {p =1} C mS corresponds to
pli-t =0and p* >0forl+#j—1in Ag"), thus to Afff}{”*}), which is a boundary face
of Aﬁf") outside the assumed extension path defined by the (ordered) I,,. Hence by the

Cpy-regularity, the relevant continuous extension of U needs to be zero there, and this is

(In)

attained smoothly when coming from the interior Ay "’. Considering the diffeomorphism
properties of the transformation, this also applies to the cube.

I _
éf{l) cO,,d=1,...,n: The interior

of its face {p% = 1} corresponds to A(Id Mi-1d) - Afff;l) when transformed back to the
simplex (cf. equation (5.84) and lemma 5 9). This is again outside the assumed extension
path, in particular if starting in AEII_"ZII), and hence the corresponding boundary extension
of ug—1 needs to smoothly attain zero there by the Cpr-regularity, which likewise applies

analogously to the cube. O

An analogous observation holds for subcubes

6 The uniqueness of solutions of the stationary Kolmogorov backward
equation

The main application of the blow-up scheme is the uniqueness proof for the iteratively
extended solutions of the Kolmogorov backward equation in accordance with the extension
constraints 3.1. 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 the simplex, cf. section 10 in [19]). After that, the main
result will be stated by applying the uniqueness result for the cube to the transformed
iteratively extended solutions (assuming sufficient regularity if necessary).

Regarding the uniqueness of stationary solutions on the cube with the transformed
Kolmogorov backward operator given by equation (5.43), we have in conjunction to
lemma 10.1 in [19] for the simplex:

6.1 Lemma (stem lemma, cube version). For a solution uw € C*°(0,,) of the stationary
Kolmogorov backward equation L}u =0 in U, with

2

Zp —7) (6.1)

11 ]1]7] (ap)

and with extension U € Cp°(0y), we have

LU =0 inO,, (6.2)
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2U =0 with Lj:= 5 Z — (6.3)

m Oy = {ﬁil =biy,...,pind = binfd} Cc gy, foralll <d<mn-—1andalliy,...,in_q€

{1,...,n}, ix # 4 for k # 1 with i = i(d) := argmax{b;,, = 0} resp. i(d) :=0 ifb;, =1
01 yeenyin—d

for all i,,.

Proof. The statement is proven iteratively: Assuming that equation (6.3) holds in some

(arbitrary) domain g1 C 04410, we show that a corresponding formula also holds

for any Oy C 0g0g4+1 C 9400, A repeated application of the argument then yields the

assertion.

Let Ogy1 = {ﬁ“ =by,... ,ﬁi"*d*1 = n—d—l} and Oy = {ﬁ“ =by,... ,ﬁi"*d = bn—d}
with 4, g # 41, ..., in—qg—1 and b,_q € {0,1}. If we have i,,_4 < i(d+1), then as p'»—4 — 0
resp. p'»~¢ — 1, the value of the operator in equation (6.3) applied to U — with the
occurring derivatives and the coefficients being continuous — depends continuously on p
up to the boundary, thus equation (6.3), which already has the corresponding form for
Oq (note 2(d) = i(d + 1)), also holds on .

If we rather have i,,_q > i(d + 1) and b,,_q = 1, then, when choosing some p € [y and
a sequence (Py)ien in Ogyq with p; — p, the expression

by O WS

in—q—1 j i —
Hj:i?d)+1p{ (9P, ‘)
JFim

sU(P1) (6.4)

~ip—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 U — is continuous up
to p. Analogous to the previous case, all other summands of the operator in equation (6.3)
are also continuous on the boundary, thus proving that the corresponding form of
equation (6.3) (with the i,_4-th summand deleted) holds in Oy (again 2(d) = i(d + 1)).

If instead 4,,_q > 2(d+ 1) and b,,_4 = 0, then we may multiply the whole equation (6.3)
by pin—d. If now pin—¢ — 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 (6.3) holds on Oy with the index 2(d 4 1) replaced by #(d) = ip,—q. O

The obtained equation (6.2) may again be perceived as an extended version of the
stationary Kolmogorov backward equation on the cube (cf. also equation (1.10), although
the domains do not fully correspond), and we have (cf. proposition 10.2 in [19]):

6.2 Proposition. A solution U € C;°(0,) N C%(0,) of the extended stationary Kol-
mogorov backward equation

L'U=0 in0, (6.5)
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with L* as in equation (6.3) is uniquely determined by its values on 9oCy,.

Proof. The uniqueness may be shown by a successive application of the maximum
principle: In every instance of the domain Og C 940, for all 1 < d < n, the solution U|p,
is uniquely defined by its values on d0J;: If equation (6.3) comprises d derivative terms,
this follows directly from Hopf’s maximum principle as the operator is locally uniformly
elliptic on Og; 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
(g. Applying this consideration successively for dy[1,, ..., d,0, = O, yields the desired
global uniqueness. 0

With the blow-up scheme at hand, the preceding uniqueness result may also be conveyed
to the simplex A,,, assuming some additional regularity. We eventually have:

6.3 Theorem. Let n € Ny, I := {ig,41,...,iq} C {0,1,...,n} ford =0,...,n with
i # ij fori # j and uggy: A((){ZO})
R as in proposition 3.2 is unique within the class of extensions U whic
ston constraints 3.1, 1. e.

— R be given. Then an extension Uigo}l” : Uogdgn Aglld) —
satisfy the exten-

(i) are of class ng(uogdgn Aff‘i)) with U’Aé{io}) = Ufip) and

g . . . (I2)
(i) solve the stationary Kolmogorov backward equation (1.10) in Uycgen, Ag®,

as well as, in case n > 2, whose
. . ~ I . .
(iii) transformation image U: |J;_, DEI a) — R by a successive blow-up transformation

(I7)

d.nlo., .0 ®L as in proposition 5.5 has an extension to the entire boundary OU,

Sn—1 7

which is of class C)° (Dg‘b)) nco (Dg‘b)).

Consequently, also the global extension (_]{,-0} as in proposition 8.4 in [19] resp. also in
theorem 3.8 is unique.

Proof. The assertion for the trivial case n = 1 directly follows, as szoz}l is as already

sufficiently regular in Agh) = ngl) for an application of the maximum principle, in
particular globally continuous. For n > 2, any function U which is a solution of the

stationary Kolmogorov backward equation (1.10) in Ag") by a full blow-up transformation

of the domain transforms into a function U, which solves the stationary Kolmogorov

backward equation (5.33) in |J)_, Dg‘;) (cf. proposition 5.5 resp. corollary 5.7 and
lemma 5.8). Furthermore, with the assumed regularity after a full blow-up, it has
%)

an extension to Dg which is pathwise smooth as well as globally continuous and by

1§mma 6.1 solves the stationary Kolmogorov backward equation LU =0in Dg“ with

L* as in equation (6.3). Hence, the uniqueness result of proposition 6.2 applies and proves
the uniqueness of the transformed function (and, regarding the injectivity of the blow-up,
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also the uniqueness of U) — for specified boundary data on the entire 80fo;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 5.8, U resp. its corresponding
()

continuous extension vanishes on {p% =1} c 90J,,

,j=1,...,n. As by assumption (iii)
(I7)
n

the continuous extendability applies to the entire [1>™/, U resp. its extension even vanishes

on

{pr=1},..., {p» =1}. (6.6)

(I7)

In particular, this signifies that U resp. its extension vanishes on any vertex Ly C dpld,,

— which may always be written as
Oo = {ﬁiﬂ' =b; forj=1,...,n} with correspondingly b; € {0,1} — (6.7)

except for the vertex D(()g) = {(0,...,0)}, where it attains the value ug; as stated
previously. Thus, the (transformed) boundary data given on all vertices is identical for
any extension in question, and since UE%'}'””  Uo<d<n Affd) — R as in proposition 3.2

(I%)

satisfies the extension constraints and has an extension to the entire boundary 00J,

which is in Cgo(Dg;‘)) neo (Dgﬂl)) (this may be seen directly from equation (5.38)), it
also is the unique extension. ]
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