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A HIERARCHICAL EXTENSION SCHEME FOR SOLUTIONS OF THE
WRIGHT-FISHER MODEL*
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Abstract. We develop a global and hierarchical scheme for the forward Kolmogorov (Fokker—
Planck) equation of the diffusion approximation of the Wright—Fisher model of population genetics.
That model describes the random genetic drift of several alleles at the same locus in a population.
The key of our scheme is to connect the solutions before and after the loss of an allele. Whereas in
an approach via stochastic processes or partial differential equations, such a loss of an allele leads to a
boundary singularity, from a biological or geometric perspective, this is a natural process that can be
analyzed in detail. Our method depends on evolution equations for the moments of the process and a
careful analysis of the boundary flux.
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1. Introduction

The Wright-Fisher model [16,35], the basic model of population genetics, models
random genetic drift in a finite population of fixed size. It describes the evolution of the
probabilities between non-overlapping generations of several alleles, that is, competing
alternatives for representation at a genetic locus. These probabilities are obtained from
random sampling in the parental generation. In more detail, we have a population of
finite size N carrying initially n+1 different alleles, at a single locus in the basic version
that we are concerned with here. For each member of a new generation — the model
works with discrete time steps — randomly (with replacement) a mother is drawn from
the previous generation, who then donates her allele to that offspring. Eventually, all
but one allele will get lost by random drift from the population, because it may happen
that at some time, by chance no carrier of a particular allele is chosen as a mother for a
member of the next generation. Then in that and all future generations, that particular
allele will no longer be represented. Therefore, almost surely, asymptotically only a
single allele will survive. For the mathematical analysis, starting with the pioneering
work of Kimura [23-25], one goes to the diffusion approximation of the process, that is,
rescales time as t= % and lets N —o00. The evolution of the probability distribution
of the alleles in the population is then described by the so-called forward Kolmogorov
equation

gu (x,t)= Z ’5‘xﬂ (6; —2)u(z,t)) in (Ap)e =A% (0,00), (1.1)

which is also known as the Fokker—Planck equation (cf. also Section 3 for more details).
The state space here is the n-dimensional probability simplex A,. That is, instead
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of the original model of a finite population evolving in discrete time steps, rather one

considers the diffusion approximation for an infinite population in continuous time.
The basic model just described covers a single genetic locus only. Extensions to

several loci are possible, as is the inclusion of mutation, selection, or a spatial population

structure, and this has driven research in mathematical population genetics (see [4,14]).

The forward Kolmogorov equation is a partial differential equation of parabolic type.

There is another important PDE associated with this process, the backward Kolmogorov

equation

n 82 .

Z axiaxa‘ u(z,t) in (An)s =24, x(0,00), (1.2)

—uxt

w\»—n

which is the adjoint of the forward equation w.r.t. a suitable product (and with a
boundary contribution whose analysis will be the main new tool of the present paper).

The forward equations describes how an initial probability distribution for the al-
leles in a population evolves in time. Since, as explained, alleles can disappear from
the population by random genetic drift and will then be lost forever (unless the possi-
bility of mutations is included, which, however, we do not consider in this paper), one
needs to dynamically connect strata corresponding to different allele numbers. This is
the main source of difficulties addressed in this paper, particularly as the operator in
equation (1.1) becomes degenerate towards the boundary of the domain.

We note that we cannot prescribe boundary values for the Kolmogorov forward
equation (1.1). In terms of the process, the boundary plays a passive role as there is
flux from the interior to the boundary, but not in the other direction. Therefore, the
boundary values are determined by the evolution of the solution in the interior. In
analytical terms, we have an exit boundary in the terminology of Feller [15].

The backward equation, in contrast, describes the evolution of the probabilities
of the distributions of ancestral states giving rise to the present allele distribution.
Solutions of an inhomogeneous backward equation also yield formulas for expected loss
of allele times. In the backward equation, the transition between strata is simpler,
because the contributions from the various strata essentially add up. That is, the
degeneracy at the boundary is easier for the backward than for the forward equations,
and there already exists a substantial literature deriving corresponding expansions for
the solution of the backward equations, see for instance [10,17,18,27-30]. A powerful
tool in this line of research has been Kingman’s coalescent [26], that is, the method of
tracing lines of descent back into the past and analyzing their merging patterns (for
a quick introduction to that theory, see also [21]). We shall describe some of these
achievements in more detail below.

Here, as already mentioned, we analyze the more difficult boundary transitions for
the forward equation. For this purpose, we shall also utilize the duality between the
forward and the backward equation in an essential manner. Nevertheless, we should
emphasize that the solutions of the forward equation are different from those of the
backward equation and cannot be recovered from the latter. Therefore, the results
about solutions of the backward equation that we shall reference below do not directly
apply to the forward equation. Therefore, we develop a different approach in this paper.

Since the original work of Fisher, Wright, and Kimura, the Wright-Fisher model as
well as several extensions or generalizations of it have been investigated in considerable
detail. One research line incorporated the model into the general theory of stochastic
processes or partial differential equations and derived existence and regularity results
from that general perspective, see for instance [9,11-13,22] for stochastic processes
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or [7,8] for partial differential equations. Much research was also concerned with ex-
plicit results and formulas, for instance for the expected time of loss of an allele, and
therefore, while relying on the abstract theory, had to work out the specific and explicit
structure of the model. We propose a third line of research on the Wright—Fisher model,
based on geometric constructions, more specifically on information geometry, that is,
the geometry of probability distributions, see [1,2].

In fact, the structure of the model is surprisingly rich, in particular when viewed
from a geometric perspective. We are carrying out a systematic research project (see
[19,31-34]) to develop this structure and thereby obtain an understanding of the Wright—
Fisher model that is both deeper and more explicit, in the sense that precise formulae
for the quantities of interest can be derived. The present paper, which is based on [19],
is a key component of this project.

There are many solution schemes for the Kolmogorov forward equation (1.1) in the
literature. As early as 1956, Kimura presented a local solution scheme for the 3-allelic
case (n=2) in [25]. Another approach by separation of variables was presented by
Baxter, Blythe, and McKane in [3], this time for an arbitrary number of alleles. For
the Kolmogorov backward equation, the situation is even better. The starting point
of much of the literature was the observation of Wright [36] that when one includes
mutation, the degeneracy at the boundary is removed. And when the probability of a
mutation of allele 7 into allele j depends only on the target j, then the backward process
possesses a unique stationary distribution, at least as long as those mutation rates are
positive. This then lead to explicit representation formulas in [10,17,18,27-30]. Some
of these formulas, in particular those of [10,29] also pertain to the limit of vanishing
mutation rates. In [29], a superposition of the contributions from the various strata was
achieved, whereas in [10] one could write down an explicit formula in terms of a Dirichlet
distribution. As already mentioned, for the Kolmogorov forward equation, the situation
is more subtle because such a superposition for the contributions from the various strata
no longer holds. The difference is the following. The backward equation produces the
probability distribution of ancestral states giving rise to a current distribution. That
latter distribution may involve states with different numbers of alleles present. Their
ancestral distributions, however, do not interfere, regardless of the numbers of alleles
they involve. Thus, some superposition principle holds, and the Kolmogorov backward
equation nicely extends to the boundary. In contrast, the Kolmogorov forward equation
yields the future distribution evolving from a current one. Here, however, the probability
of some boundary state does not only depend on the flow within the corresponding
boundary stratum, but also on the distribution in the interior, because at any time, there
is some probability that an interior state loses some allele and turns into a boundary
state. Thus, there is a continuous flux into the boundary strata from the interior.
Therefore, the extension of the flow from the interior to the boundary strata is different
from the intrinsic flows in those strata, and no superposition principle holds.

Let us now describe in more specific terms what we achieve in this paper. 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 by random drift of some alleles from the population in
finite time. And from a stochastic perspective, this has to happen almost surely. Now,
however, even after an allele gets lost, the population keeps evolving by random genetic
drift according to the Wright—Fisher scheme, simply with fewer alleles than before, until
only one allele is left and the evolution comes to a halt (in this basic model). Therefore,
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it is biologically essential and geometrically natural to connect the processes before and
after the loss of an allele. When the original process, starting with, say, n+1 alleles,
takes place on an n-dimensional probability simplex, after the loss of an allele, we have
a process on an (n —1)-dimensional simplex. The latter then should be identified as a
facet of the former, that is, the loss of an allele simply means that the process moves
from the interior into the boundary of the original simplex. Of course, this will then
be repeated when further alleles get lost, and the process moves to lower and lower
dimensional boundary strata until it gets stuck in a corner. In this paper, we therefore
construct a global solution that incorporates and connects these successive loss of allele
events, that is:

THEOREM 1.1 (cf. Theorem 4.12 on p.1109). For neN and a given initial condi-
tion f € L*(A,), the Kolmogorov forward equation (1.1) corresponding to the diffusion
approximation of the n-dimensional Wright—Fisher model possesses a unique extended
solution U : (Zn)w — R, which is defined on the entire closed simplex.

The key to our solution concept is the evolution of the moments of the underlying
process. These moments are global quantities, and their evolutions include what flows
into the boundary. For instance, the total mass of the process remains 1. The mo-
ment evolution equations constitute an infinite family of ODEs. We have %ﬂo(t) =0
(preservation of the total mass) and

9 |af(Jo = 1) ~ai(a;—1)

— o (t) = ———— iy (T ——— e, (T 1.

gt 0=~ G a0+ 32 G (0 (19
where the moment fi,, is the expectation value of z%, for = (ay,...,ay), || >1 (e; de-

notes the multi-index (0,...,0,1,0,...,0) with 1 at the ith position). Our global solution
respects and reflects all these moment evolutions, and is in turn determined by them.
In that sense, the moment evolution equation (1.3) are equivalent to (our solution of)
the Kolmogorov forward equation.

In technical terms, this concept of (the extended) solution involves developing a
hierarchical scheme that relies on equations for the moments of the process, the interplay
between the forward and the backward Kolmogorov equations, representations of the
solutions in terms of Gegenbauer polynomials and on a careful analysis of the boundary
flux. We should also point out, that while the existing literature draws upon concepts
and results from the theory of stochastic processes in an essential way, our approach is
analytical and geometric and therefore offers an alternative to the existing ones. The
processes for fewer alleles that occur in our hierarchical scheme combine the intrinsic
dynamics with a reduced allele number with the contributions through loss-of-allele
events from larger allele sets. This avoids any singularities.

In geometric terms, we carefully investigate the boundary flux from a simplex into
its various boundary faces. In analytical terms, we reduce the Kolmogorov type PDE to
a family of ODEs, the moment evolution equations. Earlier research in that direction is
due to Dawson and Hochberg [5] and Dynkin [6], within a more general and therefore less
explicit scheme. In our approach, the moment equations are global and guarantee the
consistency of the process beyond loss-of-allele events and across the various boundary
faces, see Theorem 4.11. And in [32-34], we have already constructed a global solution,
which (implicitly) made use of the hierarchical scheme presented here.

From the PDE perspective [7,8], it might be of interest to see how a PDE with
singular behavior at a singular boundary — recall the lower-dimensional boundary strata
where the boundary has corners — can be explicitly solved by a hierarchical scheme.
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Extensions to several loci and the effects of genetic recombination, processes with
mutations, presence of selective forces, etc. will be studied elsewhere.

2. Preliminaries and notation

Since we plan to develop a hierarchical scheme for the solution of the Kolmogorov
equations on the various boundary strata of the standard simplex, we need to develop
some notation for the recursive application of our scheme on different boundary strata.
We also need suitable hierarchical products. That is the purpose of this section.

We consider relative frequencies 2%, 2, ...,2™ of alleles 0,1,...,n. Thus we have the
normalization Y. 27 =1, and we therefore have 2°=1—3"" 2. We shall therefore

work with the (open) n-dimensional standard orthogonal simplex
A, = {(x17...7ac") ER"}xi >0 for i=1,...,n and Zwl < 1}, (2.1)
i=1
or equivalently,
A, = {(xl,...,x") GR"’mj >0 for j=0,1,...,n and Zajj :1}. (2.2)
j=0
Its topological closure is
A, = {(xl,...,x") GR"’xi >0 for i=1,...,n and in <1}. (2.3)
i=1

In order to include time ¢ € [0,00), we shall also use the notation
(Ap)oo =24y x(0,00).

The boundary A, =A, \ A, consists of various subsimplices of descending di-
mensions called faces, starting from the (n—1)-dimensional facets down to the wer-
tices (which represent 0O-dimensional faces). Each subsimplex of dimension k<n—1
is isomorphic to the k-dimensional standard orthogonal simplex Aj. For an index set
I, ={io,i1,...,ik} C{0,...,n} with i; #4; for j#1 we put

AR = {(3317...71‘") €A, |a* >0 for i € I; &' =0 for z’e[n\lk}. (2.4)

We note that A, = A%I").

For a given k <n— 1, there are of course ("+1

k+1
of which corresponds to a certain boundary face A
k-dimensional boundary O A, of A,

) different such subsets I}, of I,,, each

,(CI‘"'). We therefore introduce the

wAI) = | A coal”) for 0<k<n-—1. (2.5)
IxCI,

With this notation, we have 0,,A, =A,,, although this is not a boundary component.
The concept of the k-dimensional boundary also applies to simplices which are them-
selves boundary instances of some AZ(I’), I;c I, for 0<k<l<n, thus

oA = A coal™. (2.6)
Iy CI
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In the Wright—Fisher model, A,, corresponds to the state where all n+1 alleles are
present, whereas 0 A,, represents the state where exactly (any) k41 alleles are present

A({io"”’i"‘}) in 9 A,, corresponds to the state where

exactly the alleles ig,...,i;, are present in the population. Likewise, 0y_14, ({io,---sik})
corresponds to the state where exactly one further allele out of ig,... i is ehmlnated
from the population.

in the population. An individual

In order to define integral products on A,, and its faces, we need appropriate spaces
of square integrable functions. Thus,

L2( O 5‘kAn> = {f: A, —>R‘f|akAn is Ap-measurable and

/ |f(:z:)|2Ak(d:L’)<ooforallk:(),...,n}. (2.7)
O A

Here, Ay, is the k-dimensional Lebesgue measure, but when integrating over some Ag"')

with 0¢ Ij, the measure needs to be replaced with the one induced on Ag’“) by the
Lebesgue measure of the containing R**!. That measure, however, will still be denoted

by Ax as it is clear from the domain of integration A,(f"') with either 0 € I, or 0 ¢ I}, which
version is actually used. In particular, for the top-dimensional simplex, we simply have

LA(A,):= {f JANS —>]R’f is A,,-measurable and/ )2\, (dx)<oo}. (2.8)

Furthermore, we also define for k€ NU{oo}

CE(A,)={feC"(A,)|floa, =0}, (2.9)
CE(AL):={feC*(A,)|3feCE(AL) with fla, =f} (2.10)

as well as
CE(A,):={feCH(Ay)|supp(f) S AL} (2.11)

We can now introduce a product of functions u,v € L2(A,,) by

(u,0)p : f/u(x)v(x))‘n(d:r). (2.12)

A,

Importantly, we integrate here only over the interior A,,; the index — if no confusion is to
be expected — may be omitted. As n was arbitrary, the product may also be recursively
applied on some Aff’“ ) COA,.

Utilising the various products (-,-); on AL for k= 0,...,n, we can now define
a hierarchical product on the closure of the simplex A,,. For functions u,v: A, — R
with U’U|akA$f") cL? (akA%I”)) for all k=0,...,n, we put

=> (u,v) (2.13)

k=0
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with (u,v), denoting the integral over the full k-dimensional boundary 9xA,, of A,, (cf
equation (2.5)), thus

n n

[u,v]n:Z(u,v)k:Z/u() ) A(dz) ZZ / () Ae(da); (2.14)

k=0 k=0p,'A k=0 1uCln (1)
k

here, Aj, again denotes either the Lebesgue measure of R* or — if the domain of integra-

tion is some A,(f’“) with 0¢ I}, — the measure induced on Aff’“ ) by the Lebesgue measure
of the containing RF*1.

3. The Kolmogorov equations
The Kolmogorov forward equation for the diffusion approximation of the n-allelic
1-locus Wright-Fisher model reads

( ) nu(x,t) n (An)oo =A, X (O,oo)
{ (2,0) = f(x) in A, feL?(A,) (3.1)

for u(-,t) € C?(A,,) for each fixed t € (0,00) and u(x, ) € C1((0,00)) for each fixed x € A,,
and with

ZWW (08— a7 Yu(x,1)) (3.2)

being the forward operator. Analogously, we have the backward operator

. LS (st gy O
Liu(z,t) = d (= (5j—x3)>axiazju(x7t)7 (3.3)
ij=1

appearing in the corresponding Kolmogorov backward equation. The definitions of the
operators given in equations (3.2) and (3.3) also apply to the closure A,,, and in fact,
we shall also consider extensions of the solution and the differential equation to the
boundary. However, the operators become degenerate at the boundary. In fact, on the
boundary, the corresponding entries in the coefficient matrix (z*(0% —7));; vanish, thus
the operators are not uniformly elliptic on A,,.

Later, we will also use a weak formulation of the Kolmogorov forward equation

[;U(i),w] =[U(t),L} ] , for peC™(A,) and all t€ (0,00). (3.4)

n

Properties and eigenfunctions. For relations between the two operators, we
immediately have the following two lemmas:

LEMMA 3.1. L, and L}, are (formal) adjoints with respect to the product (-,-), in the
sense that

(Lpu,@)n=(u,LEp)n  for UGCQ(ZH), apecg(zn). (3.5)

Proof. The assertion directly follows from Proposition 4.4 below. ]

LEMMA 3.2.  For an eigenfunction ¢ € C*(A,) of Ly, and wy, :=[],_,z* (1=, 2!),
we have: wpp € C3(A,,) is an eigenfunction of L, corresponding to the same eigenvalue
and conversely.
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Proof.  Looking for a function w, with L} (w,u) =w,L,(u) (and hence, for L,,-

eigenfunctions ¢, L’ (wn¢) =wn L, (@) = —Aw,p), we have on the one hand
B n—|— 1) ) 0o 0
Lou=— +Z —(n4+1)z u+ Z i—u i 9 (3.6)

and on the other hand

L (wpu Zx -—x] 0 i(wnu)

S Q5L ol o 0 0
Qij (65 —= )((axi %jwn)uwaxjwnax Utns s ) (3.7)
Thus, it suffices that such a function w,, satisfies

3 (85— 27) 5 gy wn = —n(n+1)wn

> (8} —xj)%wn =(1—(n+1)2")w, for all i,

(3.8)

which is the case for w, =[[;_ 2" (1-3;" ') as may easily be verified by direct
computation. ]

For our hierarchical scheme, it will be important that the operator L}, if restricted
to subsimplices Aff’“) =2 Ay in 8A£LI") of any dimension k, is the adjoint of the differential
operator Ly corresponding to the evolution of a (k+ 1)-allelic process in Ay:

LEmMMA 3.3. For 0<k<mn and I} C{0,...,n}, |Ix| =k, we have

L] sow =L (3.9)
Proof.  For I, C{1,...,n}, |I| =k, we directly have:

x LS (st iy O
Ln|A§cIk) :i Z (SC (5j—x])) O OxI ‘A](clk)

ij=1
1 isi_ g o *
=3 > (= (5jfxﬂ))8$iaxj =L (3.10)
VISP
By symmetry, this then also holds for I, with 0 € Ij, hence for arbitrary I. a0

We may therefore omit the index k in Lj, whenever convenient, in particular when
considering domains where (parts of) the boundary are included. For the operator L,
in contrast, we do not have such a restriction property.

The starting point of our solution scheme will be the solution constructed in [33].
That solution depends on::

PROPOSITION 3.4.  For neN, and each multi-inder a=(a?,...,a™) with |a|=a' +

4t =1>0,

Cla =%+ Zawx reN,, (3.11)
|8]=0
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with ay g inductively defined by a; g:=3d5 for [B|=1 and

S (B42)(B" + Day s, gig1,...5m)
(I—1B))(1+]8]+2n+1)

appi=— for all 0<|BI<1—1, (3.12)

is an eigenfunction of L, in A, corresponding to the eigenvalue )\l(n) = w
4. Solution schemes for the Kolmogorov forward equation
Knowing the eigenfunctions (cf. Proposition 3.4), it is straightforward to reconstruct
the local solution of [3,25] (for details cf. [31,33]).

PROPOSITION 4.1.  For n€N and any initial condition f € L*(A,,), the Kolmogorov
forward equation corresponding to the diffusion approximation of the n-dimensional
Wright-Fisher model (3.1) always possesses a unique solution wu: (An)oo—HR with
u(-,t) € C®(A,,) for each fixed t € (0,00) and u(x, )€ C®((0,00)) for each fixred x € A,,.
Furthermore, this solution (and all its spatial derivatives) may be extended continuously
to the boundary 0A,,.

The regularity, which follows from the regularity of the generalized Gegenbauer
polynomials, of course agrees with standard PDE theory (cf. e.g. [20]).

4.1. Moments and the weak formulation of the Kolmogorov forward
equation. The solution of equation (3.1) in A,, lacks conservation properties: As

,(Jn) = 2lntl) .0, a solution tends to 0 everywhere in

the smallest eigenvalue of L, is A 5
A, for t —oco. In particular, the total mass and all other moments are not preserved.
However, these properties are an important property of the model, and what disappears
in the interior of the simplex should accumulate in its boundary. After all, the process
should continue after the loss of one or several alleles. We shall therefore introduce
a suitable extended solution on the entire A,,. This solution will be derived from the
conservation of the moments of the process.

The moments of the n-dimensional process as obtained as limits of those from the

underlying discrete model satisfy the moment evolution equations

Dty ="M > 2D (4.1)

for a=(ai,...,an), |a|>1, whereas %ﬂo(t):() (with e; denoting the multi-index
(0,...,0,1,0,...,0) with 1 appearing at the ith position). These moments can be de-
fined as

ﬂa(t)::[U,xa]nEZ / Uz, t)x® Ag(dx), t>0, a=(aq,...,an), (4.2)
k=09,A .

95 A

with the hierarchical product introduced in equation (2.13). This now involves an

integration over A,, that is, including the boundary 0A,, of the state space, which
corresponds to configurations of the model where some allele frequencies may be zero.

Therefore, we introduce the capitalized U: (A,)eo — R as an extended solution as
the probability density function of the diffusion approximation of the n-dimensional

Wright-Fisher process on the entire A, (thus in particular U|a, is a solution of the
Kolmogorov forward equation (3.1) in A,,).
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We shall now discuss the consistency between the moments evolution equation (4.1)
and the Kolmogorov backward operator L* in A,, as defined in equation (3.3) (actu-
ally, the following considerations also hold for a generic product [-,-]). Since L* has
polynomial coefficients, it maps polynomials to polynomials, and we have

e, o 0?
00 i ] e
L= 2 ”2231 (37 05— )) Oriri
1 - a—e; o 1 a
:52041(047;—1)@ —x )fiz:aiozjx
i=1 i#j
*liav(a-fl)x“*ei71|a|(|a|71)x°‘ for re A (4.3)
- 2 — K3 3 2 ny .
which yields, using the notation of Equation (4.2),
* 1 - - 1 e
U0, L], = 2 S e~ Dfioce, () — 3 ol (o] D" (1) (4.4)
i=1

where the right-hand side is equal to that of Equation (4.1). Thus, if the moments
equation is fulfilled for some probability density function U, we may equivalently write

%ﬂa(t) = [;U(t),xo‘} = [U(t),LZxo‘]n for te (0,00). (4.5)

Since the z® generate the space of all polynomials and since the polynomials are
dense in C'*°, we therefore also have such relations for arbitrary test functions ¢,

[;U(t),go] =[Ut),Ly¢], for peC®(A,) and all te (0,00). (4.6)

This is our weak formulation (3.4) of the Kolmogorov forward Equation (3.1). We may
also write the initial condition' weakly as

[U(~,O),cp]n:[f,<p]n for all p€ C*(A,,), (4.7)

which requires no explicit regularity towards the boundary (but we shall need that
its restriction to interior instances can be continuously extended to the correspond-
ing boundary). Only, an integrability condition applies, which is U(~,t),%U(-,t),f€
L2(UZ:06kAn) for t>0.

Summarizing our findings, we have:

LEMMA 4.2. A functionU: (A,)  —R, U(-t), LU(-,t) € L*(Up_oOrAy) fort>0
with corresponding moments fio (t) =[U(t),2%n, a=(aq,...,an), t >0 that satisfies the
moments evolution equation (4.1) also solves the weak formulation of the Kolmogorov
forward equation (4.6) and conversely.

1Since we integrate over A,, f may now also be formulated as an extended initial condition on
the entire A,,. Then, f|pa, 70 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 corre-
sponding dimension, and hence do not yield any further insight into the nature of the process. For this
reason, we will usually assume f|pa, =0 or that f is extended that way if it is only given on A,.



J. HOFRICHTER, T.D. TRAN, AND J. JOST 1103

4.2. A hierarchical extension of solutions and the boundary flux. We
shall now construct suitable boundary values as required for an extended solution
U: (Zn)oo—ﬂR. For that purpose, we shall introduce the concept of the boundary
flux. The investigation of the boundary flux as the basis for a hierarchical solution

scheme is the main new contribution of this paper and will follow below.

DEFINITION 4.3. For A(I") with I, ={0,1,...,n} and a solution wu: (A&’"))m — R of

the Kolmogorov forward equation (3.1) for given f: A (In)

a hierarchical extension

—> R as in Proposition 4.1,

U: (ASLI")) — R with U(x,t): ZU’“ (x,t) xa A(I")( x) (4.8)
k=0

s given by

u(x,t) for x € Ag")z GnA%I”)
Uk:(akAg"))ooHR with U (z,t):=4 Uy 1, (2,1) fora:eA,(f’“)CakAg"),IkCIn

0 otherwise
(4.9)
for all0<k<n and
t
Uk.1,,: (A,(CI’“)) — R with Uy, (z,t): /u kr, (Tt —T7)dr (4.10)
0

for 0<k<n-—1 and for all subsets Iy C I,. Here, uj ; (z,t): (AE@I’“))OO — R is a solu-
tion of

Lyu(x,t)= (a: t) (z,t) € (Agclk))

(Ir)
u(x,O):ZIHQIk GJUHLI,CH(I’T) xEA k

oo

(4.11)

for all 7>0 as in Proposition 4.1 and Gékﬂ " is the normal component of the flux
Tt

; ; ATes1)
of the continuous extension of Uxi1,1,,, to A 7.

In general, the flux Gy : (An)oo — R™ of a solution u: (A,)se —R™ of equa-
tion (3.1) is given in terms of its components

Gizt)i=—=Y — (26" —a?)u(z,t)) = —%Z%(a”u(x,t)), i=1,...,n. (4.12)

In particular, we have

divG, Za - G =—Lou=—uy. (4.13)

Again, this concept directly extends to boundary instances of A, if u extends to the
boundary such that the extension is of class C? with respect to the spatial variables
(which is the case for a solution from Proposition 4.1).
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With this flux, we can now state a generalized form of Lemma 3.1, which yields the
adjointness for the Kolmogorov operators L,, and L} also for non-vanishing boundary
terms:

PROPOSITION 4.4. For n€N, and u,p € C? (En), we have
(Lpu,@)p=— / Gy -vdAp_1+ (u,L@)n (4.14)
On—145

where G, is the flux of u and v the outward unit surface normal to OA,,.

Proof.  We use the integration by parts formula

/3u pdQ= /cpuuidaﬁf/u% dQ, (4.15)
x'L
Q

81
Q o2

holding for a domain € with piecewise continuous boundary 99, u,p € C1(Q2) and v*
being the ith component of the outward unit surface normal to 9€2. This yields

Lyu, 90 /Za A <PdAn
/ZGW @dA,_ 1+/2Gu8 - pdA,. (4.16)

Z;g kA, clearly is a null set with respect to A,_1, and we may hence replace the
domain of integration of the first summand by 0,,_1A,,. For the second term, we apply
the integration by parts formula again (with the modified domain of integration):

/ZGua ~pdAp = / Zx ) uzﬂaigod)\n 1

On—1n 0]
2
- * ——pd\,. (4.17
+/2Z“ Ui ¥ A (1)
An 2y
For the boundary integral over 9,14, =J;_, AT M) e have v = —6] on AU

l=1,....,n and v/ = ﬁ on Afff}{o}), which yields

Zx N =~z (6] — 2 )u=0 on Afff}{l}) ={a2'=0} (4.18)

and
;x (6j—w])uu]—ﬁ;x (6; —2)u
=o' (1-Y e )u=0 on A"V =L1-SN"wi=0l. (419
ER(I 5% LIS el
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Thus, the second integral over 9, _1A,, vanishes. Altogether, we have

(Lnu,)n / ZZ:GZV wdAy, - 1+/ Zaw mzaxﬂsod)‘” (4.20)

On—14A4

/ Gy -vodXy_1+ (u,L)@)y. (4.21)
anflAn

d

If o: A, — R is a polynomial of degree less than 2, we have L*p=0. Integrating
the flux G,, on 9,,_14,, over time as boundary values for a solution u of equation (3.1)
(resp. for its continuous extension to JA,,), Proposition 4.4 already yields the behaviour
for the Oth and the 1st moment which is prescribed by the moments evolution equa-
tion (4.2). Thus, the total mass and the expectation value of the process are preserved
in this case.

This concept of a solution in A,, plus accumulated flux on the boundary 9,,_14A,, is
not yet sufficient. In general it does not yield the desired evolution laws for moments of
degree 2 or higher, nor does 0,,_1A,, account for the full boundary dA,,. This is resolved
by assuming that the incoming flux rather evolves as if it were an (n — 1)-dimensional
Wright—Fisher process, i.e. as a subsolution on 9,14, instead of accumulating it on
On—14, for n>2 statically. Iteratively repeating the construction of boundary data to
the boundary instances of lower dimension by assessing the respective boundary flux of
the subsolutions on each 9,,_2A,,_1 leads to Definition 4.3.

REMARK 4.5. For a given solution u of equation (3.1), the induced boundary func-
tions Uy, on akAg") for 0<k<n—1 of Definition 4.3 in general do not satisfy the

equation 2 5:Ur = LU}, in some A(Ik ) O A(I") Consequently, they are not solutions of

the corresponding k-dimensional problem (3.1) in A(I’“

4.3. An application of the hierarchical conception. For the hierarchically
extended solution and the product [-,-],,, we may now continue the line of reasoning of
Lemma 3.1 and Proposition 4.4.

PRrROPOSITION 4.6. A hierarchical extension U : (A%I”))Oo — R (¢f. Definition 4.3) of
a solution u of the Kolmogorov forward equation (3.1) in A,, satisfies

U] v, (1.22)

for peC> (ASLI")) and for all t € (0,00).
Proof. By Proposition 4.4 we have for U,, =u and arbitrary ¢ € C* (Ag"))
0 B .
i Un® (LnUna¢)7l:_ ¢Gy, dAp—1+ (Un,Ly0) ., (4.23)
D1 A

where G =Gy, -v denotes the (normal) flux of the continuous extension of U, to

8n,1A£LI ») The boundary integral can be expressed in terms of the evolution of the
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boundary function U, _; that lives on 5‘n_1A£LI"'). As this implies a hierarchical depen-
dence on the particular subprocesses, we directly start our consideration for arbitrary
ke{1,...,n}. Then we have by Proposition 4.4 and for all I, C I,

(LkUka)(pdAk =— / @Gék’lk dAp_1+ / UkaLZ(pdAk, (4.24)
NS ERRV.NSLY Al

where Gy, I again denotes the flux of the continuous extension of Uy, 5, to 5‘k_1A§€I’€)

(not to be confused with the proper boundary function Uy_; on ak_lASJ")). Thus, for
the Whole k-dimensional boundary 8@”") of A(I"), we have to sum over all A,(CI’“)

9 AY™) resp. all subsets Ij, C I,,. This yields (since Uy, 1, A,(fk) =9, AY™ and because
of the definition of Uy)

/ (LkUk)gOdAk: Z / @Gékv% dAk71+ / UkLZQDdAk (425)
VNG CINS

Transforming the boundary term using J;, -; Ok-1 A’(clk) =Urn_,cr. A,(fle) and em-
ploying the product notation, we get

(LeUkp) = Y v D G, A1+ (U, Liw),. (4.26)

Iy _1CIn I DIk 1
Ay

Now, the sum of fluxes appearing here may be expressed in terms of the evolution of the

associated boundary function Up_1,7, , on Afff;l) for every Ip_, CI,. By the chain

In_
rule, we have on A,(c_kl 2

t

0 o [ .

aUk—171k71 (l‘,t) = & /U’k—lylk—l ('Tat - T) dr
0

0
- uz_lvlkfl (Z‘,t—T) ”T:t +/auz_171k71 ('T’t - T) dr
0

t

= ufc_Lkal (z,0) —|—/Lk_1u};_1,1k71 (x,t—7) (4.27)
0

by the solution property of uj_; . Interchanging Ly_1 with the 7-integration and
substituting uj,_; ;  (2,0) by the initial values as prescribed altogether yields

0
Z GUkI atUk 1,1, 1(1‘ t)+Lk: lUk) 1,1 1(1‘ t) (428)
1,011

Multiplying this with ¢, integrating over A( "l 1) and summing over all I,y C I, results
in

S / e Y Gh, dhi

Iy 1Cln (7, )y IxDIk—
Aty
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0
=-— Z / @Equ,fk,ld/\kq-i- Z / 0L 1\ Up—1,1,_, dAk—1

Ik—lCInALIEII) Ik—lCInALIlC;I)
0
- 7Uk—17§0 +(Lk—lUk—1aS0)k_1a (429)
ot k—1

since Uy, 7. A,(fffl) :ak_lAS{"). Combining this with equation (4.26), we get

(LkUkagp)k:_(Uk—la@> +(Lk—1Uk—17<P)k,1+(UkathW)ka (430)
k—1

which — by assumption — holds for all k€ {1,...,n}. Hence, this formula may be iterated
over k, yielding

0
(atU,“(P) . - (LnUm(p)n

9] 0 *
<~ (wUna@)n"'_ (atUnla(P> . = (UnaLnQO)n—i_ (LnflUnflv(p)n_l

n

n 6 )

The last summand on the right-hand side may (formally) be replaced by (U(),La(p)o as

they both vanish due to Ly = L{ =0, thus proving the assertion. ]
By Lemma 4.2 we immediately obtain:

COROLLARY 4.7.  All moments [i,(t), t >0 as defined in equation (4.2) of a hierarchical

extension U : (ASLI"))OO—HR (cf. Definition 4.3) of a solution u of the Kolmogorov
forward equation (3.1) in A, satisfy the moments evolution equation (4.1).

Proof. For p=1 and p=2", we have L*(¢) =0, thus by equation (4.22)

S (20s) -0 o

k=0

o
Thus, the hierarchical extension of a solution of the Kolmogorov forward equation
(3.1) via the flux of the solution yields the ‘right’ boundary values on the entire 9A,, in

the sense that all moments of the process defined via the hierarchical product [-,-], in
Equation (4.2) do behave like the limit of the moments underlying the discrete processes,
which as well confirms the specific choice of [-,-],.

Moreover, we may show that any extension of a solution of the Kolmogorov forward
equation (3.1) to A, yielding the correct moments already coincides with the hierarchical
extension as in Definition 4.3. This is due to Lemma 4.2 and the following proposition:

PROPOSITION 4.8.  For any initial condition f € L?*(A,,), a solution U : (Zn)oo —R
of the weak Kolmogorov forward equation (4.6) is uniquely defined on A,,.
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COROLLARY 4.9.  For any initial condition f€ L*(A,), a solution U: (Z”)oo —R
of the weak Kolmogorov forward equation (4.6) coincides with the hierarchical extension
U: (Zn)oo — R (cf. Definition 4.3) of a solution u of the (strong) Kolmogorov forward
equation (3.1) in A,,.

For the proof of Proposition 4.8, we need the following lemma:

LEMMA 4.10.  The linear span of {wngaeCOOO (Zn)|<p eigenfunction of Ln} is dense
in C(A,,).

Proof.  From Proposition 3.4 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 3.2) again yields a function in C°(A,,) CC§°(A,) as w, is in C§°(A,,) itself
and positive in the interior A,,. a

Proof. (Proof of Proposition 4.8.) Assume that U’: (A,)_ — R is another solu-
tion of equation (4.6) for a given initial condition f. We need to show that U and U’
agree on all 9y A, CA,, for k=n,...,0. We start with 9,A, =A,,. For an eigenfunction
peC>(A,,) of L, (corresponding to the eigenvalue \), we obtain by Lemma 3.2 that
Y :=wyp is an eigenfunction of L} with eigenvalue A and, by the properties of w,,, that
€ C§(A,). For such a v, the weak Kolmogorov forward equation (4.6) then reduces
to

0
(5i00) =L, =AW, (1.33)
and
0
respectively. Consequently, by t¢-integration we have
(U(t>7w)n :e_At(U(O)aw)nv (435)
(U (6);9)n =€ (U (0),4), (4.36)

from which we obtain via U(0)=U"(0)=f

(U(t)aw)n:(U/(t)aw)n for t>0 (437)
and for all eigenfunctions 1. Since the linear span of these functions is dense in C2°(A,,)
(cf. Lemma 4.10), U and U’ agree in A,,.

Now, we proceed inductively. Assume that we have already shown that U and U’
agree on all 9yA,, CA, with k>m. Then for an eigenfunction ¢: A,, — R of L,,

(corresponding to the eigenvalue \), ¢ :=w,,¢ again is an eigenfunction of L, with

eigenvalue A\ and ¢ € C§5°(A,,). From any such ¢: A,,, — R, a function v: A R
may be composed, e.g. by copying ¢ to AgM) COmA, for all I,, CI, and employ-
ing convex combinations of the boundary values to spread to all higher dimensional
(boundary) instances subsequently while putting 1 :=0 on all lower dimensional bound-
ary instances. Of course, ¢ in general is not an eigenfunction of L* in A,,, but we still
have (L*9)| y (1 = Ly == for all Al COA,,.
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For such a v, the weak Kolmogorov forward equation (4.6) becomes

(gtU,w> = (U.L3),,+ zn: ((;U,w) - (U,L,w)k) (4.38)

k=m+1

and

<§tU’,w>m:—(U’,LZ¢)m+ i ((;U’,w)k—(w ;qp)k) (4.39)

k=m+1

with the sums on the right agreeing as U=U" on all 9;A,, with k> m, hence
0 — _ _
<at(U—U’),w) =(U'-ULW), =XU-UY), . (4.40)

which yields — analogously to our considerations above — U = U’ in 9,,/\,, on account of
the completeness of the 1’s and the initial condition. ]

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:

THEOREM 4.11. For n€N and a given initial condition f¢&L?*(A,), the Kol-
mogorov forward equation corresponding to the diffusion approximation of the n-
dimensional Wright-Fisher model (3.1) always possesses a unique extended solution
U: (Zn)oo—ﬂR in the sense that Ula, 1is a solution of equation (3.1) and its mo-
ments fiy(t) = [U(t),xo‘]n, t>0 (cf. equation (4.2)) satisfy the n-dimensional moments
evolution equation (4.1).
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