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Introduction

The random genetic drift model developed implicitly by Fisher in [11] and explicitly by
Wright in [25], and henceforth called the Wright—Fisher model, is one of the most popular
stochastic models in population genetics [2,9]. In its simplest form, it is concerned with the
evolution of the probabilities between non-overlapping generations in a population of fixed
size of two alleles at a single diploid locus that are obtained from random sampling in the
parental generation, without additional biological mechanisms like mutation, selection, or
a spatial population structure. Generalizations to multiple alleles, several loci, inclusion of
mutations and selection etc. then constituted an important part of mathematical population
genetics. It is our aim to develop a general mathematical perspective on the Wright—Fisher
model and its generalizations. In the present paper, we treat the case of multiple alleles at a
single site. In a companion paper [23], we have discussed the simplest case of two alleles in
more detail. Generalizations will be addressed in subsequent papers.

Let us first describe the basic mathematical contributions of Wright and Kimura. In 1945,
Wright approximated the discrete process by a diffusion process that is continuous in space
and time (continuous process, for short) and that can be described by a Fokker—Planck equa-
tion. In 1955, by solving this Fokker—Planck equation derived from the Wright-Fisher model,
Kimura obtained an exact solution for the Wright-Fisher model in the case of two alleles
(see [15]). Kimura [16] also developed an approximation for the solution of the Wright—
Fisher model in the multi-allele case, and in 1956, he obtained ([17]) an exact solution of this
model for three alleles and concluded that this can be generalized to arbitrarily many alleles.
This yields more information about the Wright—Fisher model as well as the corresponding
continuous process. Kimura’s solution, however, is not entirely satisfactory. For one thing, it
depends on very clever algebraic manipulations so that the general mathematical structure is
not very transparent, and this makes generalizations very difficult. Also, Kimura’s approach
is local in the sense that it does not naturally incorporate the transitions resulting from the
(irreversible) loss of one or more alleles in the population. Therefore, for instance the integral
of his probability density function on its defined domain is not equal to 1.

As mentioned, while the original model of Wright and Fisher works with a finite pop-
ulation in discrete time, many mathematical insights into its behavior are derived from its
diffusion approximation. After the original work of Wright and Kimura just described, a more
systematic approach was developed within the theory of strongly-continuous semigroups
and Markov processes. In this framework, the diffusion approximation for the multi-allele
Wright-Fisher model was derived by Ethier and Nagylaki [6,7], and a proof of convergence
of the Markov chain to the diffusion process can be found in [5]. (In this paper, we are not con-
cerned with deriving the diffusion approximation, but actually, this can be derived in a rather
direct manner without having to appeal to the general theory, as we shall show elsewhere.)
One may then derive existence and uniqueness results for solutions of the Fokker—Planck
equation from the theory of strongly continuous semigroups [5,6,14]. As the diffusion oper-
ator of the diffusion approximation becomes degenerate at the boundary, the analysis at the
boundary becomes difficult, and this issue is not addressed by the aforementioned results.
Recent work of Epstein and Mazzeo [3,4], however, treats the boundary regularity with
general PDE methods.

The full structure of the Wright—Fisher model and its diffusion approximation, however,
is only revealed when one can connect the dynamics before and after the loss of an allele, or
in analytic terms, if one can extend the process from the interior of the probability simplex
to all its boundary strata. In particular, this is needed to preserve the normalization of the
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probability distribution. Therefore, in this paper, we develop the definition of a general
solution that naturally includes the transitions resulting from the disappearance of alleles
and derive the formalism for its solution. Since this formalism is rather explicit, it will
allow us to derive and generalize the known explicit formulas for the quantities associated
with the Wright-Fisher diffusion model like expected waiting times for the loss of one or
several alleles in a systematic manner. The key for our approach are evolution equations for
the moments of the probability density and the duality between the forward and backward
Kolmogorov equations. We show that there exists a unique global solution of the Fokker—
Planck equation. Since, as explained, our concept of a solution is different from (and, as we
believe, better adapted to the structure of the Wright—Fisher model than) those treated in the
literature, insofar as it extends to the boundary, these results do not follow from the general
results of the literature mentioned above.

In the present paper, we only treat genetic drift in the absence of mutation, selection, and
recombination. Extensions that can be obtained on the basis of the formalism presented here,
in particular to general recombination schemes, will be presented in subsequent publications.

The Global Solution of the Wright-Fisher Model

In this section, we shall first establish some notation, and then prove some propositions as
well as the main theorem of this paper.

Notations

A, = {(xl,xz,...,x""'l) x>0, Z'Hllxi = 1} is the standard n-simplex in

1=
R+ representing the probabilities or relative frequencies of alleles Ay, ..., A, in our

population. Often, however, it is advantageous to work in R” instead of R+ and with
eo:=1(0,...,0) eR", ¢ :=(,..., 1 ,...,0) € R", we therefore define

——

kth

n n
2, := intcofeq, ..., e,} = {Zxkek, (x,xo) = (xl, o xt 1= Zxk> € intAn> .
k=0 k=1

Moreover, we shall need the subsimplices corresponding to subsets of alleles, using the
following notations

Iy == {{io, ..., ik}, 0<ip <---<ix <nmn}), kell,...,n},

Vo := {eo, ..., en},
the domain representing a population of one allele,

Vk(io"“’i") = intco{e;y, ..., €5}, ke{l,...,n},
the domain representing a population of alleles {A;,, ..., A; },
Vi := {intcofe;y, ..., ;) forsome ig < --- < ix € 0,n}, kefl,...,n},
_ (@i0,.-»ik)
= |_| A ,
(iQ,...,ig) €l

the domain representing a population of (k + 1) alleles,
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Vii= J VUM okeql.n),

(iQ,...,ig) €l
k
= v
i=0
the domain representing a population of at most (k + 1) alleles.

We shall also need some function spaces:

Hy:= C®(Vy), kell,... n},
H := {f : V, — [0, co] measurable such that [ f, g], < 0o, Vg € H,},

whete [ gl i= [ F(ng(dit) = 5 [ @i,

v k=07,

=y > / F)g@du® ™ (),

k=0 (igp,..., lk)EIkv(‘O ..... i)

({0,

We can now define the differential operators for our Fokker—Planck equation:

’

2
(100eensit) . gy (i0,ernsik) (0seesik) g (0ssit) _ 1 9% (aij (x) f(x))
L o BE L @ =5 0 g

9%g(x)
axioxJ’

j
(L/(cio ..... ik))*:Hk(io ..... i Hk(io,..., (L(zo ,,,,, ,k)) 2(x) = % Z | aij (x )
Li: He = Hey (L) i = L0,
Li s He = Hio (L) yi0enio) = (L),
where the coefficients are defined by
aij(x) == x'(&j —x)), i,jef(l,....n}.

Finally, we shall need

w,&io""‘i")(x) = 1_[ X, kefl,..., n).

Proposition 2.1 Foreach1 <k <n,m >0, |a| = al + .+ af =m, the polynomial of

degree m in k variables x = (x', ..., x'*) in Vk(lo """ i)

X0, =x"+ Y aW ol (1)

|Bl<m
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where the am p are inductively defined by
k

LB+ + Days..,
k) _ _i=
mE T m — BN+ B+ 2k + 1)

i)

V8| < m,
is the eigenvector of L,(Cio """ A(k) 7('"“() (mtk+1)

Proof We have

o 1 92 . .
(i0,---, )y (k _ (k)
L X 00 = Z a2 [xl“ (s 3 “m,,sxﬂ>]

corresponding to the eigenvalue

i€{it,..., |Bl<m
0% ®,
— J
8x’3x/[ o (x + Z “m >:|
i#Ejelit, ik} [Bl<m
2
:l Z 0 2|:xoz+e,- — xo+2ei 4 Z a oprei
2 i€{it,.., (3)6 ) |Bl<m
(k) 2e;
- Y d ]
|Bl<m
82
S i
J
i#jelil,...,ik} dxtox |Bl<m

72[(05 + Dl x4 — (@ +2)(a' + 1)x*

+ 3 a3 ab B+ 2) (B + D ]

[Bl<m |Bl<m

—Z[m + D@+ Dx+ Y a8+ DB+ 1)xﬂ]
i#] |Bl<m

= [— 72(01 +)@ + D)= @+ D+ 1)}
i#]j
+ terms of lower degree

1 i i :| o4
- = o +k o' +k+1)|x¥ 4+ terms of lower degree
[ e (e i)

k k+1
_ (m + )("21 Tkt x% 4 terms of lower degree.

By equalizing coefficients we obtain
)»,(,1:) _ m+ky(m+k+1)

2
and
‘ ®
2 (Bi+2(Bi+ Da, g,
== . VBl <m.
’ (m—|BD(m+B+2k+1)
This completes the proof. O
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Remark 2.2 e Whenk =1,X ,(n m (xl) is the mth—Gegenbauer polynomial (up to a con-
stant). Thus, the polynomials X (x) can be understood as a generalization of the
Gegenbauer polynomials to hlgher dimensions.

° Becz12use of this representation of eigenvectors, we can easily see that X, (") « (x) is a basis
of C~(Vy).

Proposmon 23 If XeC Z(V(l0 """ ”‘)) lS an eigenvector of L """ i) corresponding to A,

3 J
Y (x 81 — x )X)
i, jelit,....ix}
L Goi ; N\ 02X
_ (@i0,.»ik) L
=yu W ) (x'Gis =) ox9x)

i jelit . ix}

1 o 3 (x"(8i; —x9)) ax
- (00yeensif) 1 oa
+ 2wk (x)' , Z ) dxt ax/

1
(lo ~~~~~ i)
+35 2 W ) Z 9xi

n lw(io ‘‘‘‘‘ ik)(x) Z 82 (xi (81] — x])) ¥

dxtox/

k 2
1 i j (i0s-esik) "X
= 5 Z (xl(Sl'j —x])) <wk (X)iaxiaxj
. N\ 9X
502w (1- k- 0) 55
Jetinir) o
aX

% 3w [")(x)(l—(k—l)xi)ﬁ

1 ; ; ) GED'S
- 2 Z ) (XI(SU —x-’)) Wk Y axiox/
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1 ; -\ 82w X) (x)
— ) Kk 7
=3 X (eu—oh) e

i jefit,....ix}
. * .
— (L](:O ~~~~~ Uc)) (wlil() ~~~~~ lk)(x)X)
This completes the proof. O

Proposition 2.4 Let v be the exterior unit normal vector of the domain Vk('0 """ ) Then we

have

S @yl =0 ondv Y Viefin, .. i) 2)
Jelin,..ik}
Proof In fact, on the sqrface (x* = 0), for some s € {it, ..., i} we haye v = —e;, and
hence Zje{il ’’’’ ik}“ij‘)] = a;5; = x*(85; — x') = 0. On the surface (x'© = 0) we have
v = ﬁ(eil + - Feip), hence iy iy = ﬁzj'e{i, ..... iy Gij = ﬁxixio =
This completes the proof. O

Proof Weput FX(0):= Y,y "0 Because of w” My e Cge (v ),

the second Green formula, and Proposition 2.4, we have

S o 1 8%(a;; (X)X S
(L](Jo ..... lk)X, w]Elo ..... lk)Y> — 5 Z / (a](x) (X)) w]((lo ..... Ik)(x)Y(x)dx

Axidx/

(k)
| OF; (X)) g
=3 2 / — " 0¥ (dx
ieliy,..., iklvl((io ..... iv)
. . .
= — Z / F‘[(k) (x)viwlilo YYYY lk)(x)Y(X)dO(X)
i€fiy,..., i} Vk(io ..... i)
(00, eeesik)
1 a(w ()Y (x)
(k) k
Loy o) =g
ieli,..., ik)v;([o ..... iv)
({Qseeesi)
| d(w x)Y (x
= —= Z F"(k)(x) ( ‘ Bxi( ) ( ))dx
i€fit,..., ik}vﬂ“ i)

oax!

1 3 / 3(ai; ()X (x)) dw ™™ ()Y (x)) i
oxJ i
ik

i jelit ik}
V}({ro ..... )
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({0+--1k)
_ / a1 ey X () 2 COYCO) 4

et ox’
i jelity ik}
gy 0

+ (X, Ly )
= (X, Ly (wY)).

O
Proposition 2.6 In V,(:O """ ik), {X(k,)a}mzo,\a\zm is a basis of H,fio """ W) \phich is orthogonal
with respect to the weights w,E'O """ W e

prove the orthogonality we apply the Propositions 2.1, 2.3, 2.7 as follows

—Afff)(x(k) w/gio ,,,,, ik)X(_k)>=<Ll((i0 ..... i) 5 (k) wlgio ..... ik)XE_kD

m,o° j.B m,o°
— (k) (00, i) (@i0s-sik) y (k)
= (Xm’a’ (Lk() k )*(wk() k X/’ﬂ))
) (v (005 +msik) v (k)
= —k; (me)a’ w0k Xj,ﬁ) .
(k) (k) .- .
Because A" 7 A, this finishes the proof. O
Proposition 2.7 (i) The spectrum of the operator L,({io """ ) g
T m+k)(m+k+1
Spec(L](:O ..... lk)) — U {}»,(5) _ ( )(2 )} — A
m=>0
,,,,, ix)

corresponding to A,(,f ) are of the form

X = Z d® x &

. @i
and the eigenvectors of L, 0

m,am,a
lat|=m

i.e., the eigenspace corresponding to Ag,’f) is of dimension (

(ii) The spectrum of the operator Ly, is the same.

)

.....

m=0 |a|=m m=0 |a|=m
_ L(l() sssss ik)X
0
k k
=-r)_ > d¥x®,.
m=0 |«|=m
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For any j > 0, || = j, multiplying by wx X ik;; and then integrating on V,, we have

® 5 ) (0 (0rmit) )
3 d®iY (X w Xj’ﬁ)

Je ] J.a’
lorl=
_ ) ®)  (i0seenit) 3 (k) : .
= Z djoh (Xj,a’ Wy Xj,,s)s vj=0,181 =,
lerl=j
*) - (0eemit) 3 (K) k) , ()
= (X, uf Xjﬂ)ﬂ,a (@t )a

B

— (x® G0, it) yo (k) (k) ; —
- (Xj,l)t’ wk X’ ﬂ)ﬂ,o{ (dj,a)\')a ’ V] Z 05 |13| - Ja

k k k . . k T k
= d 9 =a®r, ¥j 20,18 = j. because der (Xj; w0 ’“xﬁ%)m £0
= d) =0, Vj =0, |a| = j. because i # 1.
It follows that X = 0 in Hk(i0 """ ) Therefore

_ 1
Spec(L]((lo ..... 0y — U i)\g:) _ (m +k)(m + k + )} — A

2

m=>0

i) corresponding to

o0
X=Y Y ab,xg,

m=0 |a|=m

It follows that

m=0 |a|=m m=0 |a|=m
_ L(lO ~~~~~ ik)X
o0
(k) k k
Y Y
m=0 |a|=m

For any i # j, || = i, multiplying by w; X l(kﬁ) and then integrating on V,, we have

5 a8 (X8, w0 x)

a’"l ip
lal=i
)3 () () (i0snit) 3 (k S ,
= (X, w181 =,
lal=i
(k) (i0s-wnslk) 3o (k) (k) 5 (k)
:><Xi,a’wk0 kXi,ﬁ>ﬂa(di,a)”i Ja

k T [ k k) (k . . .
— (X( ) w/glo lk)X§ ))ﬁa (d( ))\(' ))oz, Vi £, |8l =i,

i i.p i,a’™j
= df = di(,];))‘;k)’ Vi # j, |B| =i, because det (Xi(’k;, w,((io """ ik)X(k)>ﬁ . # 0,

i, i.B

= d%) =0, Vi#j || =i because i/ # A,
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It follows that
Xx=Y a9x®

Jattjar
la|=Jj

This completes the proof.

(i1) is obvious. m]
Definition of the Solution

We shall now formally derive the Fokker—Planck equation as the diffusion limit of the Wright—
Fisher model and introduce our solution concept for this equation. We consider a diploid
population of fixed size N with n 4+ 1 possible alleles Ay, ..., A,4+1, at a given locus.
Suppose that the individuals in the population are monoecious, that there are no selective
differences between these alleles and no mutations. There are 2N alleles in the population
in any generation, so it is sufficient to focus on the number Y, = (Y,}l, ..., Y1) of alleles
Ay, ..., A, at generation time m. Assume that Yy = ip = (i&, ..., ig) and according to
the Wright-Fisher model, the alleles in generation m + 1 are derived by sampling with
replacement from the alleles of generation m. Thus, the transition probability is

-k

2N)! iRy
P(Ypi1 = ¥ =1) #HC ) ,

= GO iy N
GDIGOY G g \2N
where
n
i,jeSsN = {i =@' .. "t o1, 2Ny Y it §2N},
k=1
and
Y=2N—Ji|=2N—i'—... ="y jO=2N—|j|=2N—jl—...— "
After rescaling
_ m _ Y[
ToNT TN
we have a discrete Markov chain X, valued in {0, ﬁ ..., 1} witht = 1 now corresponding
to 2N generations. It is easy to see that
0=prP= N’
E@SX!) =0,
EGX].8X]) = (X6 — X)),
E@X)* = (8t) for |a| > 3. 3)

We now denote by m (¢) the o' —moment of the distribution about zero at the ' generation,
1.€.,

me (1) = E(X)".
Then
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Expanding the right hand side and noting (3) we obtain the following recursion formula,
under the assumption that the population number N is sufficiently large to neglect terms of
order —= and higher,

f, led(el =1 (o — 1)
ma(t—l—l)—{l — }ma(t)-f—;z Mg—e; (1). “4)

Under this assumption, the moments change very slowly per generation and we can replace
this system of difference equations by a system of differential equations:

o) =~ D) + Z =D 0 )

With the aim of finding a continuous process which approximates the above discrete
process, we should look for a continuous Markov process {X;};>0 valued in [0, 1]" with the
same conditions as (3) and (5). Denoting by u(x, t) the probability density function of this
continuous process, the condition (3) implies (see for example [9, p. 137], or for a more
rigorous analysis [6—8]) that u is a solution of the Fokker—Planck (Kolmogorov forward)
equation

{u, = L,u in V, x (0, 00), ©)

u(x, 0) = 8,(x) in Vy:

and the condition (5) implies

o lal(lal = 1) ,  s~eilei—1) ‘a
L, x50n = | u, = —————x +fo =[u, L"(x")]n, Vo,
i=1 n

and hence, since the polynomials are dense in H,, w.r.t. the product [., .],,
[ur, ¢ln = [u, Lydly, Vo € Hy. )
This leads us to the following definition of a solution.

Definition 2.8 We call u € H a solution of the Fokker—Planck equation associated with the
Wright-Fisher model if

u; = Lyuin 'V, x (0, 00), (8)
u(x,0) =48,(x)in Vy, )
[ur, ¢ln = [u, Ly ¢ln, V¢ € Hy. (10

We point out that the last of these equations implicitly contains the boundary behavior
that we wish to impose upon our solution. This will become clear from our construction in
the next section.

The Global Solution

In this subsection, we shall construct the solution and prove the existence as well as the
uniqueness of the solution. The process of finding the solution is as follows: We first find the
general solution of the Fokker—Planck equation (21) by the separation of variables method.
Then we construct a solution depending on certain parameters. We then use the conditions of
(9, 10) to determine the parameters. Finally, we verify that we have indeed found the solution.
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Step 1 Working on V,,, assume that u, (X, t) = X (x)7 (¢) is a solution of the Fokker—Planck
equation (21). Then we have

T _ L,X Y
T X

Clearly A is a constant which is independent on 7', X. From the Proposition 2.7 we obtain
the local solution of the Eq. (21) of the form

oo
5 (m
uy(x, 1) = Z Z cf,:’,)aX,(;”)a(x)e Pt

m=0 |«|=m

where

m+my(n+m+1)
2

AW =
is the eigenvalue of L, and

XM (%), |a|=m

m,a
are the corresponding eigenvectors of L,,.
For m > 0, |8| = m, we conclude from Proposition 2.3 that

Li(waX(ly) = =25 wa X\

It follows that

[u,, wy, X::')B:In = [u, L; (wn X,(:y)ﬁ)]” (the moment condition)

B

Therefore
_ )
[ x] = [, 00, wax (0, ] e
5 (m
= w, ()X s (p)e .
Thus,

_ 5 )
wa®Xgy s @ = [, wa x|

= (un, w, X ,5:‘ )ﬁ>n (because w, vanishes on boundary)

5 (m)
= 2 el (X waX () e
loe|=m "

It follows that

—1
(c,Sf,L)a:[((X,S;’,L,wnxx,g)n) ] (wn<p>X£:},3(p>>.
a.p B

Step 2 The solution u € H satisfying (21) will be found in the following form

n

W, 1) =y ur(X, Dxve () + Y u(x, 8,1 (%) (1n

k=1 i=0
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We use the condition (10) to obtain iteratively values of ux, k = n — 1,...,0. In fact,
assume that we want to calculate u(o """ = 1)(x ,x" Lo, t).
We note that, if we choose

px) =x" - x TV a xth, 1Bl =k,

then ¢ (x) vanishes on faces of dimension at most n — 1 except the face V """ "= Therefore,
the expectation of ¢ will be

The left hand side can be calculated easily by the condition (10)
(e, $lu = [, L (@)l = 2" lut, Pl (12)

It follows that

,])t

G
[, ¢1n = ¢ (p)e ™
The first part of the right hand side is

" N = ;};1)(1 Xfr’:) d ) m t.
(i, ) Z},(ﬁh (X (dx )¢

m,o
Therefore we can expand u,, "i""il)(xl, ..., x"10, 1) as follows
,...,n—1 1 1 =D
w0y = ) D et
m=>0

B C(nl “X(" D(x 21
ol .

m>0 120 |o|=l

Putting this formula into Eq. (12), we shall obtain all the coefficients c(" 1) . Thus, we

shall obtain u(O_"l' ~n=1) (x x" 10, ). Similarly we shall obtain u,_1. And finally we

shall obtain all uy, k =n — 1 ., 0. Thus, we shall obtain the global solution in the form

W, 1) = Y v () + ) uh(x, e (%)

k=1 i=0
n
=Y B x B ey 00 + Zuo(x N8, (x).  (13)
k=1m>0 >0 |a|=! i=0

It is not difficult to show that u is a solution of the Fokker—Planck equation associated with
the WF model.

Step 3 We can easily see that this solution is unique. In fact, assume that u;, up are two
solutions of the Fokker—Planck equation associated with the WF model. Then u = u| — u3
will satisfy

ur = Lyu in 'V, x (0, 00),
u(x,0) =0in V,,,
[ur, @1y = [u, L*¢]n, V¢ € Hy.
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It follows that
[us, 11, = [u, L:(l)]n =0,
[, "1y = [u, LE(x)], = 0,

,,,,, T\ k
Iiuhwl({zo lk)X(aX (’0 _____ ik)] :[u’L;(wl(cm lk)X;’,o)zXVk(iO ..... ik))]

(k) (00, ---»ik) 3 (k) o
= —}\.j |:Lt, wk Xj’O(XVk(,O ,,,,, Ik)]n .
Therefore

(u, 11, = [u(-,0), 1], = 0,
[, x' Ty = [u(-, 0), x'], =0,

[u w,E’O """ ”‘)X(ax G0 ik)] = [u( 0), w(lo """ ”‘)X(ax (10...,ik)] e
n

.....

,,,,,

follows that u= 0 € H.
In conclusion, we have established:

Theorem 2.9 The Fokker Planck equation associated with the Wright—Fisher model with
n + 1 alleles possesses the unique solution

n

W, 1) = Y wxv (%) + Y uh(x, 1) (x)

k=1 i=0
n
=Y Y33 x e W (%) + Zuﬂ(x N8, (x).  (14)
k=1m=>0[>0 |a|=l i=0

Example 2.10 To illustrate this process, we consider the case of three alleles.
We shall construct the global solution for the problem

% = Lou, in Vs x (0,00),

u(x,0) =8p(x), x¢€ Vs,
lur, ¢l = [u, L3¢lp, forall¢ € Hy,

where the global solution of the form
_ 0,1 0,2 0,0 1 2 0
u=urxy, +u; xvlo,n + uy XVI‘“ +u leo.o + U Xy, + UpXy2 + Up Xy

and the product is
1 1
[, §1a = / Uayysdx + / WOl 0, D, 0)dx + / W20, 5%, (0, x%)dx?
Vs 0 0

[T 1 1 N
+ — uy (x, 1—=x", 0,1 —x")dx
ﬁ/o !

+ud(1,0,0)¢(1,0) +u3 (0, 1,1)¢(0, 1) + u)(0, 0, 1)$ (0, 0).
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Step 1: We find the local solution u;

2 2 2
ur(X, 1) = Z Z r(n)a a2 r(n)a az(x)e nt,

m=0 gl +a2=m

To define the coefficients C)(nZ)a] 42 We use the initial condition and the orthogonality of the

: 2
eigenvectors Xm’o‘1 o2 to get

wa @)Xy @) = [0, w2x, L]

= <u2(0) ngm Bl ﬂ2> because wy vanishes on the boundary

2 2 2
= > (X e waX D o) forall Bl B2 =

al+a?=m
Since the matrix

(2)
(Xm’al"ﬂ’ W2Xm B ﬂ2)(a La2),(B1,82)

is positive definite, we therefore have unique values of the ij,)al o It follows that we have
a unique local solution u.

Step 2: We will use the moment condition to define all other coefficients of the global
solution.

Firstly, we define the coefficients of u}’z as follows

(1)
2@ 1 —xh =Y enehe (15)
m=>0
(1)
= Y cma XV e (16)
m,[>0

We note that
L§<x1x2X,(€1)(xl)> = —)L,(cl)xlsz,EI)(xl).
Therefore
[ut,x xZX(l)(x )] = [u,Lj()cl)ch,((l)(x]))]2 = —A,(cl)[u x sz(l)(x )]
It follows that
[u xX'x X(l)(x )] =p sz,({l)(p )e_)‘k
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Thus we have

1 - 1
plple(( (phe T = [u,xlsz,(c )(xl)]z

(uz’xlxleil)(xl))z + (u},Z,xl(l _xl)X](cl)(xl))l
because x ' x? vanish on the other boundaries,

(2)
> (E cﬁfL( /V x1x2X£,$?a(x1,x2>X£”(x1>dx>)e—M’
2

m=>0 " |a|=m

W
+ Z Cm k (X,(cl), w1X,£l))e_Am 4

m=>0

because of the orthogonality of (-, -); with respect to wy,

@ W
= Z rme At 4 Z Cm.kdre 't

m=>0 m=>0

By equating the coefficients of %’ we obtain u]l 2, Similarly we obtain . Then, we define
the coefficients of u(l) from the first moment.
Note that when ¢ = x', L} (¢) = 0, therefore [u,, ¢]> = 0 or

[u, x> = [u(0), x'] = p'.
It follows that
Pl =, x' = @, x o + @ XD+ @l x D+ ud,0,0).

Thus we obtain u(l)(l, 0, 7). Similarly we get all ug. Therefore we obtain the global solution
u.

It is easy to check that u is a global solution. To prove the uniqueness we proceed as
follows: Assume that u is the difference of any two global solutions, i.e., u satisfies

u; = Lou in V, x (0, 00),
ux,0)0=0 inV,
[uh ¢]2 = [M, L§¢]2 fOr 3.11 ¢ S H2~

We shall prove that
[u, ]2 =0 V¢ € H. amn
In fact,

[, X' = [u, L3(x) ] = 0 = [u, x'Tp = [u(0), x']» = 0,
[, w1 (DX P (Do = [, Ly (wi ()X N = =20 [, wi (XD (Do

It implies that
. . . . 1)
[u, w](x’)x,gp(x')]z = [u(O), w1(x’)X,(n])(x’)]2 et = 0.
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Therefore
[u,, wa(x?, xz)X,(,%y)a(xl, )cz)]2 = [u, L;(wz(xl, xz)X,(nz’)a(xl, )cz))]2
= —)Lg) [u, wz(xl, xz)X,(nZY)a(xl, x2)]2,
= [u, wz(xl,xz)X,(nz,)O[(xl,xz)]2 = [u(O), wz(xl, xZ)X,(nz’)a(xl, xz)]zef’\'(’%)t =0.
We need only to prove that Eq. (17) holds for all
d(x' X = @H"(®", Vm,n > 0.

(1) Ifn = 0, m > 0, we see that ¢ can be generated from {1, xh wl(xl)X,(,,l)(xl)},therefore
[u, pl2 = 0;

(2) If m =0, n > 0, we see that ¢ can be generated from {1, x2, wl(xz)X,Sp(xz)}, therefore
[u, pl2 = 0;

3) Ifn=1,m > 1, we expand (xhym-1 by

(xl)n’L7l — chxlil)(xl).

k>0
Note that
L (xlsz,((l)(xl)) = —)L,(cl)xlszlgl)(xl).
Therefore
[ 2P0 = L3 (620 0D ) | = =2l 6 20 )
It follows that
[u,xlsz,(cl)(xl)]z = [u(0), xlszl((l)(xl)]ze_xl((]) =0.

Therefore

(. ¢l =Y cxlu. x'x2 X" (x")], = 0;
k>0

(4) If n > 2, m > 1 we proceed by induction w.r.t. n. We have
@hm ey =xl? @l o = DEDT )T+ A = h ey
= —wp (' AT Y T+ D = he)
By the inductive assumption, we have
[, D" (1 = xHH" ], = 0.
Then, we expand (xhym=T(x2yn—2 by

hm 2 = Z c,(,%?aXf,%’)a(xl, x?).
m,o

Therefore

[, wa e, )" @y 2], =) e, [u wz(xl,xz)X,(,,z,)a(xl,xz)]2 =0.
m,x
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It follows that [u, (x1)" (x2)"], = 0.

Thus, u = 0.

Applications

In this section, we present some applications of our global solution to the evolution of the
process (X;);>0 such as the expectation and the second moment of the absorption time, the
probability distribution of the absorption time for having k + 1 alleles, the probability of
having exactly k + 1 alleles, the «th moments, the probability of heterogeneity, and the rate
of loss of one allele in a population having k + 1 alleles. Several of our formulas are known
from other methods, see [9,15-17,19,20], but we emphasize here the general and unifying
approach.

The Absorption Time for Having k + 1 Alleles

The moments of the sojourn and absorption times were derived by Nagylaki [22] for two
alleles, and by Lessard and Lahaie [18] in the multi-allele case. We denote by T +1 ( p) =

inf{r > 0: X; € V¢|Xo = p} the first time when the population has (at most) k + 1 alleles.

Tnk_:_rll( p) is a continuous random variable valued in [0, co) and we denote by ¢ (¢, p) its

probability density function. It is easy to see that V is invariant under the process (X;);>0,
i.e.if Xy € Vi then X; € Vi forall r > s (once an allele is lost from the population, it can
never again be recovered). We have the equality

P(1i () <1) =P € ValXo = ) = [ utr. p. o,

Vi

It follows that
0
o, p)= ﬁ afu(x, p,)dp(x).
v, ot

Therefore the expectation for the absorption time of having k 4 1 alleles is (see [9, p. 194]):

E(T H (p)) = /0 1o, prr

:ﬁ/ tiu(x,p,t)dtd,u(x)
Vk

Z DD o) X9 () D a0 gy, G0 Do)
= m,a (,0 _____ in m,o 0 a1 /’Lj

j=1 (io,..., j)ell m=>0|a|=m

n
+ZZZ Z C»(rlf)a lgtc)otl (/‘Owt%ef’\’(’p’dt)

i=0 k=1 m>0 |a|=m

k
) 1 D)
=Z > 2D cite / gty X (2) (—M>dujl° V)

[ l])E[ m=>0|a|=m

mtx m,o,i (k) ’
Am

i=0 1m=>0 |a|=m
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and the second moment of this absorption time is (see [1,20]):

E(T5H () = / ” 2¢(t, p)dt
0

:ﬁ/ tziu(x,p,t)dtdu(x)
Vk

_Z DD () X9 () wtzj 141 ) @00
Cm,o (,0 _____ i m,o (X 0 3t€ /’Lj X

Jj=1(ig,..., ll)EI/ m=>0 |a|=m

+ZZZ Z c}('li()ot ;Sf)al (/\Oootzgeilxotdt)

i=0 k=1 m>0 |a|=m

—Z IEDIDD C’(”,)“/oo ,,,,, i X () (_(A§>)2>d“y0 """ M

j=1(io,....ij)elj m>0 |a|=m

33 Y T bl (o).

(k)y2
i=0 k=1 m>0 |a|=m (Am”)

In order to see what this means, we consider the case of three alleles:
u(x x2 i) = uz(x x2 s DX, + u?’l(xl, 0; t)XVo,l
+”1 (Ox t))(voz +u] (x] 1- 1;t))(vo.o
1

+ “0(1)8e1 + uo(f)3e2 + uo(t)(SeO,
and the product is

[, plo = (w2, $)2 + @', (¢, 001 + @2, 0, N1 + @', (1= )
+ud(1,0; )¢ (1,0) 4 u3(0, 1; ) (0, 1) + ud(0, 0; )¢ (0, 0)

1
:/ uz(xl,xz;t)¢(x1,x2)dxldx2+/ Wl 0 e (x!, 0)dx!
1%

1

+/ ud?(0, x% 1) (0, x*)dx® + — / 21 —x et 1= xdx!
0

+uf(1,0; DB (1, 0) + ud (0, 1; 1) (0, 1) + u(0, 0; £)¢ (0, 0).

By expansion of eigenvectors, we have

P =Y Y R @XT, e,

m=>0 |a|=m

where c (p) is uniquely defined. We represent u{(x; t) by

(1)
WP a0 =Y alt e (18)
m>0
(1
WP20.x%0) =Y (e (19)
m=>0
(1)
u}’z(xl, 1—x'; t) = Z a,;’z(xl)e_k'" ’ (20)
m=>0
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where the coefficients a;;, (x!) are defined as follows:
Putting

Y () == 211 = xHX P,
we note that v, (0) = ¥,,(1) = 0 and
L3y, (') = =20 (xh).

It follows that
[ v ] = [ L5t ]

= =0 [u ]
Therefore
Un(phe ™ = [, g eH ] e = [ v,
= (w2 vnH)+ (w1, va &)+ wo, Yo

29 3
=2 Y (X vah) Y (an ), ) e
m=>0

m=>0|o|=m

where am(xl) = a,(,);l(xl) + a,ln’z(xl) and note that ¥, (0) = ¥, (1) =0

= (a0, yuxh) e+ Y {(am<x1>, Yaeh),
m>1

(M
+ oy cﬁ,%?a(Xff,L,wn(xl))z}e !

le|=m—1
1 2
(because of )Lﬁn) = A1)

We obtain by equating the coefficients in terms of e ~*!

(a0t wa @) = S0t (ph)
(an @D vaeh) = 8nata @) = D e (X va ) L ifm =1,
lo|l=m—1

€2y

Remark 3.1 The coefficients of u5 occur in the representation of the coefficients of u | because
of the probability flux.

Similarly because of
Lyl =o,
[ut,xl]z = [u, L;(xl)]2 =0.

= [u(O),xl]2 - [M’xl]z
- (u2,x1)2 + (u]’x]>1 + (0. xDo.

We have
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Thus,

ub@:0=p" =3 > @ (XD x

m=>0 |a|=m

01 1\ D¢
_Z< Gm > % )1(3 !
m=>0
1.2 1), -aPe
—Z(am . X )e m
m=>0
),

_ pl _ (ao(xl),xl ef)\ébt _ Z {(am(xl)’xl)l

1) e—x,(,?)r
2

m>1

e ) 1 2y
+ Z Cn— la(Xm ],a’x )2}6 :

lo|=m—1

The expectation for the absorption time of having only 1 allele is

E(T} (p) = /0 16t p)dt

0 2 0
= | = (b 0 + s 0+ u§p: ).
0 at

We first calculate the first term; the other terms will be obtained similarly. To do this, we

expand x! in terms of the Y (x B

xh =" da ().

n>0

We construct a sequence of entropy functions on [0, 1] as follows.

o Eo(x) = —

e E,(x) is the unique solution of the boundary value problem

{ L¥(E;(x)) = —rEy—1(x)

E (0) = E,(1) = 0.

By some simple calculations, we obtain some first entropy functions

(1) Eo(x) =—
2) E;r(x) =—-2(1 —x)log(1 —x)
(3) E2(x) = —8xz(x) +8(1 — x)log(l —x)

4 E3(x) =481 —x)u(x) +96[xz(x) — (1 —x)log(l — x)]

where

1 _ 1
z(x)=/ wdy, u(x)=/

Lemma 3.2 The entropy functions satisfy

(X,s,l),xl)l

z(y) d
1 —

— 1 (1)
ot = (Beh xP)
m
2<X,(,L1),x )

()

(E o, X(l))

)

1
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and more generally,

r!(X,(nl), xl>]

1 r
()
Proof We have

AD (E1 oh, xfnl))l

= (B, x,gp)l, r> 2.

Ei(xh, A(I)X(l)>
1

et (x2),

(
(
=(-t (E «h). X
(
(

X because of E1(0) = E1(1) =0

)
i) x0)

1

Similarly we have

() (B2 sy =

The proof for all r is similar. O

From the Lemma, we can expand E| (xl) as

d
Ei(x') =) v,
n>0 )‘n

Therefore we have

0 Jul(p:t
/ p o(P )dt

0 Jat

I 1 a0y
= (ao(x ), X )1 thy e 0 tdt
0
o
1 1 @ @ 1 D,y

+Z {(am(x ), x )1 + ‘a‘§7lcm71’a(xm Lar X )2}/0 aPe P ntdy

m=>1

_ (ao(xl),xl)1 s (am(xl),x ) + 2 lat=m— 1‘53)1&(X53)1a’ ')2

1 1
)”(()) m=>1 )“5")
1 1 1 1 2) x® 1
ap(x™), Ya(x*) am (), Yn (X)) + D g mmet St (X 1,gs Y (D)
A Ly 1 2
n )\(1) )\(1)
n=0 0 m>1 m
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8o Sm.n ¥ (p!
_Zd { O"w(i)(p ) Z m'"w“z)(p )}, because of (21)
)‘m

n=0 m=>1

=> (,)wm(p )

m=0 M
= Ei(ph).
Thus, we have
E(T{ () = E1(p") + E1(p") + E1(p?).
Remark 3.3 We can obtain the rth moments of this absorption time by the same method, i.e.
E(Ty (0)" = E;(p") + E:(p*) + E;(p).
The Probability Distribution of the Absorption Time for Having k + 1 Alleles

We note that X TéH] is a random variable valued in V;. We consider the probability that

(p)
this random variable takes its value in V('0 """ i) e., the probability of the population at the
first time having at most k + 1 alleles to Consist precisely of the k + 1 alleles {A;, ..., A; }.

Let gi be a function of k variables defined inductively by

gi(ph =ph;
l 2
1 2y 2
&, p7) = 781(P) + 7 -21(ph:
l—p -p
k+1
g1 (pl, . P Z Z el p T p L P,
j#i P

Then we have

Theorem 3.4

P (XT"“(p) € Vk(lo"“’lk)> = gk+1(pi0, ey pi").

n+l
Proof Method 1: By proving that

P
1_ pit — ... — pik

and elementary combinatorial arguments, we immediately obtain the result (see [19]).
Method 2: By proving that it is the unique solution of the classical Dirichlet problem

[m}
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The Probability of Having Exactly k + 1 Alleles

The probability of having only the particular allele A; is (see [12]):

POt e v Xo =) = [ 0 0 9
v
(i)
= u() (ei, 1)
® O
=r' - Z 20 X Cbwaw (x Xiw, <k)),f "
k=1 m®)>010) >0 |oa® |=[*)
The probability of having exactly the (k+1) alleles { Ao, . . ., Ax} (the coexistence probability
of alleles {Ag, ..., Ar}) is (see [16,20]):

P(X, € V0| xo — p) = / W00 (1) 010 (x)

(i)ssig)
Vi

S Y S N T (o i N0)
=D D2 e / X0, @)d o x) | et

m=0 1>0 |a|=I i)

k

The aeth Moments

The ath-moments are (see [15-17]):
mg(t) = [u, x*],
= /x“u(x, t)du(x)

Vi

n
— Z Z / Xau]((lo ..... lk)(x t)d/J,(lO ..... lk)(X).

k=0 (o, .. lL)EIkV(,'O ..... iv)

The Probability of Heterogeneity

The probability of heterogeneity is (see [16]):
Hy = (n+ D! [u, wyly
=m+ D! (up, wy), (because wnvanishes on the boundary)

=+ DY DD X e waX(h)

m=>0 |a|=m
_m
= 1+ D! (cfly X0, wnxg'fﬁ,) 0o
(because of the orthogonality of the eigenvectors X ,(,’l”)a)

ECESVCES )W
=Hye 2 .
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The Rate of Loss of One Allele in a Population Having k + 1 Alleles

‘We have the solution of the form

=Y up(x, ) xv, (%)

k=0

The rate of loss of one allele in a population with k + 1 alleles equals the rate of decrease of

k k _ &)
wex, ) =Y 33 X @)y (e

m=>0 1>0 |a|=1

which is A((}k) = @ This means that the rate of loss of alleles in the population decreases
as k gets smaller in the course of the process (see [10,13,16]).

Population Genetics

The Wright-Fisher model as the basic theoretical model in population genetics then can also
be applied to population genetics data, although in most cases, the basic model needs to be
suitably extended. For instance, single nucleotide polymorphisms (SNPs) can be modeled in
this way. As the name indicates, in a SNP, there is a genetic variant in the population that differs
from the rest of the population at a single nucleotide position in the genetic sequence. Thus,
we may consider the background sequence and its variant as two different alleles, A, A,
and ask for the chances of the variant allele A, to sweep the population, for the expected
when this happens or when the variant will go extinct, etc., and apply the formulae given in
Sect. 3. A detailed bioinformatical analysis of SNPs in the human genome was carried out in
[21]. In that paper, the effects of recombination and of varying population size were analyzed,
again on the basis of the multinomial distribution as in Sect. 2.2. In particular, a population
bottleneck in the human history around 40,000 years ago could be identified on the basis of
the current SNP distributions in the human population. For our methods to apply, we thus need
to extend the basic Wright-Fisher model to include recombination—which we shall present
in another paper—as well as varying population size. Similarly, data about mitochondrial
DNA [24] indicate a population bottleneck in human history. Since mitochondrial DNA is
solely inherited from the mother, we can treat this as a haploid Wright—Fisher model without
recombination. Again, however, to be applicable, our model needs to be extended to handle
variable population sizes.

Conclusion

We have developed a new global solution concept for the Fokker—Planck equation associated
with the Wright-Fisher model, and we have proved the existence and uniqueness of this
solution (Theorem 2.9). From this solution, we can easily read off the properties of the
considered process, like the absorption time of having k + 1 alleles, the probability of having
exactly k + 1 alleles, the oth moments, the probability of heterogeneity, and the rate of loss
of one allele in a population having k + 1 alleles.
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