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DUALITY AND ASYMPTOTICS FOR A CLASS OF
NON-NEUTRAL DISCRETE MORAN MODELS

THIERRY HUILLE’IEl and MARTIN M('jHLFE|
January 23, 2009

Abstract

A Markov chain X with finite state space {0,...,N} and tridiagonal transition
matrix is considered where transitions from ¢ to ¢ — 1 occur with probability ¢/N(1 —
p(i/N)) and from ¢ to ¢+ 1 with probability (1 —4/N)p(i/N), where p : [0,1] — [0,1] is a
given function. It is shown that, if p is continuous with p(z) < p(1) for all z € [0, 1], then
for each N a dual process Y to X (with respect to a specific duality function) exists if
and only if 1 — p is completely monotone with p(0) = 0. A probabilistic interpretation
of Y in terms of an ancestral process of a multi-type Moran model with a random
number of types is presented. It is shown that under weak conditions on p the process
Y, properly time- and space-scaled, converges to an Ornstein-Uhlenbeck process as N
tends to infinity. The asymptotics of the stationary distribution of Y is studied as N
tends to infinity. Examples are presented involving selection mechanisms.

Keywords: Ancestral process; complete monotonicity; descendants; duality; Moran
model; Ornstein-Uhlenbeck process
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1 Introduction

Assume that X = (Xi)ier and Y = (Y})ier are two time-homogeneous Markov processes
with state spaces (Eq, F1) and (E2, F2) respectively. Typical time sets are T' = {0, ...,n} for
some n € N := {1,2,...}, countable sets T = Ny := {0,1,2,...} or as well continuous time
sets such as the unit interval T = [0,1] or T = [0, 0). Let B(E; x E5) denote the set of all
real-valued bounded measurable functions on E; x Es. We recall the definition of duality of
Markov processes in the sense of Liggett [21].

Definition 1.1 The process X is said to be dual to Y with respect to H € B(Ey X E3) if

forallz € E1,y € Es and t € T, where E* denotes the expectation given that the process X
starts in Xo = x and EY denotes the expectation given that the process Y starts in Yy = y.

Dual processes occur in many applications, usually when considering some phenomena for-
wards and backwards in time. For typical dual processes in the mathematics and physics
literature on interacting particle systems we refer to [8, 7, 21 22 28] 29] and references
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therein. Other important examples occur in the context of mathematical population genetics
[, 2, [ 6] 10, 011 12, 03] 14, 19, 25, 26] and essentially go back to similar duality results for
stochastically monotone Markov processes [27].

Here we are interested in a particular class of Markov chains X of the following form. Let
p: [0,1] — [0,1] be some function. For fixed N € N consider a Markov chain X = (X,,)nen,

with state space {0,..., N} and tridiagonal transition matrix
T‘O po 0 PR O
qgq T P ;
I = (mj)ijefovy = [ 0 . . . o | (2)

where, for i € {0,..., N},

() )
e () e

For particular choices of the function p the Markov chain X is well known from the literature
on mathematical population genetics. For p = id (identity) the chain X counts the number
of descendants in the classical haploid Moran model [23] with population size N (see also
(3.45) - (3.47) on p. 105 of Ewens [15]). For p(z) =1 — (1 —x)2, x € [0, 1], the chain X is the
forward process of a two-sex model introduced by Kammerle [20]. For closely related Moran
models in continuous time we refer to Coop and Griffiths [7], Donnelly [9] and Donnelly and
Rodrigues [12]. In Section [3| we provide (for a suitable subclass of functions p) a population
model such that X counts the number of ‘mating units’ forwards in time in this model.
Note that E(X,,41 | X, = i) = i+ p(i/N) —i/N for all i € {0,...,N}. Thus, if p(z) < =
for all = € [0,1], then X is a super-martingale. If p(z) > « for all z € [0,1], then X is a
sub-martingale.

The article is organised as follows. In Section [2] the main duality result (Theorem and
its proof is given. Afterwards, in Section [3] a probabilistic interpretation of X and of the
dual process Y in terms of a multi-type Moran model is presented. Section [] deals with the
convergence of Y, properly time- and space-scaled, to an Ornstein-Uhlenbeck limiting process
as N tends to infinity (Theorem . In Section [5 details on the extinction probabilities of
the forward chain X and on the stationary distribution of the ancestral chain Y are provided.
The asymptotics of the mean and the variance of the stationary distribution of Y is given. We
state a conjecture on the asymptotic normality (Conjecture of the stationary distribution
and indicate possible approaches to verify this conjecture. The article finishes with a collection
of typical examples (Section @ involving selection mechanisms.

Throughout the paper we will use the notation (z)p :=1 and (2); == z(x—1)--- (x —k+1),
x € R, k € N for the descending factorials. Furthermore, S(i, j), i, j € No, denote the Stirling
numbers of the second kind.

and



2 A duality result

Before we state the main duality result (Theorem we briefly recall some basics about
completely monotone functions. In the literature (see, for example, [4, Section 2]), complete
monotonicity is mostly considered for functions ¢ with domain (0, c0) or [0, 00). Here we are
interested in functions ¢ with domain [0, 1], the unit interval.

Definition 2.1 A function g : [0,1] — R is called completely monotone if it is C* on (0,1)
with (—1)kq™) () > 0 for all k € Ny and all 2 € (0,1).

The following lemma is essentially a version of the classical Bernstein theorem.

Lemma 2.2 A continuous function q : [0,1] — R is completely monotone if and only if there
exists a finite measure p on No with q(1 —z) =Y 0" jz"u({n}) for all z € [0,1].

Proof. If there exists a finite measure p on Ny with ¢(1 —z) = Y07 jz"u({n}) for all
z € [0,1], then (=1)k¢®(2) = 3%, nl/(n — k)!(1 — 2)"*u({n}) > 0 for all k € Ny and
all z € (0,1), i.e., g is completely monotone. Conversely, if ¢ is completely monotone, then
the function u : [0,1] — R, defined via u(x) := ¢(1 — z) for = € [0,1], satisfies u(™)(z) =
(=1)"¢™ (1 — x) > 0 for all n € Ny and all = € (0,1). Bernstein’s theorem [I6, Chp. VII.2,
Theorem 2] for bounded functions u ensures the existence of a measure p on Ny such that
has power series representation u(z) =Y~ z"u({n}), = € [0,1]. The measure yx is finite as
1(Ng) = u(l) < 0. O

Remark. Suppose that ¢ : [0,1] — R is a continuous, completely monotone function. The
measure p in Lemma is a probability measure if and only if ¢(0) = 1. In this case, there
exists a random variable n with distribution P(n = n) = u({n}), n € Ny, and u(z) :=
q(1 —2z) =E(a") for all x € [0, 1], i.e., u is the probability generating function (p.g.f.) of 7.

We now turn to the duality result. If the state spaces E; and Fs of the processes X and Y in
Deﬁnition are finite, then the function H € B(E; X E») in Deﬁnitioncan be considered
as a matrix H = (hi;)ick, jeE,- In the literature on duality for Markov chains with identical
finite state spaces Fy = Es = {0,..., N}, the particular non-singular symmetric left upper
matrix H = (hij)i jefo,..,n} With entries

7)) g N-—j—k I N—i—k

hi‘ = = 2 = —_— = (5)
! (JJV) (127) peo Nk o VK

plays an important role. For example, this matrix turns out to be a suitable choice to obtain
duality results for a large class of exchangeable population models [25]. It was also used
(see also the remark at the end of this section) to derive duality results for a class of non-
neutral Wright-Fisher models [19]. The following theorem shows that this matrix is also an
appropriate choice for Moran models.

Theorem 2.3 Let p: [0,1] — [0,1] be some continuous function satisfying p(x) < p(1) for
all z € [0,1]. Then, the following conditions are equivalent.

(i) There exists a random variable n taking values in Ny such that 1 — p(1 — ) = E(a")
for all x € ]0,1].



(ii) The function q := 1 — p is completely monotone and p satisfies p(0) = 0.

(ii) For each N € N there exists a Markov chain Y = (Y,)nen, such that X is dual to
Y with respect to H = (hij); jeqo,..., N} with entries (9)), i.e., IH = HP', where P’
denotes the transpose of the transition matriz P = (pij); je{o,...n} of Y.

Remark. Note that p does not need to satisfy p(1) = 1. The transition matrix P of the
dual Markov chain Y can be expressed explicitly in terms of p. See , , @ and
below. It turns out that Y is skip-free to the left, i.e., p;; =0 forall j <i—1.1In Section@ a
probabilistic interpretation of Y is provided.

Proof. The equivalence of (i) and (ii) follows immediately from the remark after Lemma 2.2}
(i) = (iii): For ,5 € {0,..., N},

(N—ji—i—l) N (Nj—i) | (N—ji—l)
o ey T

with p;, ¢; and r; as defined in and . Define the matrix P := (pi;); jeqo,... N} recursively
over its columns via

(IIH)ij = qihi-1j +rihij + pihiv1; = @

1 for i =0,
IIH ) i 1—p(1
Pio = Q = ﬁ fori=1,

ho
0 forie {2,...,N}

and -
OH)N i — > 9o hn_jkPik .
Pij = (UH) N, hNZIfO Noheik i€{0,...,N}, (6)
—7,J

for j € {1,..., N}. From this definition it follows immediately that

J N
(OH)n—ji = Zthj,kpik = Z hn—jipi = (HP )N_j;
k=0 k=0
for all 4,5 € {0,...,N}. Thus, the duality equation IIH = HP’ is satisfied. It remains to
verify that P is a stochastic matrix. Note that poo = 1 and that p;; = 0 for j < i — 1. Thus,
the matrix P has the form

1 0 0 0
* * * %

P = (pij)ijefo,.N} = N (7)
0O -+ 0 * =«

where the x-entries are those which are now studied in more detail. From @ it follows that,
fori e {1,...,N},

 (OH)N—i41i _ qN—it1hn—i;
Diji—-1 = =
hN—it1,i-1 An_it1,i-1




[ pl ——— (.
i
1 N—-i+1
= —(1—-pl————]]. 8
w((5) ©
In particular, p; ;—1 > 0. For the diagonal entries of P we obtain from @ that pgo = 1 and

that, for i € {1,..., N},

(IIH)N—ii — hN—ii—1Diji—1
hn_i;

DPii =

qN—ihN—i—1; +T"N—ihN—i; + PN—iAN—it1,i — AN—si—1Dii—1

hn_i;
= (i+1)gn-i+rn_i—(N—i+1)pii1

_ (i+1)N]\?i<1—p<N]\;i)>+Ji/.+N];2ip<NA7i>
i)
_ NN_H;V(N—z‘H)(p(N_]é“)—p(N]\;i>). 9)

In particular, p;; > 0 as the function p is increasing by condition (ii). We now proceed in the
same way and obtain

(MH)N—i-1,i — Zzzi_l hN—i—1 kDik

Dii+1 =

hN—i—1,it1
_ (IIH)N—i—1,i = AN—i—1,i—1Pi,i—1 — hN—i—1,iDii
hN—i—1,i+1
i+ 2 1
= (N—1 i —im1+ ——DPN—i-
( Z)( 5 qN—i—1 + TN 1+Z+1p1v 1)

N—i1+1 N N —i B
9 Dii—1 1 Dii-

Plugging in the expressions for py_;—1, gv—;—1 and rny_;—1 and as well the already available
formulas and @ for p; ;—1 and p;;, and sorting afterwards with respect to the values
p(N—i—1)/N), p((N —i)/N) and p((N —i+1)/N), we obtain after some straightforward
manipulation that, for i € {1,..., N — 1},

I CORCE S R CE) | B

Since ¢ is completely monotone, differences of differences of p are non-negative from which
it follows that p; ;41 > 0. We now verify by induction on j € {i + 1,9+ 2,..., N} that

i (N—i+ 1\’ & j—it1 iin (N—i+t1—k
b Gy IR R s

k=0




For j = i+ 1, coincides with ((10]). Thus, is already proven for j = i + 1. The
induction step from {1,...,5 — 1} to j (> ) works as follows. For j > ¢, we have

Nt .
—Js =i —Jj.kPi
(HH)N i Zk 1 hn j,kPik

pi; =

hn—j.
i—1
_ an—jhN—j—1i +TN—jhAN—ji T PN—jAN—j+1 ]2: thj,kp_k
- 1
hn—j; oy N
i1

N —i j+1 j—z’) 3 (N—k)
= Jav—j———+rN_jF+DN_j— | — ) Dik-

(N—J>< Tj—itl ! T kg_l i—k)”

As before, plugging in the expressions for py_;, gv—; and ry_; and as well the (by induction
already known) formulas for p;, k € {i — 1,4¢,...,5 — 1}, we obtain - after some tedious but
straightforward manipulations - that the latter expression coincides with the right hand side
in , which completes the induction.

Since ¢ is completely monotone, the sum on the right hand side in is non-negative, which
shows that p;; is non-negative for j > i. For ¢ € {1,..., N} it follows furthermore from ,

([©) and that, for z € [0, 1],

N N

, - ) )
E i’ = Pz’ +puxt + E Dijx?
=0 =i+l

gt . N—i+1
- N P\TN
N—i , iz’ , N-—i+1 N—i
(N — 1 —
e e (o(5) ()

N . , j—itl .. .
e (N —14+1 j—t+1 joick (N—i+1—k
> N(j—H—l) 2 ( k >( T N

j=i+1 k=0
1 N —1¢ 7 N N—7+1
S B i v j -
N:E —|—7N x+Nj;1x <j—i+1>
jfl j—i+1 (—1)i-i-k N—i+1-k
k N
k=0
B ixi_1+N—ixi_iN‘i+1 N =it 1\ (N =it 1=k
- N N N k p N

N ‘
Z N—-i+1-k (=) —HH1k
j—i+l—k

i ., N-—i, iN_iH(NiJrl)
&~ - .
0




.p<N —t+1- k)xi+k—1(1 _ )Nk

N
. . . N—i+1 .
i . N—¢ , i N—-i1+1 l Nl .
= — _ —_ 1_
A Nl_0< I >p<Nx (1-2)
. . N—i+1 .
N—u ,; i N—-i+1 I\ Ny .
= 'ty > ( z )q(N>m (1—x) (12)

=0

For z = 1, only the summand for [ = 0 differs from 0, and we obtain Z;.V:O pij = (N—1)/N+
i/Nqg(0) =1—14/Np(0) =1, as p(0) = 0 by condition (ii). Thus, P is a stochastic matrix.

(iii) = (ii): If X is dual to Y with respect to H, then the recursion (6]) holds. As in the previous
part of the proof it follows that the matrix P has the structure (7)) with the x-entries given
by (8), (9) and (11). Consequently, (12) is valid, and we obtain, for z € [0, 1],

N
B |V, =i) = Y piya?
j=0

N—i+1

N—i , i , N—it+1\ [\ woirr
= —§ ¢ —I—Nx ! Z ( ] >q<N>xN U1 — 1)
1=0
N —1 . .
= N Z:BZ + %.’L‘Z_lBN,i+1,q(1 - 3?)7

where By _it1,4(1 —2) is the (N — i+ 1)-th Bernstein polynomial of the function ¢ evaluated
at the point 1 — x. Now rewrite this equation for ¢ = 1 as

Byy(1—2) = 2+ NE(@@™ Y, =1) —2). (13)

As ¢ is continuous, the left hand side converges uniformly for z € [0, 1] to ¢(1—2) as N — oo.
Therefore, the right hand side in converges as well uniformly for « € [0, 1], and from the
structure of this right hand side it follows that

g(l—=z) = Zak:ﬁk, (14)
k=0

for some non-negative real coefficients ax, k € Ny. Note that, in particular, the coefficient aq
is non-negative, as it is the limit as N — oo of

1+N(p—1) = 1+N<]\7J\_71+p(1)—p(N]\71>—1> = N(p(l)—p(NJ\;l)>,

which is non-negative as p satisfies p(z) < p(1) for all z € [0,1]. Thus, g is completely
monotone. Since P is a stochastic matrix we have ijo pij = 1forallie {0,...,N}. On

the other hand, as in the previous part of the proof, it follows that Z;VZO pij = 1—(i/N)p(0)
for all i € {0,..., N}. Thus, the equality p(0) = 0 must hold, which completes the proof. O




Remark. In Theorem [2.3|it is assumed that the function p : [0,1] — [0, 1] satisfies
p(z) < p(1) for all z € [0,1]. (15)

This condition is automatically satisfied if p(1) = 1. If is not satisfied, then the situation
becomes more subtle. Consider for example, the function p(x) := z(1 — z), € [0,1]. In
this case, 0 is the only absorbing state of the chain X and all other states 1,...,N are
communicating. The matrix P in , with entries defined via , @ and , is a stochastic
matrix. More precisely, P is tridiagonal with entries

i/N —i(i —1)(N —i+1)/N3 for j=14—1,

) (N=9)/N4i(N—i+1)(N—2i+1)/N3 for j =i,
Pij = Y §(N —i)(N—i+1)/N3 for j=i+1,
0 for i —j| > 1,

i,j € {0,...,N}. Therefore, if Y is a Markov chain having this transition matrix P, then
Y is dual to X with respect to H. However, 1 — p is not completely monotone (even not
monotone). The stationary distribution of ¥ is concentrated in zero.

In general it can be deduced from @[) that certain negative values of the coefficient a; in
are allowed without destroying the property that P is a stochastic matrix. For simplicity, in
Theorem we restrict our considerations to the situation when p satisfies .

Remark. In [I9] a class of Markov chains X = (X, )nen, With state space {0,..., N} and
modified Wright-Fisher transition probabilities m;; = (IJV) (p(i/N)) (1 — p(i/N)N=I, i, 5 €
{1,..., N}, is studied. It is shown that, if p : [0,1] — [0,1] is continuous, then for each
N € N there exists a Markov chain Y = (Y},)nen, such that X is dual to Y with respect
to H = (hij)i jeqo,...,ny With entries (5)) if and only if the function ¢ := 1 — p is completely
monotone and p satisfies p(0) = 0. This duality result essentially coincides with that of
Theorem [2.3] and was the starting point to study similar properties for other models, which
finally led us to Theorem [2.3} The transition matrix P = (pi;); jeqo,....n} of the dual chain
Y in [I9] has entries

N <& O k
o= —1)7=F H1—-—= ,j€{0,...,N 16
wo= ()X (e (1-x) viewn (16)
where ¢° denotes the i-th power of g. There is the following alternative formula for these
transition probabilities. The remark after Lemma [2.2] ensures that there exists a random
variable 7 taking values in Ny such that ¢(1 — x) = E(2") for all x € [0, 1]. Let 11,72, ... be
independent copies of 7. Then,

pi; = (N);E(N"FS(L;,5)), i,5€{0,...,N}, (17)

where Ly := 0 and L; := n; + --- + n; for ¢ € N, and with the notations for the
descending factorials and for the Stirling numbers of the second kind as mentioned at
the end of the introduction. The formula follows easily from using the con-
volution property E(zl) = ¢*(1 — x) (applied to = := k/N) and the explicit formula
J18(i,5) = izo(—l)j_k(i)ki for the Stirling numbers of the second kind. From it
is obvious that P is a stochastic matrix. In that sense the Markov chain Y in [I9] has a
simpler structure than the chain Y in Theorem [2.3]



3 A multi-type Moran model

Fix a constant K € N and consider a population where each individual has one of K possible
types. Each generation consists of N € N mating units, where a mating unit is (by definition)
a set of K individuals of different types. Hence, the total population size is K N. In each
generation, K children are born, one of each type, and each of this K children chooses
randomly one of the ancestral mating units as its parental unit. These K new born individuals
form a new mating unit of the following generation. One of the N parental mating units is
chosen at random and removed from the population. For K = 1 this model coincides with
the standard haploid Moran model with population size N (see, for example, (3.45) - (3.47)
on p. 105 of Ewens [10]). For K = 2 we arrive at Kammerle’s two-sex Moran model [20].
Some more details for this particular model are given at the end of this section.

Fix i € {1,...,N}. A descendant-unit of the mating units 1,...,% of generation 0 is any
mating unit of any generation which has at least one member descending from one of these
1 mating units of generation 0. If X,, denotes the number of descendant-units in generation
n € Ny, then, it is easily seen that X := (X, )nen, is a Markov chain with state space
{0,..., N} and transition matrix IT of the form (2)) with

p(z) = 1-Q-2)%,  2€]0,1] (18)

If we instead look back into the past and let A,, denote the number of ancestral mating units
n generations backwards in time, we obtain the so-called ancestral chain A := (Ay,)nen,,
sometimes also called the backward chain. The following lemma provides the transition prob-
abilities of the Markov chain A.

Lemma 3.1 The transition probabilities p;j := P(Ant1 = j|An =1), 1,5 € {0,...,N}, of
the ancestral chain A = (An)nen, are

i (i—1\"
i1 = — ; 1,...,N
pz,zl N(N) ) ZE{, ) }7

_ Lo N (A (2 e {1,... N}
Poo = ) bii = N N ? N N ) ? P ’

i (N—i+l j‘il(il)j,m,k i1\ [i—1+k\"
P = N\j—is1 k N

k=0

forje{i+1,...,i+ K —1}, and p;; = 0 otherwise.

Proof. Assume that there are ¢ ancestral mating units present in generation n. One gener-
ation backwards in time there will be ¢ — 1 ancestral mating units present if and only if one
of the ¢ mating units is removed and all K new-born individuals choose their parental unit
among the ¢ — 1 remaining ancestral units. One of the ¢ mating units is removed with proba-
bility ¢/N and each new-born individual chooses its parental unit among the i — 1 remaining
units with probability (i — 1)/N. Thus, the formula for p; ;_; follows immediately.

One generation backwards in time there will be ¢ ancestral mating units present if and only
if either one of the N — i non-ancestral units is removed or if one of the ¢ ancestral units is



removed and, for some [ € {1,..., K}, exactly K — [ of the K new born individuals choose
their ancestral unit among the remaining ¢ — 1 ancestral units and the other [ new born
individuals all choose the same unit among the other N — (i — 1) mating units. Thus,

. . K —1
N —1 ) K z—l i—1
L +NZ<Z> ( )

=1

- NA;Z'_i_]if(N—H—l);(?)(;{)l(i]—vl>K—l

- sl ()

Similarly, there will be j (> 4) ancestral mating units present one generation backward in
time, if and only if one of the 7 ancestral mating units is removed and, for some ! € {0, ..., K},
exactly K — [ of the new-born individuals choose their ancestral unit among the remaining
i — 1 ancestral units and the other [ new born individuals altogether choose j — i + 1 among
the other N — (¢ — 1) mating units. Thus,

pij = NZ( ) Zl));};fJ;lS(l]Z+1)(iN1>K—z

Note that p;; = 0 for j > i+ K — 1. Plugging in the explicit formula

1 j—i+1 . i
S(l,j—i+1) = 7) Z (_1)]—2+1—k(.7 ;4- >k:l

_ |
(J—i+1)! =

for the Stirling numbers of the second kind and interchanging the sums yields

Dij zir(ij__;:ll> jﬂil(*l)ﬂ’*iﬂfk <j —]i+ 1> é <IZ(> (Z/\g[>l<Z ]_\[1>Kl

k=0
i (N—it1 j’il(_l)j%l,k i+ 1\ (i—1+E\"
N\j—i+1 k N ’
k=0
which completes the proof. O

The main consequence of Lemma[3.1]is that the transition probabilities of the ancestral chain
A = (An)nen, coincide with those in , @D and of the dual process Y in Theorem
(iii) with p defined via . Note that ¢ := 1 — p is completely monotone and that
p(0) =0, i.e., the condition (ii) (and, therefore, also (i) and (iii)) of Theorem [2.3| holds. The
random variables Y,, and A,, have therefore the same distribution. Consequently, Y,, can be
interpreted as the number of ancestral mating units n generations backwards in time under
the K-type Moran model.

We can also include the case K = 0 (p(z) = 0) with the interpretation of a population
consisting of N individuals of the same type in each generation. In each step (forwards

10



in time) one randomly chosen individual is (by definition) replaced by a non-descendant
individual. In this case we have p; ;1 = ¢/N and p;; = 1 — i/N in agreement with Lemma
Bl for K = 0.

Fortunately, these arguments carry over to a much larger class of functions p. Suppose that
p : [0,1] — [0,1] is any continuous function satisfying p(0) = 0 and that ¢ := 1 — p is
completely monotone. Then, as pointed out in the remark after Lemma there exists a
random variable 7 taking values in Ny such that p(z) = 1 — E((1 — z)") for all z € [0,1].
In this situation, the Markov chains X and Y can be interpreted probabilistically in the
following way. Consider a population where each individual has one of max(n,1) possible
types. The population consists in each generation of N mating units, where a mating unit is
(by definition) a set of max(n, 1) individuals of different types. Assume that, conditioned on
n = K (K € Np), the population evolves according to the K-type Moran model introduced
before. Then, X counts the number of mating units forwards in time and Y those backwards
in time. We therefore have found - for continuous functions p : [0,1] — [0, 1] satisfying
p(0) = 0 and such that ¢ := 1 — p is completely monotone - a meaningful probabilistic
interpretation for the dual chain Y: The random variable Y, can be interpreted as the number
of ancestral mating units n generations backwards in time under the multi-type Moran model
with random number 7 of types.

4 A weak convergence result for the ancestral process

In this section it is always assumed that the continuous function p : [0,1] — [0, 1] satisfies
p(0) = 0 and that ¢ := 1 — p is completely monotone such that the existence of the ancestral
process Y = (Y, )nen, is guaranteed by Theorem We are interested in the asymptotic
behaviour of Y as N tends to infinity. Before the main convergence result (Theorem is
presented, the moments of Y, 1, conditioned on Y,, = i, are studied in some more detail.

Lemma 4.1 For alli€ {0,...,N},

E(Y,41 —i|Y, =i) = W}?(é) —% (19)
and
E(Yos — 12|V =) = ]z'v+i(N—i+1)](v2N—2¢—1)p<]1V)
_i(N—i+Nl)(N—i)p<;). (20)

Proof. Taking the r-th derivative (r € Ny) with respect to = in yields (Leibniz rule)

N—i+1

ON vt o N—dio i N—i+1\ (1
() Bemv=n = Twe e g S (V7 ()

: (2) (N = D=0 (1), k(1= &) 7 (=) R
k=0

11



For x = 1 only the index k = r — [ contributes to the last sum. Thus, Y41, conditioned on
Y,, = i, has descending factorial moments

B((Vie) Yo =) = 2ty 4 NNg (7 (5 ()@ - oy

For r =1,

EYo1|Ya =) = w + fV<Nq(0) —(N—i+ 1)q<zlv)>

- H(wverew-ien(2))

as ¢(0) =1, and follows immediately. For r = 2,

(N — 1) (2)2
- N

+N<(N)2Q(0) 2N —it+ (N - 1)‘1(117) T 1)2q(12V>)

E((Yn+1)2 |Yn = Z) =

_ ]i[((z (N - 2) 42N — i (N - 1)p<]1v> (Nt 1)2p(i]>).
Therefore,

E((Yog1 =) Yo = 1)
= B(Y2,|Y, =i)— 2E(Ynyy | Yy = i) +i°
= E((Yoq1)2|Yn =) + (1 — 20)E(Yyy1 | Yy = i) + 42

1

_ N((¢—1><N—2>+2<N—z‘+1><N— 1>p(fv> B W‘”””’(JQV))

+(1 —2i)Ji{<N— 1+ (N—z’—l—l)p(;])) +i?

1

— N(1+ (N —i+1)(2N —2i — 1)p(]b> — (N —i+ 1)2;0(]3[))7

which completes the proof of the lemma. o

We are able to verify a weak convergence result for the ancestral process Y under the addi-
tional condition that the random variable 1) in Theorem [2.3]satisfies E() > 1 and E(7%) < oc.
In terms of the function p it is therefore assumed that p’(04) > 1 and that p”(0+) < oco.
For N € N and n € Ny define Y, := (V,, — aN)/VN, where o := 1 — 1/p/(04) € (0,1).
Consider the space- and time-scaled process (Vt(N))tZO, defined via

YLNtJ —aN

vV =y = ,
t LN” \/N

N eN,t>0. (21)
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Theorem 4.2 Suppose (see Theorem that the continuous function p : [0,1] — [0,1]
satisfies p(0) = 0 and that ¢ := 1 — p is completely monotone. Furthermore, suppose that

p'(04+) > 1 and that p"'(0+) < oco. If the sequence (VO(N))NeN converges in distribution to

a random variable Vy, then the time- and space-scaled backward process (Vt(N))tZO, defined
via , converges weakly as N — oo to an Ornstein-Uhlenbeck process (Vi)i>o with drift

parameter j(z) = —px and diffusion parameter o*(z) = o2, where
« /
= = —1
I T = PO € (0,00)
i (1 —p'(0+))p"(0+)
2 2.1 —p'(0+))p" (0+
o = —a(l —a)p"(0+) = - € (0,00).
(1~ ap(04) onp € 0
Remark. In terms of 7 the parameters o, p and o2 are given by
1 (E(n) — DE(n(n — 1))
a =1-——, w = E(n -1 and o? = .
E(n) (E(n))?

Proof. We essentially generalize Kémmerle’s proof on p. 883 of [20]. The process (¥;)nen,
is a Markov chain with state space Ey := {(i — aN)/V/N |i € {0,...,N}}. For z € Ey let
i:=aN+xvN €{0,...,N} and note that

) A Yoot —aN — 2V N|Y, — aN 1 . .
BV —2|Vp =2) = E( w1 —aN —oVN et _ > = E(Yp1 —i|Y, =)
VN VN VN
From ([19) and the expansion p(1/N) = p’(0+)/N + O(1/N?) it follows that
o iWN—itD (1Y i
E(Ypt1 —t|Y,=14) = N p<N> N
i N-—i+1, i 1
= v N5 P (0+) N O(N)

i N—i, i 1
v o0 +o(y)

) it ) o)
a oz 22 1 1
) _MW_HN+O<N)7

where the O(1/N)-term holds uniformly for all x € Ex. Suppose now in addition that x € K
for some arbitrary but fixed compact set K C R. Then,

) ) a 1 z 1
E(Yn+1—Z‘Yn:Z) = _1—04\/N+O<N) = _u\/ﬁ—i_O(N)

uniformly for all x € EFny N K. Thus it is shown that

BV | Yy =2) = x+o< = ) (22)
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uniformly for all € Fny N K. Analogously,

E((Vpi1 — 2)2 |V, = 2) E((YM%NN)Q

CB(Yan— i) Y =)

Y, —aN )
=z
VN

From (20)) and the expansions p(1/N) = p/(0+)/N +p”(0+)/(2N?)+O(1/N3) and p(2/N) =
2p/'(04)/N + 2p" (0+)/N? + O(1/N3) it follows that

E((Yo41 — )| Yn = 1)
%+i(N7i+1)](\?Nf2ifl) (1) _i(Ni+1)(Nz‘)p(2>

- P\ ¥ N N

_ sz_’_i(N—i—f—l)](\?N—%—l)(p’(J(\)f-i-) p;f,f’,?))
_i(N—i—f—Nl)(N—i) <2p’]($+) . 2p';\([(2)+)> +O<;I)

_ ;-V_Wp,(oﬂ_z'(N—¢+i\)[(3N—i+;)p,,(0+)+0(}v>

= a—a(l—a)/(0+) — a(l— )" (0+) + O<\/1N) B "2+O<¢1ﬁ>

=0

uniformly for all x € Exy N K. Thus,

E((Yoi1 —i)?|Vy=2) = UN + O(Nflf/2> (23)

uniformly for all x € Exy N K for any arbitrary but fixed compact set K C R.
Let C2°(R) denote the set of all functions f € C°°(R) with compact support. For z € Ex
and f € CX(R) let T f(z) :== E(f(Yn+1) | Yo, = x). Taylor expansion yields
Tnf(x) = f(x)
[ ()

= f'(@) BV —3|Yy =2) + == B(Yap1 — 2)* Yo =2) + Rx(2)

with Lagrange remainder

Rn(@) = LB 07 ¥ = ),

where £ is a (random) point between z and Y, 1. In the following it is verified that Ry (z) =
O(N—3/2) uniformly for all x € Ey. Since f € C°(R), there exists C' > 0 with |/ (z)| < C
for all x € R. Thus,

C_ - . c 1 , .
By (@) < gB(Yam -2’ Yo =2) = E(|[Yas1 —il* | Yo = 1).

31 N3/2
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From the results of Section [3| (see Theorem and the remarks afterwards) it follows that,
conditioned on Y,, = ¢ and n = K € N, the random variable Y,,;1 can take only values in
{i—1,i,i4+1,...,5+ K — 1} with positive probability. Conditioned on Y,, =i and n = 0,
Y, +1 can take only the two values 7 — 1 and ¢ with positive probability. Thus, conditioned on
Y,, =i, we have |Y,,11 — i| <max(n, 1) < n+ 1. Therefore,

Ry(@)] < 5Bl + 1)),

In particular it is shown that Ry (z) = O(N~3/2) uniformly for all z € Ey, since E(5?) < oo
by assumption (p”’(0+) < 00).

The generator A of the Ornstein-Uhlenbeck process with drift parameter u(x) = —px and
diffusion parameter o2(z) = o satisfies Af(z) = 202 f"(z) — paf'(z). Thus, for all N € N
and x € Ey,

IN(Tn f(x) = f(2)) = Af(2)| < [f' (@) INE(Yns — 2|V, — ) + pa|
+L2(:C)|\NE((}7H+1 —z)?|Y, =) — 0% + N |Ry(z)|.

Since f has compact support, say K, the derivatives f’(x) and f”(x) are both equal to zero
for x ¢ K, and these derivatives are both bounded for z € Ex N K. Together with and
(23) it follows that

lim sup [N(Tnyf(z)— f(z))— Af(z)] = 0 for all f € C°(R).

N—oogeEN

As C°(R) is a core for A (see [14, p. 371, Theorem 2.1]), the statement follows from [I4]
p. 31, Theorem 6.5] and [I4], p. 233, Corollary 8.9]. m]

Remarks. 1. The stationary distribution of the limiting Ornstein-Uhlenbeck process (V;)i>0
in Theorem is the normal distribution N(0,72) with

o @ _ =104 _ Elln-1) o)

2u 2(p'(0+4))%) 2(E(n))?

The constant 72 will appear later again (see Conjecture |5.5)).

2. The presented proof of Theorem uses the technical condition p”’'(0+) < oo in order
to control the rest term Ry (x). We leave open the question whether or not Theorem 4.2
remains valid if this technical condition is replaced by the weaker condition p”’(0+) > —oc.

Example 4.3 For the K-type Moran model with parameter K € {2,3,...} introduced in the
previous Section@ p(z) = 1— (1 —2)%. Thus, p'(0+) = K > 1, p"(0+) = —K(K — 1)
and p"'(04) = K(K — 1)(K —2) < c0. If (VO(N))NGN converges in distribution to some Vp,
then, by Theorem the time- and space-scaled ancestral process (V;(N))tzo, defined via
Vt(N) = (Y\ne) — (1 = 1/K)N)/VN for N € N and t > 0, converges weakly to an Ornstein-
Uhlenbeck process (V;)i>0 with drift parameter p(zx) = —(K — 1)z and diffusion parameter
o%(z) =0*=(1-1/K)2.
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5 Extinction probability and stationary distribution

In the following it is assumed that p(0) = 0, or, equivalently (mgg = ro = 1 — p(0)), that 0 is
an absorbing state of the Markov chain X. For ¢ € {0,..., N} let

Bi = P(X, =0eventually| Xo =1i) = 7}1_{1;0 P(X, =0|X,=1) (25)
denote the extinction probability given that the chain X starts in Xy = i. Note that Gy = 1.
It is straightforward to check that the column vector 8 := (fo,...,0n)" is a solution of the
fixed point equation II5 = f, i.e. § is an eigenvector to the eigenvalue 1 of II. Since II is
tridiagonal, 3 can be computed explicitly. For example, if the state N is as well absorbing
(& p(1) =1) and if p(z) > 0 for all z > 0, then (see Eq. (2.158) of [I5])

U
i=1-T5y i€l N -
where |
. B i—1 (Iik _ i—1 1 J 1_p(%) i ; N ;
o(i) jzokl;[l k JZ::O(Nj—l)]};[l p(%) ) €{0,...,N}, (27)

with the convention that empty sums are equal to 0 and empty products are equal to 1. Note
that ©(0) =0, p(1) =1, ¢(2) = 1 + q1/p1 and that (i) is increasing in i. For example, for
the haploid Moran model ¢(i) = i and, hence, 3; = 1 —i/N, i € {0,...,N}. The column
vector (¢(0),...,@(N)) is as well an eigenvector to the eigenvalue 1 of II. Thus,

QiW(i_l)"i'pi(P(i"i'l) = (pi“"Qi)(P(i)a (S {17"'7N_ 1}' (28)

Lemma 5.1 If p(x) > x for all x € [0,1], then the sequence (¢(i))ieqo,...,n} is log-concave,
i, (i — V(i +1) < (¢(i))? for alli € {1,...,N —1}.

Proof. For ¢ € {1,..., N} define the differences d; := (i) — ¢(i — 1) and note that (28]
implies that d;11 = hd; for i € {1,...,N — 1}, where h; := ¢;/p; for i € {1,...,N — 1}.
From p(z) > z, € [0, 1], it follows that h; < 1 for ¢ € {1,..., N — 1}. In the following let
i € {1,...,N —1} be fixed. It is easily checked that the inequality ¢(i — 1)@ (i + 1) < (¢(4))?
is equivalent to d;y1d; > (i)(di+1 — d;). Using d;+1 = h;d; this is in turn equivalent to
hid? > (i)(hid; — d;), and, hence, equivalent to h;d; > ¢(i)(h; — 1), because d; > 0.
Plugging in d; = (i) — p(i — 1) it follows that this in turn is equivalent to h;p(i —1) < ¢(7).
But this inequality is obviously satisfied, because ¢(i — 1) < ¢(i) and h; < 1. O

Assume now that 1 — p is completely monotone. Then, by Theorem for each population
size N there exists a Markov chain Y which is dual to X with respect to H. We are now able
to repeat the arguments already used in Section 6 of [24] and as well in Section 5 of [25]. The
choice k = N in the duality relation

N N
Yo h = > higpy)
j=0 j=0
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leads to

P(X,=0|Xo=1i) = E<<NA;Y">> (29)
()

The iN-th component of the matrix (P") = H TI"H is

N
P(Y,=i|Yy=N) = px’j = Z(H‘l)m,(ﬁ)hw
k,1=0
N
= > H )y
k=0

[
N
= Z
N———
=
[]=
-
=
B
T
z
7 N\
=
I ~.
-
N———
>
o]
e

I

o

>
[e=}

[
=
w

o
N~—

Il
7 N\
2
N———
T
—
i
L
N\
oL .
N———
3
>
3
I
o
b
o
|
=
I
.
e

By definition, the limit 3; := lim, . P(X, = 0| Xy = 7) exists for each i € {0,...,N}.
Hence, by (30), also the limit 7; := lim,, oo P(Y;, = i|Yy = N) exists for each i € {0,..., N}.
Moreover,

N N N
Z;m = Z;nan;OP(YRZMYO:N) = nlin;oZ;P(Yn:z|Y0:N) = 1.

Taking the limit n — oo in and leads to the one-to-one correspondence

o= (7) i(—l)i—j(;>ﬁNj, i€{0,...,N} (31)

Jj=0

and

1 . (j _
g = m;(i)m_ﬁ ie{0,...,N}. (32)
Obviously, 7 := (7o, ..., 7n) is a stationary distribution of Y. Note that 7o = Sy = 0.

If p(1) = 1 (N is an absorbing state of X), then the dual chain Y is not irreducible as the
state 0 is disconnected from the rest of the state space. In this case, and relate the
extinction probabilities (y, ..., 0y of X with the invariant measure of Y restricted to the
connected states 1,..., N.

If p(1) < 1 (N is a partially reflecting state of X), then the dual chain Y becomes itself
absorbing at 0. Let Tj := inf{n € Ny |Y,, = 0} denote the extinction time of Y. If we write
down - in analogy to the calculations around - the 0j-th entries on both sides of the

17



duality equation (P,) = H~'TI"H, we obtain

P(Ty<n|Yy=j) = P(Ya=0[Yo=j) = ply
N N

= Z(H )Okﬂl(;ll)hl] = Z”Nl)hlJ
k,1=0 =0

N —1 N - X,
: ()0
J J
= P(X,=10|Xo=N =
J
giving a relationship between the distribution function of the extinction time T of the chain

Y started in Yy = j and the factorial moments of N — X,, conditioned that the chain X is
started in the state Xy = N.

From and it follows that

T, =

(D N~ (i s ’
_¢(N)j2::0( 1) (j)w(N 7). ie{l,...,N}. (33)

Using , the probability m; can be expressed in terms of the function p. However, this does
not seem to result in a simple formula for 7;. We verify the following property.

Lemma 5.2 The sequence (m)ie{l N} 8 log-concave (LC), positive and, hence, unimodal.

.....

Proof. For j € {0,..., N} define o; := ¢(j)/p(N) and &; := an—_;/j! and rewrite in
the form .
L (opya

mo= (N)Y ~t—=—d;,  ie{l,...,N}.
= =)
The sequence (o)) jeqo,...,n} is LC because (¢(7))eqo,...,n} is LC by Lemma The reversed
sequence (an_j)je{o,...,n} i clearly LC. Thus, the sequence & := (&;);eqo,...,n} is LC as a

X2

product of two positive LC sequences. Now (375_&;(—=1)"7"1/(i — j)icqo,.. vy = ((@*
u);)ieqo,...,n} is the convolution of the two sequences & and u := (u;)ieqo,... N}, Where u; =
(—=1)"1 /il for i € {0,..., N}. Note that u is alternating but LC. The convolution of two LC
sequences is LC (see Wang and Yeh [30] for instance). So ((@*u););cqo,...,n} is LC and positive
(because m; is positive). The sequence ((IV);)icqo,...,n} is positive and LC, so (7;)ie(1,..., N}
is positive and LC as a product of two positive LC sequences. Positive LC sequences are
unimodal. O

Let Zy be a random variable with distribution 7. As in Section 6 of [24] it follows that Zy

has p.g.f.
N

N _ ,
E(SZN) = Bil . sNﬁj(l —s), seC, (34)
i (5)
and factorial moments
k
Bz = W05 (5) e, ket ()
§j=0



In particular, uy = E(Zx) = N(1 — 1) = N/p(N) and 0% = Var(Zy) = N(B1 — B2 +
N(B2— %)), N € N. In the following we are interested in the distributional behaviour of Zy
as N — oo.

Proposition 5.3 (Weak law of large numbers for Zy )

Suppose that the continuous function p : [0,1] — [0,1] satisfies p(0) = 0 and p(1) = 1 and
that 1 —p is completely monotone. If p # id (identity), then Zn /un — 1 in probability and in
L™, r>1, as N — co and E(Z%,) ~ (aN)* for all k € Ny, where o := 1 —1/p'(0+) € (0,1].

Proof. Theorem (i) together with p(1) = 1 ensures that there exists a random variable
71 taking values in N such that p(z) = 1 — E((1 — z)") for all z € [0, 1]. From p # id it follows
that E(n) € (1,00] and that P(n =1) < 1. In particular,

/ — 1; / — n—1 _
P04) = limp'(x) = lm E(n(l—2)""") = E@) € (1,00]
and
/ —_ = = 1 —_ 7]_1 = =
P() = lmp(e) = ImBu( -0 = Pa=1) € 1)
Furthermore, p(z) =1 —E((1 —2)") > 1 — E(1 — 2) = = and, hence, 1 — p(z) < 1 — « for
€ (0,1), and, therefore,
z(1 —p(z))

o) = A i)
@

for all € (0, 1). Together with lim,\ o h(z) = 1/p’(0+) < 1 and lim, ~ h(z) =p'(1—) < 1it
follows that v := sup,¢(g,1) h(x) < 1. For each fixed k € Nand all N > k, qi/pr. = h(k/N) —
1/p'(04) =: B as N — oo. It follows that, for each fixed i € Ny,

e

where o :=1— 3 € (0, 1]. We now verify that limy_..o ¢(N) = 1/a. Clearly, o(N) > ¢(i) for
N > i and, hence, iminfx .o, p(N) > limy_ o (i) = (1—/%)/a for all i € Ny, which implies
that liminf y 00 (V) > 1/a, since 0 < 3 < 1. In order to see that limsupy_, . ¢(N) < 1/«
fix £ > 0 and choose i = i(¢) € N such that v*/(1 —~) < &, which is possible as v < 1. From
qr/pr = h(k/N) <~ we conclude that, for N > ¢,

N-1
+ 379 < i)+
j=i

Therefore, limsup ., @(N) < (1—%)/a+e < 1/a+e. Since € > 0 can be chosen arbitrary,
it follows that limsupy_ . ©(IN) < 1/a. Thus, limy_o ¢(N) = 1/«a. Therefore, for each
fixed i € N, the extinction probability 3; satisfies 8; = 1 — (i) /p(N) — 8¢ as N — oo. From
it follows that E((Zy/N)*) — aF as N — oo for all k € Ny, which is equivalent to the
assertion of the proposition, since 0 < Zn/N <1 for all N € N. O

€ (0,1) (36)

|
—_

N I IERE A

7=0

i

I§
O
"G‘»Q

J

The next lemma provides precise information about the asymptotics of the mean py = E(Zy)
and the variance 0% := Var(Zy) of the stationary distribution of the ancestral process.
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Lemma 5.4 Suppose that the continuous function p : [0,1] — [0,1] satisfies p(0) = 0 and
p(1) =1 and that 1 — p is completely monotone. If —oco < p’’(0+) < 0, then
p"(0+) - 2
and lim == = 7°,

i —aN) = 1-—
A (un = al)

with o :=1—1/p'(0+) € (0,1) and 7% defined in .

Proof. As in the proof of Proposition consider the auxiliary function h : (0,1) — (0,1)
defined via (B6). Recall that h(0+) := limgy~ o h(z) = 1/p'(04) =: B € (0,1), as p ((H—) =
E(n) € (1,00). It is straightforward to check that

p(a)(1 - p(a)) — 2(1 — )/ (2)
S e

Using p(z)/z ~ p’(0+) = 1/8 and applying L’Hospitals’ rule yields
p(@)(1 - p(x)) — x(1l — 2)p'(z)

h'(z) =

R'(0+) := limA'(z) = lim

z\0 N0 (p(x))?
o im p(z) —z(l—z)p'(z) _ 2 lim p(z) — (x —2*)p'(z)
= “ltlm (p(2))? = -1+8 ixo z2
p'(z) — (1 —2z)p'(z) —2(1 —z)p"(z)

_ 2 1;
o 1+4 i{% 2z

/!
- _ 2 7; / o _ p(ZL‘)
- et (v - -0 2)

- —1+52(p’(0+)—p”(§+)> = —a-— 52 p"(04),

where a:=1— 3 € (0,1). For each fixed k € N and all N > k,

@ _ oy EY 04 E 1Y 04 X €
b h<N) = h(0+)+h(0+)N+O<N2 = 6+h(0+)N+O Nz )
and, therefore, for fixed j € Ny and N > j,

J , i
fi3 - 90 o)

i—1 J i—1
o) = SI[% =% (ﬁ’ MO0 i+ s +0<]$2))
=0 k=1 PH =0
_1=p" W(04+)M;p 1
N o 2N +O(N2>’
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where

7

Mi,ﬁ = Z

ot = g - ()
J 52ﬂ 2/8 176

i—1

j=0

a _ il 7
= é)ﬁ(l b 5 —(i+1) b )

(

(1-5) 1-p
B 2 1—ﬁi+1) ] ﬁi—l 2ﬁi ] 2ﬂi—l
= A (T g

Note that My 3 =0, Ma g =2 and that lim; . M; 3 = 2/(1 — 8)> = 2/a3, since 3 < 1.
In the following it is shown that

1 R(04) 1 1
o(N) = a—&— o3 N—|—O<N2>, N — oo. (37)

As in the previous proof let v := sup,¢ (g 1) h(x) < 1. For fixed € € (0,1) and all N € N,

0 < M) o) = v 5 TTn(5) = ¥ Z ¥ N o

j=LNe] k=1

as N — oo. Thus, it suffices to show that, for some ¢ € (0, 1),

o) = 2+ L vo(), Mo

In order to see this, fix some € € (0,1/2) (for example ¢ = 1/4) and adapt the previous
arguments to the case when i := iy := | N®| depends on N. For all k € {1,...,in},

qk k , k k2
— = — = —+ —+ — .
" h(N) B+ 1 (0 )N+O(N2 N — o
Therefore, for j € {0,...,ixy — 1},

J ’ 4 i
D e e
k

in=1 j in—1 , i
- _ Qk o ; h(0+) L. i1 ] 5]
elin) = > J1 - = 2 <6J+ o U+ DF T 0
7=0 k=1 7=0
1= R(0+) My 1Y 1 R(O+)1 1
B o 2N TO\M) T et e v W@

since 3 = O(1/N?) and M;, g = 2/a® + O(i%6'~) = 2/a® + O(1/N). The proof of is
complete. Taylor expansion of f(z) := 1/x at the point 1/« yields

ﬁ = f(e(N)) = f(;)+f’(;>(<p(N)—;)JrO((w(N)—;)z)
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- a2 of - 3))

B (04) 1 1
= aaN+O<]\[2), N*)OO,

where the last equality follows from (37). Hence, for each fixed i € N, the extinction proba-
bility (3; satisfies

(e
bro=1 o(N)

() o2 o)

B+ (1 _fi — an,ﬁ) P(0+) +O< L ), N — oo.
o

2 N N2

In particular, 8 = 3 + h'(0+)/(aN) + O(1/N?) and B = 5% + B(3 — B)W/(0+)/(aN) +
O(1/N?). The mean puy := E(Zy) and the variance o3 := Var(Zy) of the stationary distri-
bution thus satisfy

. . h' (0+
i (= Ne) = i (L= ) = <
/82 1 p"(0+)
T (00 5/ (01)(1 — p/(01))
and
. 0']2\[ . 2
Jm GF = Jm B NG )
ﬁ?’ _p//(0+) )
= R (0 = =90 = = J  —
which completes the proof. O

As already mentioned at the end of Section [4] the limiting Ornstein-Uhlenbeck process in
Theorem has stationary distribution N(0,72). Based on the intuition that it is allowed
to interchange the time limit ¢ — oo and the space-limit N — oo, it is therefore natural to
state the following conjecture.

Conjecture 5.5 (Central limit theorem for Zy )

Suppose that the continuous function p : [0,1] — [0, 1] satisfies p(0) = 0 and p(1) = 1 and that
1 — p is completely monotone. If —oo < p”(04) < 0, then (Zy — aN)/v'N weakly converges
to the normal law N(0,72) as N — oo, with « = 1 — 1/p'(0+) € (0,1) and 72 € (0, 00)

defined in ,

Remarks. If Conjecture holds, then Lemma 2 on p. 99 of Bender [3] even shows that
Zn is locally asymptotic normal, since (7;); is log-concave by Lemma
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We comment on possible approaches to prove Conjecture[5.5] Let ¢ denote the characteristic
function of Zx. By 7

N

pn(t) = E(E"?V) = Y8 <N> HN=I(1 -ty teR.
; J
Jj=0

In order to verify Conjecture [5.5| one could apply the continuity theorem and try to show the
pointwise convergence

E(eit(ZN*aN)/\/N) — efitﬂé\/ﬁwN(t/\/N) — efé(t/7)2’ teR, (38)

of the corresponding characteristic functions. However, this seems to be not a simple task
because all the extinction probabilities §; (also with index j of order N) enter the formula
for ¢ (t) and, therefore, it seems to be not sufficient to work with expansions of 3; (in terms
of powers of 1/N) for fixed j. Moreover, high order expansions for 3; seem to be needed.
Another possibility to verify Conjecture [5.5 would be to apply the method of moments, i.e.,
to verify that, for all k € Ny,

k
Zny —alN
lim E<<M> ) = E(z"), (39)
N—o0 T\/N
where Z is a standard normal distributed random variable. Because of the formula for
the factorial moments of Zy, only the extinction probabilities 3; with indices j € {0,...,k}
enter the expectation on the left hand side in . Thus, this approach has the advantage

that one can work with expansions of 3; with j fixed (bounded by k). However, still high
order expansions of 3; are needed. Such expansions are in principle obtainable as follows. For

kEe{l,...,N}
[e'S) (1) l
w (k) S (5
Dk N — ! N
and, therefore, for j € {1,..., N},

Tar = hO0+) (k'
M5 - I ()

SR

li!

i-1 0 i—1 33 ()
o) = 1[I =1 Y Y I e
j=1k=1 Pk 1=0 G=1 Uselj€Ng k=1 k=



This finally leads to expansions for 8; := 1 — ¢(i)/p(N). However, these expansions look
rather complicated and the approach does not look very promising.

A third approach to verify Conjecture 5.5 would be to verify that, for each N € N, all the N
roots of the polynomial

N N
Pn(2) := ZﬁNj(N)zj = Z@-(N)zfv—% z€C,
= J = \J

are real. By Theorem 2 of Bender [3] (see also Harper [18]), even the local asymptotic nor-
mality of Zn would follow immediately. Note that

M-

Pn(2) = mi(z + )N N eN,zeC.

Jj=0

Thus Py has no real roots outside the interval [—1,0]. It is therefore in principle possible to
count the number of real roots of Py using Sturm’s theorem. Unfortunately, as Example [6.2]
in the following section shows, Py does not always have N real roots. This third approach
therefore, if at all, may only work for particular models.

6 Examples

In Section [3| we got already familiar with a fundamental example, the multi-type Moran
model. In this section we provide some more details for this model. Afterwards further con-
crete examples are presented, some of them involving selective forces acting on particular
genes or genotypes. The functions p in these examples have been also considered in [19] in
the context of a modified Wright-Fisher model.

Example 6.1 (The K-type Moran model) For a constant K € N consider the K-type Moran
model already introduced in Section [3] Kémmerle [20] showed that, for K = 2, the Markov
chain X has extinction probabilities 3; = (N.*l)/(zﬁv), i € {0,..., N}. In particular,

K2

oli) = NQ+N1(1— ((22;)))7 i€f0,...,N}

and, hence, (N) = 2N/(N+1) — 2. Kdmmerle furthermore verified that, for K = 2, the sta-
N

tionary distribution of the chain Y is the hypergeometric distribution 7; = (Z)(g 1) / ( ﬁfl),
i€ {1,...,N}. In particular, B(Zy) = (N +1)/2 ~ N/2, Var(Zy) = (N2 —1)/(4(2N — 1)) ~
N/8, Zn /N — 1/2 in probability and (Zy — N/2)/N'/? weakly converges to the normal law
with mean 0 and variance 1/8 as N — oo, in agreement with Proposition and Conjecture
as p'(0+) = 2 and p”’(0+) = —2.

For arbitrary parameter K € {2,3,...} we have p’(04+) = K. Therefore, Zy/N — 1—1/K in
probability and in L", r > 1, as N — oo by Proposition Moreover, p”(0+) = —K(K —1).
By Conjecture we conjecture that (Zy — N(1 — 1/K))/N'/? weakly converges to the
normal law with mean 0 and variance 72 = —p”(04)/(2(p'(0+))?) = (K — 1)/(2K?).
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Example 6.2 (A selection model) For some parameter s > 0 let p(z) := (1 + s)z/(1 + sz).
This choice of p corresponds to the well known selection model in which two genes A and a
are considered, where A is selectively advantageous with fitness 1+ s whereas a has standard
fitness 1. The variable X,, of the Markov chain X = (X,,)nen, counts the number of genes
A at time (generation) n of a population of size N. The case s = 0 is excluded because it
corresponds to the standard Moran model. Negative values of s are also excluded because, in
this case, the function 1 — p is not completely monotone. Note that p(z) = 1 — E((1 — z)"),
where 7 is a random variable with distribution P(n = k) = s*71/(1 + s)¥ = Ba*~1, k € N,
with a:=s/(s+1) € (0,1) and §:=1 — a. We have

(i) = Stl(l—(sil)i) _ 1;&'7 i€{0,...,N}.

For this particular example, (i) does not depend on N. The extinction probability is §; =
1—(1-pY/(1—-pY),i€{0,...,N}. The chain Y has stationary distribution

1 N\ ion—i .
7TZ:1/8]V(Z>Q6 N ’Le{l,...,N},
which is the binomial distribution with parameters N and «, conditioned that it does not take
the value 0. Consequently, (Zy —aN)/(NaB3)'/? weakly converges to the standard normal law
as N — oo, in agreement with Conjecture[5.5] as p’(0+) = 14s and p”(0+) = —2s(s+1) and,
therefore, 72 := —p”(0+)/(2(p'(0+))?) = s/(s + 1) = af. Theorem is applicable. The

limiting Ornstein-Uhlenbeck process has drift parameter p(z) = —sz and diffusion parameter
02(z) = 02 = 25%/(s+1)%. The p.g.f. z — B(zZ%) = YN mizt = ((az+B)N — V) /(1-4N),
z € C, has at most two real roots, namely always z = 0 and also z = —23/a, if N is even.

Both this roots have multiplicity 1. This example shows that, in general, not all the N roots
of the p.g.f. of Zy are real. Thus, in general it is not possible to verify Conjecture by
showing that all the roots of the p.g.f. of Zx are real.

Example 6.3 (Selection with dominance) Let s,h € R be two parameters with s > —1 and
sh > —1. Suppose that

(1+s)2% + (1 + sh)z(1 — )

p(z) = 1+ sx? + 2shx(1l — x)

(40)

In this model, genotype AA (respectively Aa and aa), with frequency z? (respectively 2z(1 —
x) and (1 — 2)?) has fitness 1 + s (respectively 1+ sh and 1). The parameter h measures the
degree of dominance of the heterozygote Aa. Note that can be put into the canonical
form of deviation from neutrality as

h—xz(2h—1)
1+ sa2 + 2shx(l —x)’

p(z) = z+sz(l—2x)

where the fraction appearing on the right hand side is the ratio of difference of marginal
fitness of A and a to their mean fitness. The case s > 0 and h € (0,1) corresponds to
directional selection, where genotype AA has highest fitness and Aa has intermediate fitness.
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In this situation, the marginal fitness of A exceeds the one of a and selective sweeps are
expected.

For s > 0 and h € (0,1/2) allele A is dominant to a, whereas for s > 0 and h € (1/2,1) allele
A is recessive to a (a stabilizing effect slowing down the sweep). The critical value h = 1/2
corresponds to balancing selection with

sz(l—x)
p) = Ty 1+ sz

Note that if p(x) is the selection mechanism with dominance with parameters s and
h, then p(z) := 1 — p(1 — z) is a selection with dominance mechanism with parameters
5:=—s/(s+1)and h:=1—h.

It is now verified that ¢ := 1 — p is completely monotone if and only if s =0 or h = 1/2 or
h € (0,1/2) and s > (1 —2h)/h? (> 0).

For s = 0 this is clear, because, in that case, the model reduces to the standard haploid Moran
model (p(x) = x). For h = 1/2, it is easily seen that p(z) = 1-E((1—2)"), where 7 is a random
variable with distribution P(n = 1) = (2+5)/(2(1+5)) and P(n = k) = s*71/(2(1 + s)*) for
k € {2,3,...}. In particular, ¢ is completely monotone for h = 1/2. Assume now that s # 0
and that h # 1/2. Then we shall see soon that ¢ is completely monotone if and only if the
roots of the denominator D in are real and negative. The roots are real if and only if
s?h? > s(1 — 2h). We have D := 1 + 2shx + s(1 — 2h)x? = s(1 — 2h)(2? + Sx + P), where
S :=2h/(1 —2h) and P := 1/(s(1 — 2h)). Thus, the roots are both negative if and only if
S >0 and P > 0, or, equivalently, if and only if s > 0 or h € (0,1/2). Thus, ¢ is completely
monotone if and only if s =0 or h =1/2 or h € (0,1/2) and s > (1 — 2h)/h>.

In the following the case h € (0,1/2) and s > (1 — 2h)/h? (> 0) is studied in more detail.
Let 1 and z_ denote the two real negative roots, i.e.,

 —shd\/s?h? —s(1—2h)  —h++/h?—(1—2h)/s
T s(1—2h) - 1-2h ‘
Note that x_ < x; < 0. Both roots coincide (z4 = z_ = —h/(1 — 2h)) for s = (1 — 2h)/h%.

Two cases are now distinguished.

Case 1. Assume that x4 # x_. Then, expansion into partial fractions yields

1 p(z) — (1 —2)(1+ shx) _ B C
@ =100 = e —@—2 AT rom r—a
with
A = —h B — (1 —24)(1+ shxy) and O = (1—2_)(1+shz_)

1—2h’ s(1—2h)(xy —2_) s(1—2h)(z_ —xy)

From s > (1 — 2h)/h? it follows that 1 + shxy >0 and 1+ shx_ < 0. Thus, B,C > 0 from
which it follows that ¢ is completely monotone. The p.g.f. of 1 is
B C Bay Ca_

E(z") = 1— = A = A
(x) Q( x) +1—x—x++1—x—$f +1—xa++l—$a7’
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where ay :=1/(1 —x4) € (0,1). Thus, P(n =0) = A+ Bay +Ca_ =0and P(n =k) =
Baf’“ﬁl + Ca** for ke N,

Case 2. Assume that 2y = 2_ = —h/(1 — 2h). Then, s = (1 — 2h)/h? and q reduces to
(1 —2)(1+ sha) -z h(l —x) B
= = = = A
a(r) s(1—2h)(x —x4)? sh(x —xy) z(1—2h)+h + T — Ty

with A := —1/(sh) = —h/(1 — 2h) as before but B := (1 — z,)/(sh) = h(1 — h)/(1 — 2h)2.
Again, ¢ is completely monotone, as B > 0. The p.g.f. of n is

N _ o B . BO(+
E(z") = ¢q1—2) = A+71—x—x+ = A+71—a:a+7

where ooy :=1/(1 — ;) € (0,1). Thus, P(n =0) = A+ Bay = —h/(1 —2h)+1/(sh) =0
and P(n=k) = Bozi‘|r1 for k € N.

Suppose now that s # 0 and that h = 1/2 or that h € (0,1/2) and s > (1—2h)/h?. Then, the
conditions of Proposition are satisfied. Therefore, Zny /N — « in probability and in L",
r>1,where a :=1-1/p'(0+) =1-1/(sh+1) = sh/(sh+1) € (0,1). It is straightforward
to check that p”(04) = —2s(2sh? + 3h — 1). Thus, by Conjecture we conjecture that
(Zy — aN)/N'/? weakly converges to the normal distribution with mean 0 and variance
72 = —p"(04)/(2(p'(0+))3) = s(2sh? + 3h — 1)/(sh + 1)® € (0,00). The limiting Ornstein-
Uhlenbeck process in Theorem has drift parameter pu(z) = —az/(1 — @) = —sha and
diffusion parameter o%(z) = 02 = —a(1 — a)?p”(0+) = 2s?h(2sh? + 3h — 1)/(sh + 1)3.

In the following example the function p may have infinite moments (depending on a parameter
a > 0) such that our results are only partly applicable.

Example 6.4 Fiz a constant a > 0 and let n be a random variable taking values in N
such that P(n > k) = k= for all k € N. A simple representation for the function p(x) =
1-E((1—2)n)=1-Y 102 (1—2)kk - (k+1)7%), 2 € [0,1], seems to be only available
for a =1, in which case p reduces to p(x) = x(—logx)/(1 —x), z € [0,1]. The variable n has
moments

E(n") = /0 re” ' P(n > x) dx

k LS

. kT —(k—1)"

= P(nZk)/ ra” Vde = E %, r>0.
k=1 k=1 k=1

Note that E(n") < oo if and only if v < a. In particular, E(n) = ((a) for a > 1 and
E(n?) = 2¢(a — 1) — {(a) for a > 2, where  denotes the zeta function. By Propositz'on
ZN/N —1—=1/C(a) (=1 for a < 1) in probability and in L", r > 1, as N — oco. Theorem
is applicable if a > 3. In that case (see ) the limiting Ornstein-Uhlenbeck process has
stationary distribution N (0,72) with 72 = E(n(n —1))/(2(E(1))?) = (¢(a — 1) — {(a))/3(a).
However, for a < 3, E(n®) = oo, or, equivalently, p"'(0+) = oo, and Theorem s not
applicable in that case.

Finally, an example is mentioned where all the moments of 7 are infinite.
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Example 6.5 Fix a parameter 0 < v < 1 and consider p(z) := 27, or, equivalently, p(x) =

1 — E((1 — 2)"), where 7 is a random variable with distribution P(n = k) = (—1)*7'(7),

k

k € N. It seems that the expression for the extinction probability 3; cannot be further
simplified in this case. Note that p’(04+) = oo, and, hence, Zy /N — 1 in probability and in
L",r>1,as N — oo by Proposition [5.3] However, Theorem and Conjecture [5.5] are not
applicable, as p”(0+) = —co. We therefore do not expect a normal limiting behaviour of the
stationary distribution of Y. It would be interesting to find a non-degenerate weak limiting
law of fn(Zy) for an appropriate scaling function fy.
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