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GENEALOGICAL PROCESSES FOR FLEMING-VIOT MODELS
WITH SELECTION AND RECOMBINATION

BY PETER DONNELLY! AND THOMAS G. KURTZ2

University of Oxford and University of Wisconsin—Madison

Infinite population genetic models with general type space incorporat-
ing mutation, selection and recombination are considered. The Fleming—
Viot measure-valued diffusion is represented in terms of a countably infin-
ite-dimensional process. The complete genealogy of the population at each
time can be recovered from the model. Results are given concerning the
existence of stationary distributions and ergodicity and absolute continu-
ity of the stationary distribution for a model with selection with respect to
the stationary distribution for the corresponding neutral model.

1. Introduction. The Fleming—Viot measure-valued diffusion arises as
the large population limit of a wide class of population genetics models. To-
gether with the Dawson—Watanabe process which arises from branching mod-
els, it is one of the more well studied measure-valued processes. For a recent
review of available results about the Fleming—Viot process, see Ethier and
Kurtz (1993) and references therein.

Measure-valued diffusions are often motivated by first considering a class
of prelimiting finite-population models. The dynamics in such discrete con-
texts are easily specified in terms of the behavior of the individuals in the
population, and the composition of the population is naturally represented as
a measure on the set, E, of possible types. Measure-valued diffusions then
arise because the associated discrete measure-valued processes behave sensi-
bly (after appropriate rescaling) in the large population limit. On the other
hand, the discrete population models which keep track of the fates of indi-
viduals make no sense for infinite-population sizes. Thus, while it might be
convenient in applications to think of the measure-valued diffusion as describ-
ing the evolution of a hypothetically infinite population, it is difficult to make
this precise.

Donnelly and Kurtz (1996, 1999) have recently given a discrete construction
of a class of neutral measure-valued population processes. Loosely speaking,
the idea is to “bring back the particles.” First, a (one-dimensional) process P
describing the total mass of the measure-valued process is constructed. Con-
ditional on P, an E*-valued process, X, is described with the property that
for any ¢ the collection (X(¢), X5(%),...) is exchangeable. For fixed ¢, the
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components of X, which we call particles, thus “carry” an empirical measure
Z(t), the de Finetti measure associated with the exchangeable sequence. As
t varies, the process Z = PZ (exists a.s. and) is a version of the appropri-
ate measure-valued process. The particle process X can be thought of as a
description of the infinite population described by Z, with a careful choice of
labels for the individuals.

Aside from inherent interest, such discrete representations considerably
simplify the study of the measure-valued processes. One of the reasons is that
the discrete construction also carries the “genealogy” of the measure-valued
model in an explicit and simple form (much simpler, e.g., than the Dawson—
Perkins historical process). Many questions of interest, including sample path
properties, ergodicity and the structure of moment measures, are profitably
studied in terms of genealogy.

This paper constructs and exploits a discrete representation for Fleming—
Viot models with recombination and selection. In the next section, we describe
versions of the classical Moran model from population genetics. This is perhaps
the simplest of the class of finite-population models in the domain of attraction
of the Fleming—Viot diffusion. There are two natural methods for introducing
selection depending on whether the type of an individual affects the rate at
which the individual dies (so-called viability selection) or the rate at which it
reproduces (fertility selection). In each case the Fleming—Viot process arises
when the recombination probability and all differences between the fitnesses
of distinct individuals are of the order of the inverse of the population size.
The key to the discrete representation of the measure-valued diffusion is a
particular labelling of the individuals in the Moran model population. With
this labelling, the dynamics of individuals still make sense as the population
size goes to infinity.

The countable representation is described in Section 3. Informally, the neu-
tral construction appropriate to Fleming—Viot in Donnelly and Kurtz (1999)
is augmented with two types of additional events on each level. The first type,
“selective events,” results in potential discontinuities on a level due to addi-
tional births (fertility selection) or deaths (viability selection), which depend
on the type on the level and the current value of the empirical measure. The
second type of additional event, induced by recombinations, results in discon-
tinuities in which the type on a level is replaced by a random choice according
to a Markov kernel, which depends on the current type, and a random choice
from the empirical measure.

There are various ways to characterize the E*°-valued particle process X.
One is as a solution of an infinite system of ordinary stochastic differential
equations; another is via an associated martingale problem. These issues are
discussed in Section 4, where we give theorems concerning the uniqueness
of solutions to the system of equations (Section 4.1) and to the martingale
problem (Section 4.2). Further, provided X(0) is exchangeable, solutions to
either the system of stochastic equations or to the martingale problem are
exchangeable for any ¢. It follows from this exchangeability that for any %, the
joint distribution of any k-tuple X; (¢), ..., X; (¢) is that of a “sample of size



GENEALOGIES FOR FLEMING-VIOT MODELS 1093

k” from Z(t). (More formally, E[f(X; (¢),..., X;, (¢)) | Z(H)] = (f, Z(t)*), so
that moment measures of the measure-valued process are related to the joint
distributions of collections of particles.) In fact, this exchangeability holds also
for any stopping time with respect to the filtration generated by the empiri-
cal measure process. By exchangeability, there is a one-to-one correspondence
between stationary distributions for X and those for the measure-valued pro-
cess (the latter being the de Finetti representing measures for the former),
and (see Section 5) the moment measures of the stationary distribution of the
measure-valued process are determined by the stationary finite-dimensional
distributions of the particle process X.

As they are specified in Section 4, the particle processes do not carry infor-
mation about genealogy. The problem is that when a selective (or recombina-
tion) event involves a choice from the empirical distribution of the particles,
the ancestry prior to this choice is not identifiable. Section 6 introduces a par-
ticular method for making selections from the empirical measure in such a
way that ancestral information prior to such events is known. Informally, the
idea is to choose uniformly from all the (neutral) genealogical paths leading
back from the time at which the choice is made. Loosely, one can think of the
choice at a selective (or recombination) event as choosing a particle “from in-
finity.” The specific mechanism introduced in Section 6 has the property that
while we cannot identify “which” particle is chosen at the time of the selec-
tive event, we do know who its ancestor was at any time strictly prior to that
event. In particular, the method allows us to trace genealogical information
back through selective and recombination events.

Sections 7 and 8 involve a detailed study of genealogical structure in the
model. In particular, the ancestral influence graph is introduced. This has a
very simple probabilistic structure and can be thought of as a supragenealogy,
in the sense that the true genealogy is contained within it. The joint distribu-
tion of a collection of particles at stationarity can be constructed by choosing
a type according to the stationary first moment measure of Z and tracing the
effects of mutation forward through the appropriate influence graph. Further,
if the ancestral influence graph is known from some time ¢ back to s, and
the types on the (a.s. finite number of) levels in the graph at s are specified,
one can recover the actual genealogy of the population over the period from
t back to s. In the absence of selection, the influence graph is just the ances-
tral recombination graph [e.g., Griffiths and Marjoram (1997)]. In the absence
of recombination, it is a generalization to general diploid selection of Krone
and Neuhauser’s (1997) ancestral selection graph. They used graphical con-
structions from the particle system world to introduce their ancestral selection
graph for haploid selection in a finite-population size Moran model. In addition
to its more general setting, our approach actually couples the large popula-
tion limit of this genealogical process with the Fleming—Viot process. (In fact,
more is true in that we simultaneously couple genealogy for all times, rather
than simply back from a particular time, as would be typical in the coalescent
approach to population genetics models.)
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The question of whether and to what extent selection changes the distribu-
tion of the ancestral tree in genetics models has been of longstanding inter-
est [e.g., Tavaré (1984), Krone and Neuhauser (1997), Neuhauser and Krone
(1997) and references therein]. Krone and Neuhauser’s recent work and the
results described here (see in particular Section 8.4) at least provide accessi-
ble tools for tackling the problem. Neuhauser and Krone (1997) established
that, at stationarity, selection does not affect genealogy in the special cases of
no mutation or in the limit as the mutation rate goes to infinity. (Note that
in both these examples, the models in effect become neutral. If the mutation
rate is zero, then at stationarity all members of the population will have the
same type and no selective differences will be apparent. In the high mutation
rate case, knowing the shape of the genealogical tree gives no information
about the type of an individual sampled from along the tree, since the high
mutation rate will “randomize” the type to that of an independent draw from
the stationary distribution of the mutation process. It follows that information
about types provides no information about genealogy, so the genealogy must
be the same as in the neutral case.) In contrast, we show that, in a particular
nonstationary setting, genealogy under selection is different from genealogy
under neutrality.

In Section 8.5, we characterize the distribution of the type on a level im-
mediately after a selective birth event. In the case of genic selection, we show
that the expected fitness immediately after such an event is given by the mean
fitness of the population plus the variance in fitness across the population, a
result somewhat reminiscent of Fisher’s “fundamental theorem of natural se-
lection.” This observation leads us to conjecture, that apart from the special
limiting settings considered by Krone and Neuhauser, selection does change
genealogy. To illustrate the intuition, consider genic selection with a finite
number of types. The effect of selective events on a level is to (stochastically)
increase the fitness of the type on that level. This increases the chances that
different ancestors have the same (fitter) type, hence changing (in this case
increasing) coalescence rates.

Section 9 concerns ergodicity properties of the processes. We give conditions
on the mutation process which ensure uniqueness of stationary distributions,
respectively, uniform ergodicity, for the particle process (and hence for the
measure-valued process). We also prove that for the model with selection but
not recombination, stationary distributions under selection will be mutually
absolutely continuous with respect to those under neutrality provided only
that the mutation process is strongly connected (by which we mean that for
any two initial distributions there exists a time ¢ at which the transient dis-
tributions are not mutually singular). This theorem considerably generalizes
known results.

If {#} is a filtration and U is a process with independent increments, we
will say that U is compatible with {%,} if U is {%,}-adapted and for all £, s > 0,
U(t+s)— U(t) is independent of 7.
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Let F be a metric space. A function x: [0, 00) — F is cadlag if it is right
continuous at each ¢ > 0 and has left limits at each # > 0. The space of cadlag,
F-valued functions on [0, co) will be denoted by Dz[0, c0).

2. Moran models with selection. We consider a variation of the classi-
cal Moran model in which mutation is assumed to occur continuously in time,
rather than at the moment of reproduction. In particular, our model consists of
a collection of n particles, each of which has a “type” represented as a point in a
complete, separable metric space E, that is, X"(¢) = (X}(¢),..., X2(¢)) € E".
Between birth and death events, the types of the particles evolve indepen-
dently according to a Markov process with generator B. We will refer to this
process as the mutation process. We first consider models with viability selec-
tion.

2.1. Models with viability selection. Let #(E) denote the space of proba-
bility measures on E and let 2"(E) Cc Z(E) be the subset of purely atomic
probability measures whose atoms have sizes that are multiples of 1/n. For
x=(%1,...,%,) € E", let u, = (1/n) ¥\, 8, € #"(E) and let B be a nonneg-
ative, bounded, measurable function defined on E x ?(E). The generator for
the particle model is given by

Af(x) =3 Bif(x)

i=1

b (1 2 ) ) (P 50 - £0)

1<i#j<n

(2.1

where B, is just B operating on f as a function of x; and for x € E" and
z € E, n;(x | z) is the element of E" obtained from x by replacing x; by z.
Note that the larger B(x, u,) is, the more likely the jth particle is to “die”
and be replaced by a copy (the offspring) of a randomly selected particle, so
large B reduces the viability of an individual and corresponds to low fitness.

To avoid discussions of the domain of the generator, we assume that B is a
bounded operator, that is, for g € B(E),

Bg(2) = M2) [ (8(2) — g(2))a(z. dy).

where A is a nonnegative, bounded, measurable function on E and q is a
transition function on E. We will need to consider an unbounded generator
later, but the extension of the results in that particular case follows by a simple
projection argument. More general unbounded generators can be handled as
in Donnelly and Kurtz (1996). If B is bounded, then Aj is also a bounded
operator, and existence and uniqueness of solutions of the martingale problem
for Aj are immediate.
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For u € #"(E), there exists x € E" such that u = (1/n) 3./ 8,.. For m < n,
let 1™ be the probability measure on E” defined by

1
(m) — 5
12 n(n—l)(n_m+1)z (xil""’xim)’
where the sum is over all choices of 1 <1i,,...,1,, <n with i, # i;. Note that

for w € #"(E), u'™ depends only on wu, not on the particular choice of x. For
f € B(E"™), define F € B(#"(E)) by

F(u) = (f,n™)
and A" F by
AF(u) = (AL, u™).
It will be useful to note that if f € B(E™), m < n, then

MF(e) = SABS u) b5 X (@ — fout)
i=1 1<i#j<m
n-mg (m+1) (m)
(22) + Z((B(a /'L)®f7/"b ) - (Bj('? [.L)f,,LL ))
j=1

+% > (BCw)@Dyf, u™) = (B,(.wf u™)),

1<i#j<m
where ®;;f is the function of m — 1 variables obtained by setting the ith and
jth variables in f equal (note that a function g of m — 1 variables can be
viewed as a function of m variables and (g, u(™) = (g, u™~)). The product
h =B(, n) R f is defined by
h(xq, ..., Xm+1> w) = B(xm+1’ (1,05 %)
and for 1 < j <m, h; = B,(-, u)f is defined by

hj(xl’ e Xy ) = .B(xj’ (x5 es )

In what follows, for x € E", we will refer to x; as the type of the particle at
level i. We define a second generator for a Markov process in E” by

A”f(X)=iBif(X)+ > (F(0;(x ] %)) = f(x))

i=1 l<i<j<n

23 % (BB ) (PO | 50 - F).

k=11<i<j<n

(2.3)

In this formula, for x € E" and z € E, y = 6;(x | 2) is the element of E"
satisfying

Y = Xp, kf.]_]-:
Yi=25

Y= Xk-1> k>.]
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50 0 (x| x;) = (%1,---»%,_1,%;,Xj,..., %, 1), with the obvious modification if
Jj = 1or n. In words, we say that a copy of the particle at level i is inserted
at level j and the top level particle is killed. Similarly, y = 6 ,(x | x;) is the
element of E™ obtained from x by killing the particle at level £ and, in the
resulting element of E"~1, inserting a copy of the particle with index i at level
J, creating the new element on E”.

The first term on the right-hand side of (2.3) models the changes in the
n particles due to mutation. We will refer to the transitions corresponding
to the second term as nonselective birth-death events and refer to transitions
corresponding to the third term as selective birth—death events.

Note that for Ajj, the order in which the particles are numbered is not

important. In particular, if X = (X,,..., X,) is a solution of the martin-
gale problem for Aj and (vyy,..., v,) is some permutation of (1, ..., n), then
(X yyr X y,) is also a solution. On the other hand, order is critical in so-

lutions of the martingale problem for A”. For example, in each nonselective
birth—death event, the highest numbered particle dies.

Again setting F(u) = (f, u), we have the following relationship between
Af and A™:

(2.4) AMF(u) = (ALF, p™) = (A"F, u),
This identity is the basis for the following theorem.

THEOREM 2.1. Let Ajj and A" be given by (2.1) and (2.3), and let X and
X be solutions of the respective martingale problems. Define

3 12
Z(t)= 2 0xw 2O =12 dx
i i=1

Suppose X (0) and X (0) have the same exchangeable distribution. Then for
each t > 0, X(t) and X (t) have the same exchangeable distribution,

(2.5) E[f(X(2),..., X, (1)) | 721 = (f, Z(t)"™),

and Z and Z have the same distribution on D 4 g)[0, 0).

REMARK 2.2. (a) The analogous result in the neutral case was proved in
Donnelly and Kurtz (1999) using a coupling argument. For the sake of variety,
we use a conditioning argument here.

(b) The result also holds with 6; replaced by 7; in the definition of A”.
The neutral version of that model was studied in Donnelly and Kurtz (1996).
We could also take

A" f(x) = iBif(x)Jr > (f((x [ %) — f(x))
i=1 1<i<j=<n

(2.6) 1
b2 (B (P L) = £

1<i#j<n
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(c) Note that we are only asserting that X(¢) and X(¢) have the same
distribution. The processes X and X clearly do not have the same distribution.

ProoF. Let (oy,..., 0,) be some permuation of (1, ..., n). By symmetry, if
X1, ..., X, is asolution of the martingale problem for Ag, then (X , ..., XUn)
is a solution of the martingale problem for Aj. It follows that

E[f (X, (@), X, () | F7]
(2.7) t ~ . )
~ [ BIAL (X (s, Xy, (90) | 77)ds

is an {ZZ } martingale. Averaging (2.7) over all permutations, we see that
~ t ~
(F.Z@)") = [ (A3f. Z()™) ds

is an {Z,2} martingale. [Note that the conditioning in (2.7) can be dropped
since the averaged expressions are measurable with respect to the condition-
ing o algebra.] It follows that if X is a solution of the martingale problem for
Ag, then the corresponding empirical measure Z is a solution of the martin-
gale problem for A”. By (2.4), it follows that Z is a solution of the martingale
problem for A" F(u) = (A" f, u™).

We apply Corollary 3.5 of Kurtz (1998a). Let E (in the notation of that corol-
lary) be E™ (in the notation of the present paper), E, = 2, (E") (the collection

of exchangeable probability measures on E™), y(x) = “SC”’ and a(v, dz) = v(dz)
for v e Ey = Z,(E™). Then C, in the corollary, is A" and it follows that there
exists a solution X of the martingale problem for A" such that the correspond-
ing empirical measure process Z has the same distribution as Z. The identity
(3.6) in Kurtz (1998a) implies (2.5), which in turn gives the exchangeability of
X(2).

Finally, if X (0) is exchangeable, then the exchangeability of X (¢) follows
from the symmetry of Af, and uniqueness of solutions of the martingale prob-
lems implies X(¢) and X(¢) have the same distribution. O

2.2. Models with fecundity selection. We now consider models with fecun-
dity selection. The Moran model now becomes

Af(x) =Y Bif(x)
=1

(2.8) 1

3 % (1 2ot )y 1 20) = F(),

1<i#j<n

where, as before, o is a nonnegative, bounded, measurable function on E x
P(E), Y! 1 B;f is the generator for n independent copies of the E-valued
Markov process with generator B and 7 ;(x | x;) is the element of E" obtained
from x by replacing x ; by x,. Note that the only difference between (2.1) and
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(2.8) is that in (2.8), B is replaced by o which depends on the type of the parent
rather than on the type of the particle to be killed, that is, selection affects
the birth rate rather than the death rate. In particular, large o gives a larger
rate of reproduction and hence higher fitness.

We take the generator of the ordered model to be

A”f(x)—ZB f@)+ > (f(0;(x]x)) - f(x))

l<i<j<n

(2.9)
FE 5 (om0 1 50) - £,

i=11<j<n

where 6; is as above.
For F(u) = (f, u™), we again define

AMF () = (Agf, u™) = (A" f, u™).

To check that the second equality holds, note that

(A"f, M(")) = i(Bif, ,u,(")) + Z ((q)ijf, ,U«(”)) —{f, M(n)>)

i=1 1<i<j<n
RS
to ; ZZ: 01 i fo ™) = (oo f, ™))
1l o»
Z g :Z (i 0y u™) = (o f, ™))

=1 1<i#j<n

§|+—A
||M=

i (3@ f2 1) — (o, f ™))

Slr—l

i i (( Uiq)ijfu“«(n)) —(oyf, M(n)»

1 j=i+1

= (AJf, u™).

The appearance of 0;1®; ; ;f in the second expression reflects the fact that
if an offspring is inserted at a level j below the original level i of the parent,
the new level of the parent is i + 1. Equality of the second terms in the second
and third expressions follows from the fact that (®,;f, u) = (@, f, u™). If



1100 P. DONNELLY AND T. G. KURTZ

f depends only on the first m variables (m < n), then

AMF(u) = Y (Bif , ™)+ X (®yf - f, ™)
i=1

l<i<j<m

— ﬁ((ffj(', wf, 1) = (o, n) ® £, u" )

Jj=1

(2.10) +

+% Y (oG m®yf, k™) = (i w)f, u™)).

1<i#j<m

The proof of the following theorem is exactly the same as the proof of The-
orem 2.1.

THEOREM 2.3. Let Ajj and A" be given by (2.8) and (2.9), and let X and
X be solutions of the respective martingale problems. Define

- 12 12
Zt)y==3 8%.(t) Z(t)=— 2 8x,0)-
n.z nioi

Suppose X(0) and X(0) have the same exchangeable distribution. Then for
each t > 0, X(t) and X (t) have the same exchangeable distribution,

E[f(X1(8),.... X,(O)) | 7] = (f. Z(t)"™),
and Z and Z have the same distribution on D 4 g)[0, o0).

REMARK 2.4. We could replace 6 by 1 ; in either the second or third terms
in the definition of A". We will, in fact, make this substitution in the third
term in the model considered in the next section.

2.3. Models with recombination. Recombination can be included in the
above models. Let R(x, y, dz) be a transition function from E x £ — E and
let @ > 0. In the model to be considered, recombination events occur at rate «,
and conditioned on the occurrence of a recombination, R gives the probability
distribution that parents of types x and y have an offspring of type z. [See
Ethier and Kurtz (1993) for additional discussion of general recombination.]
We also specialize the selection mechanism to the usual diploid model, which
is essentially equivalent to taking

o(x.p) = [ ol y)u(dy).
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In the case of fecundity selection, the generator of the Moran model becomes

A(')‘f(ac):t.:f:lBif(x)—}-2i > <1+%a'(xi,xk))

1<i#j#k=<n
< ((1-2) ronyt )

22 [ (e )R 30, o) ()

eay =X B+ 2 (1-2) X (0 - F@)

1<i#j<n

+ —(1 - —) Y ol ) (F(n (x| ) — £(x))

1<i#j#k=<n

S (e

1<i#j#k=<n

< ([, £ | DRG0, d2) = £(0)

and the corresponding ordered model is

AP = LB+ 2 (1-2) 5 (0,00 0) - F@)
=1

n l<i<j<n

s (1-2) 5 S om0 5 - £@)
n n 1<i#k<n-1 j=1
(2.12)

+% > i (1"‘%‘7(%”%))

1<i#k<n-1 j=1
< ([ 1O | DR 31 d2) - 1),
where 6; and 7n; are as above. The fact that

(AGf, ™) = (A" f, ™)

follows as before.
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We will actually use a slightly different model, namely,

Agf(x)=§;Bif(x)+2i > (1+%a(xi,xk)>

1<i#j#k<n

X (0,2 | %)) = F(x))
+20% [ (FOnilx] 2) = F)R(xi, 3, d2)

1<i#k<n
@13 SV B2 Y (e ) - (@)
i=1 1<i#j<n
LY el m) (e | 3) — F())
1<i#j#k<n

22 ([ oG DR a2 - £

1<i#k=n

where the corresponding ordered model is (see Remark 2.4 above)

AP =Y B @+ P2 Y (F0,(x | %) — F())
i=1 1<i<j<n
©.14) T2y ol a) (x| ) — F(2)
1<i#j#k<n
5 2 (Lo REnd - 1w)

This model essentially treats recombination as a type of mutation. We will see

that for large n there is little difference between the two models.

The proof of the following theorem is exactly the same as the proof of The-

orem 2.1.

THEOREM 2.5. Let Ajj and A" be given by (2.13) and (2.14), and let X and

X be solutions of the respective martingale problems. Define

i 1 12
Zt)==2 8z, Z(@)== 8x,u)
n.: ni

Suppose X(0) and X(0) have the same exchangeable distribution. Then for

each t > 0, X(t) and X (t) have the same exchangeable distribution,
E[f(Xy(0), ..., X)) | FZ)=(f. Z(t)™),

and Z and Z have the same distribution on D 5[0, 00).
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3. Infinite-population limit. The point of introducing the ordered gen-
erators in (2.3), (2.9) and (2.14) is that they are well behaved (that is, converge
in an appropriate sense) as the population size n — oo, whereas the original
Moran model generators are not. Letting X" denote the solution of the martin-
gale problem for A" (since the dependence on n is now important) and letting
Z,(t) = (1/n) 371 8x1(1), we can view X" as determining a process in E* in
which components with indices greater than n do not vary. Consequently, we
can view A" as an operator on functions in B(E*). For example, in the case of
viability selection, if f depends only on the first m variables, then as n — oo,
the generator A" f given by (2.3) converges to

Afew) =S B @+ Y (F(0,(x | %) — f(2)

(3'1) i=1m 1<i<j<m
+ 2 B, W)(f(Yr(x)) — f(x)),
k=1

where for x € E*, ,(x) is the element in E* obtained by eliminating the
kth component and shifting the components above level £ down one; that is,
y = ¢ (x) satisfies

Yy, = xi, L < k,

Yi = X1, i >k
In particular, if f depends on the first m components of x, then Af(x, 1)

depends on the first m + 1 components. Similarly, the generator given by (2.6)
converges to

Afem) =S B+ Y (F0,(x | %) — f(x))
i=1 1<i<j<m

3.2)
+2 /E B(x j, w)(F(mj(x | ¥)) — f(x))u(dy).
=1

Observing that for large n and u € 2"(E), u™ is essentially product mea-
sure u™, for F(n) = (f, n™), we can identify the limit of A" as

AF(n) = Z(Bif, w™) + % Z (®yf =, n™)
(3.3) Lzlm 1<i#j<m
+ 2 (BC )@ Fr ™) — (B w)f s ™)),
j=1

which satisfies

AF() = (Af(, w), u™*).

To make the meaning of this convergence precise, suppose that for each n,
X™(0) is exchangeable and that X™(0) = X (0) [X(0) will necessarily be ex-
changeable]. Then it is easy to check that the sequence of processes (X", Z,,) is
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relatively compact in D g, 4(g)[0, 00) in the sense of convergence in distribu-
tion in the Skorohod topology, and, assuming f, B;f and B are all continuous,
any limit point (X, Z) will have the property that

(3.4) FX@) - [ AF(X(s), Z(s)) ds

. X,z
is an {%

} martingale and
(f,Z2™()) - /t(Af(', Z(s)), 2" (s)) ds
(3.5) ‘

— F(Z(t)) - /()tAF(Z(s))ds

is an {72} martingale. [Note that the distinction between the two filtrations is

essential. In general, (3.5) will not be an {ZX’ Z} martingale. See Theorem 2.7
of Donnelly and Kurtz (1996).]
By the exchangeability of X"(¢) and the definition of Z,,,

E[f(X}(t), ..., X0@)] = E[(f, 2" ()],

and passing to the limit, we have

E[f(X1(0)..... X,n(0)] = E[{f. Z"(t))].

It follows that conditional on Z(¢), X(t), Xy(t), ... are iid with distribution
Z(t), and hence that X(¢) is exchangeable with de Finetti measure Z. In
particular,

1m
3.6 Z(t)= lim — ) & .S.
( ) ( ) mlj}go m L:Xi X,(t) a.s

and hence, Z is {#%*}-adapted and %% % = #X.
For fecundity selection, the limiting operators are

AfGew) =Y B @+ Y (F0,(x | %) - F(2)
i=1 1<i<j<m

(3.7
+ ¥ [ o@m(f(x12) ~ F(x)udz),

1<j<m

where, as above, 0 ;(x | z) is the element of E* obtained from x by inserting

z € E at the jth level, and

m

AF(u) =) (B;f,u™)+ > (Oyf = f,u™)
i=1 1<i<j<m

(3.8)

m

+ 2 (oo f ™) = (o m) ® £, u™ ).

Jj=1
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Note that if ¢ < ¢ and we let 8 = & — o, then (3.3) and (3.8) are the same. Of
course, A is the generator of the Fleming—Viot process with selection. See, for

example, Ethier and Kurtz (1993).
The infinite-population limit for the generator given in (2.12) is

Afew) =S Bf@+ Y (F0,(x | %) — f(x))

i=1 1<i<j<m

o N i [, o y)(FO,(x | 31) = Fx)m(dy)n(dys)

ra é [ (L1 1 2DRO 5 d2) - 7))

x u(dy1)(dys)

while the limit for the generator given in (2.14) is

Af(x,u)=§:3if(x)+ > (f(6;(x] %) - f(x))
i=1

1<i<j<m

310 +30[ ol (P, | y2) — FG)a(dy ()
=B

#a X [ (el DR 2 00 i)

Letting H ;f(x1,...,%y1) = [g f(n;(x | 2))R(x}, x,,,1, d2), the limit of A",

ARG = B+ X (@yf — fou)
i=1 1<i<j<m
(311 F XU, B (o) @ £ )
j=1
b S (H L fum ),

=1

is the same for both of these models, partially justifying our claim that the two
approaches to the treatment of recombination are asymptotically equivalent.

Note that we are not really claiming to have proved a limit theorem in this
section in that we have not yet proved a uniqueness result for the limiting
martingale problem and there are technical difficulties to overcome unless
one makes continuity assumptions on B, o, 8 and R. Uniqueness for the
martingale problem for A given by (3.11) follows by duality arguments [see
Ethier and Kurtz (1993)]. In Section 4.1, we will prove uniqueness for a system
of stochastic differential equations corresponding to (3.10), and in Section 7
we will prove convergence of the finite-dimensional system corresponding to
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(2.14). In Section 4.2, we will consider uniqueness for the martingale problem
for the infinite system.

4. Demographic representation of infinite-population models with
selection and recombination. In Donnelly and Kurtz (1996, 1999), the
“demography” of the infinite particle models was represented in terms of a
collection of independent unit Poisson processes {L;;, 1 <i < j}. In the con-
struction of the solution of the martingale problem for the neutral (no selec-
tion) model without recombination given by

@1 Af@) =S Bif()+ X (F(0,(x | %) — F(x)).
i=1

1<i<j<m

the jump times of L;; determine when level j “looks down” to level i and
a copy of the type at level i is inserted at level j. To be precise, suppose
that E ¢ R? (or some more general linear space) and that we can write the
mutation process as a solution of a stochastic differential equation

(4.2) Xo(t) = X,(0) + fUX[O X o(s=), ) Mo(du x ds)

where M is a Poisson random measure on U x [0, co) with mean measure
v x m for some measure v on U and Lebesgue measure m. Any pure jump
Markov process in E can be represented in this way. For X, satisfying (4.2),
the corresponding generator is

Bf(x) = /(f(x + i(x, w)) — f(x))v(duw).

For simplicity, we assume that B is a bounded operator which allows us to
assume that »(U) < oc.

With this mutation process, the solution of the martingale problem for (4.1)
can be obtained as the solution X(¢) = (X(¢), X5(t),...) of the system of
stochastic differential equations

X ()= X ;(0) + fo[o X (5=), )M (du x ds)
J=1 4
43) + 3 [[(Xils=) = X () dLiy(s)
i=1

b [l — X (- dLus)

1<i<k<j

where the {M ;} are independent copies of M, and independent of the {L,;}.
(Of course, we always assume that X (0) is independent of the driving Poisson
processes.) The second term on the right-hand side determines the evolution
of the mutation process on level j, the third term determines when a copy
of the type at level i is inserted at level j and the fourth term reflects the
insertion of new particles at levels below level j.
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Note that when a copy of the particle at level i is inserted at level j, we can
interpret the particle at level i as being the parent of the new particle at level
J, and consequently, we can trace the ancestry of any particle back to time
zero. (If the mutation process has a stationary version, we can construct a
version with time starting at —oo and trace ancestry into the indefinite past.)
For each t > 0 and &k = 1,2,..., let Ni(s), 0 < s < ¢, be the level at time
s of the ancestor of the partlcle at level & at time ¢. In terms of the L,;, for
0<s<t,

Ny == ¥ [ gy dLy(w)

1<i<j<k®S
(4.4)
- /(J —l)I{N (w=j3 AL (w) .
1<i<j<k’$
For s < ¢, the set of values
(4.5) I(s,t)={Ni(s): k=1,2,...}

is finite; that is, only finitely many individuals alive at time s have descen-
dants alive at time ¢, and for each ¢, I'(+, ) determines a version of Kingman’s
(1982) coalescent which models the genealogy of a neutral population. [See
the discussions of genealogy in Donnelly and Kurtz (1996, 1999).]

Griffiths and others [see Griffiths and Majoram (1997) for a recent survey]
have considered genealogies for models with recombination, introducing an
ancestral recombination graph as a generalization of the coalescent. Krone
and Neuhauser (1997) have given a description of genealogy for a population
subject to certain kinds of selection in terms of a corresponding ancestral selec-
tion graph. In our setting, which includes both selection and recombination,
we will refer to the analogous object as the ancestral influence graph. We will
generalize the system (4.3) to the model with generator (3.10) in such a way
that for each ¢, the ancestral influence graph for the infinite population at
time ¢ is embedded in the corresponding demography in a manner analogous
to the embedding of Kingman’s coalescent in the neutral demography.

Note that if & > o, then we can rewrite A as

Af(x, p) = ZBf(x)+ > (f(6;(x] %)= f(x))

1<i<j<m

+Z [, (22220 )
(4.6)

# TEIDID () - () ()

+ éa/E (-/E f(nj(x]2)R(x;,y,dz)— f(x)),u(dy)
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Written in this form, the jth term in the selection operator has the following
interpretation. At the jump times of a Poisson process with intensity o, a
sample of size 2, say U; and U,, is drawn from the empirical measure Z (that
is, if the jump time is 7, E[f(Uy, Usy) | Z(7)] = (f, Z(7)?)). Conditioned on
U, and U,, with probability 6~ 'o(U,, Uj), the particle at level j is replaced
by a particle of type U;, and with probability ¢-1(6 — o(U;, Us)), there is
no change, that is, X(7) = X(7—). To describe the recombination events, let
r:E x E x [0,1] — E have the property that if V is uniformly distributed on
[0, 1], then r(y;, y9, V) has distribution R(y;, ys, ). At the jump times of a
Poisson process with parameter «, a sample U is drawn from the empirical
measure Z, a uniform random variable V is generated and the type on the
Jth level is set equal to r(X ;(7—), U, V).

To build these descriptions into a stochastic equation, we must have a way
to generate samples from the empirical measure. Let p: Z(E) x [0,1] — E
have the property that if u € 2(E) and V is uniformly distributed on [0, 1],
then p(u, V) has distribution u. [See Blackwell and Dubins (1983) for a con-
struction of such a p with nice continuity properties.] We will later give a
special method for generating p that has other uses in our setting, but for the
moment, we leave the choice of p arbitrary. For j =1,2,..., let K; be a Pois-
son random measure on [0, 1]> x [0, co) with mean measure Gm*, where m?
is d-dimensional Lebesgue measure, and let J ; be a Poisson random measure
on [0, 1]* x [0, oo) with mean measure am?. Of course K ;([0,1]? x [0,-]) is a
Poisson process with intensity ¢ and J ([0, 1]% x [0, -]) is a Poisson process
with intensity «. Following the terminology of Krone and Neuhauser, we will
refer to the jump times of the K ; as g-branch points and the jump times of
the J ; as a-branch points.

J
The desired system of equations is given by

X ;(t) = X ;(0) + /UX[O X (5=), )M (du x ds)
J-1 ¢
+ 3 [ (Xi(s=) = X (s-)) dLiy(s)
i=1

b Y [ (X)X (s-)dLu(s)

l<i<k<j

4.7
/[0, 113x[o0, t](P(Z(s—)’ uy) — Xj(s—))

X (0, 5-10(p(Z(s-), u1), p(Z(5-), ug))) (¥3)
x K j(duy x duy x dug x ds)

+ /[07 ot (P50 U2 (5), 1), ) = X ()

x J j(duy x dugy x ds).
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To understand the K ; integral term, note that
N 0=

0, 13x[0, £]
x K j(duy x duy x dug x ds)

L0, 6-10(p(2(5-), wr), p(2(5-), u))](%3)

is a counting process with intensity (o, Z(¢)?), and at each jump time To ik
of N, ;, the type at level j is replaced by a random type with distribution
satisfying
(o018, Z(Ta', j,k)2>

(o, Z(To, j,k)2> ’
where 07 g(y1, ¥2) = 0(¥1, ¥2)&(y1). For the more general o appearing in (3.7)

(but with the insertion operator 6 ; replaced by 7 ;), the selection term in (4.7)
can be replaced by

E[g(Xj(TU, j,k)) | Z(7,, j,k)] =

“s) /[o LExo t](P(Z(S—), u1) = X (8= N0, 5-10(p(Z(s-), uy), Z(s—)))(%2)

XKJ(dul X duZ X ds)

Note that this term gives a different system in the case of diploid o, reflect-
ing the fact that different systems of stochastic differential equations may
correspond to the same martingale problem.

4.1. Uniqueness for the infinite system. In this subsection we consider a
more general system that combines the selection and recombination terms
into a single term. In place of {K ;} and {J;} in (4.7), the equations will be
driven by Poisson random measures (denoted {K ;}) on a general space of the
form S x [0, c0), where for definiteness we will assume that S is a complete,
separable metric space (S = [0, 1]2U[0, 1]? in (4.7)). Specifically, the K ; will be
independent Poisson random measures on S x[0, 00), each with mean measure
{ x m for some finite measure { on S.

Fix py € #(E), and define y: E* — £(E) by

y(x) = lim 1 > 84

n—oo n i

if the limit exists in the weak topology and by y(x) = u, otherwise. The
system is

X ;(t) = X,;(0) + /UX[O X j(5=), )M (du x ds)

J=1 ¢
+ 3 [[(Xils=) = X () dLiy(s)
(4.9) i=1 ,
+ X [ (X)X (s=) dLu(s)

1<i<k<j

+ [ (a(X (s-), Z(s-), w) — X (s-)K j(du x ds),
Sx[0, ¢]
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where Z(t) = y(X(t)) and X(0), {M;}, {L;;} and {K;} are independent.
Applying Itd’s formula, we see that any solution of (4.9) is a solution of the
martingale problem for

Af(x, p) = i Bif(x)+ > (f(0;(x]x;))— f(x))
i=1 1<i<j=m

(4.10) m
+ 3B [ (fln,(x | 2) ~ F@) Q. . d2),
j=1

where B = {(S) and @ is the transition function given by

1
Q(xj7 u, C) = E /S I{q(xj,p., u)eC}g(du)

It will actually be convenient to think of q as a function of x rather than u
and to allow ¢ to depend on an additional stochastic process é¢.

To be specific, let {7} be a filtration and assume that {K;}, {L,;} and
{M ;} are compatible with {%;} and X(0) is %,-measurable. Let ¢ be a cadlag
{Z;}-adapted process with values in a complete, separable metric space F.
Assume that

(4.11) ¢GExE®xFxS— E.

The system then becomes

X (t) = X ,(0) + /UX[O X j(5=) )M (du x ds)

J=1 ¢
+ 3 [ (Xis=) = X (=) dLy(s)
(4.12) = t
Y [(Xja(so) - X (5= dLu(s)

1<i<k<j
+ [SX[O (A (570, X(57), €(5-),w) = X (5-))K y(du x ds).
A solution of (4.12) will still be a solution of the martingale problem for (4.10) if

(4.13) 1
=3 fSI {a(X ,(t-), X(t-), &), wecy§(du),  as.

The basic assumption on g will be that there exists a constant D > 0 such
that

fs Lig(xs, 2,0, u)ta(y;0 3, 0,y 6 (A1)

(4.14) L m

=D (I fxyy;} T M sup - 21 {xﬁeyi}) as.
1=



GENEALOGIES FOR FLEMING-VIOT MODELS 1111

Taking S = [0, 1]2U[0, 1]? and appropriately defining ¢ and q, (4.7) is a special
case of (4.12).
We can write

oo

M;=)" S(uli, by K;=5%" B2, gy
k=1 k=1
Let
A={Usy )i k=12, Yul(sy?): jk=1,2,...)
U{(j,0):j=1,2,..}.

For N'(s) given by (4.4), that is, the ancestral level in the neutral genealogy,
let

7, =supfs <t : (N}(s),s) € A}

and note that X, (¢) = XNi(TZ)(TZ). Letting A, ={(J,s) € A : s < t}, it follows
that Z must be of the form
(415) Z(t) = Z Ct(j, S, t)an(S)’

(J, s)eA,

where
1 m
a(dss.8) = Jim =0 2 Ly, =t

Properties of the neutral infinite alleles model imply that, for ¢ > 0, this limit
exists and Y (; e, @(J, s, t) = 1 a.s. One consequence of the representation
(4.15) is that the system (4.12) makes sense even without an assumption of
exchangeability. For any initial condition X(0), under appropriate conditions
on g, we can construct a solution iteratively. Let X (J)-(t) = X ;(0) and for n =
0,1,...,

. ) 1z
(4.16) 2= Y a(j,s 08y = lim — 3 dxi
(j, s)eA, i=1

and

X3 = X0+ [ WX (s-), u)M (du x ds)
U0, ]

.5 [ (X3 () = X (s-)) dLyg(s)
i=170

(4.17) + Y /t(X;l'J—r%(s_)_X,}H(S—))dLik(s)
1<i<k<j
+ Sx(0 t](Q(X'JHl(S—), X"(s—), &(s—), u) — er;+1(s_))

x K j(du x ds).
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THEOREM 4.1. Suppose that there exists a constant D > 0 such that (4.14)
holds. Then:

(a) X =lim,_, X" exists and X is the unique solution of (4.12).
(b) If X(0) is exchangeable and (4.13) holds, then for each f € B(E™),
m=12,...,

E[f(X1(t), ., X)) | "] = (£, v(X(0))™).

In particular, for each t > 0, X(t) is exchangeable.
(c) For arbitrary X(0), if (4.13) holds, then for each f € B(E™), m =
1,2,...,

lim E[f(X1(0). . Xpu(0) | 7= (£ v(X(0)") = 0.

PROOF. Let X f "t)y=X ’Z‘\,JT ( t)(t), where again N 31 gives the ancestral level

in the neutral genealogy determined by (4.4). Foreach T > 0and j=1,2,...,
define

J
vk
MT(C x[0,1]) = 2 /C o Tvirn Mi(du x ds)

and define K ; similarly. Since the L;; are independent of the M ; and K ;, it

follows that M j and K j are Poisson random measures with mean measures
v x m and { x m, respectively (but not independent). Then

XD (1) = X o (0) + /UX[O | X0 (5-), )M (du x ds)

(4.18) [y @ 52), X0 (s0), Esm),w) = X7 (5-)

X K'J-(du x ds),

and from this equation, it follows that X JT gy =X f’"(s) until the time of
the first jump in Kj(du x ds) at which X"(s—) # X" 1(s—) [or, more pre-
cisely, g(X""(s=), X"(s-), &(s—),u) # q(X;"(s=), X" M(s=), &(s-), w)l.
Consequently, setting V?’ ") = I grnn (g7 [and hence 1—VJT-’ () =
I{XJT-’nﬂ(t):X?"(t)}] ylelds

VZ‘, n+1(t)
< 1_ VT, n+1 s—
~ Jsx[o, t]( J (s=)
X L (RTn(50), X (52, () w)a( XD (52, Xn-1(5-), e(s—y,u0y B 5(AU X dS)
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= (1- V"))
Sx[0, ]
x I {@(XT " (57), Xn(s—), E(s—), w)#q(X " (s-), Xn=1(s—), E(s-), w)}

X (Kj(du x ds) — {(du)ds)

+ 1_V7",n+1 o
/mﬂ< Ln(5-))

X G(RT7(5), Xn(5), £, wyq(R T (s0), Xn-1(s-), é(s—), w6 (AU) A8

t
< martingale +D/ R*(s)ds,
0

where

Rn(s) = Z a(l r, S)I{Xn(r)yéXn l(r)} = llm - Z I{X"(S)#X” l(s)}

(i, r)eA, mzeem ;
Setting ¢t = T' and taking expectations of both sides, we have
T
P{X""Y(T) # X'(T)} < D/ E[R"(s)]ds
(4.19)
=D hm — Z P{X"(s) # X" (s)} ds,

0 m»oom

which in turn implies
T
E[R™Y(T)] <D / E[R"(s)]ds
0

It follows that lim, ,  E[R"(T)] = 0, so by (4.19), lim,_, P{X'}H(T) #
X"(T)} = 0 for each j and hence X" converges. Uniqueness follows by essen-
tially the same estimates.

Let V be an E*-valued process adapted to {%} for which the empirical
measure process

N
ZV(6) = lim — 3 by, = V()
i=1
exists, and let Y satisfy
Y,(t) =Y (0)+ /UX[O’ BV (520, )M j(du x ds)

J-1 4
+ 3 [ (Vi(s=) =¥ (s=) dLyj(s)
(4.20) =t t
+ ¥ [ (V=) =Y (s-)dLy(s)

1<i<k<j

+/ (q(Y j(s=), V(s—), &(s—), u) = Y ;(s—))K ;(du x ds).
Sx[0, ]
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If Y(0) is exchangeable and (4.13) holds, then we claim that

(4.21) E[f(Y1(t), ., Y () | F ") = (F, 9 (X (0))™).

This identity is a consequence of the corresponding identity for the neutral
model, that is, the solution of (4.20) without the K ; integral terms. To see
that the more general identity holds, first replace K ; by the counting measure
obtained by setting

Kj(du x {ke}) = Kj(du x (ke, (k+ 1)8])I{Kj(S><(ks,(k+1)a])§1}>

and let Y* denote the solution of the resulting equation. During time inter-
vals of the form [ke, (k + 1)e), the system evolves as the neutral particle
system, while at time ke, the Y*(ke) are conditionally independent given
Gpe = 0(V(s), Y?(s) : s < ke) with

P{Y{(ke) € Cy,..., Y5 (ke) € C,, | £, = ]T[ Q(Y:(ke—), ZV (ke—), C,),
i=1

and (4.21), with Y replaced by Y?, follows by the corresponding result for the
neutral particle system and this conditional independence. Letting ¢ — oo,
(4.21) follows and, as a consequence, we have

4.22) E[f(X70), ..., X)) | 7] = (£, X (0))™).

Letting n — oo, we obtain part (b).

If X(0) is not exchangeable, let Y denote the solution of (4.20) with V = X
and Y ;(0) = X(0) for all j. Then
(4.23) B[f(Y1(0),.... Y () | ") = (FLv(X ()™,

Letting n — oo in (4.18), we have that X?(t) = XN]T_(t)(t) satisfies
Xj0 = XnroO+ [ X (=), w)M (du x ds)

(4.24)
+ /SX[O t](Q(XJT'(S—), X(s—),é(s—), u)— X?(s—))K’j(du x ds),

and similarly defining Yf(t) =Y NJT_(t)(t), we have

Yi() =Yyro(0)+ fUX[O ’ R(Y % (s—-), u)M ;(du x ds)
(4.25) ’
* /SX[O t](q(Ygf(s_)’ X(s-), &(s—), u) = YT (s—))K j(du x ds).

Consequently, setting C, = {N%(0) = 1, all i} (that is, the event that the
neutral population at time ¢ has a unique common ancestor, necessarily at
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the bottom level, at time 0), we have X(¢) = Y(¢) on C,. Then

E[Icth(Xl(t), e X (@) | eZV(Y), y(X)]
= E[Icth(Yl(t), LY (1) %V(Y)M/(X)]’

and since lim,_,  P(C,) = 1, part (c) follows. O

4.2. Corresponding martingale problem. To be able to apply certain gen-
eral theorems regarding martingale problems without making continuity as-
sumptions on g [and the selection and recombination mechanisms in (3.10)],
we need to show that the generator has a particular representation. For sim-
plicity, we assume that B:C(E) — C(E), although that assumption could be
relaxed as well. We consider the process with generator (4.10).

Let F = #(E)* and define V:x € E* — ({1, g,...) € F by

P i(x, dz) = Q(x, y(x), d2).

Let Z, be a countable subset of C(E) that is closed under multiplication and
is dense in C(E) in the sense of convergence of bounded sequences, uniformly
on compact subsets. Let 2(A°%) = {[T", fi(x;) : f; € Dy, m =1,2,...}. Define
A% : 9(A% c C(E®) — C(E™ x F) by

Aof(x>V)=iBif(x)+ > (f(0;(x] %) = f(x))

i=1 1<i<j<m

£ 38 [ (FOn (x| 2) ~ FG)w,(d2)
j=1

(4.26)

and observe that for u = y(x),

Af(x, ) =2 Bif(x)+ > (f(6;(x]x))— f(x))

i=1 l<i<j<m

FY B (Fny(x ] 2) ~ AR, s d2)
j=1

= Af(x, V().

It follows that A satisfies the conditions of Theorem 2.7 of Kurtz (1998a), and
the results of that paper will be used in several places in the current paper.
Note that under the assumption that B is a bounded operator, any solution
of the martingale problem for A with 2(A) = 2(A°) is a solution of the
martingale problem for A with 2(A) = U,, B(E™). [First extend A to the
linear span of Z(A°) and then close the operator under bounded pointwise
convergence. See Ethier and Kurtz (1986), Proposition 4.3.1.] As in (3.11), for
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f € B(E™), define F(u) = (f, u") and

(4.27) AF (i) = (Af (-, p), u™).

We will also, on occasion, need to incorporate information about the driving
processes {K ;}, {L;;} and {M ;} into the state description of the process. Let
Gy C B(U) [£s C #(S)] be countable and be an algebra (that is, closed under
finite unions and complements) that generates the o algebra #(U) [#4(S)].
For C € 4y, let )\g, ; have values in {1, 1} and satisfy

AL (&) = Ag (0)(=)Ms(Cx101D),
For C € 45, define )\g’ j similarly and
L L L;
A(8) = A;;(0)(—1) ®,

Note, for example, that
t
(4.28) M,(C x[0,t]) = —5/0 Y (s=)dAY (s),

so M ; can be recovered from {/\g’ ; + C € gy}. The generator A, for the
process (X, AL A, )\S) can be derived using It&’s formula. If (X, AL AU, AS)
is a solution of the martingale problem for A,, and if L;;, M; and K ; are
defined in terms of AL, AU and AS as in (4.28), then X will satisfy (4.9).

Ifweset # ={(i,j):1<i< jtand E, = {-1, 1}/ x{-1,1}*v x{-1, 1}’s,
then the state space for (X, AL, AU, A8) is E*® x E,. Let II, € #(E,) be the
infinite product measures with factors %6_1 + %81. [Note that II, will be a sta-
tionary distribution for (AL, AU, AS).] Then for f € B(E™ x E,), considered as a
function in B(E*® x E,), define I1, f(xq, ..., x,,) = fEA f(xq, ..., %, ), (dv)
and note that

(4.29) A, f(xqg,...,%,)= Al f(xq,..., %y, y(x)).

As a consequence of this identity, we have the following lemma.

LEMMA 4.2. If X is a solution of the martingale problem for A, then there
exists a solution (X, AL, AU, AS) of the martingale problem for A, such that X
and X have the same distribution. In particular, any solution of the martingale
problem for A is a weak solution of (4.9).

REMARK 4.3. A process X is a weak solution of (4.9) if there exists a prob-
ability space on which are defined Poisson random measures {M ;}, {L;;} and

{Kj} with the same joint distributions as {M ;}, {L;;} and {K ;} and a process
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X with the same distribution as X such that

X ()= X,0) + fUX[O , WX (=), u)M ;(du x ds)

J=1 o . R
+ 3 [[(Ris=) = X () dLy(s)
(4.30) = t
Y [l - X)) dlits)

1<i<k<j

+ [ (@R (=), Zs—),w) = X (s-)K j(du x ds),
Sx[0, ¢]
where Z(t) = y(X(¢)).

PrOOF. The existence of the solution of the martingale problem for A,
follows from Corollary 3.5 and Theorem 2.7 of Kurtz (1998a). Then, as observed
above, any solution of the martingale problem for A, satisfies (4.9). See Kurtz
(1998b) for further discussion of results of this type. O

We are primarily interested in solutions X of the martingale problem for
A for which (X(¢), Xy(¢),...) is exchangeable. In particular, exchangeability
implies

N
y(X(#) = lim =Y 8y as.
i=1

To be precise, for vy € &,(E*), the collection of exchangeable probability distri-
butions on E*, we will say that X is a solution of the exchangeable martingale
problem for (A, vy) if there exists a filtration {7} such that for each f € 2(A),

FX@) - [ AFX(s))ds

is an {%,} martingale and for each ¢ > 0, X(¢) is exchangeable.

Let o7 be the collection of functions of the form f(x,1,..., x,q)—F(x.e, ...,
x.2 ), where f € B(E™) for some m > 1 and for i =1, 2, (ki,..., k) is a per-
mutation of (1, ..., m). Let £,(E*) C Z(E*) be the collection of probability
measures v, € Z(E>) satisfying [,. hdvy, = 0 for each & € # and note that
2, (E®) = Z(E>). 1t follows that the exchangeable martingale problem for
(A, vy) is just the restricted martingale problem for (A, #,v,) in the sense of
Kurtz [(1998a), Section 3].

We assume that F' in (4.11) is a linear space and that the process ¢ in
(4.12) is the unique solution of a stochastic differential equation driven by
{M ;}, {L,;} and (possibly) additional independent Poisson random measures
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{Ea.}, but that ¢ is independent of {K ;}. We write

£(t) = £0) + ; /UX[O,  FilE(s=), )M (du x ds)
(431) +3 [ Gy(els-) L)

" ; ‘/Uax[O, f H,(£(s—), w)E,(du x ds).

[See (6.2) for a particular example.] If X is a solution of (4.9), then, at least
formally, (X, ¢) is a solution of the martingale problem for an operator Al =
A° + B! where

(432) B'f(x,0) = LB [ (F(n,(x | (e, ¥(x), w)), v) = f () &(dlu),
J

and if X is a solution of (4.12), then (X, ¢) is a solution of the martingale
problem for A2 = A° + B?, where

(4.33) B'f(x.0) = LB [ (Fnj(x | q(xjox,0.0)), v) = (2, 0)) {(duw).
J

We will assume that solutions of the stochastic equations are, in fact, solutions
of the corresponding martingale problems (an assertion that is usually easy to
check using Ito’s formula) and, in addition, we will assume that any solution
of the martingale problem for A! is a weak solution of the system (4.9) and
(4.31) and that any solution for A2 is a weak solution of the system (4.12)
and (4.31) (assertions that can usually be proved by the argument used in the
proof of Lemma 4.2).

THEOREM 4.4. Let A be given by (4.10) and let q satisfy (4.11) and (4.14).
Let I C E*® x F be the set of (x, v) such that

1
Q(xj7 y(x)’ C) = E /S I{q(xj,x,v,u)eC}g(du)7 Ce @(E),

forall j=1,2,...and t > 0. Let Al = A° + B! and A? = A° + B2 be defined
on the same domain with Bland B? given by (4.32) and (4.33), respectively,
and assume that (X, £) is a solution of the martingale problem for Al if and
only if it is a weak solution of the system (4.9) and (4.31) and that (X, ¢) is a
solution of the martingale problem for A? if and only if it is a weak solution of
the system (4.12) and (4.31). Suppose that every process (X, &) that solves the
system (4.9) and (4.31) or the system (4.12) and (4.31) satisfies (X(t), £(t)) e I’
a.s.,t > 0. Then:

(a) For each vy € P(E™®) there exists a unique solution of the martingale
problem for (A, vy).
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b) If vy € Z(E*) and X is a solution of the martingale problem for (A, v,),
then X is a solution of the exchangeable martingale problem for (A, v,y) and
Z = y(X) is a solution of the martingale problem for A given by (4.27).

(¢) If Z is a solution of the martingale problem for A and, for f € B(E™),
(f,vy) = E[(f, Z™(0))], then there exists a solution X of the exchangeable
martingale problem for (A, vy) such that the distribution of y(X) is the same
as the distribution of Z.

REMARK 4.5. In Section 6, we will apply this theorem to obtain existence
and uniqueness for A given in (3.10). More generally, the methods of Section
6 can be applied to (4.10) with

QU.m €)= [ h(y.x1..s 3 Oulday) - pldicy).

In particular, models of frequency-dependent selection [see, for example,
Neuhauser (1998)] with selection parameters of the form

o(xp) = [ s xn . xp)plde) - p(dx,)

are covered.

PROOF OF THEOREM 4.4. Existence of solutions of the martingale problem
for A is immediate since, by It6’s formula, any solution of (4.12) is a solution
of the martingale problem. Uniqueness for the martingale problem will fol-
low from uniqueness for the system provided every solution of the martingale
problem is a weak solution of the system. It follows from Lemma 4.2 that
every solution X of the martingale problem for A is a weak solution of (4.9)
and hence can be coupled with a solution ¢ of (4.31) to give a solution of the
martingale problem for Al. However, A'f(x,v) = A%2f(x,v) for (x,v) €T, so
by the assumption (X (¢), £(¢)) € I', ¢t > 0, (X, &) is a solution of the martin-
gale problem for A% and hence is a weak solution of the system (4.12)—(4.31).
Uniqueness for (4.12) then gives uniqueness for the martingale problem.

If vy € Z(E*) and X is a solution of the martingale problem for (A, v,),
then by part (b) of Theorem 4.1, X is a solution of the exchangeable martingale
problem of (A, v;). Let Z = y(X). Then for f € 2(A), it follows that

E[f(X1(t), ..., Xu(®) | 77]
(4.34) t
—/O E[Af(X1(5), ..., X,u(s), Z(s)) | #F]ds

is an {2} martingale and by part (b) of Theorem 4.1, (4.34) is

(. 20" - [{AFC, 20, Z(5)") ds,

which gives part (b).
To prove part (c), apply Corollary 3.7 of Kurtz (1998a) with E in the corollary
corresponding to E* in the present paper, Y to the present Z, Z to the present
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X,Ey=Z(E), C=A and a(u, dx), the transition function from Z(E) to E*
determined by

[, F@au.dz) = (. u™)

for f € B(E™) considered as a subset of B(E*). If Z is a solution of the
martingale problem for A, then the corollary gives existence of the desired
X. O

4.3. Systems for viability selection. In this section we have concentrated on
systems with fecundity selection. Similar systems can be developed for models
with viability selection. The model given by (3.1) is particularly appealing in
the case of genic selection. Taking @ = 0 for simplicity, the corresponding
system is

X0 =X,0)+ [ BX (=) w)M (du x ds)

=1 ¢
3 [ (Xi(s=) = X j(s-)) dLiy(s)
i=1

(4.35) + ¥ /t(Xj,l(s—)—Xj(s—))dLik(S)

1<i<k<j

J
X y(s=) = X (s=DIo 5
+1§1/[0’1]X[0,t]( j+1(s—) i8N0, g1px,s- (%)

x K, (du x ds),

where $ is a constant satisfying 0 < 8 < 8 and the K, have mean measure
Bm?2.

5. Stationarity. Let &(E>) C £(E*) be the collection of exchangeable
distributions.

LEMMA 5.1. Under the conditions of Theorem 4.4, if Il is a stationary dis-
tribution for A, then Il € Z,(E®).

PrROOF. Under the conditions of Theorem 4.4, every solution of the mar-
tingale problem for A is a weak solution of (4.12). Consequently, the lemma
follows from part (c) of Theorem 4.1. O

_ Note that there is a one-to-one correspondence between Il € Z,(E>) and
Il € #(#(E)), where we take I to be the distribution of the de Finetti measure
corresponding to II. By the definition of Il and A, for every f € B(E™) and

F(u) = (f. u™),
[ Ardn= /y(E)<Af, w2 I(dp) = [ , AFIAR)

2(
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THEOREM 5.2. Suppose that 1 € Z(E>®) and that 11 € 2(#(E)) is the
distribution of the corresponding de Finetti measure. If for f € B(E™) and

F(w) = (f, "),

(51 0=[ Afdll= / (AF, W™ 2WI(dp) = / AF(w)I(ds)
E> P(E) 2(E)

for A given by (4.10), then 11 is a stationary distribution for A and 11 is a
stationary distribution for A.

REMARK 5.3. Since any measure in #(Z(E)) corresponds to an exchange-
able distribution in £(E*), it follows that there is a one-to-one correspon-
dence between exchangeable stationary distributions for A and stationary
distributions for the Fleming—Viot process generated by A. If A satisfies the
conditions of Theorem 4.4, then by Lemma 5.1, every stationary distribution
for A is exchangeable, so there is a one-to-one correspondence between sta-
tionary distributions for A and stationary distributions for A. In particular, if
I, € #(#£(E)) is the stationary distribution for the Fleming—Viot process, Z,
then the corresponding stationary distribution Iy € #(E*) for X is charac-
terized by

| Fn e w05 (day x oo x day) = [ (F, ) Tg(dp),
Em P(E)

where II'y € Z(E™) is the marginal on E™ of IIy.

PrOOF OF THEOREM 5.2. Using the representation of A given in (4.26), the
theorem follows from Theorem 3.1 of Kurtz and Stockbridge (1996) for E lo-
cally compact and from Theorem 2.7 of Kurtz (1998a) for general complete,
separable E. (The usual form of Echeverria’s theorem need not apply since we
do not want to assume that o is continuous. For example, in a simple model
of heterozygote advantage, o(x, y) = 09l .., for some oy > 0.) O

Suppose that a stationary distribution Il exists. (We will discuss existence
in Section 9.) Then with I, as in Section 4.2, it follows from (4.29) that ITx xIT,
will be a stationary distribution for A,. [Theorem 2.7 of Kurtz (1998a) again
applies.] Let (X, AL, AU, A®) be a stationary solution with marginal distribu-
tion I1x x I1,. We can assume that the process is defined on the doubly infinite
time interval (—oo, 00). If| as in (4.28), we define

M(C x (r,t])=—1 ft G (s—)dAY (s),

K (Cx(rt])=-1} /: S (s—)dAS ;(s)

and

Ly 1) = =} [ A=) ko),
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then X will satisfy

X(t)=X,(r)+ /Ux(r X (5=), )M (du x ds)

j-1

+ 3 [ (Xi(s=) = X j(s=))Li(ds)
i=1" (1]

(5.2)

X [ (Xl = X, (5-)La(ds)

l<i<k<j® (T
+/sw (a(X (7). Z(s=),w) = X (=) (du x ds)
for —co <r <t < oo.

6. Incorporating genealogy. It is not clear how to define p(u, ©) so that
(4.7) satisfies the conditions of Theorem 4.1 and hence has a unique solution.
Even if it were, it would not be possible to recover the genealogy from the
solution of this equation, since, in particular, the ancestry of particles substi-
tuted by the selection term is not identifiable. We need to be able to generate
samples from the empirical measure Z in a way that satisfies the conditions
of Theorem 4.1 and that allows us to identify the ancestors of the individual
sampled. We accomplish this goal by introducing a family of “genetic markers”
which allow us to trace the ancestry of any observed particle.

6.1. The marker process. Each particle will be assigned a marker in the
space E, = [0, 1]*°. The mutation process for the markers (the marker process
to distinguish it from the original mutation process) will have generator

6.1) BYF() = 3 [ (FOnu(x | 2)) ~ F()) dz,
k=1

that is, each component of the marker process evolves independently as a unit
rate jump process such that at each jump time, the new value is uniformly
distributed on [0, 1] independently of the previous value. We define a neutral
particle process in E° with mutation operator B as a solution of

EO=EOFT [0 Eals=De(du x ds)

i1
6.2) S (Ei(s=) — £5(s=)) dLis(s)
i=1

+ 2 (§joa(s—) = €j(s—))dLy(s),
1<i<k<j
where the = ; are independent Poisson random measures on [0, 1]x[0, co) with
Lebesgue mean measure and ¢; is the element in E, whose /th component is
1 and all other components are 0.
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The system of equations (4.7) for the particle model with selection and
recombination becomes

X ()= X ,(0) + /UX[O X5, )M (du x ds)

j-1
+ 2 (Xi(s—) = X j(s—))dL;(s)

=1
+ Y (Xju(s—)— X (s—))dLy(s)
1<i<k<j
(6.3) +/ (px(s—, uy) — X i(s—))
[0, 13x[0, ]

X (0, 5-10(py(s—, ur), p (s up))] (43)
x K j(duy x dug x dug x ds)

! /[0’ 1Px[0, t](r(Xj(S_)’ px(s—, uy), ug) — X j(s—))

x o j(duqy x dugy x ds),

where px(s—, u) will be defined to be a function of ¢(s—) and X(s—). In par-
ticular, we must define px so that if V is uniformly distributed on [0, 1], then
the conditional distribution of px(s—, V) given X is Z(s—) [= Z(s) since Z
is continuous].

To define py, we linearly order E| lexicographically, that is, for y, j € E,,
y < y if there exists £ > 1 such that y; = 3, for i < k and y; < ¥,. With this
ordering, for 0 < p < 1, we can define the pth percentile of (&£,(¢), ..., &,(¢))
to be the point &, (,, 4(¢) such that k,(p, ¢) < n and

#Hhk<n:&t) <& (pot=[np]+1
and

#{k <n:&(t) = &Ep p.nt = n—[np]

Since infinitely many components of ¢; change during any postive time in-
terval and the changes are independent on different levels, with probability
1, &(t) # &,(¢) for i # j, and hence k,(p, ) is uniquely determined and

{p: k,(p,t) =k} is an interval of length n~!. Consequently, if V is uniformly
distributed on [0, 1] and independent of the ¢ algebra o(J, K, L, M, E), then

1
Plh(V.)=k|o(J. K, L, M,B)} =,  k=1l...n,
so that £,(V, ¢) is independent of o(J, K, L, M, E).

LEMMA 6.1. Let V be independent of ¢ and uniformly distributed on [0, 1].
Then ¢,(V,t) =lim,,_, . &, (v, (t) exists a.s. in the sense that, with probability
1, for each [ there exists n;(V, t) such that n > n;(V, t) implies

Er, (v, 0,1 = €00, 1(V, 1).
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In addition, with N given by (4.4),
6.4) N'(V.s) = lim N}, ()

exists a.s. for every s < t and determines a path back through the neutral
genealogy, “starting from infinity”,

(6.5) px(V,t)= 813}1 XN, 5)(8)
exists a.s. and

(6.6) im P{Xy (v.»(t) = px(V, 1)} = 1.

REMARK 6.2. (a) By (6.4), N'(V, ) gives a randomly selected path start-
ing at infinity, back through the neutral genealogy to time zero. The distribu-
tion of NY(V,-) is uniform over all such paths in the sense that it is the limit
of random paths selected uniformly over the paths back from the first n levels
at time ¢.

(b) Since k,(V, t) is independent of #% and is uniformly distributed over
{1, ..., n}, (6.6) justifies describing px(V, t) as a sample from the distribution
Z(t). If V, and V, are independent and uniformly distributed over [0, 1],
then %,(V,¢) and k,(V,, t) are independent and uniformly distributed over
{1, ..., n}. It then follows that

E[f(px(V1, 1), px(Vs, ) | 5] = lim E[f (X}, (v, 0(t), X, (v, 00(1)) | 7]
=lim — Y f(X;(), X (8))
1<i, j<n

={f, Z(t)*),

that is, we can generate independent samples from Z(¢) by using independent
uniform random variables.
(c) Let

q1(X j(s—), X(5—), &(s—), uy, uy, ug)
= X ;(s—) + (px(s—, u1) = X j(s=)) 1[0, 6-10(py(s—. ur), px(s— us)))(¥3)

and

QZ(Xj(S_)a X(S_)’ §(s—), Ui, uZ) = r(Xj(S_)’ pX(S_a ul)? uz)a
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and set ¢ = q1Ijo 115 + q21[0,1}- Using (6.6),

/[O 1o 01X (50, X(s), 6620, w1, g, gy Ay Aty At

I{Xj(sf)eC}

o

_ <<’f —o(px(s—,uq), px(s—, us))
[0, 112 0

a(px(s—, uq), px(s—, us))
+—= 1(—, X 22 Ly o unecy | duy dity

0_-_0-('%)./)/) O-(x7y)
= /E2 (*I{Xj(sf)e(,"} + B I{xeC})Z(S_’ dx)Z(s—, dy)

o

and

/[O 1 110205, X0, -, 1, uecy da Aty

= Jo1p Lir(X j(5-), px (s, uy), up)ecy AUty AUy

= Ex(0.1] I{r(Xj(sf),x, uz)eC}Z(3_7 dx)dug

= /E R(X j(s—), x,C)Z(s—, dx),

S0 (4.13) holds, and any solution of (6.3) is a solution of the martingale problem
for (4.6).

PrROOF OF LEMMA 6.1. If we restrict the marker process to its first m com-
ponents, then the corresponding generator

mo1
> [ (Fni(x | 2) = f(x))dz
i=170
is bounded and hence
m s 1 =
Z¢(t) = lim — Xi B(En(t), s Ean()

is purely atomic. [See Ethier and Kurtz (1993), Theorem 7.2 or Donnelly
and Kurtz (1996), Theorem 5.2.] Since &, &, ... are conditionally iid given
Z (), it follows that with probability 1, for n sufficiently large, (&, (v, 4,15 -»
&, (v, 1), m) Will fix on the location of one of the atoms of Z}'(¢). Since m is
arbitrary, it follows that £(V, ¢) exists a.s.

For each [, the Ith component of £(V, ), £,(V, t), is the value of a mutation
that took place on some level k;(V) at some time s;(V') or was a value present

in the population at time zero. If §;, (v ;) ;(¢) = §(V,¢) and 5;(V') > 0, it follows
that N, v ,(s;) = k(V) and that N, ,(s) = N7\ (s) forall 0 < s < s(V).

To prove (6.4), we need to show that
irllf(t —5(V))=0 a.s.
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If we let s7(V) be the time of the mutation producing &, (v ) ;(?), the fact that
k,(V,t) is independent of L and E implies that ¢t —s7(V), t—s§(V), ... are iid
with distribution P{t —s}(V) > r} = e "I ;(r). Since lim,,_, ., s} (V) = (V)
a.s., it follows that ¢t — s;(V),t — so(V), ... are independent with the same
distribution, and hence inf;(¢ — s;(V)) = 0 a.s. and (6.4) follows.

As in the proof of Theorem 4.1, define X7 (s) = XNt 5(8), 0 < s < T,
which is well defined for almost every v. For each T' > 0 and j = 1,2,...,
define

MI(C x [0, ¢]) = i/

Cx[o, 1] I{NT(U, S):i}Mi(du X dS)
17&x1Y,

1=

and define K7, JT and {EUTZ} similarly. As before, since the M; are independent
of the L;; and hence of N7, M will be a Poisson random measure on U x
[0, T] with mean measure v x m and, similarly, K7, J7 and {£7} will be
Poisson random measures with the same distributions as K ;, J; and {Z},
respectively (but not independent). Let

' =sup{s<T: MI(Ux(s, T])+ KZ([0, 1’ x(s, T]) + JL([0, 11*x(s, T]) > 0}
and note that 77 < T a.s. and for 77 < s < T, XT(s) = XT(+T), verifying the

existence of the limit in (6.5).
To verify (6.6), let yI-" = sup{s < T : N (v, s) = N} (, 1/(s)} and note that

lim,_, . yI'" = T. Then

P{X}, v, 1)(T) # px(V, 1)} < P{yD" < T}
T,n
+P{ X}, (v, (T) # XNan(V,T)(y‘T/")(VV )
< P{yD'" < 7T} 4 E[1 — e BT-%),

where 8 =v(U) + 0 + @, and the limit follows. O

THEOREM 6.3. For each initial condition X(0), there exists a unique solu-
tion of (6.3).

PROOF. We apply Theorem 4.1 with S = [0, 1] x [0, 1]?> and

Q(xj, X,0,U) = I[o, 1]3(u)1[0, G 1o(p,(s, uy), pe(s, u2>)](u3)Px(3’ uy)

+jo, 12 (w)r(xj, pe(S, uy), Us),

where u = (uq, ug, u3) if u € [0, 1]? and u = (uq, uy) if u € [0, 1]2. Noting that

Liga,, o0, wa(y s, vovwr = Ly F Lipis, un)so, s )y T Lipu(s, un)t, (s, us)b>
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we see that (4.14) holds with
D =2(¢ + a).

Existence of a unique solution then follows from Theorem 4.1. O

COROLLARY 6.4. Let A be given by (3.10) with 0 < o < &. Then for each
vy € P(E), there exists a unique solution of the martingale problem (A, v;).

6.2. The ancestral type processes. Suppose X is a solution of (6.3) with p
given by (6.5). For j = 1,2,... and v € [0, 1], define XJT(t) = Xer(t)(t) and
XT(t)=X N7(v,+)(t) (Which by Lemma 6.1 will be defined for almost every v).

We want to derive the stochastic equations satisfied by X Z’ and X T Asin the
proof of Lemma 6.1, for each T > 0 and j=1,2,..., define

~ T _ et ) )
ME(C x[0,1]) = gl /C o LTy Mi(du x ds)

and define K JT~, J 31 and {éﬁ} similarly. Again by the independence of the
Mi and the Lij’
mean measure v x m and, similarly, K JT, J JT and {éfl} will be Poisson random

measures with the same distributions as K ;, J; and {E ;}, respectively. For
v € [0, 1], define

M JT will be a Poisson random measure on U x [0, T'] with

oo

Mi(Cx[0.eh) =} [ 0. TV 0 Mildu x ds),
i=1 x1Y,

as well as K7, J7 and {Z7}.
Note that

px(v,t) = Xf;(t_)’

sofor0<¢<T,

e
XI(t) = X y10)(0) + /UX[O, ,

X (s—) — XT(s—
n [[OW[O,”( s (s—) = XT(s-))

h(X%(s—), u) M’ (du x ds)

6.7 x Iy, Fo(X5 (s-), X;Z(s—))](us)
X K’?(dul x dug X dug x ds)

+ (r(XT(s=), X, (s=), up) — X (s-))
[0, 1120, ¢]

X j?(dul x dug x ds)
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and for0 <t < T,

XT(8) = X yr(o.0)(0) + / h(XT(s—), u) M7 (du x ds)
U0, ]

X5 (s—) — XT(s—
+/[0,1]3X[O,t]( s (s—)— XT(s-))

(6.8) x 1[0, &*ln(Xi;l(sf),X;‘2(s7))](u3)
x KT (duy x dugy x dug x ds)

+ [[0’ 1P, t](r(XZ(S—), XZ1(S_)’ Us) — XUT(S—))

x I (duq x dug x ds).
Since

(6.9) X(1T)= Jim. XT(t)=px(v,T)

exists, it follows that the equations are satisfied on the closed interval [0, T'].
If KT and J, (or K f and J ]T) are both zero on the interval [0, T'], then
X7 is just a version of the mutation process on the time interval [0, T']; that
is, it is the unique solution of the stochastic differential equation driven by
MT. Otherwise, to determine X, we must know the values of 2K ([0, 1]* x
[0, TD)+ J?([O, 112 x [0, T']) processes X* for values of (i, s) in the support of

the counting measure
IT =

v

/[0 R 8(u,. ) KT (duy x duy x dug x ds)
(6.10) ’ ’

Sy, 5y (duy x dug x ds),

+
[0, 1]2x[0, T]

where §, ;) is the measure on [0, 1] x [0, co) that puts unit mass at the point
(u, s). [For example, if (1, ug, us, s) is a point in K7, we must know X'fh(s—)
and X u,(8—) in order to evaluate XT(s).] To determine each X, we must in
turn determine the solutions corresponding to points in the support of %, so
to determine X7 we must determine X? for (u, s) in the support of

7% =8, 1)+ [ Bu.s + I)IT(du x ds).
[0, 1]x[0, T]

Iterating this relationship, we must determine X ¢ for all (u, s) in the support
of

I+l — g + I5"IT(du x ds).
v ) /[0, 1x[o, 7] a )

Let |IT-"| denote IT-"([0,1] x [0, T]). In general, I7-" will have points of
multiplicity greater than 1; however, lim,, ., |IZ>?| will be an upper bound on
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the number of solutions X? needed to determine X”. Since the martingale
properties of I7 imply

T 1
E[|I3}”+1|]:1+/0 fOE[|I§’”|](2&+a)duds

and E[|I"|] does not depend on u and is increasing in n, we have

lim E[|I]-"]] = e®7+T,
n—oo

Consequently, lim,,_, . |IT°"| < o a.s. and the support of

(6.11) IT = lim 17"
is finite.

Let
(6.12) HT = supp(IT)

To determine X T we only need to consider a finite system of equations for
{X5:(u,s) e HTY.

7. Finite-dimensional approximation. Fleming—Viot processes arise
naturally as limits of finite-population models. In this section, we show how
this convergence can be obtained using the stochastic equations developed
above. In particular, consider the finite-dimensional system 1 < j < n:

X"(t) = X,(0) + /UX[O ), u) M ;(du x ds)
j-1

+ 2 (X7 (s—) — X'j(s—)) dLyj(s)

i=1

+ 2 (Xa(s—) = XT(s—)) dLi(s)

1<i<k<j

(7.1) + /[0’ 1[0, ] Ly (s, ), (s 5125
< (X (. 0)(57) = Xj(s-)
X 10, 5-10(X}, 0y, 50 X’;z"nmz,s)(s—))](us)
x K j(duq x dug x dug x ds)
" /[0, 120, t](r(X;‘.(s_), X3y, (57 u2) = X'i(s—))

x J j(duy x dugy x ds).
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Then X" is a solution of the martingale problem for

A"f(x) = ZBf(x)Jr > (F(6(x | %)) = f(x))

l<i<j<n
(7.2) +i2 > o, x)(f(nj(x | %)) = f(x)
1<i#j#k=n
+% lsigefn (-/E' f(nl(x | Z))R(xi, Xp, dz) _ f(I)C))

[which is just (2.14) without the factor (n —2)/n multiplying the second term].
For the analogue of (6.7) and (6.8), let X?n(t) = X"NT(t)(t), j=1,...,n,and

XTr() = Xr (t)(t). Then for0 <¢ < T,
kp(v, T)
an(t) = X n7(0)(0) + /UX o h(X'JT-’n(s—), u)M%(du x ds)

+/[°’113x[0,t1(Xs "(5-) - X n(s N0, 5-10(%3 (5-), X3 (s-) (U3)
(7.3) x K% (duy x duy x dug x ds)
+'/[.0,1]2x[0 t](r(XT "(s—), X5 T(s—), up) — x7 n(s )
X j]T(dul x dug x ds)
andfor 0 <t < T,

XPMO = Xg o O+ [ WET =), @), py(du < ds)

+/ X5(s—) = KT ()10 porogirieny 2oy (X
[0,1]3><[0t]( (5 (=N jo, 510(17 (s-), Zig (s (Us)

(7.4) X KZH(U’T)(dul x dug X dug x ds)

+/ (r(XT"(s=), Xi(s=), ug) = XI"(s-)
[0, 1]2x[0, ¢]

x I o 1y (duy x duy x ds).

THEOREM 7.1. Suppose X" satisfies (7.1).

(a) For each T > 0, there exists a set 47 C [0, T] with Lebesgue measure
m(A7) = 0 such that for v e [0, T] — A7,

(7.5) lim P{XT:"(t)= XT(t), 1<t<T}=1,

n—oo

and similarly, with v replaced by j.
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(b) Foreach T >0and j=1,2,...,
(7.6) lim P{X"(¢)=X;(¢), 1<t<T}=1

(¢) If X(0) is exchangeable, then for each t > 0, X(t) is exchangeable, and
letting Z(t) be the de Finetti measure for X (t) and

n 1 -
Z"(t) = > > dxn)
i1

fort>0,m=1,2,...,and each f € B(E™),
.7) Tim B[|(f, Z()") ~ (F, Z,(t)")]] = 0.

PrROOF. Let y""(v) = max{t < T : N} (, 1)(t) = N'(v, ¢)}. Recall that
Ny o, m(t) = NT(v, t) implies Np v, m)(8) = NT(v, s) for s < t. Since y™>"(v)
— T for almost every v, it follows that

P{MT # M} , p} < P{MZ(U x [y""(v), T]) > 0}
+P{M] , (U x [y""(v), T]) > 0}
=2E[1 - e—v<U)(T—vT’"(v))],

which converges to zero. Similar inequalities hold for K and </, and by the
finiteness of H' defined in (6.12), (7.5) follows.

Since X7 , o(s—) = X5 "(s—) by definition and for n large X5"(s—) =

X ®(s—) with high probability, it follows that X" satisfies (7.6) with X the
solution of

X (t) = X ,;(0) + /UX[O X j(5=), )M (du x ds)

j-1
+ Z (Xi(S—) - Xj(S—)) dLij(S)

i-1
+ > (X,1(s—) — X j(s—)) dLy(s)

1<i<k<j
(7.8) N
" /[0, 1P [0, t]( u (87) = X j(s-))
X Lo, 51002, ). %1, (51 (#3)
x K j(duy x dugy x dug x ds)
+ o 1 T (57 Ko 5),z) = X ()
x o j(duy x dugy x ds).

However, X5"(t) = X'Zﬁ,z( )(t)(t) — Xypsp(?) for almost every u. Conse-
quently, since X?(¢) = X ns(1)(2), by (6.5), X is a solution of (6.3).
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If X (0) is exchangeable, then the exchangeability of {( M L K L J L)} implies
the exchangeability of

{(X0, X5, j=1,....n}.

Consequently,

P{X ;(¢) = X%(t)} = P{X'(¢) = X" (1)}
does not depend on j, 1 < j < n, and setting Z,(¢) = (1/n) i1 8x (1) (7.6)
implies

lim E[|(f, Z,,(t)") = (f, Z,()")|] = 0.
However, the exchangeability of X (¢) implies

lim E[|(f, Z,(t)") = (f, Z(t)")[] =0

and (7.7) follows. O

The following corollaries can also be obtained as applications of Theorems
4.1 and 4.4.

COROLLARY 7.2. If X satisfies (6.3), then X is a solution of the martingale
problem for A given by (3.10).

PROOF. The corollary follows from (7.6), (7.7) and the fact that X" is a solu-
tion of the martingale problem for A”. In particular, for f(x) = f(xq,..., x,,)
for f € B(E™), the martingale

FOX(@0) ~ [ ATF(X () ds
converges in L, to f(X(¢)) — fot Af(X(s))ds. O

COROLLARY 7.3. If X(0) is exchangeable, then for each t > 0, X(¢) is ex-
changeable and for m =1,2, ...,

(7.9) E[f(X1(t), ... Xn(0)) | 21 = (f. Z(t)").

PrROOF. By Theorem 2.5,

k
B FXUO. o X000 TL, Zae™) |
=1
k
= B[ (7. 2,(0)™) TT(h;

Jj=1

\ zn(t,-)mw},
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which, passing to the limit, becomes

k
E|:f(X1(t)’ s X () [T (R Z(’fj)'”f)]
j=1

k
[f Z(@&"™) [T(n Z(tj)’"f)]

Jj=1
and (7.9) follows. O

8. The genealogical tree. We now assume that the J;, K;, M ; and = ;
and the Poisson processes L;; are defined for the doubly mﬁnlte tlme 1nterval
Assume that X is defined for to <t < oo or, as in Section 5, for —oco < ¢ < o0,
and that for each such ¢, X(¢) is independent of

gt —O'{J( x [r, s]), K( x [r, S])L i[r, s], M( x [r, s]),
B Cx[rsD:t<r<s,i, j}

[By uniqueness, this independence will hold for all ¢ > ¢, if X(¢,) is indepen-
dent of £%.] Let 1 be a random variable satisfying {7 > ¢} € &’ for all ¢. Note
that {£'} can be thought of as a filtration with time running backward and
7 is then a {£*}-stopping time. Following the usual development of stopping
times, we define

={AeF:An{r>t}e " all t}.

Let 7, = o(X (7 —s) : s > 0). The independent increments properties of ¢ ;,
K; LLJ, M ; and E;; imply the following lemma.

LEMMA 8.1. Let 7, & and ¥,_ be as above. Then Z,_ is independent of
&7, In particular, X (T ) is mdependent of £ and, if X is stationary with

marginal distribution 11, the distribution of X (7—) is Ilx.

Throughout this section, 1y € Z,(E*) will be a stationary distribution for
X, I, € 2(#(E)) will be the corresponding stationary distribution for the
Fleming—Viot process and 7 € #(E) will be the distribution of an individual
sampled from the stationary distribution, that is,

8.1) m(I) = P{X,(t) e T} = fy(E) w4 (dp).

8.1. The ancestral influence graph. Let JT, KT, ... be defined as before
and, as in Section 6.2, we now set

IT =

v

'/[~0 13 x(—oc0 T](a(ul,s) + 8(uz,s))Isz(dul X du2 X du3 X ds)
(8.2) g ,
" /[0 1]2x (=00, T] 6(”1,8)J1T(du1 x dug X ds)
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and similarly define

1T =

T
J ‘/[-0, 1]3)((_00’ T](S(ul’s) + S(MZ,S))KJ (dul X dU,Q X dU3 X ds)

FT
+ /[07 e 8(uy, 5 j (duy x dugy x ds).
Define IT-! = §(, 7+ IT and
+/ 517 (du x ds),
[0, 1]x(—o00, T] * o )

and let IT = lim IT-n Note that the sequence of measures is increasing

and, as in Section 6.2, sup, E[IT-"([0,1] x [¢, T])] < oo for all —co < ¢t < T,
so the limit exists. Let

T = EI1T(du x ds).
J [0,1]x[0,T] “ i )

Then H JT = supp(I~ Z’) (the support of the measure [ JT-) gives the index set
for the collection of processes X that can “influence” the value of X i(T) =
X?(T) For —co <t < T, let

I7(t) = {Ni(t): (u,s) e H}, s>t} U{NT(t)}.

J b
I‘JT»(t) is the set of levels such that X ,(¢), & € I‘JT(t), can influence the value of
X ;(T). Reversing time, let Q?(t) = |FJT(T —t)|. Then

Tty = = ! K 3
QI =1+ Y(2 [ Iy ()K (0.1 x ds)
i=1 -t

T
* /T,t I (0)J([0, 1] x ds))

T
- Z T tIrf(s)(i)lrf(s)(k)dLik(S)-

1<i<k 7

It follows that QJT- is a Markov chain adapted to the filtration {7, ¢t > 0}
with transition intensities g .1 = @k, @) p4o = Gk and g, 1 = (£) and
Q?(O) = 1. More generally, if we define I'Z(¢) = U’}l:IFJT(t) and QAfl(t) =
[T (T — ¢t)|, then QT is a Markov chain with the same transition intensities
and QT (0) = m. Using the fact that E[(QZ (¢))?] > E[QZ(¢)]?, we have

QL) =+ [ (27 + EIQL ) - LEIGE Qo) - 1)) s

=m+ /Ot (<2& +a+3)E[Q)(s)] - %E[Q},;(s)F) ds.



GENEALOGIES FOR FLEMING-VIOT MODELS 1135
It follows that lim,, . . E[QZ;(L‘)] < oo for all ¢ > 0. Consequently, for ¢ < T,

(8.3) INOE G (1)

Jj=1

is a finite set with probability 1 and, hence, oo is an entrance boundary for
the Markov chain Q% (¢) = |I'7(T — ¢)|. Since the Markov chain is irreducible
and positive recurrent,

(8.4) oy =sup{t < T: [I7(t) =1} > —oc.

Following Krone and Neuhauser (1997), we will refer to T?}A as the time of the
ultimate ancestor of the population at time 7' and refer to the graph deter-
mined by {(¢, j) : j € ['T(¢), 5y < t < T} as the ancestral influence graph.
Let k7, be the unique level in fT(TgA—) and observe that {7}, > t} € &' and
kL, is & "ta-measurable.

14 is not necessarily the time of the most recent common ancestor, since
I'7(¢) may include levels of particles that do not have descendants at time 7.
For example, particles that play a role at a g-branch point may not leave a
descendant. It is the case, however, that if we specify the type of X kg‘/A(TgA),
then X(7T') is uniquely determined. The following result is a consequence of
Lemma 8.1.

THEOREM 8.2. Suppose X is stationary with marginal distribution 11y €
PZ(E®). Then ngA(Tg;A) = X,z (154—) has distribution m given by (8.1).

UA

8.2. Core of the ancestral influence graph. Let I'T be given by (8.3). Note
that for ¢t < Ty < Ty, I'T1(¢) D I'"2(¢), and define

F(t)= N7 = lim T7(2),
T>t °

where the limit will exist in the sense that there exists Ty > ¢ such that
['7(¢) = T'To(t) for all T > T,. Note that I'(¢) is the subset of levels that are
in the ancestral influence graph for every T' > t. Consequently, we will call
[' the core of the ancestral influence graph. It is clear that run backward in
time, I is a stationary, Markov process whose state space is the collection of
finite subsets of integers. In particular, Q(¢) = |[['((~t)| is a stationary version
of the Markov chain with transition intensities q; ., = ak, q; .9 = 0k and

Qp 1= (é) Run forward in time, I will, of course, also be a Markov process,

and Q*(t) = |I'(¢)| will be the stationary time reversal of Q. In particular, if
w® is the stationary distribution for @ (and, hence, also for @*), the transition
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intensities for @* are given by

% _771?+1 k+l
Qe k1= g 9 J

Now assume that X is stationary on —oo < ¢ < co. By part (c) of Theorem 4.1,
X () is exchangeable and, more generally, for each T, {X 31} is exchangeable.

Exchangeability implies that Z &) =X kel(t) Ox,(r) 18 @ Markov process whose
state space is the space #;(E) of finite, integer-valued measures on E. For
functions of the form

I£]l < 1, the generator for Z is

r($2.)

i=1

m m ) q:Fn,erl m q;kn,m72
) Ef(xi)(g IR DA T T T

o(x;,, x;,) 1 3
Xlgﬁgﬁgsm[ G (f(xiz)f(x,-g 1>

#(1- e xis}) (f(xil)lf(xig) - 1)]

q;kn,m—l ff(z)R(xi1> xi27 dZ) .
Fonn—1) [ PG f (i) 1])

<iy#ip<m

A . & Bf (%)) | Gmmi1 Vo1 Dn, m—2
—il'llf(xl)(jz1 ) T om J;(f(xj) ) m—1)
1 o(x;, %) — o(x;,, x;,)
g 1§i2§35m|:1 ! m—2 iﬁgz:v i3 o i|
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" (W -1)
n an,mfl Z [

m(m —1) 1<iy#ig<m

[f(2)R(x;,, x;,, dz) 3 1]
f(xil)f(xiz) ’

where the second equality follows by relabelling.

Let o4(x, y) and oy(x, y) satisfy e < 0;(x, y) < 6—¢, for some ¢ > 0, and let
V¥, and W, be core processes corresponding to o; and oy with the same initial
distribution. Then the distributions P; and P, of ¥; and W, restricted to a
bounded time interval [0, T'] are mutually absolutely continuous. To describe
the Radon—-Nikodym derivative, let 0 < 7; < 79 < -- - be the times at which @*
jumps by —2 and let i;(7;) and i,(7;) be the indices of the particles that are
eliminated. Then

Py
dp,

1
Cnfgt, T
Ir O<7;<T Q*(Ti_) -2 J#i1(73), i9(7;)

ST

(Ul(Xj(Ti_)’ Xil(Ti)(Ti_))

(X (i), X o (7, —)))}

(UZ(Xj(Ti_)a Xil(ri)(Ti_))

ST

x{l—km >

J#L(T), 1a(T;)

-1
- 02(Xi2(7,.)(7i—), Xil(Ti)(Ti_)))} .

If 0y is a constant, o9(x, ¥) = 0y, then even though the system has “extra
births,” the model is neutral. [In particular, the third term on the right-hand
side of (3.11) vanishes.] Assuming that there is no recombination (that is,
a = 0), then the type process along the ancestral line of any individual in
the core process V¥, at time T is just the mutation process. It follows that
the distribution of the type process along the ancestral line of an individual
in the core process ¥, at time 7' is absolutely continuous with respect to the
distribution of the mutation process.

8.3. Level of true ancestor. Fix T and j. We would like to identify the level
N f(t) of the true ancestor at time ¢ < T' of X ;(T'). Of course, in the presence

of recombination, the definition of N f is ambiguous. For simplicity, in tracing
N f backward in time, we will not change N JT at recombination times. If R is
symmetric in the sense that R(x;, x9, dz) = R(x9, x1, d2), this convention is
equivalent to selecting the “true” ancestor randomly from the two individuals
contributing to a recombination.
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Then the desired level will satisfy
NT(t)=NT()
L @00 = N ()i, tpstom . -, i (29)
X K’j(dul x dug x dug x ds),

where K JT satisfies

o0

K?(C X (t7 T]) = ; Cx(t, T] I{N?(s):L}Kt(dul X du2 X du3 X dS)

Note that the above equation essentially takes N ?(t) as a “first guess” and
then corrects this guess at each g-branch point.

8.4. Effect of selection on genealogy. We define the agreement of &,(¢) and
&;(s) by

1 &
a(§,(1), €;()) = lim — 3 I =¢,0-
=1

Note that if §;,(¢) = & ;(s), then either the mutation that produced this value
is in the ancestral line of both the ith level at time ¢ and the jth level at time
s or this marker component was in the population at time zero. Let
(i, t, j,8) = 0 v sup{u : Nij(u) = N5(u)}.
Then, by the law of large numbers,
(8.5) a(§;(t), §,(s)) = e (trs=2rlint ), s))a(§N§<0)(0), En3(0)(0))-
In particular, it follows that &;(%),..., &,(t) contains complete information
about the neutral genealogy of the first n levels at time ¢. Similarly, if we
define
7(V,t, j,s) =0vsup{u: N(V,u) = N%(u)},

then

a(é(V,t), fj(S)) = e (s 2(V. 1), s))a(ngV(O)(O), fN;(o)(O))-

We can introduce a similar structure into the model with selection and re-
combination by coupling X satisfying (6.3) with an E7°-valued marker process
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Y giving a system for ((X1,Y), (X5, Y5),...):

X ()= X ,(0) + /UX[O P (), )M (du x ds)

j-1
+ > (Xi(s—) — X ;(s=))dL;;(s)

i=1
+ Z (inl(s_) - XJ(S_)) dle(s)
1<i<k<j
(8.6) + (px(s— u1) = X j(5-))
[0, 113x[0, ¢]

X T10, 5-1(px (s uy). px(s—. u2)) (¥3)
x K j(duy x duy x dug x ds)
+/ (P(X (5=, px(s—, 1), ug)
[0, 112x[0, ]
— XJ(S—))J](dul X du2 X dS),
where px(s—, u) = lim

XNS(u, ,.)(r), and

r—-s—

Y (£) =Y ,(0)+ ;/{0 ECES FICOENCIEED

j-1
+ > (Yi(s—) - Y i(s—))dL;i(s)

i=1

(8.7)
+ ) (Y ;_1(s=) = Y j(s—)) dL(s)
l<i<h<j
+ [[0’ (o, t](PY(S—, u1) = Y j(s= )0, 6 10(px (5=, 1), py(s—, up))](¥3)

x K j(duy x dug x dug x ds),

where py(s—, u) =lim, ;Y ys(,, (7). Existence and uniqueness for this sys-
tem is a consequence of the previous result. As in the case for ¢, if we define

(i, t, j,s)=0vsup{u: Ni(u) = N5(u)},
then, as in (8.5),
a(Y(2), Y j(s)) = o (tHs—27(i. 1, J, s))a(YNg(O)(O)a YN;‘.(O)(O))-

Note that at time ¢, (i, j,t) = t — 7(i, t, j, t) is the time since the most
recent common ancestor of the individuals at the ith and jth levels and that
{{(i, j,t), 1 <i < j} determines the structure of the genealogical tree for the
population at time ¢. It is also clear that conditioned on {{(7, j, t), 1 <i < j},
Y (¢) is independent of X ().

The question of whether or not selection has an impact on the distribution
of the genealogical tree has been a recent issue. (See the discussion in the
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Introduction.) Suppose f is a function only of the marker process, say f(y) =

f(¥1,.--5 ¥m)- Then, taking o = 0 for simplicity and assuming (X (0), Y (0))
is exchangeable,

E[f(Y(£)] = E[f(Y(0))]
t [ m o
+ E[ / (Z BMF(Y(s))

©.8) + 15ijsm(f(Hj(Y(S) | Yi(s)) = f(Y(S))> dS}

3

i=1

L E[ (0(Xi(), Xpur(5))

= 0(Xs2(8), Xips1()F(Y1(8)s - - Ym(s)):| ds,

where the selection term has been manipulated using exchangeability and the
fact that

E[f((X1(t), Y1(8)), -, (X (D), Y (D)) = E[(f, Z(1)"™)]

Here Z(t) denotes the de Finetti measure for (X(¢), Y (¢)).

If selection has no effect on the genealogy or, specifically, if the presence of
selection does not affect the one-dimensional distributions of Y, then the left-
hand side of (8.8) equals the first two terms on the right and, differentiating
by ¢,

E|:§ (U(Xi(t)7 Xm+1(t)) - U(Xm+2(t)’ Xm+1(t))) f(Yl(t)> teeo Ym(t))j| =0.

1=1

Since, by exchangeability, each of the summands has the same distribution,
we have

(8.9) E[(0(X1(8), X 11() = 0(X py2(t), Xy 1 N (Y1(8), ..., Y (£))] =0.

The identity (8.9) is equivalent to the following: Given a sample of size m +
2 from the population, let /" be the o algebra corresponding to complete
information about the genealogy of the first m individuals in the sample. Then

8.10)  E[o(X1(t), X;pi1(1) | £"] = E[0(X . 42(), X i1 (1)) | £"]-

If we assume (X, Y) is stationary, then (8.9) and (8.10) hold under the less
encompassing assumption that the stationary distribution of the genealogy in
a model with selection is the same as the neutral genealogy (i.e., the tree given
by Kingman’s coalescent).

At least in extreme examples, it is easy to check that (8.10) is not valid.
Suppose, for example, that there is no mutation, P{X;(0) = X ;(0)} = 0 for all
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i # jand o(x,x') = Iy,_y. Then o(X;(2), X j(t)) = Lz, j, 1<s» @and taking
m=2and G ={{(1,2,¢t) > t} € £2, (8.10) implies
(8.11)  P{y(1,3,¢) <t]{(1,2,¢) >t} = P{{(3,4,t) <t | (1,2,¢) > t}.

However, assuming the genealogy with selection is the same as the genealogy
without, the conditional probabilities in (8.11) can be calculated using prop-
erties of the {L;;}. Let 7;; = inf{s: L;;(¢ —s) < L;;(¢)}. Then, since the 7;; are
independent exponentially distributed random variables,

pi3(t) = P{L(1,3,¢) <t]{(1,2,¢) > ¢t}
= P{r3 <t, T3 <Ty3|719 >t}
=1(1—e%)
and setting 7 = min{7y3, To3, T14> Toa> T34}

P{{(3,4,t) <t|{(1,2,t) > t}
= /O "PINY(0) = NU(0) |7 = s, 719 > £}5e~"ds
:/(:(P{T:Tmrzs,ﬁz > 1}
+ P{NL(0) = N'(0), 7# 7gy |7 =5, 719 > t})575s ds
_ Ot(% + 4 puy(t — 5))5e5ds
3

_2,-2¢t , 1 ,-5¢
£ —3€ 7+ e .

A comparison of the results of these two calculations demonstrates that (8.11)
fails.

8.5. Type distribution at a branch point. The following example demon-
strates that Lemma 8.1 does not, in general, hold with X(7—) replaced by
X(7).

PROPOSITION 8.3. Let X be stationary and satisfy the conditions of Lemma
8.1, and let 11, be the stationary distribution of the corresponding Fleming—
Viot process. Fix t and j, and let 7 = sup{s < ¢ : K;([0,1]® x [s,t)) > 0}.
Then

E[f(X ()]
- E[f(Xl(O))(l - ) T F(X5(0))

xp(dxy)u(dxg)pu(dxg);(dp)

7(X5(0), X5(0)) 7(X5(0), Xs(O))]

(8.12)
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and

E[/E o(X (1), 2) Z(r, dz)}

= E|:U(X1(O), X4(0))<1 _ O'(Xz(o()}’ Xs(O))>

+ (X 5(0), X4(0))

B [”(E) /E3 <U(x1’ x4)<1 - @) + o (%3, x@@)
(8.13) x u(daxy ) u(dxg)u(dag)u(daxg )5 (du)
= |, gl wz(dw)
P(E)
+ l (/E<U(x2, -)a I~»L>2M(dx2) — <0-, M2>>Hz(d/.1,)

0 JP(E)

7(X5(0), X3(0))}

> (o, W)z (dp) = E[0(X1(0), X5(0))]
P(E)

- E[/E (X (1), 2)Z (7, dz)]

for k£ j.

In the case of genic selection,

2 2
Blo(X, (= [jodm+ [ (0% u) = (o, )T (dpe).
REMARK 8.4. The inequality in (8.13) makes explicit the intuitive idea that
the particle produced at a o-branch point should be “more fit” than a particle
selected randomly from the population at that time.

PRrROOF OF PROPOSITION 8.3. By Lemma 8.1, X(7—) has distribution Ily.
Note that for & # j, X;(7) = X} (7—) a.s. If (uy, ug, uz, 7) is the point in K ;
at time 7, then

f(Xj(T)) = f(Xj(T—))I(zrla(V, W), 1](”3) + f(V)I[o, F1o(V, W)](us)a

where V = X;l('r—) and W = X;z(f—). Consequently, (8.12) follows from the
fact that X ;(7—), V, W is a sample of size 3 from Z(7—) = Z(r), and the
distribution of Z(7—)is [1,. O

9. Ergodicity. Let v, vy € #(S) and let f; be the Radon—Nikodym deriv-
ative of v; with respect to v; + vy. The the total variation distance |v; — vy is
given by

fs £1(8) = F2(s)|(v1(ds) + vo(ds)).
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Define the overlap by
O, v2) = [ 1(5) A Fa(s)(va(ds) + va(ds)).

Let vy, p1, g € Z(S) be given by

7(C) = OMV)/A®Am@muw+mmn

and

ri(C) = /(f (8) = F1(s) A f2())(v1(ds) + v5(ds)).

O( Vi, Y 2)

Then p; and wy are mutually singular and
(9.1 vi = O(vy, vo)vg + (1 = O(vy, vp))u;-
It follows that
vy = woll =2 — 20(vy, )
and

9.2) O(v1,vp) = Gégfs)(vl(G) +v2(G°)).

The infimum is achieved by G satisfying u,(G) =0 and pyo(G¢) =0

Let C be the generator of a Markov process with state space S and for v
2(8), let P,(t) denote the one-dimensional distributions for the corresponding
process with initial distribution v. We will say that C is strongly connected if
and only if for each vy, vy, € #(S), there exists a ¢ > 0 such that P, (¢) and
P, (¢) are not mutually singular, that is, O(P, (?), P, (¢)) > 0. Note that the
overlap will be a nondecreasing function of ¢.

A Markov process is uniformly ergodic if

(9.3) lim sup [P, (t)— P, ()] =0.

t—>o0 vy, vo€Z(S)

Note that a uniformly ergodic Markov process has a unique stationary distri-
bution since, for ¢ sufficiently large, the mapping v — P,(t) will be a (strict)
contraction. [See Meyn and Tweedie (1993), Chapter III, for further discus-
sion.]

LEMMA 9.1. The Markov process with generator C is uniformly ergodic if
and only if there exists t > 0 such that

()= inf O(P, (1), P,,(1)) > 0.

vy, V€S
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PrROOF. Suppose 6(¢) > 0. Then by (9.1),
1P, (&) = P, (Ol = (1 = O(vy, 1)) P, () — P, (2)]
< (1— O(vy, v,))2(1 - (1))
= (1= 5(0)llv — vl
and the lemma follows. O
9.1. Uniqueness of stationary distribution. Assume that the demography
is defined for all —oo < ¢ < co. As in (8.4), let
oy =sup{t < T:[I7(@)| =1}
and also define
v = sup{t < 5, |TT (1) > 1).

Note that TSA — y?}A is exponentially distributed with parameter « + & and
that

T
P{T[T]A > 5 YA < 0} > 0.

THEOREM 9.2. If the mutation process is strongly connected, then the par-
ticle process is strongly connected.

ProOOF. Let P,(¢) denote the one-dimensional distributions for the mu-
tation process with initial distribution » € #(E) and let P;(¢) be the one-
dimensional distributions of the particle process with v € Z(E>).

For vy}, v0 < s < 75, v 0, let k(s) denote the unique level in '7(s). Let
ty = &4 v 0. Conditioned on X k(ts)r X«(s)(8) 18 a version of the mutation
process independent of the demography. Let v;, vy € Z(E*) and let v; € Z(E)
be given by

. T
(f,v) = E[f f(%0)Pi(dx) | Tis > Px Yoa < 0}-
Then
9.4) O(P;(T), P, (T)) = P{TgA > g YA < O}O<Pvl<g), P(%))

Since the probability on the right is positive for every T' > 0, the theorem
follows. O

The following corollary is essentially Theorem 5.3 of Ethier and Kurtz
(1999).

COROLLARY 9.3. If the mutation process B is strongly connected, then there
is at most one stationary distibution for A and hence for A.
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PRrROOF. If there were more than one stationary distribution for A, then
there would be two mutally singular stationary distributions. However, strong
connectedness for B implies strong connectedness for A, and hence one cannot
have two mutually singular stationary distributions for A. O

9.2. Existence of stationary distributions. Recall that uniform ergodicity
implies both existence and uniqueness of a stationary distribution.

THEOREM 9.4. If the mutation process is uniformly ergodic, then the parti-
cle process is uniformly ergodic.

REMARK 9.5. At least with the general form of recombination considered
here, the particle process may be uniformly ergodic without the mutation pro-
cess being uniformly ergodic. If @« = 0, then the mutual absolute continuity
of the distribution of the Fleming—Viot processes with and without selection
implies that for f > 0,

E[f(X1(2)] = C@){P,(2), f),

where v is the distribution of X{(0) and C(¢) is a bound on the Radon—
Nikodym derivative. [See Ethier and Kurtz (1993), Theorem 3.3.] Conse-
quently, by (9.2)

inf OBy, (). Py, () < C(1)_inf  O(P,,(1). P, (t).

b1, Ppe P(E®)
PROOF OF THEOREM 9.4. The result follows from Lemma 9.1 and (9.4). O

COROLLARY 9.6. If the mutation process is uniformly ergodic, then there
exist unique stationary distributions for A and A.

9.3. Mutual absolute continuity of selective and neutral stationary distribu-
tions.

THEOREM 9.7. Suppose that « = 0 and that the mutation process is strongly
connected. If there exists a (necessarily unique) stationary distribution Il for A
and a stationary distribution 1l for the neutral (o = 0) Fleming—Viot process,
then Il and I, are mutually absolutely continuous.

REMARK 9.8. For the general form of recombination being considered here,
adding a recombination term to a model that has a stationary distribution
may give a model that does not have a stationary distribution. Even if the
new model has a stationary distribution, it need not be absolutely continuous
with respect to the original stationary distribution. On the other hand, if the
original model does not have a stationary distribution, adding a recombina-
tion term may produce a model with a stationary distribution. The observation
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made in (2.16) and (2.17) of Ethier and Kurtz (1999) gives a method of con-
structing examples of all these situations.

PROOF OF THEOREM 9.7. Let Z denote the Fleming—Viot process with gen-
erator A and let Z be the corresponding neutral Fleming—Viot process. If Z(0)
and Z(0) have the same distribution, then for each ¢ > 0, the distributions
of Z and Z; on Dyp[0, t] are mutually absolutely continuous. [See Ethier
and Kurtz (1993), Theorem 3.3.] The strong connectedness of the mutation
process implies the strong connectedness of the Fleming—Viot processes, and
the theorem follows by Theorem A.1. O

9.4. Simulation of the stationary distribution. Krone and Neuhauser
(1997) pointed out that the construction of the ancestral selection graph (or,
similarly, the ancestral influence graph) provides a method of simulating a
sample of a given size from the stationary distribution of the Fleming—Viot
process. In particular, to simulate a sample of size m, first simulate fg(t) from
t = T back to

t =" =sup{t < T : [T ()] = 1}.

Then specifying a value for X k&m('rg;‘lm), the mutation process can be simu-

lated forward in time along the paths through the graph determined by IA‘,E.
It is only necessary to simulate a graph that is equivalent to lA“,TL in the sense
that it has the same branch points and coalescences among edges. It is not
necessary to simulate level changes that do not involve branching or coales-
cence. Note that this simulation of fﬁ requires only simulating exponentially
distributed random variables and uniform draws from finite sets.

To be correct, the specified value of X kg;‘m(Tg;Am) should have distribution
7, which, unfortunately, will in general be unknown. One approach to this
problem is to simulate I'Z back to time Tgvqu — ¢, for some large ¢, and then
to simulate the type processes forward in time starting from the levels in
FL(ria™ = to)-

The description of the core of the ancestral influence graph in Section 8.2
suggests another approach. Simulate the core (X (?),..., X gy)(¢)) forward
in time for a long period [0, ¢,]. Starting with m levels, simulate the ancestral
influence graph backward in time until a fixed number of levels % is reached
(or back to a fixed time and a random number of levels ). Let 7 = sup{s <
to : @*(s) = k} or sup{s < ¢, : @*(s) = N}. Initialize the genealogy with
the types (X;(7), ..., X¢+«((7)) and simulate the types forward through the
genealogy.

APPENDIX

A.1. Absolute continuity of stationary distributions. Fori=0,1, let
A’ be the generator of a Markov process with state space E, and for v € #(E),
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let Pi(¢,T) denote the one-dimensional distributions of the process with initial
distribution v. Call A’ strongly connected if for each v, u € Z(E) there exists
t > 0 such that P}(¢,-) and P} (¢, -) are not mutually singular.

THEOREM A.1. Let A, and A, be generators of Markov processes with state
space E such that for each v € 2(E) and each t > 0, P(¢,-) and Pl(t,-) are
mutually absolutely continuous. Suppose A, is strongly connected. Then A, is
strongly connected and if m, and m are stationary distributions for A, and
A, respectively, then m, and m are mutually absolutely continuous.

PROOF. Let f,(t, x) satisfy Po(t,dx) = f,(t, x)PL(t, dx). For v, u € #(E),
the strong connectedness of A; implies that there exists a ¢ > 0, ¢ > 0 and
v € Z(E) such that

Pl(¢,T) A P}L(t, ) > ey(I), I'e #(E).
It follows that

PULT)APYET) = & [ fu(t.2) A fu(t.2)W(dx). T e #B(E).

which, by the strict positivity of f, and f, implies strong connectedness
for A;.

Suppose C € #(E) satisfies my(C) = 0. Then, since [, is strictly positive,
it follows that P}To(t, C) = 0 for all ¢ > 0. There exists a ¢ > 0, ¢ > 0 and
v € Z(E) such that

(A.1) P, (T,T)APL(T,T)= P (T,T) A my(T) = ey(I).

Since (A.1) implies y < 71, there exists & > 0 such that ey(I') = [ A(x)m(dx),
and the Markov property in turn implies

0=EL [ /TT”{ Io(X (1)) dt}

> B [hXO) [ Le(X(0)di|

Strong connectedness implies uniqueness of stationary distributions, which in
turn implies ergodicity of the corresponding stationary process. Dividing the
right-hand side of the above inequality by K and letting K — oo, we obtain

0= E7 [1(X(0))]m(C) = em(C)

and, hence, obtain 7 < . Since we have verified strong connectedness for
Ay, we can interchange the roles of A; and A; and show that 7, « 7.
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