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Abstract

The paper focuses on spatial multitype branching systems with spatial components (colonies) indexed by
a countable group, for example Z¢ or the hierarchical group. As type space we allow continua and describe
populations in one colony as measures on the type space. The spatial components of the system interact
via migration. Instead of the classical independence assumption on the evolution of different families of the
branching population, we introduce interaction between the families through a state dependent branching rate of
individuals and in addition state dependent mean offspring of individuals. However for most results we consider
the critical case in this work. The systems considered arise as diffusion limits of critical multiple type branching
random walks on a countable group with interaction between individual families induced by a branching rate
and offspring mean for a single particle, which depends on the total population at the site at which the particle
in question is located.

The main purpose of this paper is to construct the measure valued diffusions in question, characterize them
via well-posed martingale problems and finally determine their longtime behavior, which includes some new
features. Furthermore we determine the dynamics of two functionals of the system, namely the process of
total masses at the sites and the relative weights of the different types in the colonies as system of interacting
diffusions respectively time-inhomogeneous Fleming-Viot processes. This requires a detailed analysis of path
properties of the total mass processes.
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In addition to the above mentioned systems of interacting measure valued processes we construct the corre-
sponding historical processes via well-posed martingale problems. Historical processes include information on
the family structure, that is, the varying degrees of relationship between individuals.

Ergodic theorems are proved in the critical case for both the process and the historical process as well as the
corresponding total mass and relative weights functionals. The longtime behavior differs qualitatively in the
cases in which the symmetrized motion is recurrent respectively transient. We see local extinction in one case
and honest equilibria in the other.

This whole program requires the development of some new techniques, which should be of interest in a wider
context. Such tools are dual processes in randomly fluctuating medium with singularities and coupling for
systems with multi-dimensional components.

The results above are the basis for the analysis of the large space-time scale behavior of such branching
systems with interaction carried out in a forthcoming paper. In particular we study there the universality
properties of the longtime behavior and of the family (or genealogical) structure, when viewed on large space
and time scales.
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type-interaction, historical process, universality, coupling of multidimensional processes, coalescing random
walks in singular random environment.
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INTRODUCTION: BACKGROUND AND PROGRAM

Branching systems with a spatial structure and involving migration have been studied extensively in the
literature and we refer here to Dawson 1993 [D] for a list of references ranging from Branching Random Walks,
Interacting Feller Diffusions to Superprocesses. The analysis of all branching systems depends crucially on the
independence of the evolution of the subpopulations descending from one particular individual. We want to
remove this independence assumption and to instead replace it with a state dependent branching mechanism
satisfying exchangeability properties. As a consequence we shall find some new phenomena in the longtime
behavior.

More specifically we would like to understand the large time and large space-scale behavior of spatial branch-
ing systems with migration with two additional features, namely with interaction between families and of mul-
titype populations. The treatment of both these points require some new techniques and we view the model
described as a necessary first step. The second step involves dropping the assumption of criticality of the
branching and introduction of a logistic drift term. The overall objective is to find in sufficiently large classes of
evolutions the universal pattern of the longtime behavior. The longtime behavior in focus is that of the spatial
system itself as well as that of the historical process, which describes the statistics of the genealogies and their
spatial structure.

Various interactions between families in a branching evolution have been considered in the literature, examples
are so-called multilevel branching systems (see Greven and Hochberg (2000) for a recent survey and references),
mutually catalytic populations (see Dawson and Perkins (1998) [DP]) and competing super processes (Evans
and Perkins (1998) [EP]). The interaction between families of branching populations we have in mind in this
paper, is that the branching rate of an individual depends on the total population at its location and that also
the mean offspring may depend on the total population. There are the extreme cases of unlimited resources
leading to a branching rate independent of the population at the site (classical branching random walk) and the
other case of finite resources leading to a branching rate, which vanishes beyond a certain level of the population
per site, an example are systems of the type of the Moran model (Fleming-Viot in the diffusion limit) with fixed
total population. The first three main tasks (handled in this work in Theorems 1 - 4 and Propositions 0.1 - 0.5)
are to obtain in the multitype situation with interaction between families a

e unique characterization and construction of the process as well as the corresponding process describing
the genealogy of individuals called historical process (Theorems 1, 2)

e description of the longtime behavior of the process and the historical process (Theorem 3, 4)

e description of the dynamics of total mass and relative weights of the types and to give the clan decom-
positions of the infinitely old population (Propositions 0.1 - 0.5).

We shall briefly describe some of the questions and outline the content before we describe for motivation the
particle model leading to our diffusion model. We model the state of a population at a site by a measure on the
generic type space [0, 1], which means that the components are multi and typically even infinite-dimensional so
that the problem of existence and unique description of the model arises and is of a serious nature (recall that
for resampling systems (Fleming-Viot) the problem of defining the process uniquely is unsolved for general state
dependent rates). We construct the above mentioned model, which are systems with countably many interacting
(via migration) measure valued diffusions, via martingale-problems. We show in particular that these martingale
problems are well-posed. This is all formulated in section 0(a). Furthermore we describe in 0(c) the evolution
of the corresponding total mass and relative weight processes. In addition we define via a martingale problem
in section 0(d) the so-called historical process, which records effectively for a fixed time ¢ the evolution through
times s before ¢ of the individual "mass* alive at time ¢ and that of its relatives.

In 0(b) we discuss the longtime behavior of the process and in 0(d) the longtime behavior of the historical
process. The processes constructed above exhibit a dichotomy in behavior depending on properties of the
symmetrized migration similar to that of classical spatial branching processes. Moreover, further effects for the
relative weights of types may occur depending on the branching rates for small and large populations.



In spite of the multidimensional (and interdependent) nature of the components, it is possible to construct
equilibrium states in the case of transient symmetrized migration and to prove theorems about the domain
of attraction of these equilibria. For this purpose we first introduce the process of the total masses in the
components and second the process of the relative weights of the various types. These objects can be studied
using new types of couplings and dual processes, the latter are processes in a space-time random environment
with singularities. The information on the equilibrium state is completed by means of the limiting state (of an
infinitely old population) for the historical process associated with the equilibrium process of the system.

In the case of the recurrent symmetrized migration, we find clustering of the total masses (i.e. small islands
with large masses and most of the space empty) but the composition of types raises some new questions.
Namely, are there certain cases in which in the long term the local picture is monotype while in other cases
it is multitype? Furthermore we can ask whether the rare spots with large populations have a monotype or
a multitype structure. We show that these questions lead to the study of interacting diffusions in randomly
fluctuating media, which by duality reduces to coalescing random walks in a space-time-inhomogeneous medium.
This leads to new very challenging problems.

The next goal (for a forthcoming paper), is to show and explain that many features of the long time and
large space scale behavior are universal and do not depend on the particular form of the branching rate and are
even present in models with resampling instead of branching (Fleming-Viot process). This is true first of all for
the qualitative behavior of the law of the system as time tends to infinity. However, we have in mind for this
forthcoming paper an analysis of the universality of finer properties of the longtime behavior. For this end we
have in this current work in chapters 2 - 4, derived some facts needed later on as a technical tool.

The analysis of the questions indicated above is complicated and does not always give explicit results. The
analysis will therefore be based on a scheme of renormalization, the so-called multiple space-time scale analysis.

0. THE MODEL AND RESULTS ON LONGTIME BEHAVIOR

Motivation: A particle model The measure-valued processes we consider should be viewed as diffusion
limits of particle systems. Since this will be needed as a technical tool and since the model itself and questions
on its longtime behavior are easier to grasp we start by describing this particle model.

Think of particles located on a countable group I which represents the colonies in which the population is
organized (for example the hierarchical group Q or Z¢) and in addition these particles have a specific type. In
addition to that structure we can introduce the notion of a family (sometimes also called clan in the literature)
consisting of all the descendents of one particular individual present at time O.

This way the state of the system can by described by

n(u,&) = # particles of type u in &, uel0,1], el

In other words we can describe the configuration by a product (over I) of atomic measures on [0,1], with weights
in N.

We obtain "maximal“ multitype systems by assigning to every family a type as follows. Let the particles
present at time 0 be randomly labelled as follows: with each individual we associate as a label (called type) one
random variable taken from an i.i.d. collection of [0,1]-valued uniformly distributed random variables. Each of
the particles being present initially will give rise to a distinct family as time evolves. Every multitype model
can be encoded in the model where every particle initially has a different type.

This construction allows us also to observe spatial extension and density of the family founded by an initial
particle during the evolution.

Denote with Mva C M the set of atomic measures with weights in N and M, the set of measures, is endowed
with the weak topology of measures. Then write using above notation our process in the form:
(0.1) X(t) = (we(t))eer,  we € Ma([0,1]).

The evolution on the space of measures is now induced by the particle model evolving as follows:



(i) Every particle moves independently of every other particle according to a continuous time random walk
with transition kernel a(&,n) on I x I, (here a(&,n) := a(n,§), the latter we use later as the basic
parameter).

(ii) Every particle splits into two particles or disappears at rate (recall z¢(t) € M, ([0,1]))
(0-2) hlze(£)([0, 1))]-
In the critical case births and deaths occur with equal probabilities (or rates). Otherwise a birth in
colony £ of each type u occurs with the biased probability:

(03) 5+ el 2 (0)([0,1)

The different particles (and families) in a given colony interact through their contributions to the total
mass of the colony. However conditioned on the complete total population process, all particles act
independently.

(iii) The transitions in (i) and (ii) are independent.

Very important functionals of this process are the total number of particles in a colony and the relative
weights of types in a colony. It is possible to describe the evolution of these functionals in a nice way for the
total masses, but for the relative weights conditioned on the total mass process such a nice description is only
possible after taking the diffusion limit.

We can associate a historical process with such a multitype branching system with interaction between
families. We fix a time ¢ and consider the total population of particles alive at that time. To every particle we
associate the path tracing back to his father, then continue the path by tracing further back to the grandfather
etc. This way we can form the locally finite measure on paths of length ¢ by giving every path of descent starting
from a particle alive at time t a unit weight. By extending the path as a constant path before time 0 and after
time ¢ we obtain measures on D((—o00,00),2). If we now vary ¢ we obtain a stochastic process and this process
is called the historical process.

In the branching particle model just described we can pass to the continuum mass limit. Namely, by giving
every particle mass ¢, increasing the number of initial particles at rate e !, speeding up the branching rate of a
particle by the factor 7! and scaling h by h(ez), we obtain as ¢ — 0 the diffusion limit, which is the object we
discuss later on in this paper (in the case of ¢(-,) and h(-) constant this process is usually called super random
walk). One of the first problems in chapter 0(a) (Theorem 1) is to define the limiting object uniquely by a
martingale problem. Since our populations are multitype, hence multidimensional this is actually nonstandard.
Finally, construction and analysis of the historical process in the diffusion limit is in chapter 0(d) (Theorem 3).

(a) The model and two functionals of the basic process. In this subsection we first construct and uniquely
characterize in Theorem 1 our process (having countably many interacting measure valued components) and
then define in a second paragraph some characteristic functionals.

(i)  Construction of the process via a martingale problem.

In order to define the model of a system of interacting Feller’s continuous state branching systems with additional
family-interaction through a state dependent branching rate, we need to introduce now first the ingredients.

() We use as labels for the spatial components of the system a general countable group and we abbreviate
it with . The group action is denoted 4+, the inverse — and we use the term translation invariant
and ergodic for invariance and ergodicity with respect to the group action. By ergodic average over a
random field we mean the average over an increasing sequence of finite subsets such that the ergodic
theorem is valid (see [K] for the necessary conditions). Two choices for  are of particular interest,
namely Z¢ and the hierarchical group Qx.

(B) To define the state space of the process we first need the set of types which is [0,1] with the metric
topology (only the separability is important). Denote by M([0,1]) the set of (nonnegative) finite
measures on ([0, 1], B([0,1])).



We shall define the state space € of the process, which is a subset of
(0.4) (M([0,1]))%,

by the following device, which prevents explosion in this spatially infinite system in finite time. Let
be a strictly positive function on €, which is summable and which we specify more concretely in (4)
below. Then define for X = (z¢)ecq, z¢ € M([0,1]):

(0.5) I1X11y = > v(©)ze([0,1]).

3
The set £ = &, is given by

(0.6) & ={X e M([0,1))? [ X]l, < oo}

We use on £ the topology given by the product topology, where for each component we have the topology
of weak convergence of measures.

(v) Next we describe the migration mechanism between colonies. The results of chapter 0 hold if we use
any irreducible random walk on € with transition rates denoted a(§,7) = a(0,7 — &) and satisfying
ZE a(0,€) < oco. Since we have assumed that all sites communicate, given two points &,n there is a
sequence &1, ...,&, of minimal length,

(0.7) p(&,n) with a(§,&) >0,...,a(&,n) > 0.

The function p defines a metric on €.
(6) We shall choose in the sequel a function v in the definition of £ in () above which matches a(-,),
namely choose as state space £ = £, with v satisfying:

(0.8) > v(©al&, &) < My(¢') for some M eRT.
£eQ

In particular this implies that . a(§,&)ze < oo for x € €. The function 7 can be constructed as
follows.
Denote the k step transition-probability of the random walk by a(*). Take any function 3 on I such
that 8> 0 and Y 8(£) = 1 and some M > 1 sufficiently large so that the following series converges:
§

(0.9) W) =D M FB(©)aM (¢, ).
k£

() We shall need a function h : [0,00) — RT the future state dependent branching rate satisfying
(i) h(z) >0 Vz € (0,a) with a € R
h(z)=0 Vz>a
(0.10) (i)  his locally Lipschitz on [0, c0)
(#44) h(z)/z — 0.

|z|— o0

From this function h a continuous function g (which will be the diffusion function for the total mass
process of a component) is derived by putting

(0.11) g(x) = h(z)x for z€]0,00).
(¢) Finally we need a term describing the deviation from criticality of type u at total population size x:

(0.12) c: Q2 x[0,1] x [0,00) — R, cis measurable and sup |c¢(u,x)| < oc.

&u,x



The classical super random walk is obtained by setting the functions ¢ and h constant. The classical Fleming-
Viot process is then also embedded in this model by taking a = 1, ¢ = 0 and h(z) = z(1 — ).

The process we shall consider will take values in £ and will be defined by a martingale problem. In order to
define the corresponding generator, consider two classes of smooth functions F on & C (M([0,1]))® given by:

(0'13) F<X) :Hgi(<$§i’fi>)7 gi EQ, fz EC([Ovl])agiecg(R>, nEN,
(0.14) F(X)= /f(ul,...,un)xgl (duy) ... ze, (duy,), withf € CT([0,1]"), n € N

In both cases, A, the generated algebra is an algebra of smooth functions on £. In addition in the first case,
(0.13), the functions are smooth and bounded giving a measure determining algebra. In the second case the
algebra is measure-determining provided that the corresponding moment problem is well-posed. In particular,
the second class will be used later when we are dealing with the probability measure-valued case in which the
moment problem is automatically satisfied.

On A we define differential operators. Functions F' € A are viewed as restrictions of functions on products
of signed measures and hence derivatives in direction J,, are defined by:
oF F(X&%") — F(X)

a—%(X)(U)Zgl_f{(l) - ;

(0.15)

where (J, ¢ is the Kronecker symbol with d¢, = 0 or 1 depending on whether £ # n or £ = n and ¢, denotes
the unit mass on u € [0, 1]):

(0.16) X6 = (1, + €0n,60u) cq -

The second derivative 812151 in direction d,, 0, is defined as 6%5 (g—i(X )(u)) (v).
oF

Since Doc is weakly continuous for F' € A and since finite measures can be approximated in the weak
topology by linear combinations of -measures it suffices for first order derivatives to consider the directions §,,,

respectively d,,d, for second order derivatives.
Finally we define the following differential operator G acting on functions F € A (see (0.13)):

/ aF(X)(u){ Y alé. &) (we (du) — xg(du))}
0

5/

(0.17) GR(X) = Y
3

+ [ G (O hee (0, 1))ceu e (0. 1)e ()

11
0’F
—I—O/O/ (X)(u,v)h(ze([0,1])ze (du)dy (dv) |, F € A.

Before we come to the main result of this subsection recall the notion of the solution of a martingale problem.

Definition 0.1. Define for every random variable X with values £ the solution of the (G, X)-martingale problem
w.r.t. A recall (0.13), as a law P on C([0,00),&) such that almost surely X (0) = X, the random variable X is
independent of the process (X (t) — X(0));>0 and

(0.18) <F(X(t)) ~ F(X(0)) - / (GF)(X(s))ds)

t>0



is a P local martingale w.r.t. the canonical filtration for all F' € A. O

At this point we can give a rigorous definition of the diffusion limit of the particle model described in (0.1)
using the key result:

Theorem 1. The (G, Xo)-martingale problem w.r.t. to A is well-posed for every X € £. O

Remark The local martingale in (0.18) can be replaced by a martingale, if h is a bounded function.

Definition 0.2. The L£((X(t));>0) is the solution of the (G, Xy)-Martingale problem and is referred to as
interacting system of branching diffusions with branching rate h and bias c. O

Using a result of [DGV] Proposition 1.2, [D] Theorem 8.2.1 and our Proposition 0.4 yields that the states of
the process are the atomic measures denoted M,:

Lemma 0.1.  Fort > 0 the states are atomic measures a.s., one even has
(0.19) P(ze(t) € Mo([0,1]), V€ t>0=1. O

(ii)  Total mass and relative weights processes
The system just defined can be analyzed by looking at the process of total mass in a colony and then after
conditioning on that process for all colonies it remains to study the process of the relative weights of the single

types.

We will use the following notation for the total mass process:
(0.20) X(t) = (#e(t)ecar  Te(t) = we(1)([0,1]).

More generally we will abbreviate with i for every u € M([0,1], B), the quantity ([0, 1]).
We shall see that for the initial conditions, which we study later on, whenever X (0) # 0,

(0.21) P(ze(t) = 0) =0,

but in general, i.e. depending on h(0) and X (0), P(Z¢(t) > 0, Vt € R™) is not 1. However in our context, it is
always the case that the set of 0’s has Lebesgue measure 0 as we shall see below in subsection 0(c).

Once the total masses are given the important quantity is the relative weight of the different types in the
population at site £. Define the following stochastic process, called relative weights process, by using the
convention 0/0 = 0, uniquely as:

(0.22) X(t) = (Ze(t)eea = ((e(t)/ (ze(1)([0,1])))eea-

Later in subsection 0(c) we give simple descriptions of the dynamics of these functionals, which are straight-
forward for total masses but need some preparation and a new class of processes to describe the relative weights
process conditioned on the complete total mass process (see Proposition 0.1, 0.4, (0.57), (0.58)).

(b) The longtime behavior. In the rest of the paper we assume that our branching mechanism is critical
that is

(0.23) c.()=0.

The longterm behavior exhibits the competition of the two parts of the dynamics. The migration tends to
push the system towards constant states and the diffusion part (i.e. branching part) tends to push it toward
local extinction and dominance of one type. The question is here as in other interacting systems (branching
random walk, voter model, etc.) who wins.

In order to understand this feature of the longtime behavior of our system we first return to the system of
total mass processes (0.20). This will turn out in 0(c) to be a system of interacting diffusions. The behavior, as
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time tends to infinity, of this system of interacting diffusions is well-known ([S, 92], [CG1, 94], [CFG, 96]) and
depends primarily on the transition kernel and not on the function k. As usual put a(¢,n) = 3(a(&, n)+a(n,£)).
Then the longtime behavior of the total mass process depends on whether the diffusive part dominates the
behavior or whether the migration parts dominates, which translates into whether the symmetrized kernel
a(+,-) is recurrent or transient. In the first case we get local extinction, in the second we get convergence to
nontrivial equilibria. A variant of this is true for the process X (¢) in the transient case while in the recurrent
case a new type of behavior is exhibited ((d) below), where in fact the behavior of h near 0 and co plays an
important role.

We can identify the extremal invariant measures ((a) below), identify the behavior of £(X(¢)) as t — o0
((b) below) and we can say something about finer properties of the longtime behavior ((c),(d) below). We say
a translation invariant measure has finite intensity if the ergodic average of the field {z¢([0,1]),§ € Q} is a.s.
finite. In this case we can define with a general version of the ergodic theorem an intensity measure, usually
denoted with the letter 6.

Theorem 2. Assume here that h(xz) > 0 for all z > 0.

(a) Case: a(-,-) is transient.
There exists for every finite measure 6 on [0,1] a measure vg on (M([0,1]))? with:

(1) vy is translation invariant and ergodic
(#4) vg s an extremal invariant measure of the evolution
(0.24) (iii) B,y =0

(iv)  vg is concentrated on (M,([0,1]))%, where the a denotes atomic.

The measure vy is uniquely determined by (i) and (iii). The set of all those translation invariant
measures with finite intensity, which are invariant for the evolution, is the closed convex hull of the set

(0.25) {ve, 8 € M([0,1])}.

Case:  af(-,-) is recurrent.
The only invariant measure which is translation invariant and has finite intensity is dg, where O
denotes the product over Q of the zero-measures on [0,1].
(b) If the process starts in a translation invariant and ergodic initial law with finite intensity measure 6
then:
vg if a(-,-) is transient
(0.26) E(X(t))iz do if a(-,-) is recurrent,
in the weak topology of probability laws, based on the product of the weak topology of M([0,1]), with the
metric topology used on [0, 1].
(¢) Ifa is transient and if L(X(0)) is translation invariant and ergodic, then if we define vy and Uy as the
law of X respectively X under vy (recall(0.20), (0.22)) we have:

(0.27) L(X () = 7o, ﬁ()?(t))iﬁg.

The measure vy does only depend on 0, has mean 0 while Uy has mean 9 but does depend on both 0 and
0.

(d) If @ is recurrent then we distinguish two cases. Assume initial states which have a finite intensity.
Condition on the complete total mass process. It is possible to construct for every fized t a time-
inhomogeneous random walk on Q0 with jump rates at time s:

(0.28) Ty (t — s)a(&,m)(Te(t — 5))
Let for t fized (ag)se[o,t] be the transition probability from time 0 to s, induced by the rates for the
transition from & to n at time s (for well-posedness see subsection 1(a)).
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Define for s € [0,t] (here with convention 0/0 =0):

(0.29) CL(s) = h(@e(t — ) /Te(t — 9).

(0.30) G = /Zai(O,n)ag(O,n)C’fl(s)dS.
0 n

Then consider the two cases:

(0.31) L(G)) =0 or Gy stochastically bounded.

t— oo

In the first case (write u for (6,)*) we find a monotype limit:

(0.32) LIX()= [ 6(du)d,,

t— oo

(0,1]
and in the second case coexistence of types

(0.33) L(X(t)) = pg, e is nontrivial, i.e. is not mizture of the Su-

If we define P* to be the law of two independent (a%)s<; chains starting in 0 and by Ny the number of
returns of the difference process to 0 by time t, then if

(0.34) inf (h(z)) >0, P'(N, > K) — 1 VK

t— o0

we find the situation (0.32). O

Remark In the recurrent case one can understand (0.31) better by studying coalescing random walks in a
space-time random medium. The question is whether @ recurrent implies ét — 00 as t — co. We do not have
the space to address this problem in the present paper. The background and where ét comes from will become
clear in Proposition 0.4 in the next subsection and from the duality relation presented in subsection 1(b).

Open problem If @ is recurrent then the question is whether it is possible to have N; — oo, but such that a
rapid decrease of h(z) as © — 0 forces G; to be stochastically bounded? This is difficult to resolve since in that
case convergence to 0 of the total mass process also slows down. We shall study this question in the hierarchical
mean-field limit in a forthcoming paper.

Remark In the recurrent case a second question is the behavior of X (t) in colonies, where the total mass
is very large. Do we have monotype clusters? We expect the answer to be always yes. Here is a partial (for
technical reasons) answer.

Corollary Let h(z) = c.
Then if G; denotes fg as(0,0)ds, we can say the following about the rare populated sites:

(0.35) (C(X()|Te(t) > £Gr)) = / 3,0(du) ast—oo. O

[0,1]
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(c) Representation of the total mass and relative weights process. In this subsection we derive char-
acterizations and properties of important functionals of the process, the total mass per site in Proposition 0.1,
its path properties, in particular zeros of the component processes and the behavior near such zeros in Propo-
sition 0.2 and of the relative proportions of types at a site conditioned on the complete total mass process in
Proposition 0.4. The latter leads us to Fleming-Viot processes evolving in time-space random media, where in
certain cases the medium even has singularities and these processes are defined via Proposition 0.3.

(i)  The dynamics of the total mass process B
Define first the total mass analogue of £ (recall (0.6)), namely & by:

(0.36) &= {X e (]RJF)Q‘ Y zen(6) < oo}.
3

For the evolution of the total mass in the colonies £ € Q or the evolution of a single family indexed by ¢ € [0, 1]
it follows from Theorem 1 in connection with Ito’s formula, that we can use systems of coupled stochastic
differential equations to define a version of the total mass functionals of the process. We prove in subsection 2:

Proposition 0.1. A version of the process X (t) = (Z¢(t))eecq defined by Te(t) = x¢(t)([0,1]) is given by the
unique strong solution to the following system of stochastic differential equations (recall g(x) = xh(x)):

(0.37) dig(t) = Y a(&€)(@e(t) — Te(t))dt + h(@e(1))e(Te () Te (t)dt
o

+1/ (29(Te () dwe(t), & €.

Here ((we(t))i>0)eeq are independent standard Brownian motions. The paths are a.s. elements of C([0,00), ).
O

(ii)  The zeros of the total mass process
A well-defined relative mass process X (t), can be defined provided that the path properties of the total mass
process X (t) satisfies certain conditions. In particular these conditions involve the 0’s of Z¢(t) and the behavior

close to them. In subsection 1(a) that the appropriate path properties of the total mass process are established:

Proposition 0.2. Assume ¢ = 0 and that the initial state of X (t) (recall (0.37)) is translation invariant ergodic
with strictly positive intensity a.s.. Then the following properties hold.

(a) Fiz a sequence &1,&a, . .. of distinct points. Then for X (0) € € with strictly positive limiting mean, there
exists a random variable no(T, X (0)), measurable with respect to the Brownian motions up to time T and almost
surely finite such that

(0.38) P({Z¢, (t) = T, (t) = Tg, (t) = 0 for somet < T,n > no(T,X(0))}) =0, forall T €RT.

(b)  If for fizred £ € Q, T¢(0) > 0, then the process (Te(t))o<i<t i either strictly positive or I := {t € [0,T] :
Z¢(t) = 0} is infinite. Both cases can occur depending on the parameters.

(c) Ifze(0) >0, VEe€Q andh(0)=0, then

(0.39) P(Ze(t) >0, Vte[0,T),VE€eQ)=1, VT eR".

(d) For each &, a.s. I¢ has Lebesque measure zero and the complement of I¢ is a countable union of disjoint

intervals, called the excursion intervals,
(e)For each & € Q,

(0.40) the local time of (Z¢(t))i>0 at 0 is zero a.s..
(f)  Almost surely:

tote
(0.41) / (Ze(s))tds =00, Ve>0 and tg€ .

to
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(8) Furthermore if T¢(to) = 0 and ty is a stopping time or the starting time of an excursion away from 0, then
there exists an n with a(&,n) > 0, such that:

to+e
(0.42) / (Zy(8)/Te(s))ds = +oo for alle > 0.

to

(h) For almost every realization of the total mass process, the random walk starting in & with T¢(t) > 0 and
with rates a’. for a jump from & to n at time s < t, given by:

(0.43) ag(§,m) = (Fe(t — 5) " a(§,m)T,(t — 5),

is well-defined. Furthermore, a.s. the random walk does not hit a singularity in finite time, that is, a space-time
point at which a zero of the total mass process occurs. O

Remark Zeros of the total mass processes Z¢(t) occur only if the process is qualitatively like a classical
branching diffusion, that is, (h(0) > 0) and the immigration is less than a critical value.. However this case is
a very important one.

(ii)  Preparation: Fleming-Viot processes in a singular random medium

Our next goal is to give a simpler characterization of the process X (t) if the complete total mass process
(X (t))i>0 is given. In order to formulate a result to this effect in the next paragraph (iv) we need to consider
first a new class of interacting measure-valued diffusions which is a generalization of interacting Fleming-Viot
processes which are characterized in Proposition 0.3. These arise as diffusion limits from a resampling model (in
the case of only two or finitely many types, the process is called a system of interacting Fisher-Wright diffusions).
In fact we need such processes evolving in randomly fluctuating media. i.e. interacting Fleming-Viot processes
with randomly fluctuating resampling rates. Worse than that, we have to deal with media with singularities,
such that singular values at a component may have accumulation points.

In order to define the model, we first discuss the regular case and we begin by recalling the classical (constant)
medium case and simply consider a system of interacting Fleming- Viot processes with [0, 1] as type space. This
is a Markov process with state space (P([0,1]))* where P stands for probability measures. This process has
been defined and analyzed in [DGV, 95]. We define the process rigorously via a martingale problem. The key
ingredient is the resampling rate of a pair of type u and v (u and v from the type space [0, 1]) if the colony is
in the state x, denoted H (u,v;x). Examples will be given below.

Define the algebra A of test functions on (P([0,1]))? generated by functions of the form

(0.44) F(X)= / Flur,. . un)Ze, (duy) . .. Te, (duy),

where f € C([0,1]"). Note that this function can be continued to (M([0,1]))%}, but it is only bounded on

(P(]0,1]))%2. Accordingly we define the differential operators g—f;, 6;25% as in (0.15).
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The generator G of the martingale problem associated with the system of (generalized) interacting Fleming-
Viot processes is:

(0.45) GR)(X) = Y g—i(f)(u) > al§, &) (@e (du) — Te(du))
€ 3

11 2F 1 - )
+{0/0/8§58§§(X)(u’v) O/H(u,w,xg)xg(dw) Te (du)d, (dv)

|
—
o
%
5|3
o
>

VH (u, v;Te ) Te (du)Te (dv) }] .

The case of systems of classical interacting Fleming-Viot processes is obtained for H(u,v;Z¢) = 6 respectively
the weighted sampling case by H(u,v,x¢) = H(u,v). To be more concrete consider H(u,v,z¢) = 6. In this
case in the second term the third integral is independent of w,v and x¢ and hence equals 4.

If in the classical case we consider the evolution of a single type i say, the law of the weight i‘\é of that type
in colony ¢ is given by the following system of stochastic differential equations

(0.46) dfé(t) = Za(f,{’)(fé,(t) — fé(t))dt + \/25§é(t)(1 — Eé(t))dwg(t), £eq,
5/
which is a system of interacting Fisher- Wright diffusions.

Definition 0.3. We call the function H(u,v,z) the resampling rate of the pair of types (u,v) in state 2 and
a(&, &) the migration rate from &' to . O

In order to describe the process X (t) of relative weights it is very important to deal with a time-inhomogeneous
version of the above process allowing singular rates. We consider H and af(-,-) depending both on ¢ and £ € Q
and being of the form (use the convention Oco = 0).

(0.47) Hig(u,v;2) = dg(t), a'(€,m) = me(t)a(€,n)my " (t).

If de(t) is finite and me(t) finite and never 0 and both functions are continuous then we could define the needed
process with resampling rates dg(¢) and migration rates a’(£,7) in the classical way via a martingale problem
associated with G in (0.45) (compare Proposition 0.4 below).

However we shall need to allow for the possibility that both m¢(t) and de¢(t) take the value +00. Namely if
we apply the construction above to the relative weight process X (t), we shall see later that we need me(t) =
(Ze(t))! and dg(t) containing the same factor. Hence a problem occurs due to the fact that the path of
x¢(t)([0,1]) might have zeros, recall Proposition 0.2 here. In order to define things properly in this context we
need some preparation.

We must now impose a condition on the collection, m¢, namely that they are admissible. To define this
consider the random walk starting at £ with m¢(0) < oo and with transition rates a’(€, n) given by 0.47 at times
t for which me(-) has no singularities and which leaves & instantaneously if m¢(t) = 400 and m,(t) > 0 for
some 7 with a(&,n) > 0. In this case it jumps to a point 7 chosen with probability proportional to m,,(t)a(§,n).
Then the rates

(0.48) {me(t), t >0, £ €Q}, o0>me(t) >0 foralléeQ,

are said to be admissible if a.s. this random walk does not escape to infinity, that is leave every finite set, in
finite time.
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Altogether we require for the two collections {(d¢(t)):>0}een and {(mg(t))i>0}eeq, that they have components
in C([0,00), RT) which satisfy:
(0.49) (0) They take the value + oo only in a set of points of Lebesgue measure 0.
(1)  The value + oo never occurs simultaneously for countably many sites.
(i) Ifme and de are + oo at the same time ty we assume that
me(t)/de(t) converges to a finite limit as t — .
(#99) The rates (m¢)ecn are admissible.
(tv) The singularities of m¢ and d¢ are not integrable from either side.
(v)  me(t)/my(t) 1is not integrable at singularities t of me¢, such that m
is finite for some interval to the left of ¢ (here n # &) and # satisfies a(&,n) > 0.
We then define the following martingale problem for a given collection {(me,dg), & € Q}, which specifies the
local characteristics between singularities:
Definition 0.4. (Martingale problem with singularities in the rates). R
For all F' € A (recall (0.44)) the following should hold for the solution of the martingale problem w.r.t. A.
Let F' depend on components ¢, , ..., T¢,. Consider times u such that for the given F' no singularities occur

for me(r), de(r) and € € {&1, ..., &, }. Define for such values of u the value of the operation @T(ﬁ) for Fe A
by replacing in the r.h.s. of (0.45) a(-,-) by a”(-,-) and H by H, ¢, with a”, H, ¢ as in (0.47).
Next define locally good time intervals beginning in s by:

(0.50) hi(s, F) = {(dg,(r) < 00, me,(r) <oo, ¥Yre(st),i=1...,n)}.
Then the (G4, d ¢ )-martingale problem w.r.t. A asks for a law on a subset of paths with values in (P(]0,1]))*
(see (iii) below for this regularity requirement) such that for the canonical process the following holds:

(i) Let s > 0 be any number such that d¢, (s)+me, (s) < 00,i =1,...,nand let T" = inf(t > s|h(s, F) =0).
Then for T' < T’ the process below is a continuous martingale w.r.t. the canonical filtration:

tAT
(0.51) ({ﬁ@m - F(X,) - / éu@)(&)du}) :
and )
(0.52) Xo = (Ze(0))ecq  with Z¢(0) = Ze V€ with me(0) 4 de(0) < oo.

(ii) Define the {(d¢(t))i>0, (Mme(t))i>0, £ € Q}-dependent set of time points I:
(0.53) I ={t] de,(t) or me,(t) =400 for some i€ {1,...,n}}.

We require that the following holds for the closure of the set of all T' € I such that either (T,T + h) or
(T — h,T) have no intersection with I, for some h > 0, and there exists for those &; with me, () = 400
a site n with i a(&;,n) > 0 and m,(t) < oo:

(0.54) L(F(Xr)) = w— lim L(F(Xrsp)).
For all other T'€ I and i € {1,...,n} we require Z7(£) = v, where v is a fixed arbitrary element of
P([0, 1]).
(ili) Define for every £ € Q the set 7¢ = {t € [0,00)|me(t) + de(t) = +o00}. Then we require that for every
e

(0.55) (&¢(t))e>0 is continuous on the complement of 7. O
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Remark We could use a simpler convention instead of (0.54), namely pick a v € P([0, 1]) and require:
(0.56) Te(t)=v V& with me(t) = 4o0.

However then we do not have continuity properties of finite dimensional distribution, where we could have it.
The condition before (0.54) is necessary, if a point £ with a singularity of m at ¢t has the property that all 5
with a(€,n) > 0 exhibit also a singularity of m at ¢. In this case in general the law of Z¢(¢) will not have a
continuity point at ¢, since we will not have convergence from either side as we approach t.

Proposition 0.3. Assume H(u,v;Z¢(t)) = de(t) and let a® be as in (0.47). Assume furthermore that X €
(P(N)) and the collections (de(t))eeq and (me(t))eca with dg,me € C([0,00), RY) satisfy (0.49). Then the

(@t, d ¢ )-martingale problem w.r.t A is well-posed. O

The proof of these results is in subsection 1(b) step 3.

(iv) The relative weights process conditioned on X

Crucial for both the description and the analysis of our model is the following description of the dynamics of the
relative weights process conditioned on (X (t));>0 which generalizes a result of Perkins [P2] and which relates
branching to resampling models. The basis is the above Proposition 0.3 in connection with Proposition 0.2.

First we have to deal with the fact that relative weights in the case of 0 mass have been set equal to the
O-measure in (0.22) which is not natural from the point of view of the state space of the process which are
probability measures. We therefore have to adapt our convention Z¢(t) = 0-measure for ¢ with Z¢(¢) = 0 by
using a cemetery type A and putting Z¢(t) = & in that case.

Definition 0.5. We say that (Xt)tzo is an admissible modification of the given relative weights process of
(X¢)i>o0 if both processes agree in all components except possibly where the process (X;);>o has a component
which is the 0 measure. [

The dynamic of the relative weights process X (t) conditioned on the total mass process has a nice description,
namely (the proof is in subsection 2):

Proposition 0.4. Assume that ¢ = 0. The process )?(t) conditioned on the total mass process (X (t))i>0 has
an admissible modification, which is a time-inhomogeneous Fleming- Viot process with resampling rate at site &
and at time t given by

(0.57) h(@e(t))(e(t) ™
and migration rate from & to & given at time t by
(0.58) a(§,§)Te (t)/2e(t). O

Remark  The quantities in (0.57) and (0.58) are exactly the ones giving (al)sejo,q and C{(s) in Theorem 1(d)
and arise from using the dual process.

Remark Near the points ¢, where Z¢(t) = 0, the law of Z¢(s) looks like a Fleming-Viot process with
immigration-emigration in equilibrium where the immigration source is 3, a(§, )z, (t). This holds provided
the latter quantity is positive.

(d) The historical process: Construction and longtime behavior. In branching systems the description
of the population at time ¢ does not exhaust the information of interest. One would like to know in addition,
which families contribute to a given population at time ¢ or where the family was originally located and how
are the relatives spread out in space at different times s < ¢. Another question is to determine the family
decomposition of a population which started to evolve at time s and is observed at time 0 and with s — —o0, a
so-called infinitely old population. In order to incorporate this information one considers the so-called historical
process.
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The main purpose of this subsection is to first construct the historical process as the unique solution of a
martingale problem in Theorem 3 and then secondly to study its behavior as t — oo in Theorem 4. This
provides the tools to give a family decomposition of an infinitely old population.

(i)  Basic ideas and construction of the historical process via a martingale problem

We first explain the basic idea. Return for the moment to the particle picture. There the historical process
arises by associating with every individual alive at time ¢ in a branching random walk starting at time s < ¢ its
type and its path of descent. This will then complement and further refine the information already contained
in our process, namely which types make up a given colony. Hence we consider paths with a mark, namely
paths with values in  x [0, 1] the first describing location the second the type. Recall that the number of types
actually present in the system is for ¢ > 0 a.s. countable. Note that in our model the type will not change along
a path. The evolution of a path of descent is called the path process, which is a time inhomogeneous Markov
process.

Note that for a population of age t the path of descent does not characterize the individual. However
since we later consider the equilibrium case of an infinitely old population (when the path does characterize
the individual), we suppress at this point the inclusion of the family label in the description of the process to
simplify notation. Thus we can represent a configuration of paths of descent in the particle picture by a measure
on path space (path with values in © x [0, 1] and time running from s to t), by associating with every path a
d-measure on that path and then form the sum over all particles, present at time ¢. This gives us for fixed ¢ an
integer-valued and locally finite measure on path space. Hence the historical process will be a measure valued
process, which is induced by a path-valued process describing the evolution of ancestral path. Note that the
measure-valued process is still a Markov process. In order to have for every time ¢ a path of the same length
we continue the path beyond the time ¢ considered, as well as to the left of s, in both cases as a constant path.

In addition we want to consider this construction for the process X (¢) in equilibrium and started long time
ago. Mathematically, this then amounts to constructing the path valued process for the equilibrium. We do
this by starting the process at time —oo (i.e. s — —00).

Next we pass again from the particle model to the continuum mass limit. If we now give every path mass ¢,
increase the initial intensity of individuals as e ', speed up the branching rate per particle by e~ and scaling
the branching rate at |xe]| to converge to h(x) we get for ¢ — 0 a limit. In this diffusion limit we then get a
process with values in the locally finite measures on paths. In the diffusion limit the historical process is still
Markov and we are able to describe it via a martingale problem, which we now turn to below.

Finally it is important to remark that in the diffusion limit the branching points become ”identifiable“ from
the measure on the path because two particles whose past trajectories are identical over a time interval in
the past must be descendants coming from a single common ancestor and the time at which they branched is
precisely the time at which the common trajectory ends. This is in contrast to the particle case in which two
particles with identical trajectories over an infinite time interval in the past must have a common ancestor but
may have branched at a time earlier than the end of their common trajectory.

In order to carry out the ideas presented above on a rigorous mathematical level we first formulate the
corresponding martingale problem. For this purpose we need some ingredients and notations which we introduce
next.

The historical process will be denoted by (X*(¢));>0 and the state space £* will be a subset (recall the
introduction of £ for the state space of X (t) in (0.6)) of:

(0.59) M(D(R, x [0,1])).
The set £* we define by, here y abbreviates an element of D(R, Q2 x [0, 1]):

(0.60) & ={pe M{DR,Qx[0,1])} (n({yly(t) € {&} x [0,1]))¢ca € &, ¥t e R},
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The next step is to define a martingale problem on the space £*, which describes the historical process based
on the path process describing the evolution of the paths of descent. Note that the historical process will be a
time inhomogeneous process as is the path-process. However passing with the latter to the time-space process
we obtain a time-homogeneous generator for the path process.

The first ingredient which we shall need is the generator A of the (time-space) path process, which acts on
functions

(0.61) O(s,y) with seR, ye D(R,Q x [0,1]).

This generator of the path process will be specified in terms of the generator of the underlying flow process on
Q x [0, 1], which is denoted by A and is given by:

(0.62) (Af)(&u) = (a(€,) = 0(&ENFE u), fE Lao(x[0,1]).
%

To specify A in terms of A consider functions g; : R x (2 x[0,1]) — R which are bounded and have in the

first variable bounded continuous derivatives. Then form for a given collection ¢; < t5 < --- < t,, n € N the
function:
(0.63) o(t,y) = [[ost.ut Aty).

j=1

The algebra generated by these functions is denoted /~l, which is measure determining on D(R, Q2 x [0, 1]) (see
[D]).

Define the action of A on ® as follows. For ¢ such that tr <t <tpy1 we set:

(%JFA) 11 gj(t,y(mtj))]

k
(0.64) (Av)(t,y) = JJait.ytnty)
Jj=1 j=k+1

IT 9t uen tj))] -

j=k+1

k
+ Lft Ittt tm]
Another important ingredient to define the generator of X* will be the stopped path
(0.65) y" € D(R,Q x [0,1]) defined by y"(¢t) = y(t AT)
and the corresponding measure X*", which is the image of X* induced by the map y — y" hence:
(0.66) X*" e M(DR,Q x [0,1])).

Furthermore we need the projection of (y(t))¢>0 on its space component €2, which we denote by:

(0.67) Ty, ie. (my)(t) € Q.

Now we can write down the historical martingale problem for given starting point X:
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Definition 0.6. Let Xj € £* and a starting time s € R be given. For every function ® of the form given in
(0.63) and for every ¢, s with ¢ > s the process (X*(t));>o satisfies the three conditions:

(1) X*(s) = X, t
(i) {(X*(t),‘I’(t,-»—<X*(S)"I>(Sw)>—f<X*’T(7“),(/~1‘1>)(Tw)>dr} :

S
(0.68) is a martingale,
(#i1) the corresponding increasing process is

(j{ [ @ y)h(X ({glmy(r) =my(f‘)}))](X*’T(T))(dy)}d?") .
D(R,Q2x[0,1])

s t>s

The final step in order to define the historical process is to prove:

Theorem 3. The martingale problem (0.68) on [s,00) with s € R is well-posed for X*(s) = X§ € £* and the
solution is a law on C([s,00),E*). O

Definition 0.7. (a) The canonical process corresponding to the unique solution of the martingale problem
(0.68), (X*(t))>s, is called the historical process, with starting time s and initial point X.

(b)  Similarly we define a new process as the image arising by projecting the set €2 x [0, 1] (in (0.59)) just onto
Q. This process we will call X*(t), the historical total mass process and this process is defined by

(0.69) X'(t)(A4) = X*(t)({ylmy € A}), A€ B(D(R,Q)),

where 71 projects onto the first element of Q x [0,1]. O

(ii)  The historical process of an infinitely old population and its family decomposition

The next point is to construct the historical process for an infinitely old population, that is to let in the Theorem
3 the starting time s of our system tend to —oo. This works of course only in the stable context, where the
original system X (t) approaches as ¢ — oo a nontrivial equilibrium state, that is @ has to be transient.

Theorem 4. Assume that the kernel @ is transient. Let L(Y ™) be concentrated on constant path, translation
invariant and ergodic with E(Y*({yly(0) € {&{} x [0,1]})) = 0* € [0,00) and E(Y*({y|y(0) € {{} x -})) =0* €

M([0,1]).

Then there exist limit states, vg. and vy,, depending on Y™ only through 0% respectively 0% such that:
(0.70) LX (01X () = V) = 73 (1),
(0.71) LIX*)]X*(5)=Y") = Vg (). O

s§— —o00

We can now consider in (0.70) respectively (0.71) for our purposes without loss of generality ¢t = 0 and we
obtain probability measures

(0.72) V. € PIM(D(R,Q x [0,1]))], v € PIM(D(R,Q))].

Definition 0.8. We call a realization of vj. the equilibrium historical process X * which is a random measure
with values in M(D(R,Q x [0,1])). Similarly a realization of v}, is called equilibrium historical total mass
process. [l

Let us mention also the connection between v;. and vy of (0.26). Define X*= (;Z)geﬁ by

(0.73) 7 £(A) = X*({yly has type i € A and y(0) = £}), for all A € B([0,1]), £ € Q,

where X* is distributed according to Vg
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Then £L( )z( *)) and vy from Theorem 2 are related as follows:

Corollary  Choose 0* = 6 € M([0,1]). Then:

(0.74) LX) =vp. O

We can use now the equilibrium historical process to define a family decomposition. Introduce the following
equivalence classes on D(R,Q x [0,1]) and D(R,). Here 7, and 72 denote projections on D(R,) and

D(R,[0,1]).
For y1,y2 € D(R, ) define:
(0.75) y1 ~yo 3T y1(s) = ya(s) Vs <T.
For vy, 95 € D(R,Q x [0,1]) define:
(0.76) yp ~yy iff 3T (myy)(s) = (myh)(s) Vs <T and may] = mayh.

Then we get, that X* € M(D(R,Q x [0,1])) can be decomposed as follows

(0.77) Xt =>"X
€T

E;»

where E; is a ~ or ~ equivalence class and J stands for J~, 7% which is the set of all equivalence classes with
positive mass with respect to ~ and =.

Proposition 0.5. Assume that G is transient and 0* o finite, nonzero measure on [0, 1].

(a) Under v}, there are w.r.t. to both ~ or &~ a.s. countably many families with positive mass.
(b) Let 3~ and T~ be the random set of equivalence classes with respect to ~ and ~. Then

(0.78) =77 vy —as O

Remark: Due to the fact that the migration mechanism and the branching mechanism are independent of the
type, we can get a version of the equilibrium historical process corresponding to the intensity measure 6. We
take the cluster decomposition of the process corresponding to the process with total mass parameter §. Then
assign independently a random type to each family cluster drawn at random according to the distribution 0.

1. PATH PROPERTIES OF THE TOTAL MASS AND RELATIVE WEIGHTS PROCESS

In this chapter we derive some basic information about the finer path properties of the total mass and the
relative weight processes needed to prove Proposition 0.2 and Proposition 0.4 and which is used in section 2 in a
crucial way for the proofs of the uniqueness result. In particular we shall construct for interacting Fleming-Viot
processes with singular rates a dual process that will be used to establish that the process of relative weights
conditioned on the total mass process is well-defined by the martingale problem specified in chapter 0(c).

It will turn out later in chapter 2 that zeros of the total mass process create singularities for the rates of
the relative weights process. Furthermore the dual process which is constructed in section 1(b) is a system of
coalescing random walks in a randomly fluctuating environment the latter formed by the total mass process.
For this reason the properties of the paths (Z¢(t)):>0, in particular the structure of the set of its zeros as well as
the behavior close to these zeros and simultaneous zeros at different sites play an important role in the sequel.
This is considered in section 1(a).

In subsection 1(b) we shall collect facts on random walks and coalescing random walks with singular rates
which are needed to prove the duality. The duality is constructed in subsection 1(c).
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(a) The zeros of the total mass process (Proof Proposition 0.2). The total mass process is given by the
unique strong solution of the system of stochastic differential equations of Proposition 0.1. In this subsection we
identify the properties of this process that are needed to establish uniqueness properties of the relative weights
process needed to prove Theorem 1. In particular we obtain criteria under which the total mass process is strictly
positive and we analyze the structure of its zeros and the behavior near zero when it is only non-negative. This
will prove Proposition 0.2 from subsection 0(c) except part (h), which we shall prove in subsection 1(b).

A key point to realize is that the zeros of a component process (Z¢(t)):>0 are of two kinds. There is a set of
at most countably many zeros which are starting or endpoints of an excursion of the process (into the strictly
positive reals) and then there are other zeros (typically uncountably many if there are zeros at all) which are
not of that type but occur as limit points of the ’excursion zeros’. Those zeros where excursions start are going
to be of particular relevance for us and the set of those zeros is always countable.

(i)  Preliminaries (Zeros and behavior near zeros for the mean-field case)

In this step we derive some preparatory results needed for our argument proving Proposition 0.2 in the sequel. As
a key step we first consider a simpler mean-field equation, whose one-dimensional components are independent
versions of the following R*-valued diffusion ((Z(t));>0 defined as the strong solution of:

(1.1) dZ(t) = c(0(t) — Z(t))dt + \/29(Z(t))dw(t).

Here ¢ > 0 and 6(t) is a non-negative continuous function and ¢ is a non-negative locally Lipschitz continuous
function, g(z) = zh(z). Note that y/2¢(z) satisfies the Yamada-Watanabe condition so that (1.1) has a unique
non-negative strong solution and the Tkeda-Watanabe comparison theorem ([RW], Theorem 43.1) for different
initial conditions and @’s is applicable. The existence of zeros of (1.6) depends on

(1.2) d= lwl?gh(ac)

Note that by Girsanov the existence of zeros for (1.1) is equivalent to the existence of zeros of

(1.3) dZ(t) = cO(t)dt + \/29(Z(t))dw(t).

For Lemmas (1.1)-(1.4) below we assume that
0(t)=6>0.

Lemma 1.1. Let {Z(t)}:s>0 be the unique strong solution of (1.1) with initial condition Z(0) = zo > 0 and
0(-) =6 > 0. Define Top = inf(t|Z(t) =0). If 0 +d > 0, then we have the dichotomy:

0
(1.4) if % > 1,then Ty =+o0 a.s.

0
(1.5) if % <1,then Ty < +oo a.s. O

Remark In particular if A(0) = 0, Z(0) > 0, then the process Z(t) never hits zero.

Proof We first consider the process Z(t) and let Ty = inf{¢|Z(t) = 0}. By the classical diffusion theory, the
behavior of the Z(t) depends on the scale function s(-) and speed measure m(dx) (see [RW, 87], V(48,6)). The
natural scale s(-) and speed measure m(dz) can be explicitly calculated, namely with x(y) = s~*(y):

ds(v) v .
(1.6) i = exp [— 1y wh(ew)dw} ,
(1.7) s(v) = [, exp [— he w,ffw) dw} dy,

(1.8) m(dy) = (q(y)) *dy, q(y) := (s'(x(y)) v/ 2z(y)h(z(y))).
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We first consider the case % = 1. Since we have assumed that h is locally Lipschitz we can apply the

Tkeda-Watanabe comparison theorem and use h(z) = d+ dbx as a comparison function. Then the scale function
for Z is given by

s'(z) = exp <— I mdw) and
s(xz) = const- (logz + bx)

and we can take the const equal to 1 without loss of generality.
Note that 0 maps to —oo so we need to prove that —oo is inaccessible for the process in its natural scale,
s(Z). For —oo < y < 0 we have:

1+ bx(y 2
(1.9) a(y) = LEEW)?
z(y)2
Note that
-1
(1.10) T ) -
y——oco Y z—0 reb®

and therefore

(1.11) q(y) ~ vz

Then (cf. RW V.45),

1.12 dy) = ————=d

(1.12) m(dy) e

and we have for any r € R:

(1.13) / lylm(dy) < oo.

Therefore by the standard criterion —oo is an entrance boundary (cf. RW V.51.3) which implies that fg = +o0,
a.s. when % = 1. The same result for % > 1 immediately follows from the Ikeda-Watanabe comparison

theorem. We then obtain (1.4) by Girsanov.
We now consider the case 0 < % < 1 and let o := c¢f. Then (as v — 0)

ds(v) v« —a
(1.14) 7 = exp [— 1o Wdu} ~

s0) = Jy oo [ fY gy du] dy vt

and

1 1
1.1 L .
(1.15) m(dy) = I(o,00) =) 2 dy

Then by the standard criterion for accessibility ([, ym(dy) < oo) ([RW, 87], Theorem 51.2) we obtain P(Ty <
T) > 0 for T > 0. To obtain (1.5) for Z(t) we use Girsanov to obtain P(Ty < T') > 0 for T' > 0, the recurrence
of the point 1 for (1.1) and the strong Markov property to complete the proof.

In the following lemma we collect a number of key properties related to the set of zeros of Z(t).
Lemma 1.2. Consider the diffusion (1.1) and assume 0 < #g) < 1. Then define:

(1.16) I = {t > 0|Z; = 0}.
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(a) The point 0 is instantaneously reflecting and the local time at 0 is 0.
(b) Iy has no interior.
(¢) Let A denote Lebesgue measure, then

(1.17) AIop) =0 a.s.
and
(1.18) P(Z;=0)=0 fort>D0.

(d) The complement of Iy is a countable union of disjoint intervals, called the excursion intervals.
(e) If Zo > 0, then the number of zeros in a time interval [0,t) is either 0 or infinite. O

Proof The parts (a)-(d) can be proved using the methods in [RY], XI (1). The results (1.17),(1.18) can also
be found in [RW, 87], vol. 2, V.48. The excursion decomposition is discussed in detail in ([RY]). The part (e)
follows from the representation of the process in terms of a reflecting Brownian motion given in [RW, 87] in V
(48.6).

We now turn to the behavior near a zero. Since Z; ' occurs as a transition rate in the construction of the

dual process it is important to know whether the singularities are integrable or not.

Lemma 1.3. Consider the diffusion Z; in (1.1) with ¢ > 0. Let 1o be a stopping time and Z(79) = 0. Then
for any € >0,

To+e€ 1
(1.19) /T Z(g)ds =00, a.s. O

Proof We adapt the proof of Lemma 1.6 in chapter 9 [EK]. Define for 0 < t < ¢,

S

0

(1.20) 7(t) = inf[s>0: /(Z(To +u) tdu=t]| , if 20T is integrable
0
T(t) = 0, otherwise

and Z(t) = Z(o + 7(t)). Then we have (see (1.4) in Chapt. 6 of [EK] for a more detailed calculation)

(1.21) () = / Z(s)ds, #(t) = Z(b),
0

which implies the relation

(1.22) Elr(#)] :/E[Z(s)]dSZ/E[Z(T(s))dS] Sc@-/E[T(s)]ds.
0 0 0

Hence

(1.23) E[r(t)] < E[r(0)]e?®.

Since trivially E[7(0)] = 0, we therefore know E[7(t)] =0, V¢ > 7o which implies that 7(¢) = 0 a.s. yielding the
result.

When 0 is a recurrent point we will also need to prove that a.s. the same property is true at every zero of
the process Z.

Lemma 1.4. Consider the diffusion Zy in (1.1) with 0 < cf < d. Then for any € > 0,

to+e 1
1.24 ds=o00 Vtg € lp, a.s. O
(1249 Lz neh



24

Proof First note that since Iy has no interior, every zero is either the starting time of an excursion or is the
limit from the right of a sequence of such times. Since there are only countably many excursions it therefore
suffices to prove the result for the starting point of a typical excursion.

The proof is based on the representation of Z as a time change of reflecting Brownian motions (following

RW (48.6)).
The scale function is given by
(1.25) u=sv), v=s'(u)
dS(’U) v «@
dv = exp |:_ fO uh(u) du:| ’
(1.26) s(v) = [, exp [— I #(w)dw] dy ~ vl

We will now construct a version of the process Z via a scale and time change of a reflecting Brownian motion
(U)i>0- Define:

(1.27) Vi = f(U;) = s~ H(Uy).
Then we have:
1

(1.28) dVy = f'(Uy)dUy + if"(Ut)dt
Since

s~ (u) v 1 sTHW) g
1.29 — = = =5 = —d
(1.29) ou (3u) () gs P /9 wh(w) v
and

s~ (u) a ) g O
ou2 = S L(wh(s—1(w) €Xp (fH wg(w) dw) ou
_ o 5_1(“) o

(1.30) = ST h(s— () &P (2 fa wh(w)dw> )
we get that

dv; :\/w—hT (fe xhw)dw>\/‘/t (Ve)dUs

(1.31) +Vh( vy €XP (2f — dw) Sdt.

We now make a time change as follows: (here ¢} is Brownian local time)

t Vs o
(1.32) or = /0 Vsh;(vs)exp (2/0 de) 1(Vs > 0)ds.

Since near zero the integrand satisfies

1 1 )
1.33 ~——Ug'""
(1.33) 4(1—a)?
we know that the integrability is the same as the finiteness of
1 1 _9
1.34 - - )éyd
(1.34) /0 0= a)Qy y.

This quantity is finite for every ¢ with probability 1 since ﬁ — 2 > —1. The inverse is obtained from
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Tt 1 Vs o
(1.35) t:/o Vsh—(Vs)eXp (2/0 de) ds.

Then the process (V;,)i>0 has the same law as (Z;);>0 (see RW (48.10)). Consider an excursion of Z; of
length > €. Then it is obtained from a corresponding excursion of U and we can calculate

£ 1 |
—d3=/ —ds
/(; ZS 0 VTs
e 1 ds

1.36 = ——at
(1.36) Vi

Te 1 Vi o
= /0 714%(1/;) exp (2/9 wh(w)dw> dt
Te 1 sTHUL) a
- || e (2/9 xh(w)dw> "

Near u =0, s~1(u) ~ uT exp(2 f;_l(u) #(w)dw) ~ (s71(u))te ~ uT 3% | so that

1 ST g 1
(37 T @ PR Tw) ™ (2/0 _h> v

Therefore since an excursion of U near zero is a Bes(3) process(see Rogers, Williams VI, Theorem 55.11),

€ Te 1 sTH(UL) o
(1:3%) R (2/9 xh(w)dw) "

=1
N/o U—gds:oo

for the latter see RY, XI Exer. 2.5(4). Hence the proof is complete.

Remark. In the case g = d, % =1, Z; is the square of a BES(2) process. In exercise RY 2.6, the same result
is proved for BES(2) which arises when cf = d.

Lemma 1.5. Let Assume that 0(t) is continuous, adapted, strictly positive and bounded above by 6* on [0,T].
Let Tpy.pn = Timon + % where T, n, is the starting point of the mth excursion of length > % Then

Tm,n+e€ 1
1. ——ds = .S. |
(1.39) /7‘-m,n Z(s)ds oo VYm,n a.s

Proof Consider the modified processes
(1.40) Omn(t) =1({t < T n }OE) + 1({t > T n })0"

and the solutions Z,, ,, (with respect to the same Brownian motion) of the equation (1.3) with 6(¢) replaced by
O (t). Then using the strong comparison theorem we obtain that

(1.41) Z(t) < Znu(t), as.

Taking limits we get Z(7p,,n + 1), ¢ > 0 is dominated by an excursion of the process with 6(¢) replaced by
1({t < T HO() + 1({t > Tm,n})8*. The result then follows from Lemma 1.4.

(i)  Zeros and behavior near zeros for the interacting system (0.37)
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The existence and behavior near zeros and joint zeros of Z¢(-), Z,(-) at points &, € Q with a(§,7) > 0 has
implications for the construction of the dual process we carry out in subsection 1(b). In the present subsection
we establish Proposition 0.2 (a) - (g) and in the next one, i.e. 1(b), the part (h) which together provide
the necessary results to construct the dual. Throughout this subsection we consider the system (0.37) with
stationary ergodic initial conditions with strictly positive intensity. We shall proceed in various steps to carry
this out. Here in paragraph (ii) we first verify part (a) and then in one piece parts (b)-(f). The part (g) will be
handled after some preparation in (iii) and (iv)

Proof of Proposition 0.2(a)

As an important first step we show that with probability one there exist finite subsets of 2 in which there are
no simultaneous zeros in [0,7]. As a preliminary indication of why this is true we first prove:

Lemma 1.6. Let {(Z})i>0, @ € N} be an independent collection of diffusions given by (1.1) with g(x) = dz.
Then for every c,d,f > 0 fixed there exists an ng € N such that for n > ng and iy all different:

(1.42) Prob (3t € (0,00): Z* = Z2 = ... Zi"» =0)=0 O

Proof Consider the stochastic differential equation for the sum of n-components, denoted S, (t), which is in
law equivalent to

(1.43) dS,(t) = c(nf — S, (t))dt + \/2d - S, (t)dw(t).
Now apply (1.4) to get the result for
(1.44) ng = [d/(2c0)].
In the interactive case we get the following weaker result which yields Proposition 0.2(a).

Lemma 1.7. Let {(Z¢(t))i>0, £ € Q} be the collection of diffusions given by (0.37) satisfying the hypothesis of
Proposition 0.2 and $)y, an increasing sequence of finite subsets of Q. Then for a.e. X there exists no(T, X (0))
such that for n > no(T, X(0)),

(1.45) Yz (t)#£0 vte0,7). O
¢eq,

Remark Lemma 1.6 proves non-percolation, in fact, the non-existence of an infinite number of simultaneous
zeros in the mean-field case. In the interactive case the existence or non-existence of an infinite connected set
of zeros is open.

Proof We consider the process

(1.46) Sp(t) = ngi (t).

Then we have with ¢ = > a(0,€) that:
3

(1.47) %ﬂﬂ:%?j%ﬁ—&@)ﬁ+2}h¢@ﬂWmdﬂ

JFrom (1.47) we have

(1.48) Sn(t) > Sp(0) — c/Sn(t)ds + Z/ \/ 9(Ze, (8))dwe, ().

0 =17
Therefore,
t n
(1.49) 20 5 5ty e | ecsjl;\/gmi(s))dwgi(s).
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Note that the increasing process of the stochastic integral above is (due to the sublinearity of h) close to
0 bounded above in expectation by £ E[ fot e?¢S2(s)ds] for some finite D independent of n, which implies
convergence to 0 in mean. Since the initial state is translation invariant, ergodic with positive intensity we
conclude:

(1.50) im 2O S

n— o0 n

From this, the above bound on the increasing process and the martingale inequality applied to the stochastic
integral we get

(151) dm PCswp | [ oS0 ot (naug () = T2 <o

tel0, 7] Jo

The result of Proposition 0.2 part(a)then follows by a standard Borel-Cantelli argument.

Proof of Proposition 0.2, (b)-(f).

Now we want to use the result in Lemma 1.2 to obtain the corresponding assertions for the interacting
system. Consider a finite subset €2, in which there are no simultaneous zeros. Then we can find a finite number
of closed intervals of positive length, {[t;,t;41] : 4 = 1,...,m} covering [0,T] and elements {&;, i = 1,...,m}
such that Z¢, (t) > 0,Vt € [t;,t;41]. Now consider a typical time interval [¢;,t,11]. We can obtain (0.39),
(0.40), (0.41) for {€ : p(&,&) < 1} (recall (0.7)) using Lemma 1.2. Then one obtains the analogous results for
{€:p(&,&) <k}, k=2,...,|Q| by induction. Hence we have shown Proposition 0.2 parts (b)-(f).

(ii)  Behavior at a connected joint zero set - analysis of a finite system caricature.

Now we still have to prepare for the proof of proposition 0.2 part (g). In the presence of simultaneous 0’s
of the total mass process at different sites, the ratio of total masses at two such sites enter in the construction
of the dual process. Consequently we need to determine the integrability of these ratios as the joint zero is
approached. In order to introduce the essential ideas we first consider a simplified finite system which serves
as a caricature of the general case. Then in the next subsection we indicate how the same arguments can be
applied to the system (0.37).

Consider the finite system of stochastic differential equations:

dzo(t) =6>0
dz1(t) = (c120(t) — br2z1(t))dt ++/2h(z1(t)) 21 (t)dw (¢)
(1 52) dZQ(t) = (622:1 (t) — ngz(t))dt +4/ 2h(22(t))z'2(t)dw2(t),
' ng t) = (CgZQ(t) — b323(t))dt +4/ Qh(23(t))2’3(t)dw3(t),

dzn(t) = (enzn-1(t) — bpzn(t))dt  ++/2h(z(t)) 2, (t)dw, (1),
where § > 0 and ¢;,b; >0, i=1,...,n.

As above this system can exhibit joint zeros, that is, times to at which z1(¢g) = 22(to) = -+ = zn(to) = 0. In
the following two lemmas we identify the behavior in the neighborhood of such a joint zero, first for the case of
a fixed time or a stopping time and then for the case of a zero at which an excursion away from zero begins.

Consider first a time point ¢o (fixed time or a stopping time) such that

(1.53) Zl<t0) = Zg(t()) == Zn(t()) =0.

Then we claim that on this event the following holds:

Lemma 1.8. Under the assumptions (1.52) and (1.53): for any so > 0, and 1 < j < n,
to+so

(1.54) / zjzzizs)ds = +00 a.s. O
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Proof The result for j = 1 follows from Lemma 1.3. For j = 2,...,n our strategy of proof will be to show
that arbitrarily close to to there are points 7, such that z;(7,,) = 0 and z;_1(7») > 0, so that for every € > 0
the integral from 7, to 7, + € is infinite by Lemmas 1.3,1.4.

We begin with some preliminaries. Using a simple time change there is no loss of generality in assuming that
to = 0 and h(0) = £ (recall zeros can only appear if h(0) > 0). Using (1.18) and the trajectorial continuity of
z;j—1 we can prove inductively that

(1.55) P(z;(t) =0)=0for allt > 0.

Consider next the strong solution of the stochastic differential equation
2h(y; (1))
(1.56) dy; (1) = ==t + /2h(y;(0))y; () dw; (1), y;(0) =0,
where we use the same Brownian motions (w;(t))¢>0, as in (1.52). Next let

(1.57) v (t) :== 24/ y;(1).

Then by Ito’s formula

(1.58) dv;(t) = 2h(vzj2)dwj(t).
Now let
(1.59) Te=inf{t > 0:¢jz;_1(t) — bjz;(t) = %} Ainf{t > 0: h(y;(t)) < -}

1
4
<

By the coupling of the z and the y-system using the same Brownian motions z;(¢) < y;(t) on {¢t < 7}. For

m > 1, let
1
(1.60) Tm = inf {t > pnk y;(t) = 0}.

Then z;(7m) = y;(Tm) = 0 on {7, < 7}. But, 7, is independent of wy(-),...,w;—1(-), s0 zj—1(7m) > 0 since
P(z;_1(t) = 0) =0 for any ¢ > 0 by (1.55). Using Lemma 1.3, we then have for ¢ > 0

Tm+E€ 2i1
(1.61) / sz—(t()t)dt =00 as. on {1, <7}

Since v;(t) is a time change of Brownian motion, it takes value zero infinitely often on [0, ¢] for every 6 > 0 and
since 7 > 0 a.s., we have

(1.62) P(Up_i{Tm < 7,7 < 0}) = 1.
This together with (1.61) yields
5
i—1(t
(1.63) / 510 s,
o Z(t)

which completes the proof.

The above result shows that for fixed times ¢ty no excursions of total mass away from zero occur. However

n
they do occur along the path. We now consider a time point where an excursion of Y z;(t) away from 0 starts
i=1
and obtain a similar result.
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Lemma 1.9. Consider the system of SDE’s given in (1.52) and let 1o be the beginning of an excursion of

> zi(t) away from 0. Then for so > 0,
i=1
To+So0
(1.64) Zj;l(s)ds =400 a.s. O
2j(s)
70
Proof We first observe that the result for j = 1 follows immediately from Lemma 1.4 since zo(s) = 6 and
z1(s) has a singularity at s = 7g.

To prove the result for j = 2,...,n we will show that each z;,7 = 2,...,n has countably many zeros in
(70,70 + s0) N {s : zj—1(s) > 0} and then again the result follows from Lemma 1.4.
Define:
(1.65) R(t) =) z(t)
i=1

and consider the process:
(1.66) (27 (t)i=01,...n, Wwith 2](t) =z(t)/R() i=1,...,n.

Let FJ* be the o-algebra generated by {w;(s) : 0 < s <t, i =1,...,n}. Then we can represent R(t) by the
following Ito equation:

(1.67) dR(t) = [(c16 — biza(8) + 3 (eizima (t) = bz (O)]dt + | S hlzi(t))z(t)duw ()
=2 7

where (w*(t))i>0 is a (FJ*)1>0 adapted Brownian motion. Since we assume that R(79) = 0, we conclude by
Lemma 1.3 that

To+So0
(1.68) / (R(£))~dt = 400,

To

Next we derive the evolution equation for the z*-process. By a standard calculation using Ito’s lemma we

obtain that (2(t))i>0, @ € {2,...,n} is a semi martingale satisfying the following system of Ito equations (we
suppress now ¢ in z;(t) and R(t)):

dz; = (1= )50 = b)) = 5 (i (2 = bizD) = (42 = bazp) | dt
—z* [ i 21 (h(z5)—h(2:))] dt

R
(169) +(1fz;)1/h_jz;dwjfz;(zj;éj \ hiz}dw;)

R1/2 bl

j=1...,n.

Consider first the case where h(z) = h > 0 in order to understand the basic idea. In this situation we can verify
as in Section 2, Lemma 2.6, that conditioned on (R(t)):>0, the normalized process (25 (%),..., 2 (t)) is a time-
inhomogeneous Fisher-Wright diffusion with n-types (i.e. Fleming-Viot process on the type set {1,2,...,n}),
where the resampling rate is (R(t))~!'h and mutation operator given by the drift terms in (1.69). Similarly,
conditioned on (R(t))s>0, for j > 1, the component 27 (¢) is a time-inhomogeneous Wright-Fisher diffusion with
diffusion coefficient (R(t))~'h. Namely it satisfies the following Ito equation:

There exists a process (u(t));>o which is (F}*);>o-adapted and bounded above on (0, sg), such that

h(1 — 2%)2; dw”

R1/2
Here (w;*(t)):>0 is a Brownian motion, which is (F™),> adapted. Moreover the term z;_1(t) = R(t)z;_ (1)

is adapted, positive for a.e. t and independent of {w;(¢),t > 0}. Then applying a time change and argument

dz} = [c;25_ ) +uzy| di +
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as in the proof of Lemma 1.8 it follows that 2} has a zero in the open set (0,s0) N {t: 2;_; > 0}. Then (1.64)
follows from Lemma 1.4.

The general case can be obtained by using the Lipschitz property of h at 0 to show that the drift term is of
the same form and the diffusion rate in (0, €) is given by replacing h in the second term in (1.70) above by v(t)
where (v(t))e>0 is (Ff)e>0-adapted and bounded below by 6 > 0 on (0, sg).

(iv) Extension to Interacting Systems
Now we have the tools to treat the system of interest and prove another part of Proposition 0.2.
Proof of Proposition 0.2(g)
Let {(Z¢(t))i>0, & € Q} be the collection of diffusions given by (0.37) satisfying the hypothesis of Proposition
0.2.

Lemma 1.10. Consider the system (0.37) with ¢ = 0 and suppose that N is a subset of a finite communicating
(w.r.t. a(-,-)) set of sites Ny such that there are no common zeros in Ny in [0, T]. Assume that 3, c \ %y(70) =
0 and that 7o € [0, T is either a stopping time or the starting time of an excursion away from zero of T¢(t) with
&£ € N. Then there exists n € Ny with a(€,m) > 0 such that

To+S0

(1.70) / :f"—(s)ds = +00 a.s. O
Te(s)
To

Proof The proof proceeds by arguments parallel to those given in Lemmas 1.8 and 1.9 and hence we sketch the
proof only. Namely we indicate the modifications required to handle the general system (0.37). First note that
since we need only consider the behavior close to 7o we can freeze the values of Z¢(t), 9o—e <t <79+e, (&N
and consider the finite system restricted to A" with fixed positive immigration given by these frozen values.

Now recall that we have assumed that all sites communicate in the sense that between two points &, n there
is a sequence &1, ..., & with a(€,&1) > 0,...,a(&,n) > 0. Hence N' = U;;l/\fj for some finite n where ¢ € N

if >7_, a¥(n,¢) > 0 for some n € N°. The difference between N,,_1 and N, is denoted by ON,,.

In the case where a(£, 1) > 0 for a infinite collection of 5 or if £ is an isolated zero, then A/ = A7 and nothing
needs to be shown since then there will be an n with a(§,7) > 0 and «,,(t9) > 0 and the claim follows by Lemma
1.3. Hence in the sequel we assume that £ is a member of a finite connected set, N' = U?;laj\/j, with m > 1
and that a(&, ) has finite support.

There are again two cases to consider, namely, the case in which 7y is a fixed time (or stopping time) and
the case in which 79 is the initial point in an excursion away from zero of } ..\ Z¢(t). The proofs of Lemmas
1.8 and 1.9 can be adapted in two steps as follows.

We first modify the systems there to allow migration from 4 to ¢ — 1 (in addition to ¢ + 1). This does not
effect the proof of the existence of zeros. Moreover, to verify the existence of zeros in {t : 27_;(¢) > 0} we use
a comparison argument where we compare with the system with the migration j + 1 to j removed so that the
independence of z7,; from w; holds. The second step involves replacing the component z; by the collection

i ey Te(t)

(1.71) {zi(t) : (€ ONi}, where T{(t): S o D)
If we first assume that there is no immigration from ON;1 to ONj, then it can then be verified that z¥(¢) with
¢ € ONj satisfies an equation of the same form as (1.70) (but with bounded immigration from other sites in
ON;). We can then deduce the existence of a zero in (0, s¢) N {t : Zneﬁf\/j_l,a(n,c)>0 Zy(t) > 0} as in the proof
of Lemma 1.9. The same result allowing migration from 0N 1 to ON; is again obtained from a comparison
argument. Finally, the result follows by another application of Lemma 1.3.

Now we can return to the proof of Proposition 0.2. Given ¢ € Q and 1y € [0,T] with Z¢(79) = 0 (with 7o
a stopping time or starting point of an excursion of Z¢(t) away from zero), part (a) of the Proposition implies
that we can choose a finite (random) set NV, with £ € Ny, so that there are no common zeros in N in [0,77].
Part (g) of Proposition 0.2 then follows from the previous lemma.
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(b) Random walk and coalescing random walk in a singular random environment. In this subsection
we construct a system of coalescing random walks on 2 described by a Markov jump chain in which the jump
rates are possibly unbounded. We carry out this construction in two steps. We first construct a Markov jump
process on {2 with singular rates and then using this, we construct the system of coalescing random walks with
singular coalescence rates. In a third step we apply this to our concrete situation.

The rates will be built from collections

(1.72) {(me(®))i0, (de(t))iz0, § € Q}

which will in fact now for our application also depend on a parameter T' which we suppress whenever possible
without confusion. We begin by fixing 0 < T' < oo and specifying in («) — (§) the parameters and those
properties relevant for our construction:

(o) There is a family of jump rates a’**(&,7) on Q x Q for every time 0 < ¢t < T', which are of the form:
(1.73) a"'(&,n) = me(t)a(&,mm, (1), te[0,T], &#n,

where a(§,n) is a random walk transition rate on ©Q x Q. The collection {(m¢(t))¢>0}eco has the following
property (here A denotes the Lebesgue measure):

(1.74) —t — mg(t) s a function [0, 00) — (0,00], which is continuous on R*,
—the singularities are not integrable from either side,
Mt <T:me(t) =00} =0 VT >0, £€
—{t]t <T, me(t) =00 VE€I} =0 forevery I with |I| countable , T < co.
—There is for every £ and to with me(tg) = oo an n with
a(€,n) > 0 such that me(to)/my(to) is not integrable at .

(8) The coalescence rates of the Markov chain are determined by a collection {(d¢(t))i>0}ecqo of continuous
functions from [0, c0) into [0, 00|, which satisfy also the condition (1.74) except the last one which is replaced
by requiring that for every singularity ¢ty at the point &:

(1.75) de(t)/me(t) converges ast — 1.

These are all the ingredients we need for our construction in the next two subsections.
(i)  Random walk with singular rates
We want to define for every T a Markov process (£(t))¢>0 with rates a>*(&,n) given by

(1.76) a"'(&,m) = me(t)a(€,n)(my(t) ™", te[0,T],

and with starting point £(0) = ¢ satisfying m¢(0) < cc.

We first note that if sup{me(t) : £ € Q,t € [0,T]} < oo, then £(t) is a cadlag process on ) given by the
solution of the well-posed martingale problem, requiring that (My(t)):co0,7) is a martingale for every bounded
function f on €2, with the definition:

(1.77) M (t) = f(£(8) — f(£(0)) — /O Do at (E(s)mf(n) = f(E(s))]ds.
n

In order to deal with singularities for the functions me¢(-) and d¢(-) we add a cemetery state A and consider
the state space QU {A} for the Markov chain inducing the locations. If we start outside a singularity we get by
(1.77) an unique process up to random times given by hitting those points which cause m, to fall outside [0, M],
for M chosen with M > 0. Moreover, conditions (1.74) imply that the random walk cannot hit a singularity
after only finitely many jumps. Given {m¢, & € Q} and € a regular point at time 0 let A;* (¢,7) be the minimal
transition function of the Markov chain, £(¢), with transition rates from £ to 7 at time t given by a’"!.

Then in order to define a transition probability, for the Markov chain for all times we set £(t) = A if £(s) has
made countably many jumps in [0,¢]. Now we have a well-defined process on Q U {A}, ¢ € [0,T] if we start in
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reqular locations. We set for the case m¢(0) = 400
(1.78) a0, A) = o0,
that is, £ is an instantaneous state, if m¢(0) = +oo.

Remark An alternative approach to the case in which £(0) =1, m,(0) = oo is by defining an entrance law
and allowing the Markov chain to make an instantaneous jump according to an entrance law and requiring that
the law of £(¢) be a continuous function of ¢.

(i)  The coalescing random walk process
We next introduce an associated system of time-inhomogeneous coalescing random walks with delay that will
serve as the dual process in the next subsection. We shall define the process for rates with singularities using
the collection of {(me(t))i>0, (de(t))i>0, & € 2} satisfying (1.73) to (1.74). This means that we can use the
fact that we have in the previous subsection constructed the underlying random walk.

Let

(1.79) II,, = set of partitions of {1,...,n}.

For m € TI,, let |7| denote the number of (nonempty) partition elements and represent 7 as a mapping from
{1,...,n} onto {1,...,|n|}, in other words, 7—! gives the indices of the particles within the partition elements.
Each partition element is a subset of {1,...,n}. We can order the partition elements according to the rank of
the smallest number it contains.

In the sequel we shall write an element n € (QU A)™ as (m1,...,m,). We shall define a Markov process:

(1.80) (Ct)eert = (M) -y Mpm, (B)); T2)
with state space
(1.81) 3n =, m)n; € (QU{AY), 7 =1,...,|7], 7 € I, }.

Here n;(t) denotes the position in space of the i-th partition element at time ¢ and 7; describes the particles
belonging at time t to the different partition elements. We shall now describe the evolution of this time-
inhomogeneous Markov process on 3,, with possible singularities in the rates.

Definition 1.1. The law of the process ((t):e[o, 7] is determined by prescribing the mechanism of the evolution
as follows:

(i) Each partition element, independent of the others, performs a continuous time Markov jump process
on QU {A}, with jump rates a’"!(-,-) at time ¢ and A is defined as trap.

(ii) All pairs of partition elements, whose location in (QU{A}) coincides at time ¢ and is equal to &, coalesces
into one partition element at the exponential rate dg¢(t) and we set da(t) = +oo, here the value +oo
means instantaneous transition. t

This process is well-defined, namely:

Lemma 1.11.  The transition rates and the condition given above specify a unique Markov process, (Ct)ie(o,11
on 3,. O

Proof It follows from subsection 1(b)(i) that the motion of the partition elements following independent
copies of the random walk with rates a7t is well-defined.

It thus remains to consider the coalescence component of the dynamics. Note that singularities of {d¢(t), § €
Q} do not pose any problem, since the coalescent process starts with finitely many particles and every transition
reduces the total number of particles by one and hence no explosion can occur. Moreover more than one partition
element can never be present at a singularity at € at time ¢, i.e. de(to) = 0o, because coalescence of all partition
elements at a site £ will occur before ¢y since foto d¢(s)ds = oo by (1.74). Moreover, joint singularities of a”,¢
and the d¢(t) are no problem by (1.75).
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(iii) Application to rates given by the total mass process.
Now we complete the proof of Proposition 0.2(h) by applying the previous results to rates given by the total
mass process.

In subsection 1(a) we have verified that for, almost every realization of X, («) and (/3) are satisfied when for
fixed T' > 0, we set:

(1.82) me(t) = (Ze(T — 1), 0<t<T
and

_ Wz (T 1))
(1.83) de(t) = m

and hence all results of subsection (i) and (ii) can be applied in particular in our case.

What more can we say about our coalescing random walk with singular rates if the latter are given by the
total mass process? We write now A;* for the minimal transition function. The purpose of the next Lemma is
therefore to show that for almost every realization of X, with probability one, our time inhomogeneous Markov
chain (£(¢))¢>0 does not reach A in finite time and the Markov chain (¢,§;);>0 is well-defined on the state space

given by the subset of regular points in [0, 00) x Q. We denote by Nz)“(, ¢ the number of jumps occurring in time
0,77 if £(0) = ¢.

Lemma 1.12.  Assume that the rates arise via (1.82) and (1.83). Then:
(a) For almost every realization of X and ¢ € Q there is a cadlag version of (&)i>0,1) starting at { # A
such that

(1.84) ST AT =1, VC#Aas.
n#A

and

(1.85) Nq):(’c < oo a.s.

(b) If Co = ((m(0), ..., M (0);m0) and n;(0) # A, i = 1,...,|mol, then  has locations which do not lie
in the cemetery A\ for allt <T. O

Proof of Lemma 1.12  First note that (1.85) follows immediately from (1.84). The proof of (1.84) will
follow from a consistency consideration. Let a;(-,-) denote the transition probabilities of the continuous time
random walk with (time and space homogeneous) rate of a jump from £ to 7, being a(£, 7). The proof of the
result is based on the relations which are proved in section 2 between the random walk kernels ar and A% and
any solution to the martingale problem for X. Using this we obtain the following formula:

Lemma 1.13. Denote by Ex the integration with respect to the law of the total mass process. Then for any
measurable subset, A of [0, 1],

(1.86) Ex | > AT (g (0)(A)ze(T) | = ar(Cn)z,(0)(4). O

n#A neQ

Before proving Lemma 1.13 we return to the proof of Lemma 1.12. Since A¥ is a sub probability kernel on
Qand EZ¢(T) =3 ar(¢,n)z,(0) the following inequality:
n

(1.87) Ex [y AF(Cm)an(0)([0, 1)ze(T)] < D ar (¢, m)a,(0),
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with equality if and only if

(1.88) S Af(¢m =1, Xas.
n:Zy (0)#0

Therefore Lemma 1.13 immediately implies that (1.84) is satisfied for almost every realization of X and completes
the proof of Lemma 1.12 part (a). However by construction of the coalescing random walk we have now also
part (b).

Proof of Lemma 1.13  Introduce for the X process a cemetery type A for each component where A ¢ [0,1].
We also set ¢ = 05 if £ = A. We calculate on the one hand the expectations of x¢(T)(A) = Z¢(T)Z¢(T)(A) for
every A € B([0,1]) by conditioning on (X (¢))¢>0 and then using the first moment calculation for X(T), which
gives the formula

(1.89) Elic(T)(A)X (t)iz0] = D AT (¢, ) (#4(0)(A)).

n#A

The first moment calculation used here follows from the martingale problem characterization of X , conditioned
on the complete total mass process, proved in chapter 2(b), step 2. For any solution of this martingale problem
the expectation of the relative weights process satisfies a system of differential equations (with singularities).
The minimal solution to that system is the r.h.s. of (1.89). Next multiply by Z:(T") and then integrate over
(X (t))i>0 to get the Lh.s. of (1.86). On the other hand a standard first moment calculation for any solution to
the martingale problem for X yields

(1.90) Elzc(T)(A)] =Y ar(¢,n)z,(0)(A)

ne
which is the r.h.s. of (1.86).

We can summarize this paragraph by saying that the random walk in singular medium given by (al)s<r,
which arises from the total mass process, is a well-defined Markov process with cadlag paths in the set of regular
points, that it the process does not hit singularities. This completes the proof of Proposition 0.2(h).

(c) Dual processes for the interacting Fleming-Viot system with singular rates. For processes with
interacting and measure valued components a useful duality relation can often be established. This is the case
with a system of interacting Fleming-Viot processes with singular rates as is (as we shall prove later on in
section 2) our process ()? (t))i>0 (conditioned on the X-process). Some care is needed to deal with the time
inhomogeneity of the rates of the X process as well as with the singularities in the rates. In this section we
shall obtain a time-inhomogeneous dual process with singular rates and use it to establish uniqueness in law for
the X process.

The formulation of a duality relation requires two ingredients: a dual process, and a class of functions whose
expectations determine the law of the process. In subsection 1(b) we already introduced the candidate for the
dual process. We next introduce the class of functions in (i) and then in (ii) establish the duality relation
between the system X (t) of time-inhomogeneous interacting Fleming-Viot processes and the coalescing random
walk (with possibly singular rates) (¢(t));>0 constructed in subsection 1(b)(ii).

(i) The function class for duality

We consider a solution (X (t))t>0 to the martingale problem given in (0.51). We begin by enlarging the type
and state space of the process X( ))e>0 by adding a type A and a site A. Set

(1.91) E:=1[0,1]U{A} and Q:=QU{A}

where {A} is taken as an isolated point. Then the state space for X is (P(E))%.
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Furthermore we put for all ¢t > 0
(1.92) za(t) = 954.

We are interested in characterizing the law of X on Q but the added cemetery point A plays a useful role in
the arguments. -
Consider the following function FEm) 7(+) defined in (1.93) below from (M(E))® into R:

(1.93) Femy 4 (X / /ful,ug,..., )Ee (duy) - .. e, (dum),

with
(1.94) X =@)eeqy €"=(&)im1..m €Q™, fEC(E™), meN.

For the most part we shall restrict to the subset (73(E))(A2 of (M(E))®.
Given n different points &1, ...,&, in , and multiplicities n1,...,n,, m =ny + -+ + ny, the joint moment
measure is obtained by taking expectations of the measure

(1.95) (é 5551> (09 (é%) - ((%@) .

This joint moment measure is determined by the collection { E(F¢wmy, r(X X): feC(E™)}.
Hence if we consider the family

(1.96) F = {F(ﬁm)7f|(§i)i:1,...,m eQm, f=feCE™), me N}7

the law of a random element in (77(E))Q is umquely determined by specifying the expectations of all functions

in F. Define for the (P(E)) ~valued process X (£),
(1.97) Fiem) 1(t) = E|[Fiem, s (X))

In order to set up the duality relation we now introduce a bivariate function Hy ps and rewrite (1.97) in
terms of this function. Namely, for every f € C(E)™, m € N, we define the bivariate function, Hy ,,, as

(1.98) Hf’ . (PE)2x ()™ —R
Hyom( / /f ULy ooy Um) Ty (dur) ... Ty, ().

Then replacing n above by ™ we can now write:

(1.99) Fiem) 5(t) = B[ Hpm(X(8),6™)].
Using the function Hy , define the duality functions Hy, on (’P(E))@ X 3, by:
(1L100)  Hpn(R.0) = Hpn(X / /f n(1ys- -+ tinny) By () . By (i),

77—(771a--~77]\7r\)7 ‘7T|§n, m e Il,.

(i)  Duality relation

In this subsection we establish the duality relation between the process (¢7(¢))i>0 of the type defined in sub-
section 1(b)(ii) and the process X, the interacting Fleming-Viot process with time-inhomogeneous and singular
rates. This will allow us to determine for fixed time T the value of ﬁ@m% #(T) (recall (1.97)) by calculating
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an expectation of the dual process at time 7. This is basically a generator calculation plus handling of the
singularities as we shall now see.

For t < T, let Gy denote the following operator acting on functions F € F (defined in (1.96)):
(a) If t, F are such that F' does not depend on any & at which d¢(t) = oo or me(t) = oo, then the operator is:

(1.101) GRE) = ¥ §—£<X><u>(zat<s,n><fn—@))(du)
£eQ n

4 delt) [ [ 52 ()0, 0)Qs dv>]
0T 0% ’ e ’
E E
where Qg (du, dv) = T¢(du)dy (dv) — &¢(du)ie(dv).
(B) If ¢ is such that a singularity of the rates a(&,n) or dg(t) occurs at points & on which F depends, then
we adopt the convention to put @t equal to the zero operator.

Now fix a time 7' > 0. Given the collection of time-inhomogeneous generators (with singularities in the rates
(0.50) - (0.54))

(1.102) (Go)repo.m)

we consider a process (X (t))e>0 whose law is a solution to the associated martingale problem with singularities
given in chapter 0(c).

In the next Proposition we establish a duality relation with respect to the functions Hy, between this
process and the coalescing random walk in random medium (¢7(t));>0 based on the migration rates a’~* and
coalescence rates d¢(T' — t) given in (1.82) and (1.83). This process we constructed in subsection 1(b). Note
however that the coalescing random walk starts at time 7' and runs in reverse time compared to that of the

Fleming-Viot process.

Proposition 1.1. (Duality relation)

(a) Let (X(t))te[O,T] be any solution to the (Gy, Xo)-martingale problem for t € [0,T] given in (1.101). Let

(¢T(t))¢=0 be the coalescing random walk with a time evolution specified by the rates (me(T—t))eo,r] and (de(T—

t))eejo,r) with & running through 0. The coalescing random walk starts with (T(0) = (1, ..., m.; {1},{2},...,{n}).
Assume (i) that me(T),de(T) are non-singular at the locations & =1, ..., 0, and that (ii) the random walk

rates are such that none of the processes N1 (t), ..., N (t) hits A for 0 <t <T, almost surely.
Then for alln € N, f € C(E™):

(1.103) B[Hn(R(D),¢T ()] = B [Hya(Xo,C"(D))].

(b) If we consider the process X extended to a system on (P(E)), then (1.108) holds even for all initial states
Co with |mo| < 0o and the law of the extended process is uniquely determined.

(c) If the (Gy, Xo)-martingale problem arises via the rates induced by (1.82), (1.83) and (1.76), then the
assumption in the assertion (ii) in part (a) is satisfied and the duality relation holds for a every ((0) satisfying
assumption (i) of part (a). O

Corollary  The law of the Fleming-Viot process in the fluctuating medium is a measurable function of the
medium. O

Remark The Proposition tells us that without violating (1.103), we can modify the states of the X process in
those components and time points in which the singularities in the rates occur. However if we declare processes
differing only in those time-space point as equivalent, then the martingale problem (G, Xy),t € [0,T] has a
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unique solution in the equivalence classes. By considering the extended system we pick a particular member of
the equivalence class.

Before beginning the proof we extend the result of Proposition 1.1 to give a representation of the finite
dimensional distributions of X using multi-time moments of the form

n

1 1
(1.104) Y [ [ fan ) @ e (50 (o)
0 0

i=1

Then we obtain an extended duality relation for these expectations by a modification of the coalescing random
walk. To do this, we introduce the birth of n; new particles at the deterministic times s1, $2, ..., sk € (0,1), so =
t at the locations given by 79, i = 1,...,k. Each newborn particle forms a separate partition element. This
must be done so that no singularity occurs at an occupied location at times s1, ..., s;. Once the new particles
are born the original system of particles and the new particles (and partitions) evolve together following the
same mechanism as described above. This process is called ((7*(¢))¢>0. The population newly born at time s;
is denoted by ¢7+4(0).
We can easily extend (1.103) to a space-time duality as follows:

Proposition 1.2. Let f be an element of C(E™) and n; € N,k € N. Then if no singularities in the rates

occur at times s; v = 0,1,...,k at the locations of initial, respectively newborn, particles, then:
k k
(1.105) E [ Hyim (X (50, ¢TH0) | = B[] Hpin, (X0, CT5(T))| . O
i=0 i=0

Proof of Proposition 1.1

Let LI denote the time inhomogeneous generator at time ¢ of the coalescing random walk (¢ (¢))o<i<7 defined
in Section 1(b)(ii) with rates given by (1.82),(1.83) and started at time 0 in a configuration with locations
which are regular at time 0. Recall that we assume (by requiring what we called admissible rates) that the
process never leaves the time-space set of regular points. Then the process ((T(t))tzo can be characterized

as the solution of the (LT, Cg)te[O,T] martingale problem with respect to the test functions {Hf’n()?o, o), Xo €

(P(E))¥, C(E™), n € N}. What we will use in our argument, however, is only that it is a solution, that is,
(1.111) below is a local martingale.

For the duality relation we now fix a time 7" and consider the evolution of the processes in the time interval
[0, T for the original process run forward and for the dual process run backward. Our task is now to verify that
the (LT._,)iej0,r) and (ét)te[O,T] martingale problems satisfy a duality relation as claimed in (1.103).

The key is the following operator equation which is checked by explicit calculation and which holds for all
those ¢ not covering a singularity at the given time ¢ € [0, T]:

(1.106) (Gittsn( Q) (X) = (LF_ Ml X)) (©).

If we define independent versions of (X (t))tefo,) and (CT'(£))te(o,r) on one common probability space we can
consider for fixed T the quantity (which of course also depends on T, this we suppress):

(1.107) F(t,s) == E(Hzn(X(1),¢"(s))).
Then the statement of the proposition reduces to
(1.108) F(T,0)=F(0,T),

which we are now going to prove. We proceed in seven steps.

Step 1 The key object is a type of semi-martingale decomposition, which we present first.
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Fix a function n € N and f € C(E"). Given ¢T(0) we denote by N the set of sites at which a partition
element of (7 (s) is located.
Define two stochastic processes (Mi(s,t))o<s<¢ and (Ma(t))i>o0-

We first define M;. For s <t and s,t € [0,T]:

(1.109) My (s,t) i= Hyn(X (1), (T (T = 5)) = Hpn(X(s), (T (T — 5)) / hs(D)[GrH ) (X (r), ¢ (T = 5))dr,

where we define
(1.110) hs(t) = 1aw(t), A(t) = {(de(r) +me(r) <oo, V&€ Ns, m€ls, b))}

Next turn to the definition of (Ma(t));>0. We know by assumption that the paths of ¢ are such that the
locations remain in regular points. Hence we can set for 0 < s <t < T,

(1.111) My (t) — My(s) = Hyn(X(T — 5),¢T (1))

My (R (T - 5),¢T(s)) — / L8y (R(T — 5),CT () dr

We next note that according to the martingale problem for X for fixed ¢T(s), (My(s,7))s<r<t is a local
martingale with respect to the natural filtration generated by the process X provided that hg(t) = 1.

By the martingale problem for (7, (Ma(r) — Ma(s)),>s is a local martingale in the time interval [s,¢] with
respect to the natural filtration generated by the process ¢7.

We want to now use this structure to obtain a representation of F(T,0) — F(0,T) that will allow us to
compute it. The strategy will be to locally freeze one of the processes to exploit the semimartingale structure
just described. This leads to a decomposition in terms of differences over small time intervals and we then take
the limit as the maximal length of these intervals shrinks to zero. Here is the formal set-up.

Let {s¥} := {0 = sf < s¥ < sk <...sk = T} with m = m(k) be a sequence of partitions of [0,7] and let
|s*| := max; [s¥ ; — s¥|. Assume that

(1.112) Jim |s*| = 0.
Then using the identity

Hpn(X(0),¢T(T)) = Hyn(X(T),¢7(0))

(1.113) == % [ R k), T = b)) = My (K1), 67T = 58)]
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we obtain successively with (1.109) and (1.111) the representation
F(T,0) - F(0,T) =
(1.114) B [Hyn(R(T),¢7(0)) = H1n(R(0),¢7(T))]

:E<

= E( " [R5k, (T — s89) ~ My (R (f)@T(T—sf»])

%

3

Y

" [y (R(sb), 7T — st ) — o (R(s6), 7T - sf»})

3

I
<

+E (i [Hf,n()?(sfH%CT(T z+1)) Hin (X ( §+1)a<T(T—3§))}>

=0

_ & (ml (/;f# hg (s stp) {G Hyn(X X(r), CT(T—S?))] dr))

! E( (00 = s o)) [Hr (R k), (T = 58)) = Hp (R (). (T >>])>
m—1
+E (Z hg (s5) (My(T — ¥, T — z+1))>

i=0 - A
/Tf k [L"“va”(X(SfH),CT(r))} dr))

ol
1=0
m—1

+E (Z (Ms(T = sF) = Ma(T — Sfﬂ))) :

Step 2 In this decomposition one groups the terms into two sets of terms, the integral terms and the differences
of the M-processes. For the first group one brings into play the generator relation and for the second martingale
properties.

To illustrate the main idea we first consider the case in which there are no singularities. In addition, for the
purpose of this discussion we consider the regular case which means that the rates m¢(t) and de(t) as functions
in ¢ and ¢ are bounded on [0, 7] x €. In the regular case, by choosing a sequence of partitions with [s*¥| — 0
the above expression goes to zero as is seen as follows.

First note that the first and fourth terms above approximate the time integrals and converge to

(1.115) E< / (@0t . )] dr> —E( / [Era (). @ = )] dr>,

which is zero by the operator identity (1.106).
Hence it remains to deal with the expression (here 7% = T — s¥ and recall m = m(k))

m—1 m—1
(1.116) Jin | ST B () - M E[My(sk,) Mz(Sf)]]
=0 =0

= E[(M1(0,T)) + (Ms(T) — M2(0))].

But in the regular case, the local martingales (M1(0,¢))¢>0 and My are in fact bounded martingales and hence
(1.116) is zero and the claim follows.

We now point out in the remaining steps 3-7 how to incorporate the changes needed to handle the singular
case. What is the problem? First we note that although the process ¢ does not hit singularities, in the singular
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case the jump rates for the process ¢ are unbounded. Moreover, in the singular case the coefficients in the
generator @t are unbounded and discontinuous at the singularities. As a consequence there are two difficulties
to overcome. First, we cannot immediately conclude that (1.115) is equal to zero, since the operator identity
holds only over time intervals [s,¢] not intercepted by a singularity at a location of ¢7'(s). Second, since the
My, M, are a priori only local martingales in this case, care must be taken in dealing with the martingale
increments.

Step 3 In order to circumvent the just described difficulties arising in step 2 for the singular case we first
introduce in this step a sequence of modifications of the process (¢ T(t))tE[O,T]a which will serve as approximate
duals and for which the necessary properties can be established. The key point is that these approzimate duals
will give approximations to the moment measures for the process X that converge monotonically.

The modification is based on two ideas: (a) to restrict the dual process to a finite set Q™) of active
components and the cemetery and () to regularize in order to keep the time integrals of the rates both for
spatial jumps and coalescence events integrable by adding jumps to the cemetery with the part of the total
rate which exceeds K once integrated over time. The latter corresponds to a “killing term” for the process X
restricted to €2 thus leading to lower bounds for moment measures.

Let Q™) denote an increasing sequence of finite subsets of Q with Q") 1 Q as m — co. The sequence of
these approximating duals is obtained by replacing all jumps leading from Q("™) to its complement by jumps
to A. Furthermore to av01d large jump rates, we introduce additional jumps to A. This way we introduce the
type A into the system X since by convention all mass at A, Za, has type A. Also, recall that all transition
rates at A are zero (i.e. the mass at A is “inert”.).

We make this precise as follows. Without loss of generality we can assume that the initial locations of ¢7(0)
are contained in Q0™ and that there are no singularities in Q(") at time 7. Let m € N, K > 0. We then
define (C(m’K)(t))te[O,T] (we now suppress the dependence on T') with ¢(™%)(0) = ¢7(0). Using the notation of
Section 1(b)(ii) we denote this process:

(1.117) (& Nocoer = (M), -, Mmy (£)); 7).

The process (™) has the same dynamics as ¢7 except for the elimination of jumps to (2(™)¢\ A and the
addition of jumps to A with rates to be specified below using the following quantities. Let

(1.118) RVt = Y mf(t)a(é,n)-

7]6(9<m>)c mﬂ (t)

gl

(1.119) R™(t,¢) = Z S O nu(t), )

neQ(m)
il
(1.120) RSVt = > (Z 15 mill )dE
ceqim
2 t
(1.121) R (¢mE)y .= 1 (Z/ RO™ (s, ¢(mok) (5) ds>K> (ZR(’" (8, ¢t ))>.
¢=1"0 =1

2
Note that (fot Ryn) (5,¢™ ) (5))ds) is a measure of the total activity (internal jumps and coalescence) in Q™)
=1

in the time interval [0,t]. Note that since (T does not hit singularities or A, 2321 (fOT Rém)(s, CT(S))ds) < o0

a.s. since otherwise there would be infinitely many jumps before T' yielding a contradiction. However this rate
can have infinite expectation.



41

Now we are ready to make two modifications of the dynamic (¢ )eelo,1]-

(o) We first eliminate all jumps from £ to (Q(m))c and add instead jumps of particles at & to A at the
corresponding rate Rém) (t,€). In other words we replace jumps to (Q2™)¢ by jumps to A.

(8) The second class of jumps to A is introduced to ensure that

2 T
Z (/ Rém)(s,c(m’K)(s))dLG)] < o0.

=1 \/0

(1.122) E

This is done by introducing jumps of all |m;| partition elements at time t to A at rate R§K)((<"%K )) and
suppressing other internal jumps and coalescence if fot Rém)(s7 ¢ K (s))ds > K. As a result there is at most
one additional such jump in the latter case.

This construction given in (a) and (3) above can be modified so that ¢7 and ¢(™%) are defined on a common
probability space in such a way that (") restricted to Q™) is a subset of (7. We work with this version of
the processes in the sequel.

We verify (1.122) as follows. First note that if 7(-) > 0 and fot r(s)ds — oo as t — oo, then

/000 r(t) exp(— /Ot r(s)ds)dt < oo

since the integrand is a total derivative of a function which is 1 at 0 and 0 at oco. This implies that with 7
denoting the time of the first jump and if 7(q) is the jump rate that:

-
(1.123) E /r(q)dq < 00.

0
Hence applying this to our situation the claim (1.122) follows.

This completes the construction of the process ("), Note that ("% ) is not a Markov process, but still
can be described in the obvious way by a martingale problem generated by a operators (LT’K)te[o,Ty Note that
the martingale problem is given by a modified operator (LT’K) that depends on the path {¢(™5)(s)}o<o<s.

Step 4 We next apply the modified process ¢(™¥) to obtain information on the moment measures for X.

Note that to determine moment measures it suffices to restrict consideration to the collection Hy , with the
additional restrictions on f:

(1.124) (i) f >0, (i) f(us,...,u,) =0 ifu; =A for some i.

Recall the convention Xa = & A, and that A is a trap.
Under these assumptions we verify now for every r € [0, 7] the key generator inequality:

(1.125) Gr(Hp (X (), (T = 1)) 2 Ly (M n (X (1), (0T = 1)),
provided that ¢ ) (T — r) does not cover a singularity. The inequality (1.125) is the key relation for the

argument in the singular case, replacing (1.106) used in the regular case.

To see this first note that if any partition element of ¢(™%) is at A and &a = 0, then
Hy (X (r), ™ E)(T — 1)) = 0. Therefore it suffices to consider the case in which all partition elements are in
Q™) Then L?’ff (Hf’n()?(r), ¢ E)N(T — 1)) has the same negative terms as
GT(Hfm()?(r), ¢ E)(T — 1)) but possibly fewer positive terms.
Step 5 Our next task is to draw conclusions from the approximate dual process (™ for the dual process
¢T. More precisely define F™¥ as F in (1.107) by replacing ¢ by ¢mK)  We now want to prove that
(1.126) F(T,0) — F™¥(0,T)

is close to 0 for m, K both sufficiently large.
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We first introduce some key objects. Let 7; denote the time of the ith jump of (%) and recall that there
are only finitely many jumps in [0, T]. For each i let

*

77 = inf{s > 7;,m,(s) = oo for some 5 € Q™},
and
(1.127) k= min{r] — 7 }.
Note £ > 0 a.s.. Furthermore on the event that |s*| < k, none of the intervals [s¥, s¥ ;) contain a singularity
and therefore A, (S(H_l)) = 1 Vi on this event.
Step 6 We will next verify that for every m and k
(1.128) F(T,0) — F™X(0,T) > 0.

Let {s*} be a sequence of partitions of [0, 7] with |s*| | 0. Let N, denote the number of elements in s* and
define:

m m 1
(1.129) / Z Ré )(S,C( ) (s))ds < L, K> T

0 =12

Then consider the decomposition arising via a similar calculation as (1.114)
F(T,0) — F™X)(0,T) =

(1.130) E<§_j (/h (512) [GrHpn (R (1), ¢ I (T — s1))] d>>

=0

Ne—1 5§+1
v B (1= s (sb)
(Z; </ "

[Hf,no?(sﬁl),c(m”“(ﬂs ) = Hpn(R(sE), CmIO(T = 5k))| ar ) )

Nip—1

+E<Zh s (M (T — s, T — m)))
Ni—1 T—si N

B el
i=0 T—

Ne—1
+FE ( Z (My(sF) — Mo (s z+1))> .

i=0

Hence we are left with a sum of five terms each of which we now have to eliminate by choosing the parameters
k and L suitably.

First note that

m—1

[Mzlvar = Sl;p (Z |(Ma(s7) — Ma(s z+1))|>

=0
T
< /
0

where N(™K)(T) denotes the number of jumps of (™) in [0,T]. By construction E||Mz||,qr < oo uniformly
in k, L. This bound on the expected variation implies (7 is a jump process) that My is a uniformly integrable
martingale.

w(X(5800), O ()| dr + const - N (T).
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Let € > 0. Since P((AL)¢) — 0 as L — oo, we can choose L > 0 such that

E(1a,)|F(T,0) — F™5)(0,T))) < ;

Nj—1 .

(1.131) E(l(AL)C (My(s* (s¥,, |> < 3
=0
Np—1

E(Z(M2( z+1 ) = 0
1=0

We can then choose ko(L) so that |s*°| < L. Then on the set Ay, the intervals [7F, 7/ ") do not cover any

10"
singularity and therefore by the independence of A;, and My,

Ni—1
(1.132) E <1<AL> > (Ml(TSf,TSQ-“H))) =0
1=0

Finally, since all terms are regular on Ay, if k > ko(L), we can take the limits k& — oo and get that the sum
of the integral term converges to the quantity on the left side below and by (1.125) satisfies:

T
(1.133) E1M/R@mwﬁmgwmw—mpr
0
B (L, [ (@RS (R0, @ = )] ar | >0
0

Now we can conclude the argument as follows. By taking ko(L) sufficiently large we can make the sum of the
first and third terms in (1.130) greater than —£. Therefore F'(T',0) — FmK)(0,T) > —¢ which implies (1.128).
Step 7 Next we have to return to the “real” candidate for the dual process (7. Note that F(™¥) is monotone
increasing in m and K and hence letting K — oo and then m — oo we get

(1134)  B[Hpa(X(0), ¢ (T)] —  E[Hp(X(0),¢(T)), for all f € C(E™),n € N.

m,K—oco

Hence we end up with the key inequality:
(1.135) E [Hya(R(T),¢7(0))] 2 B [Myn(X(0),¢7(1))] .

It remains to show that we actually have equality in (1.135).

To carry this out observe that if there is strict inequality for some 0 < f; < 1 then by applying the same
argument to fy := 1 — f; and adding, we obtain a strict inequality for f = 1 on [0,1]. But this yields a
contradiction since there is equality in (1.135) with f =1 on [0, 1] since

T
(1.136) P /0 > R (s, ¢ (s)) | ds > K| — 0.

K—oco
£=1,2
Using Lemma 1.12, it then follows that for every realization of the total mass process

(1.137) P (T) € (QM™)¢ for somei) — 0.

m, K — oo

This concludes the proof of the duality relation in the singular case.
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2. CONSTRUCTION AND UNIQUENESS (PROOF OF THEOREM 1)

In order to prove Theorem 1 we will assume first that c¢(z) = 0 and then later use a Girsanov argument to
get the general case. We shall then prove Theorem 1 in four steps and as a byproduct we get Proposition 0.1,
Proposition 0.3 and Proposition 0.4. Here is the strategy and the content of the four steps:

e Verification that the total mass process (X(t))i>0 can be characterized by a well-posed martingale
problem, which we call the (G, § ¢ )-martingale problem (Proof of Proposition 0.1).

e Verification that the time-inhomogeneous (@t, d ¢ )-martingale problem with singular rates is well-posed
(recall (0.46) and (0.47)). This proves Proposition 0.3 and heavily uses the duality relation from
Proposition 1.1.

e Verification that, if we choose the resampling and migration rates for the (C?h d ¢ )-martingale problem as

in (0.57) and (0.58), that is we define the solutions of the (G, %), (G, d ¢ )-martingale problem denoted
X and X on one probability space, then we get essentially (with respect to a certain equivalence relation)

a well-defined bivariate process (X (¢), )?(t))tzo.

e This step has two parts. First we show that we construct a solution of the (G, § x )-martingale problem,
if we define the process X as X (t) = (Z¢(t)Te(t))ecq in terms of on the pair (X, )/(\') obtained in the
previous step. Then in the second part we verify that for every solution of the (G, dx)-martingale
perblern7 the corresponding relative weights process conditioned on the total mass process solves the

(G, d ¢ )-martingale problem (Proof of Proposition 0.4).

The main work of this section is in step 4, in particular the second part. For step 3 the the main work was
already done in chapter 1, while the other two are fairly standard. Many details of the arguments below will
also be used in subsection 4(b) to prove Theorem 3 on the well-posedness of the martingale problem for the
historical process. These are therefore spelled out here in considerable detail in this simpler setting.

We give in subsection 2(a) the main concepts, state the needed intermediate results and then prove in
subsection 2(b) the key lemma, namely Lemma 2.6 and this requires considerable technical effort. Subsection
2(c) completes the argument.

(a) Well-posedness of the relative weights martingale problem. As announced the argument proceeds
in four steps.

Step 1  ((G,ég)-martingale problem)

Consider the martingale problem on the space C([0, 00), £) with generator G defined on D, where the ingredients
are given below (recall (0.5)):

(2.1) € ={X € ([0,00))?] [|X[l5, < 00}.
Let D denote all functions f on £ satisfying:

- f depends on finitely many components,
- f is twice continuously differentiable,
- f is bounded, as well as its first and second derivates.

Then define for f € D (recall ), a({, 1)z, < oo for X € £ by construction of the norm ~):

2
(2.2) GHy =3 { S ot n) (i - faj—jg(X) + (@) S (X)}.

ico Lneo 8@53.@5

Lemma 2.1. The (G, dx)-martingale problem is for X € € well-posed in C(R™, (R)®). The solution is a strong
Markov process with paths which take values in €. O

Proof This martingale problem has been studied in the context of interacting diffusions, given by systems
of stochastic differential equations for (X (¢)):>0 which was given in (0.37). The strong existence and strong
uniqueness of solutions to the corresponding system of SDE’s has been established by Shiga and Shimizu [SS] who
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made moment calculations that prove Li(y)(= &) and Lo(7) are preserved under the evolution. In particular
E(g(z¢(t))) < oo for starting configurations in Lo () and E(Z¢(t)) < oo for initial configurations in L (y) = &
for every t > 0. Therefore (f(X(t)) — fg(Gf)()_((s))ds)tZO is a martingale, respectively local martingale, if we
start in Lo(7y) respectively &.

It is a general fact that this implies the well-posedness of the (G, dx)-martingale problem. (See [RW, 87],
vol. 2, V 19 and 20). The continuity of paths and the strong Markov property is also found in [SS].

Now we need to relate the process from the (G, d g )-martingale problem to the functional X (¢) of our process
(X (t))¢>0, provided there exists a solution to the (G, dx)-martingale problem. Namely

Lemma 2.2.  The process (X(t))i>0, defined in (0.20) as functional of (X (t))i>0, solves (if the latter exists)
the (G, dx)-martingale problem for every X € . O

Proof Note first that X(0) € £ <= X(0) € &. Inserting in the martingale problem for X (¢), i.e. (0.13), the
function F’ with f; = 1I gives by explicit calculation:

(2.3) (GF)(X) = (GF)(X), with F(X) = Hgi(g’sgi).

Hence for F the process (*_Y (t))1>0 satisfies the relation of the martingale problem. Since the algebra generated
by functions of the form F' as above, is a measure determining algebra on & C (RT)® and F is contained in D,
we can apply Lemma 2.1 and we are done.

If we combine Lemma 2.1 and Lemma 2.2, we get from the result of [SS] mentioned in the proof of Lemma
2.1 immediately Proposition 0.1.

Step 2 (Well-posedness of the (@t,c;}?)-martingale problem)

Here we prove Proposition 0.4 and its corollary. The essential work has been done in chapter 1 by proving Propo-
sition 1.1 (Duality) and by checking in 1(a) that the conditions for Proposition 1.1 are satisfied. The duality
relation (1.103) gives the existence of a solution as well as its uniqueness, since the duality functions H (-, ¢)
determine for every initial state X e P([0,1])® the distribution at a fixed time up to equivalence uniquely, so
that for every time ¢, given the configuration at all times u < s < t, depends only on the configuration at time
s and the transition kernels

(2.4) P =L(X(t) € |X(s) = X)

are E()A( (s))-a.s. uniquely prescribed as well as the marginals at all times s. Both these objects determine
then uniquely up to equivalence a law for the stochastic process via Kolmogorov’s theorem. Any such solution
has by what we know from the classical case the path properties required in condition (iii) of Definition (0.4).
Since the law is determined up to equivalence only we can choose the one also satisfying the condition (ii) in
Definition (0.4) and then obtain a unique object.

Step 3 (Existence and uniqueness of the bivariate (G, dx x))-martingale problem)

We have seen in step 1, that the (Gy,dx)-martingale problem specifies uniquely a stochastic process and for
almost all realizations of that process according to step 2 and Proposition 0.2 (proved in 1(a)) the (Gy,d <)
martingale problem is well-posed. The law of X for fixed path of X is a measurable function of that path, as is
seen easily from the characterization of the law by the dual process, which shows that moments are measurable
functions of the path £(X)-a.s. (note we can explicitly construct the dual process i.e. the coalescent in a fixed
medium from random clocks based on hazard functions containing {(Z¢(t))i>0, £ € Q}). This means that we

can define uniquely a transition kernel K (X, dX ). Hence we can construct the law of the pair

(2.5) (X(£), X ())ex0.



46

By construction of X via duality for given X as a Markov process (using only X (s) for s < ¢ for the definition
of X(t) and the fact that the paths of the Markov process X take values in the £-valued functions on [0, cc)
a.s.), this bivariate process is a Markov process in £ x P([0, 1])%%.

We can regularize the path properties without destroying the Markov property if we introduce in the state
space
(2.6) € % (P(0,1)))"
the equivalence relation:
(2.7) (X,X)= (Y,Y) X =Y andZ=yge foralléeQwithze>0.
We call the set of equivalence classes E.

We will now characterize the evolution of this pair in the state space I3 by a well-posed martingale problem.
Consider all functions F' of the form:

(2.8) F: RN x (P([0,1)? >R, F(X,X)=FX)FX),
where

(2.9) F( /f (1, ... s un)Be, (duy) . . . Te, (du,),
(2.10) F(X) = g1(Z¢,) ... gn(Ze,),

withn € N, f € C([0,1]"), gi € CZ([0,00)) and:
(2.11) gi(0)=0 Vi=1,...,n.

Denote by A the algebra of functions generated by functions of the above type. The algebra A determines
distributions on £.

Let G be as in (2.2). Define Gx (= ét,)?) to be the Fleming-Viot generator (the G, of step 2 and Proposition
0.3) with migration rate @, (t)a(&,n)(Z¢(t)) ™! and the resampling rate h(Z¢(t)) (Z¢(t)) ™! at points £ at time ¢.
Define now with these two ingredients:

(2.12) (GF)(X, X) ={(GRX)}F(X) +{(Gx(FX)}F(X), FeA

The expression G ¢ < (F F)F is always well-defined, also in points where Ze, = 0forsomei € {1,...,n} (recall(2.9)),
since F'(X) is then 0 and vanishes at the right order (g; is differentiable at 0). Note in the martingale problem
only the term fj(GF) (X (s), X(s))ds plays a role. The key result of this step 3 is now:

Lemma 2.3. The (G, 0 (X, ) martingale problem on C([0,00), &) is well-posed for (X,X) € &, i.e. for X € €
and X an element of (P([0, ]))Q O

Proof
Part 1 (Existence)
We have constructed using step 1 and step 2 a candidate for a solution which is given explicitly in (2.5).
To see that this is a solution observe that for every ¢ such that none of the Z¢, (), i =1,...,n are 0, we can

explicitly calculate and thereby show that the derivative of E(F((X(t), X (t))) is given by E[(GF)(X(t), X (t))].
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To see this denote by F; the o- algebra generated by (X (s ))s<¢+ and similarly for X and X. Observe that
(X(t+s) — X(s))s>0 is independent of X( ) and then write

¢, X(0)] =
(213) BIB((F(X(t+ ) = F(X ()| AIPE )]
+EIF(R ()Rt + 1)~ FERONF Y Fucl +0(h)

and then use the boundedness and smoothness properties of F and its factors F' and F to immediately get
the assertion. It remains to deal with the ¢ at which 0’s occur for the processes Z¢,(t), ¢ = 1,...,n. The key
point here is, that the combined expression from (2.12) is well-defined and once we integrate the expression over

E [ﬁpz-(t +h),X(t+h) — F(

time (recall (1.17)) the value is independent of the convention we choose for X (£) in those points. This gives
existence.
Part 2 (Uniqueness)
The uniqueness of the process follows from the fact that A is distribution determining on the set € and from
the following fact we shall see below. Namely we can choose a representative in £ x (P([0,1]))® and both the
first component and the second component given the first process, must satisfy well-posed martingale problems
by construction of G namely the (G,d¢), (GX,5X) martingale problem of step 1 and 2. Note that the G
martingale problem is defined with respect to the filtration o((X(s), X (s))s<¢) the G martingale problem with
respect to o((X(s))s<:) and the GX one with respect to O’(()?(S))S<t, (X(t)i>0)-

For the (G, §3)-martingale problem simply use functions F € A of the form (2.8) with F = 1. Inserting this
choice results immediately in the G' martingale problem.

For the second we would like to pick F € A of the form (2.8) with F' = 1I. This does not give a function in
A unfortunately. However we can use suitable smooth approximations of the following function

= . 1 if Ze,...,Ze, >0
(2.14) F(X) = { 0 if Z¢g, =0 for some i € {1,...,n},
and which are functions depending only on 1,82, ..., &x-

Then we condition on X, to get for our fixed F for the component F the G -martingale problem between
singularities relevant for F'. These singularities are the same as for F by construction and by the very definition of
the martingale problem with singularities. It remains to show the continuity of the laws of the F ()? ) component
at times at which singularities occur at one of the sites &1,...,&, occurring in the definition of the function
F and those singularities satisfy the condition of (0.54). This however is a consequence of the fact that the
dual process is well-defined for all times and continuous in law as its starting time approaches the singularity
(recall we consider here singularities where an excursion ends or begins). Since the functions F considered here
form a probability measure determining algebra we have proved that for the bivariate martingale problem the
conditional laws of the second component given the first must satisfy the (CAJA d ¢ )-martingale problem with
respect to the filtration O'(()? (8); X(8))s<t). Hence for every realization of the first component it satisfies the

martingale problem with respect to the filtration U((XS)SSt) Note here that (X(s))s>¢ and (X(s))ggt are
independent conditioned on X (¢) as is seen from the duality. This completes step 3.

Step 4 (Existence and uniqueness of (X (t)):>0)

Now we are at the point, that we can show that the process (X (t));>0 is well-defined by first showing existence
in (i) and then uniqueness (the harder part) in (ii).

(i) Construction of a solution

Introduce the following abbreviations:

(2.15) E = (P([0,1]) x RT)®

(2.16) By = (M([0,1]))"
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and both spaces are equipped with the product topology, where on the components the topology of weak
convergence is used. Then F and Ej are polish spaces.

Next we define a candidate for the solution of our basic (G,dx)-martingale problem. First note that for
given X € £ we can uniquely determine an element X € & by setting Te = z¢([0,1]). Furthermore setting

B¢ = x¢(Te)™! for Te > 0 determines already a unique pair (X, X) in £ such that xga?g ¢ (recall the
definition of the equivalence relation defined in (2.6) and (2.7)). Define Z(0) = (X(0), X (0)).

Furthermore we write using the definitions of step 3:
(2.17) Z(t) = (X(t),X(t)) t>0.
Let 7 : E — Ejy be the function:
(2.18) 7(X, X) = (@Fe)eca-
Note that 7 is constant on the equivalence classes and hence maps € into €. Then however we can define
(2.19) X)) =71(Z(t) t=>0.
This is the candidate for solving our martingale problem.
Lemma 2.4. (X (t))i>0 solves the (G, dx)-martingale problem for every X € &. O

Proof We need to compare the action of G and G on suitable functions. Even though the formal calculations
(see Lemma 2.5) are straightforward we need to overcome some technical obstacles.
In order to relate the generators acting on functions on E and Ep, we now consider on E test functions,

which are functions of (Z¢, Z¢,, . .., T¢, Te, ) instead of the pairs {(Z¢,,Z¢,), ¢ = 1,...,n}. In order to carry out
this projection, pick a function F' : Eg — R of the form
(2.20) /f (u1, ... un)we, (dur) . .. we, (dun)

with f € CT([0,1]), n € N, & € Q. We then have to argue later on at the end of this point (i) that indeed we
can use these test functions rather than the ones used originally in the definition of the process.

These functions F' need not have a priori finite expectations under £(X;) for Xy in €. Define for p > 1 the
space EP by replacing (0.5) with 37, 2{v(§) < oo. These spaces are dense in £ (and contained in £).

Furthermore by truncation we can approximate every configuration « € £ by a configuration in £P. As long
as the expectations of the approximating processes remain finite, we can do generator calculations. See [LS] for
such arguments. It is well-known however, that the functions F have for all times ¢ finite expectations, if we
start in £P, with p large enough. This is a property of the system (X (¢));>0 alone which is well-known and is
easily verified with Ito’s formula using g(z) = o(z?) as * — oco. (Compare [DG1]).

The function F can be written in the form:

(2.21) F(X)= F(X)F(f(), with
F = $§1 . $En,
ﬁ )? flut, ..., un)de, (dur) . .. &¢, (duy,).

Note that F is not in A of step 3, since F(z) is not bounded. Nevertheless can we define GF and G (F) for
such functions as in (2.21). To continue we need the following identity:

Lemma 2.5. If F,F and F are as in (2.20) and (2.21) then:
(2.22) (GF)(X) = (GE)(X)F(X) + (Gx(F))F(X). O
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ProoAf of Lemma 2.5 The action of G on F can be calculated explicitly as well as the action of G on F'
and G on F. By inspection the identity (2.22) follows (recall that F(X) = 0 if Zz = 0 for some 4, so that

G5 (F)F(X) is well-defined).

Return to the proof of Lemma 2.4. We use, that we can extend the definition of G to functions F of the

— o~

form (X, X) — F(X)F(X) with F, F of the form (2.20), (2.21) and we find:
(2.23) GF(X,X) = (GF)(X).

To see this, write (C:‘F)ﬁ + (égﬁ)ﬁ as GF using the concrete form of G, (A}';( and G on functions of the form
(2.20). Note that GF is well-defined also at time-space points (t,&;) where Z¢, (t) = 0.

We see by (2.12) that, since (X (t), X (t)) solves the G-martingale problem for F' € A and since X has finite n-
th moments if started in a point in £7, then the process must also satisfy the martingale problem for functions F
of the form (2.21) provided X € (1, €P. This implies that the process (X (t))¢>o solves the (G, dx )-martingale
problem with test functions of the type (2.21) for X € ., €.

This finishes the proof for even more restricted initial states, since the algebra generated by functions of the
type of F' in (2.21) is measure determining for pairs (X, X ), if we restrict the possible initial states further.
For example require that every component Z¢ is bounded by a constant. In this case we have uniformly in &
all exponential moments of the total masses at t = 0. Then for all times ¢ > 0 we can guarantee that X (¢)
has exponential moments of some order and hence the quantities F[F(X(t))] determine for every ¢ > 0 the
distribution uniquely.

By a standard truncation and coupling argument for the process X (t), (compare [LS], [G]) namely using
approximations (z¢(0) A K)eecq to which the above argument is applicable and which for K — oo converges
over a finite time horizon to the process we want, we finally see that in fact (X(¢));>0 is a solution for the
(G, 6x)-martingale problem if X € £. Namely for the total masses alone this is classical. But we know by the
duality that X (t) has the same property and both combine to the desired conclusion. This completes the proof
of Lemma 2.4.

(ii) Uniqueness of the martingale problem

Now it remains to show that £((X(¢))¢>0) is uniquely determined. From step 1 we know that the total mass
process is uniquely determined. We defined the relative weight process by putting Z¢(t) = (Z¢(t)) ~'z¢(t), with
the convention 0/0 = 0. Recall the notion of an admissible modification of this process above (0.58) (not to be
confused with with the notion of admissible random walk rates). Hence in view of step 2, in particular Lemma
2.1 and 2.2, it suffices to prove:

Lemma 2.6. Let (X(t))i>0 be a solution of the (G,dx)-martingale problem with X € £. Then the process
(X(t))i>0 has an admissible modification, that satisfies for given total mass process (X (t))i>0, the (Gy,d5)-
martingale problem, in the sense of (0.50) - (0.54) or (1.101). O

Since the proof is rather long and technical, we devote the next subsection to this purpose.

(b) Proof of the key Lemma 2.6. We first formulate in (2.25) below the key statement, which will be proved
later. The proof is then broken into three steps.

First note that X € € implies X € € and X is an element of (P(]0,1]))2. Furthermore a process and another
admissible modification differ only in the component £ and times ¢ where Z¢(t) = 0. We have to show that the

process X must have an admissible modification such that the following holds. If
(2.24) {P(BI®) | B € B(P(0,1))%); ¥ € C([0,0), )}
is a regular conditional probability for X given X, then

(2.25) P(-|X) satisfies the (ét,ég) — martingale problem for L((X(t))i>0) — a.s. all X.
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First a word concerning the regularity requirements of the (@t, d¢)- martingale problem. Note that the
additional requirement at the singularities makes the solution the martmgale problem corresponding to the
X (t) evolution for given {X(t), t > 0} unique, without interfering with the original martingale problem for
X (t), since at singular time-points the value of T¢(t) becomes irrelevant for x¢(t) anyway.

Hence we begin below in part (1) of our proof with simply studying the defining expressions appearing in the
(Gt, ¢ )-martingale problem under the given measure £((X(t));>0) and we reformulate the problem in terms
of a more suitable martingale problem based on the increasing process . In part (2) we then verify the assertion
for that martingale problem. This part is the core of the argument. Later we will see in part (3) of the proof,
how to use this to prove the solution to the (ét) martingale problem is uniquely characterized by a duality
relation together with the regularity requirements in our notions of a solution to the martingale problem.

Step (1): Reformulation
The analysis is based on a reformulation of the (Gt, d ¢ )-martingale problem by another martingale problem

based on linear functionals and their increasing processes, which by Ito’s lemma is equivalent to the (Gt, dg)-
martingale problem, since the latter works with smooth functions which can be approximated locally by qua-
dratic functions. In order to formulate in part (1) the new martingale problem we next introduce a number of
objects.

Define for fixed collection I = I(F ) = {&1,...,& € Q} of distinct sites, numbers Ai,...,A; € RT and
functions f; € C([0,1]), the function F' on (P([0,1]))? by:

(2.26) F(X) =" Ni@e,, f)-

iel
We call the points I(F) the F-relevant points.
Introduce corresponding to this the following collection of functions on (P([0,1]))%:
-~ k A~
(227) R:{X%Z)‘Z<X&’fl>v (517"'7516) € Qk? (Alv"'vAk)E(Q+)k’ fiED*,
i=1
N ie€{l,...,k}, ke N}

where D* is a fixed dense and countable subset of C([0,1]). The set R of functions is countable and suffices as
basic set of functions for a martingale problem formulated in terms of local drift and local diffusion function
(increasing process).

Then consider for every F' € R and for every r € [0,00) (we do not display the u and F-dependence of My):

(2.28) M; — M, = hy(r, F) Z/\ Te, (1), fi) — ZM@& (r), fi)
el iel
/ { S M@ ()1 S (€ 1) (5) (o), fi) — @gi(s),fm}ds], —
r i€l n

where again h(s, ﬁ) = 1(Z¢,(r) > 0 for r € (s,t), i € I). Define again for given s the X-stopping time T by
— inf(t > s|h(s, F) = 0).
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For the next step we consider a new martingale problem for the process ()A( (t)) for a fixed realization
of (X(t))i>0 which satisfies Proposition 0.2. This martingale problem, which is equivalent to the (@t,éf()—
martingale problem by a standard argument (ce.g. Lemma 7.2.1 in [D]), is given as follows. We replace the
requirement (0.51) by the following.

For every F € R the corresponding (by (2.28)) stochastic process satisfies for all pairs r,¢ in [0, 00) with
Te,(s) #0 forr < s <tVieI(F)={l,...,n}, that

(2.29) (Ms — M,)i>s>r is a square integrable martingale with respect to the filtration
o(X(s),s <)V o ((X(s))s0)

and has the increasing process

[ o h(Te ()
_ _ r 2 PAPE\D)) ar 3 i
(2.30) (Mg — My)i>s>r (hs( ,F)/;)\Z< Ze. (@) ) Vi :cg,m)(f )dq .

The main point of the remaining argument is to overcome the problem of the singularities introduced by
the term (Z¢,(s))~!. Having established that (X (t))i>0 has an admissible modification which satisfies the
martingale problem (2.29),(2.30) we then consider the equivalent martingale problem for X conditioned on
(X (t))i>0 obtained by applying the G martingale problem to different functions, namely functions F of the
form (1.100). This in turn will be used to get by Proposition 1.1 the following dual characterization (up to
admissible modifications) of the conditional law of X:

(2.31) E[H.n(X(T),¢(0))] = E[H7a(X(0),¢(T))]

where ((+) is a dual process defined as in Proposition 1.1.

Step (2): Proof of the Martingale Problem Characterization (2.29) and (2.30)

The proof involves a number of technical aspects due to the existence of singularities in both the resampling
and migration rates at which the expressions defining the martingale problem are infinite or not well-defined. In
order to establish the martingale problem characterization of X over the finite time interval [0,T7] it suffices to
consider functionals F' as defined above based on finite but sufficiently large sets of communicating sites (ﬁ ).

In view of Lemma 1.5 we can assume that there is no simultaneous zero in I(F) in the time interval [0, T]. The
proof is then broken into several parts.

We first give an overview of the main ideas used in handling the singularities. Since we are considering
a function F' that depends on finitely many sites, {& i =1,...,4} the set of singularities is given by {¢ :
T¢,(t) = 0 for some i € {1,...,£}}. Then the interval [0,¢], can be decomposed into countably many excursions
of min;,—y_. & (t) away from 0. The first key idea of the proof is to find a finite or countable set of random
intervals of the form [r;, 7;41] such that the random intervals arise from stopping times {7;,7 € N} by pairs of
random times, one a stopping time once we look backward, one if we look forward and inf e[, 7, ,] T, (s) # 0,
i=1,...,¢ and to then verify that {M; : t € [r;, 7;+1]} is a martingale in these “F-regular intervals”. The next
key idea is to show how to construct a sequence of collections of such intervals which exhaust the complement
of the set {t : Z¢,(t) = 0 for some ¢ € {1,...,¢}}, that is the set of excursions, in an appropriate sense.

There are two other essential steps. One, carried out in (ii) is the calculation in (2.38) - (2.46) below
identifying the migration rates and the resampling rates for X given X similar to a result of Perkins ([P2]). The
remaining step is to verify the conservation of the martingale property of certain expressions in passing from

— ~ ~

the filtration o ((X(s), X(s))s<t) to a((X(s))s<t, (X(t))i>0). This is established in (iv).
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(i)  Preparation: Time spans with F -regular behavior — In the next paragraph (ii) we want to use Ito’s
lemma in order to represent the increments of the process F(X(t)) = (Zle Xi(Te, (1), fi)) between F-relevant
singularities as a semi-martingale with respect to the filtration

(2.32) Fs=0((X(r))r<s-

In this set up we are able to apply ordinary stochastic calculus, since we deal with the unconditioned laws and
only later we will consider the larger o-field, containing the complete information on the total mass process.
For this we single out the time intervals, where the process F'(X(t)) behaves nicely. To do this we use the fact

that the total mass processes in a finite set can be decomposed into singularity-free open excursion intervals
whose complement is of Lebesgue-measure zero. This is the main goal of this point (i).

We now define the random times at which the singularities relevant for F occur. We consider for every k € N
the sequences (we suppress the k if the term appears as index or argument)
(2.33) T, =T neN,
of the random time points such that the random intervals (Tij, T: 2’3 +1) describe the excursions away from 0 that
reach the value k=1 at a time Tgkj € (TQ"“j7 Tij 41) at some &; € I. These times are defined as follows:

™ = 0

TF = inf(t| 2 () =0 forsomeie {1,...,0})

TF = inf(t > TF| Te, (t) > k! forall je{l,...,0}},
TF = sup(t|t <TF, Ze,(t) =0 for somei € {1,...,£})
TF = inf(t > T§|ze,(t) =0 for somei € {1,...,£})

Tf = inf(t> TH|Ze, (t) > k=" for all j € {1,...,0}},

Note that T* are stopping times for n odd and Trlf are stopping times for n even but T are not stopping
times for n even. Since {t : Z¢,(t) =0 for some ¢ € {1,...,¢}} has Lebesgue measure zero the union of these
excursions over k exhaust [0,¢] for any ¢ > 0 except for a set of Lebesgue measure zero.

In order to show that (M;);>¢ of (2.28) has the properties required from the martingale problem, we will
consider for fized k first separately for every n € N the processes

(2.34) MM = M(TE <t <TE )t >0,

which we will then later piece together for the different n, by defining a suitable value in the points {T*; k,n € N}.
The process Mt(") has singularities in the rates at T* and T* 1, which we have to control in order to apply

stochastic calculus. We have to distinguish the cases n even and n odd. If n is even the total mass process is

strictly positive between T, T | and if n is odd and T)¥,; > T there are many small excursions away from

0 between T* and T* 1. It is these latter intervals, which we have to treat by further subdividing them, by

making the second parameter k larger. In the limit k& — oo we then exhaust the whole interval by good ones,

i.e. starting at a time which appears as T¥ with n even for some k. This will be the essential point (vi) of the
present part 2.

We start now with k& = 1 and consider first the case where n is even. We next truncate the process in
(Tk,TF, ,) on both ends, close to T, ; and close to T¥ and also deal with the fact that T is not a stopping

n
time when n is even.

From this point until stated otherwise at the end of (iv) we set
(2.35) n €N is even.

In order to handle the singularity at T'¥, choose a number & € (0, 1) and then (recall that we have for the moment
k fixed) a random variable ¢ = £(n,d), such that T¥ + & < T¥ ;. This ¢ depends on {Z¢,(t), i = 1,...,(},
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but T}, + ¢ should be one element of an increasing sequence of X-stopping times. For this purpose we consider
successively the time points where 0 is hit first and then dk~! with § < 1 is reached first afterwards, that is, the
sequence Tk/ 5, ij, n odd. This way we obtain now a collection of stopping times and we have to pick out the
one falling in our interval of interest. (After having done this choice we don’t have a stopping time anymore).
To make things definite, define in case the singularity at T}, occurs at & for i € N' C {1,...,¢} the random

variable ¢ by:

(2.36) T, + e = inf(t > T¥|z¢,(t) > k™' for some i € N).
Define furthermore in order to handle also the singularity at T 1 a X-stopping time:
(2.37) T =inf(t > T, +€lZe, (t) < m™" for some i € {1,...,4}), m > k.

Note that 7.7, ,, — Tk, | as. asm — oo and €(n,d,w) — 0 a.s. as § — 0.

(i)  Semimartingale representation in F -reqular intervals Now comes the crucial calculation which gives
the connection between branching and resampling for test functions F of the type (2.26). Recall from Lemma

(2.1) that (X (t))s>0 is a strong Markov process. Define the process F»(t) derived from F(X(t)) for fixed n,m
and ¢ as follows:

(2.38) Epc(t) = ) Ailwe (t), fi)(ze, (), 1) (T +e <t < T )

=1
+2)xs W) Fid(@e (T2 ), DIt > 15, > T +€)

k
+ Z )‘1<$51 (Tn + 5)’ fl><x§1(Tn + 6)) 1>_1]I(t <Tn+ E)'
i=1
For this process F»¢ we shall derive a semimartingale representation for t € [0, 00).

(n) T

As a first step we introduce below in (2.40) explicitly a stochastic integral (M, "™)¢>0. Denote the

martingale parts of the semi-martingales (z¢, (¢), fi) and (z¢, (¢),1) by:

(2.39) N(t) and L'(t).

Define (recall the discussion below (2.35)):
AT AT,

(2.40) M T / Z)\ Fe.(s)) "L ANY (s / S Nl (5), £i) (e (s)2dL(5).
Tote =1 Tote =1

The key point of this step is, that Ito’s formula applied to (x¢,, fi)(z¢,, 1) 7! gives the following two properties:
(241)  FMe(t) = FE (T, +¢) + Mo

TS

2(s), 1) — (w6, (), 1)
+/[Z&Xw7< G )
Tn+e i=1 n

o) - @y, ]
a(&i,n) <$§i(8),1>2 ( fi( )7fz>}‘|d

t/\,Tm o
= BT e MO [T vl 28 (0,19 - @0, 1)

Tpte 7 Lo
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Womn

The quadratic variation process of the stochastic integral Mt(n is:

AT, ’

(2.42) <M§">*Tfl*“>=(2 / Z{Af(@ds),fﬂ—@.(s),fz->2>}{h<wa<8>><%<8>>’l}d5>
T,

nte 1 >0

The clue in the proof of (2.41) is the fact that for a function F' on M([0,1]) given in the form F(z) =
(x, f)(x,1)"! one has:

(2.43) // 82—F[u V]h(Z)z(du)d(dv) =0
' 9zt o
Namely the second derivative of F reduces due to the linearity of (z, f) and (z, 1) to

@) f)I) | 1)) f)
(2.44) @2 @z TP g

which in turn after integration with the diffusion operator
(2.45) x(du)dy (dv),

gives 0. Hence it suffices to calculate %—f and use (2.39) in order to get with the Ito-formula the drift terms as
given in (2.41).

Next turn to (2.42). The quadratic variation of the stochastic integrals defined in (2.40) is in view of (2.41)
found by calculating the quadratic variation of F/%¢(¢). Hence consider again the function F(z) = (z, f) (z,1)~!
and the action of the second order part of the generator on the square of this function, which gives

9 2
(2.46) / / &(iﬁf ; ) [, W] (2)2 () o ().

Then use the chain rule on the square and then (2.43) to get finally formula (2.42).

(ii)  The limit m — oo.  First we focus on the right boundary of the interval of regularity, and we will
consider F/»¢(t) as m — oo to obtain the process F™¢(t) and the representation of the new process F™*(t) as
a stochastic integral in the interval [T}, + &, Tp41).

We study now Mt(n)’Tm'" as a function of m. Fix now n € N. Denote by DI, with £ € NU {0} the event (for
some fixed T' € RT and the convention 7§ =T, +¢)
(2.47) Dl = {Tn+5+T > Tf_l} N {Tn+€+T < 7;} DT = {Tn+5+T> Te, Ve N}.
Note that
(2.48) DL ={T, +e+T>T,1}

We have the following situation on the events DZT for £ € N and m > ¢. Since Ms(n)’T"E“” agrees for
s € [T +e, T,+e+T] with Ms(")jé , we see by the definition of D?, that we can pick a subsequence

such that we get Cauchy-series even in the function space C[T}, +¢,T,, + € + T],R) on the event DZT. Since we
can do this on every of the countably many events Df, ¢ € N we can define properly a limit for fixed T on the
complement of the event T > T, 11 — (T}, + €).

Furthermore if we consider T in a countable set (for example Q), we can piece things together in a consistent

way. This defines then a path (M:(F:L’_iﬁ)Se[O’TnH,(Tnﬁ)) in the limit m — oco. We define Mt(n)’s separately on
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the events that t falls into the interval, to the left or to the right.

(2.49) te(Tnte Torr) M =MPS . s=t— (T, +e)
t€[Thir,00) M™M= =0
telnTy+el MMV =M",_=o0.

This gives a continuous process (Mt(n)’e) in ¢ for which we have for every m:

(2.50) Mt(n)’s = Mt(n)’T;“" on the event t € [T, + ¢, T ,.].

m,n
(Note that at this stage the T),e etc. are still random variables since we have not yet conditioned on the
complete total mass process.)

By (2.49) we have the representation:

14 14
(2'51) Z/\1</x\fz(t)7f> = Z/\1<§51(Tn +€)7fi>

t :1Z
+ / { D i@ ()71 al& )Ty () (@ (5), fi) — (Te. (), fi>)}d8
Tote - =1 n

_|_Mt(")’€, on the event t € [T, + &, Tp41).

With this representation we can analyze (Mt(")’s)tzo further in the next step (iv) and then in (v) we can let
e=¢, — 0.

(iv)  The martingale property of (Mt(n)’g)tzo for FtVo(X(s))s>0) It now remains to check that (Mt(n)’s) is
actually (between the singularities) a martingale with respect to the larger o-algebra containing the information
on all of X(¢) that is:

(2.52) He = 0((X(s))s<e) V o ((X(5))s20).
Note first that now the random variable € = (n, J) becomes deterministic.

We shall verify in this paragraph that:

Lemma 2.7. For every bounded and o((X (t))i>0)-measurable random variable R the increments of M (™)< are
orthogonal to R that is for all t > s:

(2.53) E[(M{™* — M{™*)R|F,] =0,
where F is the filtration associated with (X (1))r<s. O

This will imply the martingale property of (Mt(")’s)tzo between singularities.
Proof of Lemma 2.7  For (2.53) it suffices to verify this relation for random variables, which depend on only
finitely many of the component-processes {(Z¢(t))i>0, § € Q}. We denote the collection of such components
of (X (t))i>0 associated with R by Zr and once we have fixed R in a calculation we shall just write Z. The
Ty of (2.40).

We shall use a representation of R in terms of a sum of stochastic integrals of the total mass processes. A
useful tool for that is the following fact about the total mass processes, which follows immediately from (2.2):

verification of (2.53) will proceed by approximation via the (Mt(n

(2:54) CUE / Sal (s - selohis) . cen

t>0
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are continuous martingales with respect to the o-algebra o((X(s))s<¢). We abbreviate these martingales now
by

(2.55) {(me(t))i>0, € € Q}.

If they are square integrable (for example if X (0) € £2), then their increasing processes are given by:

(2.56) ( /t h(:fg(s))fg(s)ds> "

0

Due to (2.54) we have the following representation for the random variable R (see [RY], Proposition V.3.2) for
the one-dimensional version). We prove this at the end of (iv).

Lemma 2.8. There exist processes (ry(t))¢>0, which are o({Z,(s),s > 0, n € I})-predictable such that:

(2.57) R=FER+ Z/rn s)dm,(s 0
n€I
Note first that in order to check (2.53) for the approximating increments of M ™Zm.n it suffices to consider

in (2.57) the integral from s to t. Namely the part from 0 to s is F, measurable and we get a zero contribution

by the martingale difference property of (M, ( > Tm, ™) expressed in (2.40). Similarly the contribution from ¢ to

oo is shown to be 0 by first conditioning on }"t and then using that m, (r) — m,(t) for r > t is independent of
Fi and has mean zero. For the same reasoning no contribution arises from t A 7,7, till ¢.

Next observe that now we are able to calculate with (2.40) and (2.57) as follows:

(2.58) E KM(”) Tmon _ gl T ) R ‘ ]—"s]

t/\'TE t/\TE

{ / ZA e, (1) AN (r / ZA ve. (). 1) x5<>>-2dv‘<r>}

g

In order to evaluate the above expressions we have to consider the variations, respectively covariations of the
martingales N/, L! with m,(¢) (recall (2.39) and note that dmeg,(t) = dL'(t) by construction). In order to
be able to perform Lo-calculations first assume X (0) € £2 so that E[Z¢(t)]> < oo for all ¢ > 0. Then use
that by definition of X (¢) one must have (calculate the action of the generator G of (X(¢)) on the functions
(we, f)(we, 1), (xe, f) (@, 9), (®e, 1) (xy,1) and read of the Ito terms):

tAT,

(5 7 o)

nel

dLidL = (we, 1)h(Z¢,)dr dmg,dm, = 0 & #n
(2.59) dLidL? = 0 i#j dN'NJ = 0 i#j
' AN'IN' = (g, f?) h(Ze)dr dN'AL' = (g, fi)h(Te,)
dN'dN7 = 0 i#}j.
If we use (2.59) in (2.58) we see that the r.h.s. is equal to

tATS

m.n g

(2.60) E / ZA {(@e, (r) " Hae, (r), fiYh(Te, (r) — (e, (1))~ we, (r), fi)h(Te, (1)) } dr| Fs | =0.

S
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Then let m — oo to get the desired conclusion (2.53) for X(0) € £2. The result is easily generalized to
X(0) € &, by approximation with truncated states {x¢(0) A n}ecq with n — co. We leave the details to the
reader. In order to complete the proof we have to verify Lemma 2.8.

Proof of Lemma 2.8 Define R = R — E(R). Then we can define
(2.61) Ry = E(R|o(X(s))s<t)-

Then the process (Et)tzo has a version which is for X (0) € £2 a square integrable closed martingale.

Next observe that the {dm,(t), n € Q} are a orthogonal collection of martingales since they are driven by
independent Brownian motions. Now we can apply the multidimensional martingale representation theorem
([KS], Theorem 4.15) to get progressively measurable processes s,(s))s>0, n € I such that

t

(2.62) R, = Z/sn(q)dwn(Q)-

nel

We can now use

(263 mo®) = [ fotay(a)du o)

to obtain

. [ sa(@)
2.64 R, = 7dm,7 )
200 Z/ s

with the convention % =0:

(2.65) (q) = sy(a)// 9(Z4(q))-

This completes the proof of Lemma 2.8.

(v)  The limit 6 — 0. We finally come to the left boundary of the interval of regularity for F. Here we need

a small modification of (Mt(n)’e) in order to be able to vary €. Recall that e = £(n, §,w). We change Mt(n)’E by
a suitable constant in t as follows:

(2.66) M =M™ 4 A(e, g0)

with A(g, o) defined for 0 < € < g as follows. Let g9 = T — T* (recall (2.34)). Then:
TF+e ‘

(2.67) Ale.e') = { F(T) +e) = F(Tf + ) + / D> a' (&) (@y(s) — T, (s)) ds
Tk+e =1

Note that then the representation of > ;| A;(Z¢(¢), f) in (2.51) implies for the (Z\Ajt(n)’e), that for 6; < d3 one
has that €1 < €9 a.s. Hence

(2.68) M”)’El = ]\’Zt(”)’52 te[Th+e,Th, ), as.

Therefore we can immediately conclude by letting § run through the sequence 5! that Z\Z(n)’s converges as
0 — 0 to a limit Mt("), uniformly for every closed set contained in (¥, T, ;). Furthermore:

(2.69) MM = MIME fort € [TF +6,TE, ).
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So far we assumed that n is even. We now define

(2.70) M™ =0 forte (TF, T, withn odd.

Having (2.53), (2.67) at hand {(Mt(")), t € (TF, TF, 1)} is then for every n € N a process, which is the sum of
a random variable plus a local H;-martingale with continuous path and for every t € (T%, T* +1) with n even,
the following holds for every & > 0:

14 y4
(2.71) > Nil@e (0): fi) = 3 Nil@e, (Th +9), i)
i=1 =1
t , AN \ Zn(s) (n)
) 2D el (@as) — Fe (). fi) s + M+ AG <o),
Thys =100 .
VO<d+TE<t,
Loy
(2.72) (M{™) ez, 45 = 2 / S {N Vars, ) (i) - h(@e, (1) (@e, (1) dr.
Thys =1

The process M ™ constructed by piecing together the martingales over the excursions that reach % will still
depend on the parameter k and this process now characterizes M; in the intervals (7%, T* 1) for n even. However,

for n odd the definition of Mt(") is just a temporary convention to get a process everywhere well-defined. In
order to complete the process , we will next incorporate all excursions by letting k — oo (recall (2.34)).

(vi)  The limit k — co. What we have done to this point is

e to identify the martingale problem (with respect to the larger filtration {H;}+>0) satisfied by the system
{Ze,(t) i € I} for ¢ belonging to a union of regular stochastic intervals of the form, (T3, + ¢, 75 ),
that is, intervals with {F;} stopping time end points and on which the Z¢(u) > % A % and contained
within “excursions away from 0 that reach the height %”.

e for each k as the parameters m — oo, d — 0 these stochastic intervals expand to exhaust each excursion

that reaches height 1, denoted above by A,, = (T%,,T¥,.,).

To complete the identification of the martingale problem (2.29),(2.30) satisfied by X we now let k — oo thus
including all excursions away from zero. This way we can define the martingale increment representation
(M) over all excursions and thus for all ¢ except for the set of singularities, that is {t : Z¢, (t) = 0 for some
i € {1,...,n}}. This implies that the processes X (t) must satisfy the specified martingale problem between
singularities.

(c) Completion of the proof of Theorem 1. It remains to complete the proof of the uniqueness of the regular
conditional distributions defined by (2.25). In the previous section we proved that P(-|X) satisfies the martingale
problem (2.29), (2.30) for almost all X, where X is uniquely characterized by the the (G,dg)-martingale
problem. This gives a local characterization in intervals of local regularity. From here it is straightforward Ito
calculus to see that in fact the (é x, 05 )-martingale problem must be solved (which is a local property).

In order to obtain a global characterization of the conditional distributions it now suffices to verify that the
laws of local functionals H of X at the terminal time T (not involving components where singularities occur at
time T') are uniquely determined by this martingale problem. However this was proved in Proposition 1.1, which
expresses the moments of X in terms of the dual process {(;}. Finally, by a standard argument the uniqueness
of the solution to the martingale problem at fixed times yields uniqueness to the law of the full process X.

In all these arguments we have assumed that c¢(-) = 0. By a modification of the standard Girsanov formula
for measure-valued processes the well-posedness of the martingale problem when c¢(-) = 0 for £ off a compact
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set follows from the well-posedness in the case c¢(-) = 0. The proof of this follows using Theorem 7.2.2 (D,
93]) and then following the argument of Lemma 10.1.2.1 in [D, 93]. The well-posedness in the general case then
follows by an approximation argument by first putting c¢c = 0 off a sequence of finite sets increasing to 2 and
then showing that the law in a bounded region is determined by the resulting limit but we will not give the
details here. This completes the proof of Theorem 1.

Remark Note that if ¢ — 7 where Z¢ is singular at 7, (M;) — oo and the process )AQ (t) does not converge a.s.
However using Lemma 1.8 we can show that it does converge in distribution to a local equilibrium law that
depends only on {)?W(T) :n € oI}

3. THE LONGTIME BEHAVIOR (PROOF OF THEOREM 2)

The strategy of the proof is to first show part (b) of Theorem 2, which is the ergodic theorem for £(X (t))(t —
00), which will then in a rather standard fashion give also part (a) on invariant measures. Some additional
considerations allow to prove part (c¢) on the total mass and relative weight processes. The part (d) requires
then again a different viewpoint.

We focus next on the tools needed for the proof of Theorem 2, part (b). Note first that since it it well-known
that for the case where a is recurrent £(X (t)) converges to &y, this case is trivial and therefore we can focus on
the proof of the result for the case where a is transient.

In the transient case the main task is, to compare the laws of two processes, which start in different initial
states and to show, that they become equal in the (weak) limit ¢ — oo, if they have initially the same finite
intensity measure 8 € M([0, 1]). The proofs of the ergodic theorem for £(X(t)) as t — oo will need quite some
preparation for the following reason. In the case of multidimensional components the analysis of the longtime
behavior in the case of transient migration has in the literature only been carried out for processes having a
dual process, such as interacting Fleming-Viot processes. The conditional duality of subsection 1(b) can not be
used here, since the underlying migration mechanism is not accessible to a straightforward analysis as far as its
longtime behavior goes. In systems with one-dimensional components the alternative would be to use coupling.
Those techniques are however only working, at least in their classical form, for the one-dimensional components
and faces here some difficulties, due to the multidimensionality and noncompactness of components. Therefore
we have to introduce a new type of coupling dynamics, which allows to handle multidimensional components.

Outline To achieve the goal of comparing different initial states we set up the right framework in subsection
3(a) below and then we proceed in three further main steps. In subsection 3(b) we introduce a notion of distance
for multitype populations and based on this concept we construct with quite some technical effort a new type
of coupling between the two considered processes. In subsection 3(c) we prove the main result of this chapter,
namely Proposition 3.1 which says that the coupling is successful under appropriate conditions. In subsection
3(d) we complete the Proof of Theorem 2 (a) and (b) based on the coupling results.

(a) The key objects for the proof by coupling. We outline the strategy of the coupling proof now in more
detail and introduce the required concepts. The point is to construct a coupling of two processes X !(t) and
X2(t) with the same dynamics, but starting in different initial states, by defining both processes for all ¢+ > 0
on one common probability space. The idea is to achieve this for multi-dimensional components, by defining
the bivariate process (X1(t), X2(t)) as a functional of a new process Z(t) with a new type space. This process
(Z(t))e>0 has the form:

(3.1) Z(t) = (2(t))ecq,
with
(3.2) ze(t) € M(([0,1] U {x})?),
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the latter satisfying that if we define the following functionals of Z(t), called Zi(t), i = 1,2:
(3.3) zg(t)() = ze(t)(- x {[0,1] U {*}}) restricted to [0, 1]
z?(t)() ze(t)({[0,1] U {*}} x )  restricted to [0, 1],
then {2 (t)}ecq, {#2(t) }eeq are versions of the processes L(X'(t)) respectively L(X?(t)).
In this set-up the new element % will allow us to encode the total mass difference of the two processes and
still work in the enlarged state space with equal masses in the two components. We shall define the dynamics

of (Z(t))i>0 via a martingale problem in Definition 3.1 later on, after preparing the ingredients in step 1-7 of
subsection 3(b).

Suppose we are given such a coupled dynamics satisfying (3.1) - (3.3), then we are ready to return to our goal
to compare two processes X!(t), X2(¢), which start in two different initial states but now both are defined on
one probability space and both following the dynamics of a branching system with state dependent branching

rate h(Z). In order to carry this out we define below a suitable distance function ||-,-|| (cf. 3.6)) and consider
then the expected distance:
(3.4) Ag(t) = Bllzg (1), 22 (1)]]-

The final goal will be to show that if a(¢,n) is transient and £(X1(0)), £(X?2(0)) are translation invariant,
spatially ergodic states, with the same finite atomic intensity 6 € M,([0,1]), then the coupling is successful,
meaning:

(3.5) Ag(t)— 0.

With this result available, we then tackle the question of what happens if 6 is a non atomic measure by a rather
standard approximation argument. The result on (3.5) will be formulated and proved in subsection 3(c), while
in subsection 3(b) we face the complicated task to define the dynamics of Z ().

(b) Construction of a coupling. The construction proceeds in seven steps, in step 1 we define appropriate
notions of coupling of two measures and distance between two measures, in step 2 we explain the basic ideas
and problems on a particle level, which leads in steps 3 and 4 to the construction of the coupling for the particle
model, steps 5 and 6 carry out the diffusion limit of small mass - many particles - rapid branching separately
for the migration and the branching. Finally step 7 combines both mechanisms and characterizes the coupled
dynamics for the measure valued diffusion via a martingale problem.

Step 1. Matching two measure-valued states In order to compare two states X; and X5 of our system,
we need to define a suitable distance function based on a matching of the types. Since we shall later consider
elements X1, X9, which are random with a translation invariant distribution, we will focus on the notion of
distance for the components, i.e. elements of M([0,1]). Here the main point is, that two elements can differ
both in the relative weights they assign to various types in [0,1] and in the total mass. We need a notion of
difference combining these two effects suitably.

Let 21,22 € M([0,1]). In order to take into account, that x1([0,1]) and x2([0,1]) may differ we introduce an
extra type called {+}. Let I* = [0,1] U {x}. Denote by m; projections on the i-th component of a measure on a
product space, with |4 restriction of a measure to the set A. Define:

lx1, z=2|| = inf{ / /d(u,v)z(du,dv)

z € M((I*)?), mz o = x1, ,/TQZ‘[O,]] = xg},

I I
with
3 w#wv andwu={x}orv={x}but not both,
)1 u#v; wvel0,1]
(3.6) d(u,v) = 0 u=velo1]
00 U=Uv=x.



61

This notion of distance is most useful, if the involved measures are atomic.

Remark The minimizers in (3.6) above will be useful for us to construct the coupled dynamics later on.
Such a minimizer will assign exactly total mass |z1([0,1]) — z2([0, 1])| to the points with one component being

{}.
Remark The distance function just introduced can be compared with the variation norm:

(i) llz1 — zafvar < |21, 22|
(i) If 21 ([0, 1)) = x2([0,1]) then [lz1 — 22[lvar = [lz1, z2]-

In order to carry out above procedure of coupling and association in a stochastic dynamic, both for the particle
and the diffusion limit, we have to define, which of the particles in the two processes arising via (3.3) should
be matched. This means we have to associate with every pair z1, 22 € M([0,1]) of initial configurations of our
two processes a bivariate initial state U(x1,29) = z € M((I*)?) in an optimal way in the sense of (3.6) to get a
good bivariate dynamic. It is important to do this for both the particle model, that is for integer-valued atomic
measures, and the diffusion limit, that is for general measures. We now work out this point.

Since we are interested in longtime behavior, in view of Lemma 0.1 there is no loss in generality in assuming
that X (0) is pure atomic and we make this assumption throughout the remainder of this section. In other
words, we assume that 6 is atomic and hence is supported by countably many types, which then means that for
all times the process X (¢) has a support concentrated on these types, so that we deal only with atomic measures
(M,([0,1])). We will introduce now a coupling of two atomic measures on [0, 1], which solves the minimization
problem (3.6). The key point is to match particles which do not have the same type in such a way all types are
treated in an exchangeable fashion. This is formalized as follows.

Let ,y € My([0,1]). Define the map ¥:

(3.7) W s M ([0, 1]) x Ma([0,1]) = Ma(([0, 1] U {})*),

by setting: (we write for the relative weights T of = also ()= z/Z)

(3.8) U(z,y)((u,v)) = (xAy)(u), for u = v, u €[0,1]
U(z,y)((+v) = (@-9) ((z—y)") (v), forve]l0,1]
U(z,y)((u,%) = @-9) " (@-y)") (u), foruelo1]

1

Uz, y)((u,0)) = TR LY (=) @(@-y)7)] (u0),

for (u,v) € [0,1]?, u # v.
Lemma 3.1.  For z,y € M,([0,1]), the measure W(zx,y) solves the minimization problem (3.6). O

Proof One explicitly checks that the marginals are concentrated on [0, 1] (nothing is put on (x*, %)) and equal
to x respectively y. As little mass as possible is put on coordinates involving * and as much as possible on the
diagonal. Then the assertion follows from the construction and the definition of d(,-).

The crucial observation is that for atomic measures z we have:

Lemma 3.2. The two properties below characterize minimizers z of (3.6) for atomic measures for given
marginals x1,xTo:

(3.9) If wel0,1], then z((u,w)) - 2((w',u)) =0 Yw,w' #u,

(3.10) z({*} x[0,1]) =0 or z([0,1] x {*})=0.

The map ¥ chooses among all minimizers of (3.6) for given marginals x1,x2, a minimizer with a symmetry
(exchangeability) property of the types.  [.
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Proof If one of the conditions is violated we can put more mass on [0,1] x [0,1] or the diagonal and hence
decrease the integral of d(-,-). For example, in case (3.9) if z(u,w) > z(w’,u) = § > 0 we define

Z(u,u) = z(u,u) + 0
Z(w',u) =0
Z(u,w) =z(u,w)—4§
Z(w',w) =z(w,w)+ 0.

Then the mass on the diagonal is increased but both marginals remain unchanged. Therefore the distance is
decreased for z which shows that z is not a minimizer. On the other hand one verifies that the minimum value
of the integral is attained.

One problem arises if we start with integer valued measure in M,([0,1]) and if we want the minimizer of
(3.6) also to be integer valued. This is relevant, if we discuss particle versions of our process, which will be
necessary to show the existence of a solution to the martingale problem characterizing the process (Z(t)):>0),
which we want to construct in this subsection. Notice that for z, y integer valued x Ay is on the diagonal already
integer valued and that the weights off the diagonal of [0,1] x [0,1] and of the sets {*} x [0,1],[0,1] x {*} of
the solution in (3.8) are integer valued. These are exactly the sets where d(-,-) of (3.6) is constant. Therefore
we get a nice solution to the minimization problem in the integer valued measures by randomizing. Namely
consider the following random mechanism independently of everything else.

Consider first the individuals to be matched with *. If Z > §(Z < §) we draw the second (first) component
at random from those not matched on the diagonal. The remaining one we match by drawing one from each
component at random and matching them, continue till all are matched.

This leads to a random map T

(3.11) T (M([0,1])% = M(([0,1] x {})?)
such that
(3.12) EU = .

Step 2. Coupled branching particle systems - intuitive ideas. = We describe and solve the problem
of constructing a coupling first for the analogous particle model described in the introduction and in this step
2 we roughly sketch the problem and the idea of the solution in the context of the particle model and step 3
and step 4 give the formal construction for particle systems. The execution of this idea in the diffusion limit
is somewhat involved and is carried out in steps 5 - 7. Actually the existence proof of the coupled dynamics is
based on the particle system approximation of the diffusion.

The main problem in passing in coupling arguments to the multitype situation is the fact, that for any
coupled dynamics with the structure described in (3.1) - (3.3), the branching rate for type u at a fixed site
¢, can be different in the two component processes even if x%(t)(u) = :cg(t)(u) This is due to the fact that
|h(a’3g(t)) - h(:fg (t))| depends on all types present at site & and hence might still be positive. The only way out
of this problem is therefore to guarantee that the evolution mechanism automatically produces a coupling of the
total masses, such that this unpleasant rate goes to 0 as t — oo (at least in mean). This is achieved as follows.

In order to be able to always work for every component ¢ € Q, with equal particle numbers in the X' and
X?2-process, we introduce the ghost particles, which have type * and are only used for the bookkeeping of the
excess and deficits of particles in the process X' compared to X? in the various components & € Q. Now we
should couple the evolutions of X! and X? to obtain the bivariate dynamics Z.

Consider first the branching, which takes place in the single spatial components and then the migration,
which takes place in pairs of spatial components.
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Particles of the same type should branch simultaneously in both components X!(t), X2(t) at the mazimal
possible rate. The remaining branching is again done to have as much simultaneous branching as possible in both
components even if this means simultaneous branching of particles of different types in the two components.

The same principle is applied to the migration, where we have to consider pairs of components (£,7n) € Q x €.
In particular we need to try with every jump of a particle pair from £ to 7 involving a yet free (i.e. a particle
coupled with a ghost particle) particle at site & say in process X!, to first couple the incoming one at site 7
with the same type (of the other process X?2) and if not possible as second choice with a particle of process
X2 of arbitrary (but different from *) type at site 7 and only as last choice leave the incoming particle as free
particle at the site 17 that is only matched with a ghost particle.

Let us summarize, the crucial point in this construction is, to associate also elements of different types for
the purpose of coupling branching and migration mechanism. For this association of particles of different type
during the evolution we need a canonical procedure, which we construct in step 3.

A coupled mechanism as described above, will guarantee that the total masses have the property that \i‘% —§:§|
does not change due to branching, if Lf% = :Eg, even though the masses attached to types i.e. (m% — x?) may
still change. On the other hand the free particles of X! annihilate upon meeting those of X2 and vice versa, so
that the expected discrepancy in total mass, that is E|z'(t) — z2(t)| , decreases. Hence it makes sense to try to
prove, that |h(Z!(t)) — h(Z%(t))| converges to 0 in expectation as time proceeds. Then as a consequence more
and more discrepancies in type between the processes disappear via migration and dynamical recombination
before too many new discrepancies are created. This is a crucial step in generalizing the well-known coupling
for one-type situations to the multitype situation. We next begin the formal construction.

Step 3. Coupled particle system, part 1: Dynamical rematching This is a preparatory step. We will
construct in this step one of the three key mechanisms of a bivariate evolution for a particle model, which leads
to configurations we can describe (in a reduced description) by integer valued measures on ([0, 1] U {*})?. This
prepares us together with step 4, where the two other mechanisms are introduced, for step 5 and step 6 where
we carry out the diffusion limit to show the existence of the process Z(t) of (3.1), which will be characterized
by a martingale problem. The present construction of the particle process (Z,(t)):>0 is also more intuitive and
serves as an introduction to the technically more demanding step 5.

We will begin in this step 3 by associating masses of the two component processes during the evolution
in order to achieve for each time that the state is a minimizer of (3.6). The definition of the dynamics on
(M([0,1] U {x})?)®? based on the rematching mechanism occurring after each branching or migration transition
happens in step 4.

In order to define the association we will need as a new ingredient, a randomized matching map, which we
call X but the point is that it needs to be defined only on small perturbations of minimizers of (3.6), which arise
from a minimizer via a branching or a migration transition of the process in one (respectively two) component.
The rematching will take place componentwise. We shall see that this means we deal only with two transitions

(3.13) 2= 2+ 0wy, 22— O(uw)s

where z is a minimizer. Observe that a particle leaving or dying keeps a minimizer a minimizer. We define
therefore

(3.14) X(2 = d(uw)) = 2 = O(u,v),if z was a minimizer.

Hence we have to deal only with adding one new particle, but this already is a bit tricky.

Let z be an element in M ([0, 1] U {*})?), which is a minimizer of (3.6). We will need to find a new minimizer
of this variational problem after adding one new particle of type (u,v). In order to find this new random state
X(z + O(u,v)), we define the random map

(3.15) X2+ 0w = X2+ 0uw),

by considering separately the different possible configurations.
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Consider the following recombinations resulting from using the new particle pair of type (u,v) and one old
one taken from the population given by z, to pass to a better matching of the four particles, if this is possible
(here u,v,w € [0,1] and u # v):

Type of new pair  Type of old pair new matching

(u,w) - (u,u)
(u, %) (*,v) (u,v)
(%,v) (v, ) (v,v)
(u,v) (v, u) (u,u) + (v,v)
(u, *) (w, u) (u,u) + (w, *)
(*,v) (v, w) (v,0) + (*,w)
(u,v) (v, w) (v,v) + (u, w)
(u,v) (w,u) (u, u) + (w,v)
(u7 *) - (u’ *)

This table defines X(z +d(y,v)) as follows. If the new added particle pair with type (u,v) is given we look up the
lines which apply to that given type and then we try to realize the matchings, which occur first in the above
order of the table read from the top. Among possibilities on the same level we choose the candidates for a new
matching among the old pairs of particles, which are allowed on that level, at random according to the uniform
distribution.

Step 4: Coupled particle system, part 2: branching, migration and rematching combined

We are now ready to describe the evolution of the (bivariate) particle system started in a state corresponding
to a measure z which is a minimizer of (3.6). Before we define the bivariate Markov process of M((I*)?) in
terms of its generator, we define a dynamics of the individual particles, which then induces the desired Markov
evolution if we simply observe the numbers of particles of the various types.

The definition of the dynamics on (M([0, 1] U {*})2)* happens in three pieces () - (7): first within colonies
to handle the branching mechanism, second we shall turn in (3) to the migration, where we have to consider
two different colonies and finally we combine both in (7).

If in the description below we choose a randomized matching function Y, we choose the randomization at
each step independent and independent of everything else.

(o) Start with transitions related to the branching mechanism at a single site £&. Without migration we have
no interaction and hence it suffices to define a one site dynamics leading to a configuration, which we can
describe by an element of M((I*)?).

e Every (u,v) particle performs binary branching at the rate h((2*([0,1]))A h((22([0,1]))), where 21, 22
are the projections of z on the first resp. second component.

e Every (u,v) particle makes a transition at the rate |h(21([0,1])) — h(22([0,1]))| and this net transition
is created in two steps (taking place at the same time) as follows.

Consider first the case where h(z1) > (<)h(Z2) if 21 > (<) Zs.
(a)  Assume first u,v # {*} and distinguish according to the sign of z! — z2.
In case of the + sign of z! — 22 the rule is:
A (u,*) is created if a birth occurs. If a death occurs a (*,v) particle is created and at the same time
(u,v) is removed. Birth and death occur each with probability % Call the resulting state z’.
Then the system switches in the second step to the state given by X(z’). The state Y (z’) looks as follows.
In the case of a birth, x(z’) results in a new (u, *), in case that either u # v or there exists no w # u
such that the pair (w,u) is present. If on the other hand v = v and there exists w # u with the pair
(w, u) present then we get by rematching +(u, u) — (w, u) + (w, *). Here w is chosen at random according
to 2((T\{u}) x {u}).
In case of death in the loss of one (u,x), if there was one (which then combines with (x,v) to
compensate the loss of u,v)). If there was none, we pick a (w, *) if available, which is combined with
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(*,v) to form a new (w,v). Here w is chosen according to Z(-, *) normalized to a probability measure.
The net result is (w,v) — (u,v). If no w is available the result is (x,v) — (u,v).

In case of the — sign of z' — 22 the rule is:
The role of the components 1 and 2 in the above are simply exchanged.
(b) In the case where (u,v) = (u,*) or (x,v) we simply have birth or death of (u,*) ((*,v)) at rate
(h(z([0,1])) —h(2%([0,1]))) T respectively ((...)~) with probability % for birth and death. A rematching
is not possible if z was a minimizer.

In the case of h(z1) > (<)h(z2) if Z3 > (<)z1, the modification is only needed for the situation
described in (a) above and is simple in case of the + sign: a (x,v) is created if a birth occurs and a
(u, *) once a death occurs and in the latter case (u,v) is removed. Otherwise proceed now as described
above.

The above dynamics induces a one site coupled multitype branching particle system. This process is well-
defined. If we now pass to the reduced description by specifying at time ¢ only the number of particles of the
various types in I* x I*, we obtain a Markov process (24(t)):>0 on M((I*)?). It is important later on that this
process satisfies a martingale problem, which we now describe.

We will write the generator in a particular form, that will allow us later on to handle the diffusion limit.
This requires us to consider separately those transitions which involve a type (u,*) or (*,u) in the event where
the current weight on this type is 0. This way the generator has two pieces (G;}m and H ), one which in the
diffusion limit will lead to a differential operator and one involving an increasing process associated to a local
time functional. This decomposition is needed in the limit, since otherwise passing to the diffusion limit we

cannot preserve the positivity of the states, as will become clear in step 5.
bra by
(3.16) N;)zm — Quine i Grandec

bra bra >

First we define the generator Ge

The two components are given as follows. Define:

(317) X, (2) =
[h(zi([o» 1])) = h(z ([0, 1)L ([0,1]) > 27([0, 1) 1(~(2*([0,1])) > A(=7([0,1]))), @ #j € {1, 2}
X;L],D(Z) =
[(2 ([0, 1])) = h(="([0,1]))]1(="([0,1]) > 27 ([0, 1]))1(A (= ([0,1])) < h(=7 ([0,1]))), @ # j € {1,2}.
Then define for F' twice continuously differentiable,

Coi“(F)(2) =

bra
1/2 f [F(Z + 5(11«1,“2)) + F(Z - 5(u1,u2 )
I*xI*

—2F(2)](h(z" (1)) A h(22(I)))2(d(ur, u2))

+X}1L?I(Z)'Ij;*[ (2 4+ bun) + F(2 = 0uny) = 2F(2)]1(2({u, }) > 0))2(d(u, v))

F(
+X%:I(Z)I*fl[ (Z+5*u))+F(Z 6(*u))

—2F(2)]1(z({,u}) > 0))z(d(v,u)).

Similarly define Gbm by replacing x”; by X}/ , but incorporate the following minor modification of the above.
In this case extra births of minority type lead to a decrease in the * type and extra deaths lead to an increase
of the *type.

(3.18)
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Finally define the generator involving the transitions of types involving * in a configuration with the weights
z((%,u)) =0 or z((u,*)) = 0 (compare second and third term in (3.18)) by:

Hi() = 65 { [ [F(et8wn) = FENE({(wx) = 01)(d(u,v)
TG = 0w = Sy + Swa) = FENE (%) = 01)2(d(w, v))2(d(w, )]}

i (@) [ I+ 0) = FEE{Cw) = 0)=(d(w,w)
T IFG = By = 8o + 00.)) = FI({(5,w) = 0}))2(d(v, u))2(d(x, w))]}.

I IxI

The case of H D is the analog to the above. We abbreviate by Hp the sum H L+ H £ and we define the following
functional of the process (24 (t))¢>0:

(319) HF Za /HF Za

Then the process (z4(t))i>0 satisfies the following martingale problem. Let F' be a bounded function F,
which is twice continuously differentiable with compact support on M((1*)?). Then:

(3.20) ME(t) = Flza(t)) — / Gt F(za(s))ds — Hp(za(0).1)

is a martingale.

Since we also need the interacting case we have to consider the evolution of all components (z¢(t))ecq each
independently following the above one site dynamics. We define the process generator G, by setting for F' a
bounded function on M((([0,1] U {*})2)%), which depends only on finitely many components:

(3.21) bra(F)Z) = GhoFome)(2), Hp(Z(t),t) = Hror, (2(t),1),
£eQ £eN

where F o me : M(([0,1] U {x})?) — R is obtained by viewing F as a function of z¢.

(B) Next we come to the migration part. Again we specify first the motion of individual particles. The
migration of a single particle from & to 7 is carried out by carrying out instantaneously (independently for every
particle) the following three transitions with transition rate a(£,n) (recall a(§,n) = a(n,£)).

e A particle with type (u,v) moves from & to 7.

e Once the particle of type (u,v) arrives at the new colony 7, which was in an optimal state z, an
instantaneous transition to X(z 4 d(4,.)) occurs with X as defined in step 3.

o At the colony £ the new state is equal to Z — d(,,,) if Z was the old one and was a minimizer.

This defines a unique particle jump process on (2, with particles of different types and with migration rate
independent of the type.

If we consider only the number of particles of the various types in I* x I* one finds at time ¢ in a colony &,
we obtain a Markov process on M(([0,1] U {*})?). We describe next this Markov process by its generator.

For this purpose we consider transitions resulting from a particle of type (u,v) which migrates from site n to
site & chosen such that the states at all times satisfy the minimization conditions (recall Lemma 3.2). Note that
such a transition occurs at rate z,((u,v))a(n,§). The resulting contribution to the change of the configuration
due to the state at £ is obtained according to (expectation w.r.t. the randomization in ¥)

(3.22) E(X(2¢ + 0(u,v)) — 2¢)-
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We write this expectation in the form (decomposing according to whether the type w or both types w and w’
are involved in the rematching taking place after the migration transition):

> Ael(w0), w)Ke((u,0),w) 1Ce) YD Ael(u,v), (w,w') Ke((u,v), (w,w'))1(Ce),

w! w

(3.23)

where the signed measure A\¢ describes the effect of the transition at ¢ if the rematching involves the types w
or w and w" and K¢ specifies the (conditional) probability of this rematching transition to be chosen among all
possible ones and finally C¢ = C¢((u,v),w), respectively C¢ = Ce((u,v), (w,w’)), describe the respective sets
of configurations of particles in which the indicated reaction is possible.

We now specify these quantities A\¢ and K¢ depending on C¢. We distinguish the cases
(a) (u,v) lies on the diagonal or in ([0,1] x {*}) U ({*} x [0,1]) and
(b) (u,v) lies in the remaining part of I* x I*.
Case (a) Then transitions at site £ to a new state as indicated in the table below occur in a row only if

z¢ does not satisfy the conditions in the higher rows but does satisfy the condition in the given row, that is,
1(C¢((u,v),w))) = 0 if the condition in any of the higher rows is satisfied (minimization property!).

(3.24)

*
<

*6(111,*) + 6(u;,u) Z¢ (w> *)/ZE([O> 1]\{7.1,}, *)
_5(u,w) + 5(u,U) + 6(*,w) Zf(uv w)/zf (u7 [07 1]\{u})
(5(*7u) 1

ze ([0, 1\{u}, %) #0
Zf}(luv [05 1]\{u}) 7é 0
other

*
<

Imm. | New state at £ -old at £ | Conditional Prob. Condition
Ag Ke Ce
(u, 1) | Squu) 1 none
(u, %) | =0(su) T Ouu) 1 ze(*,u) #0
(s %) | —0(s,w) + O(u,w) ze(x,w) /2%, [0, 1\{u}) | ze(x,[0,1]\{u}) #0
(us*) | =0(w,u) + ) + 0w | Ze(w,u)/2([0,1]\{u}, u) | z([0, 1]\ {u}, u) #0
(u, *) O (u ) 1 other
(*, u) —(5(%*) + (S(U’u) 1 z5(u, *) 75 0
(*,u)
(*, u)
(*,u)

*
<

Case (b) The following table is implemented according to the same rules as the one above except in rows 4
and 5 where we randomize which to realize if they are both applicable:
Imm. | New state at ¢ - old at ¢ | Conditional Prob. Condition
A¢ K, Cﬁ
(u,0) | F0(uu) T O(v,) T 0w,y | 2e(v,w)ze(w,u)/Z Upize((w,w)) > 0, z¢((v,w)) > 0}
—0(u,) — O(w,u) — O(v,w) Z norm factor
(u,9) | Ouw) T Oww) = Ow,u) 1 ze(v,u) # 0

+ 0w + 0(w,0) +0(ww) | 2(v,w)ze(w'n)/Z

(v,
ZE((“? [07 1])) >0,
E([

—0(uw) — O(w,u) = O(ww) | Z norm factor z¢(([0,1],u)) > 0, not previous row
(uﬂ U) 5(u,u) + 5(w,v) — 5(w,u) Z¢ (wv u)/z§([0, 1]\{11‘}’ u) 23 [O, 1]\{11,}, u) #0
(u,v) | d(w,0) + Otu,w) = O(w,w) ze(v,w)/ze (v, [0, 1]\{v}) | z¢(v,[0,1]\{v}) # 0
(u,v) | S(uw) 1 other

In all cases the state at 7 has the simultaneous transition z,, — 2, — (4. at rate z,(u,v) for the appropriate
(u,v).

What we have now achieved is that we can define the migration part of the generator for the bivariate
evolution started in minimal states. Namely the following transitions occur (averaged over the randomisation)
at rates:

(325) Z— Z4A((w,v),w) =0y (uwy, a0, §) Ke((u,v),w)zy (1, 0)) W(Ce ((u, v), w)))

Z— Z+ )‘5((“7 ’U), (w7 w/)) - 5n,(u,v)a @(777 §)K§((u, U)) (w7 w/))zn((u7 ’U))H(Cg((u, U)’ (wa w/»)



68

By summing over ((u,v),w), (u,v), (w,w’)) and then both n and & we obtain the total of contributions to the
generator, which we denote by

(3.26) @

mig

and which acts on functions F on £* C (M((I*)?))® which are depending only on finitely many components.

(v) Now we are ready to define the Markov process (Z,(t))i>0, which arises by letting the coupled branching
and the coupled migration dynamic, which we defined sofar, occur independently. This defines uniquely a
stochastic process (Z,(t))i>0 which is Markov and stays within the minimal states. The following property of
this process will be important. Define on bounded functions F' depending on finitely many components the
operator

(327) goup = gra + GZu'g'

Then (Z,(t))i>0 solves the martingale problem:

(3.28) (F(Za(t)) = F(Za(0)) = /G?oup(F)(Za(S))ds — Hp(Za(t),1))1>0
0

is a martingale for all bounded F' which depend on finitely many of the coordinates.

The next point is now to pass from the particle model (Z,(¢))¢>0 to the diffusion limit, (Z(t))i>0, and to

characterize the limiting law by a martingale problem. The process Z(t) = {z¢(t) : £ € Q} will be constructed
in step 7 via a martingale problem, whose formulation requires the following objects: a first order differential
operator denoted Gflmg (introduced in step 5), a second order differential operator G‘bim and local time functionals
denoted (L(t))s>0 (introduced in step 6). The local time functionals come from the coupled branching at those
sites where the weight of (u,#) or (*,v) is 0 and appears in the expressions for Hp(Z,(t),t). Since the proof
of the convergence of the particle system to a diffusion system that satisfies the limiting martingale problem
is carried out following the standard arguments, we will sketch some parts the proofs but focus on the special
features involved. First, since the coupling mechanisms introduce somewhat complicated expressions, we look
separately at the effects of branching and migration. In the next step we focus on ingredients for Gflm-g and the
definition of fo”»g and in the subsequent step on (G ., L(t)):>0)-
Step 5. The diffusion limit: The coupled pure migration dynamics In this step we consider the
diffusion limit of the migration part of the dynamics of Z, alone. This means taking the diffusion limit of the
process described by (3.28) with A = 0, i.e. no branching. The diffusion limit arises by giving every particle
mass ¢ and increasing the initial number of particles to {|e 2], £ € Q}. The increased number of particles
means that the number of migration transitions between two sites diverges so that a law of large numbers applies
leading to the following mass flow described by a first order infinitesimal generator. Namely the limiting (first
order) differential generator for the process of masses is given by

(3.29)
Gy () = S an8) [ st § T )+ [ A o dw ) G ) o
[ I*xI* " I*xI*
where the measures A(z¢, (u,v),-) are given by
(330) A(Zfa (u,v),d(u/,’u/)) = /Af((uv v),w)l(Cg((u,v),w))Kg((u,v),dw) d(ulav/)

I

T / / Ne (1, 0), (0,0 (11, 0) (0, ")) e ((w, 0) (a0, ) ) 1(Ce)

I
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and the expression in square brackets is the signed measure defined in (3.23) and the subsequent table.

The operator G, acts on functions F on (M({[0,1]U{}}?))* which depend on finitely many components
¢ € Q and are C? as functions of those measure valued components (recall (0.45)). In fact the system of coupled
differential equations describing the flow has a unique solution if we start the system in a coupling of two
configurations in ¢. This is standard theory of differential equations with values in Banach spaces. We leave
the details to the reader.

We can check the tightness of the process (Z2(t)):>0 in the case of vanishing branching rate (h = 0) as
elements of D([0,00),&) and then we can prove by applying the law of large numbers to the numbers of
migration steps of a particle from ¢ to 7 and with denoting with (Y'4(t));>¢ the deterministic flow defined by

the first order differential operator G,mg7 that for vanishing branching rate

(3.31) L((Z21)i=0) = L((Y()iz0) -

To check the tightness we simply observe first that a single transition involving the state at a fixed site is
bounded by ¢ since particles leave or move in. Furthermore the expected transition rate at £ in the particle
system which started in the state in & is bounded by C'-¢~! with C independent of ¢ since the expected number
of particles is bounded (in time) in finite time intervals. Therefore we know that in any finite window or
observation the expected local jump rates are bounded uniformly by Const e ~'. As a consequence the expected
local total variation of the total mass configuration over bounded time interval [0, 7] is bounded by D-T and D
a constant independent of € and therefore the quadratic variation goes to 0 as € — 0. This implies the tightness
by standard criteria.

Step 6 The diffusion limit: The coupled pure branching mechanism. We next consider the diffusion
limit of the coupled branching mechanism at a fized site starting from the particle martingale problem (3.20).
Consider the process (z4(t)):>0 and assign to each particle mass ¢, speed up the branching rate per particle
by e~! and take as initial distribution [2,(0)/e] with [-] GauB bracket. The limiting process (z(t))s>0 will be
a diffusion, which lives on the nonnegative measures and which will be characterized by a martingale problem
involving two main objects namely (1) a generator (a second order differential operator) and (2) local time
functionals of certain weights at 0 in order to keep the states nonnegative in types (u, *) and (x*,v).

We define first the second order operator. We use the ~ to indicate that we focus on a single site only (no
interaction). Let F' be a twice continuously differentiable function on M([0,1]). Set

Gbra ( ) = éZ;ZnC+GZ7ieC
GiraF () = {é o [BE2 (wn,w) (w1, 02)] (B (1) ABE(D)
2x1?

S (ur uz) (d(v1,v2)) 2 (d(ur, uz))

RN | 2552 (%), (1, 02)) | (A1 (1) = B(=2(D) T 1(=({u, %) > 0})

)
<d<v17v2>> (d(u,v))
[T B (e w), (01, 02)| (2 (D) = B2(D) 1, w) > 0))

JFXhI
(I*)2x1

6(*,u)<d<v1,vz»z(d(v,u))}

and ég;‘iec is obtained by replacing X;J] by X;JD

Acting on functions F' with bounded second derivatives, the approximating and limiting generators differ by
an error term that goes uniformly to zero as € — 0. Also note that although the generators involve indicator
functions, the mappings z — G’graF (z) are continuous (because the associated weight factors go to zero as the
boundary is approached). The key subtle point is the situation in which 21(I) > 22(I) but z(x,u) = 0 (or
2Y(I) < 22(I) and z(x,v) = 0 . The idea here is to introduce a reflection mechanism so that z(u, *) = 0 stays
nonnegative but at the same time 21(I) — 22(I) is non-increasing. To do this we introduce increasing processes
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and the associated local time functionals, £ (t)(u, x), £2(t)(x,v) with u,v € [0, 1], the collection of which will be
abbreviated L(t).
We also need the approximating objects on the particle level which are given by:

(3.32) Co® (u, )(t) :Z/l({z (8)((u, %)) = 0})ds,  £3°(x,v) =/1({Z2(8)((*,v)) = 0})ds
0 0

and L () = {01 (u, ) (), < (5, 0) (1) u, v € [0, 1]}.

Remark The role of the local time functionals is similar to that in Skorokhod’s construction of reflecting
Brownian motion. The process Z(t) should always have non-negative weight in every point of ([0,1] U {x})2.
On the other hand the first term in the expression for é‘gm produces positive diffusion constants in (*,u) or
(u, %), even if the weight of z(t) in these points is 0 and would lead therefore without compensation to negative
values. In order to understand this phenomenon return to step 4 and note that as far as h(z1) # h(z?%), 22 < z!,
we see for example from the particle construction in step 4 that the (x,-)-types have (before rematching takes
place) positive increasing process but due to the rematching the all-over result is a nonnegative state (formal
calculations follow below). Therefore to keep z(t) nonnegative, we need to introduce some reflection mechanism
for each type in each colony for states of the form (u,*) or (*,v). This reflection is achieved using local times
and corresponds on the particle level to the rematching procedure described in step 4.

We will show next that (zZ(t), L5(t))= (2(t), L(t)) as processes and we will show that ((z(t), L(t)))t>0
e—0 =

satisfies a martingale problem. We write £*(u, x), #2(*,u) with u € I for the components of L (recall (3.32)).
Note that £1(u, *)(t) is a nondecreasing function of t and we view it as a measure in the time variable.

The above remark shows that the following functional of z(¢) is important, which replaces in the continuum
limit the functional Hg(z4(t),), namely:

Hp(2(t),1) = [&xm () f ZEGD (w, )1(=(5) (1w, %)) = 0)2(5) (d(u, )£ (u, %) (ds)
o Sy {= 225D (w0, 0) = 22D (u,0)) + ZEGED (w, 0)) |
1@@xmw»=0vwxawwﬁ@xwwx»ﬂwawﬂ
+ [Lxm () f ZEGD (G, w))1(2(5) (5, w) = 0)2(5) (A, w) )2 (5, w) (ds)
+ Jrexr- {— OECLD (s, w)) — 22D (v, ) + %((uw))}
1u@xuw»=onwxauwﬁ@xaaw»ﬂwwxwﬂ
+[jxf ) [y 2D (u, ) 1= () ((u, %)) = 0)2(5)(d(u, )€ (u, *)(ds)

+L%p{fé%§ﬂ«wx»+é%§ﬂ«ww»}

(3.33)

—
—
N
—
V2l
N
—
—

£
*
N
=
I
o
=
N
—
V2]
=
—
U
—~
<
<
=
=
N>

@XWWWDEW%X@ﬂ
+[jd} D oo g PEGED (4 01 (2(5)((5, w)) = 0)2(5)(d(k 1)) 25, ) (ds)

+LWF{—Q%%ﬂ«aw»+Q%§ﬂ«uw»}
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What we shall need now is that for a suitable sequence (e, )nen tending to zero, we obtain a limiting process
satisfying a martingale problem so that we can perform calculations. In fact more is true:

Lemma 3.3. The limit of (25(t), L°(t))t>0 for € — 0 exists. The limit has the form

(3.34) (2(t), L(t)) = <{Z(t)(u,v)) t(u,v) € I x I}, {6 ((u, %)(1)), €2 (x, v) (1), u, v € I x I*}>

and satisfies the following martingale problem:
For every twice continuously differentiable function F on M((I*)?) define:

(3.35) M (=(t), 1) := F(=(t)) - / G o (F)(2(s))ds — Hp(=(0), ).

Then (Mp(2(t),t))i>0 is a continuous martingale, where:

(3.36) z2(0) =29, andz(t) >0 Yt >0,
(3.37) (" ((u, *))(t»tzo (P ((x, U))(t))tzo are increasing processes for u,v € [0,1]  with
(3.38) /z(s)((u,*))(l((u, %))(ds) =0 V>0, uel0,1].
0
and
(3.39) /z (6, 0))2((%,0))(ds) =0 V¢>0, ve[0,1]. O
0

Remark It is general fact, that the description of Z of the above definition implies, that £!(u,*)(t) is the
local time of z(t) in (u, *) till time ¢, in the sense that the occupation time formula holds. For a semimartingale
(Y2)e>0 this formula says fo Y)d(Y,Y), = [T° - ®(a)Li(a)da, where L (b) is the local time in b up to time ¢
and ® a continuous function.

Proof of Lemma 3.3 Tightness and convergence of the branching part follows from standard arguments as
are used showing the convergence of branching processes to branching diffusions. We leave out these well-known
details. Slmllarly the convergence to the limiting expression G¢ s standard. The next point is the term related
to L(t) and to Hp.

We first turn to the local times themselves and note that for every u € [0, 1] we have to show tightness of the
process given by the expression (¢£1°((u,*))(t))+>0 and for every fixed time ¢ we have to show that in distribution

bra

t

(3.40) /1({ZZ(S)({H} x {x}) = 0)ds = £'((u, %)) (t).
0

This is proved by standard arguments. (In particular, it is analogous to the well-known case of the convergence
of random walk local time to Brownian local time. See [RY], Chapt. VI, Exer. 2.11 and [R], Theorem 10.1.)

If we have the convergence of the local time functional the next point is the actual convergence of the
term corresponding to H r. Again we need tightness of the sequence of functionals and then convergence. We
first focus on the aspect of verifying that the local time properties and expressions appearing in the limiting
martingale problem fit together, that is, we get convergence.
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First of all the properties (3.37), (3.38),(3.39) are true in the particle process z,. Namely the first two are
obvious from the construction and the last two follow then from the defining relation (3.40). Finally to convince
ourselves that the terms in Hp are correct we proceed as follows.

Recall that we consider the case in which the z¢ are all atomic measures on [0, 1]. In order to see how the
reflection at the value 0 in points of the form (x,u) or (v, *) in the limiting martingale problem is achieved, we
return to the particle model. We translate the transitions in the particle model which occur if z((w,*)) = 0 or
z((*,v)) = 0 due to a birth or death at (w,v) in just one of the two components into the corresponding changes
in the diffusion limit.

Consider the transitions, which can occur in the event that at a fixed time ¢, z((w,*)) = 0 and z? < z! or
z((*,v)) = 0 together with z2 > z!. In this constellation the evolution of the particle model involves various
types at once due to the instantaneous improvement of the matching. The above two cases therefor split into
two further cases depending on the relation between h(z'), h(z?).

Consider the configuration:

(3.41) 2((w,%)) =0, 22<z', h(Z*) > h(zh).
Then at the type (w, v) a birth or death at the second component may occur and leads after matching again to
the following change of the state z¢ (abbreviate by 2'((+, %)) = z((-,*))/2(I x {x}):
(3.42) birth  +(u,v) — (u,*)  u chosen with frequency z*((u, *))
’ death +(w,*) — (w,v).

Next consider the case
(3.43) 2((w, %)) =0, 22<zY, h(z?) < h(zh).
A change at the type (w,v) a birth or death might occur in the first component and leads after matching to

birth  +(w, )

(3.44) death +(u,v) — (u,*) — (w,v) wu chosen at rate z'((u,*)).

Altogether we always get after averaging over the probability for birth or death the result
(345) (’LL, 'U) + (U), *) - (uv *) - (wvv)'
It is the term (w,*), which will on the event z? < z! be absorbed in the local time functional, so that the

following term remains which gives rise to three different first order (drift) terms which arise in the functional
Hp in the diffusion limit:

(3.46) (u,v) — (u,*) — (w,v) u chosen with frequency 2*((u, *)).

Note that all the changes involve choosing also the v, accompanying the fixed type w in the first process. This
means that the changes in the first case (resp. second case) have to be picked with the following frequencies:

(3.47) 2((w,v), (Z'((u,w))).

This yields the terms Hp in the particle model and now we have to verify the convergence.

¢ From the convergence in (3.40) and law of large number effects arising since all the randomizations occurring
in the rematching take place a diverging number of times, we can conclude the convergence of the expressions
involving Hr to those involving Hp. This argument is in substance not different from that in the classical case
of constructing reflected Brownian motion using a martingale problem involving local time functionals. We
leave the details to the reader.

Finally we have to make a similar calculation for the configuration with z((*,v)) = 0 and the event z% > z!,
we omit the details, which are now straightforward from the above. This completes the proof of Lemma 3.3.

Step 7 Diffusion limit: The coupled system with both branching and migration. Now we
have defined all the ingredients needed to define the bivariate process Z(t) = {z¢(t)}ecq on the type space

([0,1] U {*})? and with the required marginal processes (see (3.3)) and coupled dynamics. We lift G2 . Hp to

bra>
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G¢ ., Hp according to the same recipe as in the particle system in (3.21). We next define (recall (3.29) and
(3.32)):
(348) Ggoup = Gl(fra + G;inzg

and what we mean by the martingale problem induced by Geoup and (Li)i>0. Then using the previous two
steps we show that a solution exists.

Definition 3.1. Consider L = (L(t))i>0 = ({£51(e)(t),¢52(e)(t);€ € Q})i>0 where for i = 1,2 and fixed ¢,
the (%7(e) are functions on [0,1] x {*} and {*} x [0,1]. We define a law P on C((]0, 0), (M(J))*}) to be the
solution of the ((Geoup, L), Zo)-martingale problem if the following holds:

(3.49) Z(0) = Zy,
(3.50) Z(t)>0 as,
(3.51) t — L(t) is increasing,

(3.52) 2e(8)((u, )5 ((u, %)) (ds) =0 Vu € [0,1], £ >0, £ € Q,

t

o/
t

/26(5)((*,1)))%’2((*, 0)(ds) =0 Yoe[0.1], t>0, €9,

0

and the process below is a martingale for all F' depending twice continuously differentiable on finitely many

components:

(3.53) {F(Z(t))—F(Zo)— / <qupF><Z<s>>ds—HF<z<t>7t>} .o

t>0

We need to verify that these definitions make sense and to establish that there exists a solution to the
((Geoup, L), 07)-martingale problem which provides the required coupling. Note however that we do not need
uniqueness of the martingale problem at this point.

Lemma 3.4.

(a)  Given two deterministic initial states X', X2 in &, there exists on C[[0,00), (M(([0,1] U {x})?))%] a
solution Pz, of the ((Gcoup, L), dz,)-martingale problem with Zy = {\I/(a:é,ajg), & € Q}, where U is as in (3.8).
(b) If 2¢(0) is a minimizer of (3.6) V¢, then:

(3.54) ze(t) is a minimizer of (3.6)Vt >0, £ € Q.

(c) The functional (Z1(t), Z%(t)) of the process (Z(t))i>o as defined in (3.3) has components which are versions
of the two systems of branching with interaction defined in (0.18), provided that the projections of Z(0) on the
two components are given by X1(0) and X2(0) respectively. [

Proof

(a) The proof proceeds by showing that a solution of the martingale problem arises as diffusion limit, of the
particle system (Z,(t)):>0 defined in step 4. The essential steps have already been indicated in step 5 and in
Lemma 3.3. In particular we consider the particle model defined in step 4 and then we associate with every
particle mass ¢, speedup the branching by ¢ ~! and use as initial states a sequence of initial configurations given
as follows. Set Zy = {[2¢/¢], & € Q}, where [ ] is the Gauss bracket, and use this as initial configuration for the

particle dynamics. This way, for every ¢ > 0, we obtain a particle processes (Zc(f) (t))e0-
In order to ensure the tightness of this family in the space D([0,00),£2) (where £2 C (M((I*)?))® is defined
by requiring that the projections on both I'*-components are in &) follows from the fact that the projections
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of Z¢(t) have the property that their norm (defining £) is bounded uniformly in ¢ and in times ¢ < T. Since
we know the tightness of the single component processes for dynamic from step 5 and step 6 we can lift these
results to £2-valued processes.

On the one hand we showed in the previous steps that without interactions, i.e. for a(£,n) = 6(€,n), we
obtain convergence of the branching system in law as € — 0 to a solution to the limiting martingale problem and
on the other hand the migration part alone converges as € — 0 to limiting dynamics given by a Feller-semigroup.
Combining these arguments we can show that limit points of the probability laws of the approximating particle
systems satisfy the limiting martingale problem associated with G&,, . F + Hp + G, oF
(b)  We return to the particle model and note that the evolution satisfies for all ¢ > 0 the relations and (3.9),
(3.10) by its very construction, if this is true for ¢ = 0. Hence it stays in the set of minimizers during the
evolution. Obviously, any limit point of the probability laws of the particle systems inherits this property, so
that the state is almost surely a minimizer of (3.6).

(c¢) In order to see that for any limit point the laws of the marginal processes satisfy the martingale problem
(0.18) observe that in the the first, resp. second, components of the approximating particle systems have the
required migration rates and branching at rate h(ﬁg) resp. h(ﬁg) by construction. Again this property is
inherited by any limit point.

(c) The coupling is successful. Next we come to the main goal of this subsection 3. Recall that the coupled
process (Z1(t), Z2(t))i>0 is a functional of the process (Z(t));>0, which we defined in (3.49) - (3.53), where the
functional is given by (3.3). Our main result says that we have constructed a successful coupling. Precisely:

Proposition 3.1. Assume that £L(X1(0)) and £(X?2(0)) are both translation invariant and linear ergodic (see
3.82) with intensity measure 0 € M([0,1]). Then if a(¢,n) is transient the following holds.
(a) If in addition § € M, ([0,1]) then with A¢ as in (3.4):

(3.55) Jim A(t) = 0.
(b) If 6 is not atomic then still
(3.56) L(X1(t)) — L(X?(t)) = 0 — measure. O

t— oo

Proof of Proposition 3.1 The strategy is to prove first (a) and then use an approximation argument
to obtain (b).

For the proof of the Proposition part (a) we need first some preparation and we formulate the needed facts
in Lemma 3.5 and Lemma 3.6, which we both prove before we start the actual proof of the Proposition 3.1 in
steps 2 and 3. Let us mention that in the sequel in all arguments and differential equations we get the same
type of expressions if we work with the approximating particle process (ZZ(t))i>0. In fact this is the easiest
way to derive some of the differential equations.

Step 1: Preparations It is convenient to first reformulate things a bit. In order to show that Ag(t) — 0

as t — o0, it will turn out below that it suffices to show that the total masses and the relative weights of types
approach each other. In formulas this looks as follows. Define:

(3.57) k(t) = E|z (t) — 2 ()]

(3.58) K(t) = Elee(t)({(w,0)lu,v € [0,1] U {#}, u £ v})].

Then we shall see later that, (3.55) is equivalent to showing (recall that (x,+) has weight 0 under z¢(t) a.s.):
(3.59) K(t)—0.

t— oo

The first task needed to do this will be to analyze the behavior of k(t), which is the key to controlling
E|h(z{(t) — h(Z(t)], which creates in the coupled dynamics the jumps away from the diagonal.
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For the process of total masses we can use a result by Cox and Greven ([CG1, CG2]) to prove after preparing
some tools below at the very end of this step 1:

Lemma 3.5. Assume that @ is transient. If L(X1(0)) and L(X?(0)) are translation invariant and ergodic and
if they agree in the intensity of their total mass, then

(3.60) k() \ 0 ast — oo. O

The second task is to move from the total masses to the distribution of mass onto the various types. Based
on this definition of Z(t) and its generator consisting of the operator G.oup and the local times (L(t)):>0 (see
(3.53)), we shall now derive a differential equation for the quantities k(t) and K (t) (recall (3.57) (3.58) for the
definition), which will then in the sequel allow the analyses of the behavior of K (¢) for ¢t — oo.

For the purpose of writing down the differential equations we need various quantities, first for the total mass
process, then for the process itself. Define for the total mass functional (where sign(¢) is +1 for ¢ > 0, —1 for
t <0 and 0 for t =0):

(3.61) G(t) :

= =2 a(&,mE [|z5(t) — z(t) | T (sign [z,(t) — 2 (1)] # sign [z () — Z(1)])],
n

which describes the mean rates at which mass excesses and deficiencies annihilate each other and which does
not depend on £ because of the translation invariance of the law of Z(t). For the process Z(t) itself define
the following two expected effects of unequal branching rates in the components aggregated over types on the
diagonal of [0, 1]* abbreviated by D and on {#} x [0, 1]U[0, 1] x {*} (the second arises in states in which z} > zZ
and h is locally decreasing and hence an increase on the diagonal can occur, or the complementary situation
ocecurs):

(3.62)

~
=
S—

I
—
e
=
—

Ze (1) — h(zE (1)) | W(u = v) 2z (t) ({du, dv)})]

o3 a0 = 5 [ E[{kG) - hEO) 1@ @) >0

(A1) = B(E(0) Wz (1) (L, u}) > 0) UM # 0)2¢ (1) (du, dv)]

5 [ E[{(G0) ~ hE0) M) (v ) > 0)

[0,1]
+ B (1) = B(E(0) Wz (1) ({x, u}) > 0) I # 0)2¢ (1) (du, dv)]
(3.64) = SB[ — hE) =)0, 1\D)].

Furthermore define the mean effect of migration on the matching of types (recall (3.23)):

(3.65) hen(t) = / {QE [2n (8)(d(u, V) L({u # v, 2¢(t)(v,u) > 0})]
[0.1]2
+2E [z, (t) ({d(u, v)|u # v, Jw # u,w # v :

z(t)(w, u) > 0, or z () (v, @) > 0)}, z¢(t)({v,u}) = 0}}}

(3.66) H(t) =) al&nheq(t).

n
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Note that H does not depend on &, since the initial distribution (and hence every law for ¢ > 0 as well) is
translation invariant.
With this notation the following differential equations or inequalities hold:

Lemma 3.6.

(3.67) %k(t) =G(t)
(3.68) k() —0ast — oo impliesI(t) — 0 ast — oo
(3.69) %K(t) =I(t)—H(t)—J(t) < I(t). O

Proof of Lemma 3.6

(8.67): The total mass processes (7 (t), 2 (t)) derived from (Z(t)):>o by considering z¢([0,1] x {[0,1] U {#}})
and z¢({[0,1] U {*}} x [0,1]), follow a certain coupled dynamics for one-dimensional components, which are
systems of interacting diffusions. These diffusions arise using a particular diffusion matrix, which follows from
the martingale problem (3.53). Namely written as SDE:

(3.70) dzb(t) = > al€m)(E(t) — 2h(0))dt
+ (9(Z£ (1) A g(Z2 (1)) dwg (8) + (9(2¢ (1) — g(Z2 (1)) T dwi(t)
(3.71) d2(t) = > a6, n) () — 2(1))dt

+ (g(Z¢ (1) A g(Z (1)) dwe (1) + (9(Z¢ (1) — 9(Z (1))~ dwg (1)

where {(w§(t))i>0, & € Q, i = 1,2} are i.i.d. Brownian motions. This follows immediately observing that
by construction the joint branching induces two coupled diffusions and the branching of only one component
happens in disjoint time intervals so that we get the same law if we use the same driving Brownian motions
(wZ(t))e=o for both components.

Then the assertion (3.67) follows via two observations. By Ito’s calculus and the fact that the local time of
(251 (t) — Z? (t)) on the diagonal is 0, since the diffusion constant disappears on that set and is locally Lipschitz
as long as the drift for the difference is not identically 0 we obtain a system of coupled differential equations
which we can simplify using the translation invariance of the law of the coupled process. See [CG1, 94], Lemma
3.2 for details.

(3.69): This follows from the form of the pre-generator i.e. Geoup and (L(t))i>0. First of all it is easy to see
that the migration term results in the terms H(t), due to the translation invariance of the law of the process
(see [CG2, 94] Lemma 3 for this calculation). The diffusion term and L(t) contributes with the term I(¢) — J(t).
Here 1(t) reflects the disturbance of the successfully coupled state on the diagonal, which arises in the particle
model from a birth or death in only one of the components due to the discrepancy |h(a‘c% () — h(fg(t))\ On the
other hand J(t) reflects some effect in the opposite direction, namely jumps onto the diagonal due to the birth,
death in one component which allows a better matching. We omit the straightforward details. This result is
alternatively easily verified from using the particle approximation.

(3.68): Since g(x)/x? converges to 0 as * — oo and g(x)/z to h(0) as z — 0, we can bound h(z) = g(z)/x
by C(1+ o(x)). Therefore, since Ez¢(t) = 6 V¢ > 0, we know that E|h(z}(t) — h(2Z(t)| is uniformly integrable.
Furthermore, since h(x) is continuous, k(t) — 0 implies that:

(3.72) E\h(ié(t)) - h(Zg(t))| —0 ast— oo.
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Proof of Lemma 3.5 First recall that for the total masses we get the system ((3.70)- (3.71)) of SDE’s
describing the total masses of the coupled process. We observe, that for the quantity E(|z{(t) — 22(t)[) we
get according to (3.67) the same system of differential equations as in [CG2, 94] Lemma 3.2 and therefore the
argument given in this paper carries over completely for (3.60). The boundedness of the components assumed
there is irrelevant, since for @ transient the second moment measures remain bounded and the result carries
over (compare Shiga [S]).

Step 2: Proof Proposition 3.1, Part (a)

In the sequel we shall occasionally use second moment measures E[z,(t)(u)ze(t)(uw)]. It is well-known that
for @ transient this expression is finite if this is the case at ¢ = 0. The latter we can assume w.l.o.g. since by
monotonicity and comparison with {z¢(0)(-) A n}ecq we can easily reduce to that case. We omit the standard
details and assume in the sequel

(3.73) E [(25(0)(u))2} < o0
Part 1 (liminf) We show first that (recall that here the intensity measure 6 is atomic):
(3.74) litm inf Ag(t) = 0.

The proof proceeds indirect. Assume that liminf; .. A¢(t) = 6 > 0. Pick a sequence t, | oo such that
A¢(ty) — § as n — oo. Next pick a subsequence t,, 1 co such that (note that the Eéé(t), i = 1,2 are constant
in t and &)
(3.75) £(2,,) = 7.

k— oo

Since the second moment measure remains bounded in the case where @ is transient, we can conclude with
(3.75) and (3.60) that first moments are uniformly integrable in ¢ and hence:

(3.76) Es|z; — 22| = 0.

Consider now the quantities f, J. , E, Vi , @, K which are defined as before but now based on the initial law
for the coupled dynamics. Then by (3.76) and (3.67) we know that & = 0 and hence I = 0, and J = 0, therefore
we have from (3.69) that:

(3.77) %f((t) =—H(t) <0.

By assumption we know that (recall that k = 0!) K(0) = . Hence either H(t) = 0 or K (t) is strictly decreasing
over some finite time interval and hence eventually smaller than J. In the latter case we then must have for ¢
large enough and some ¢’ < §:

(3.78) K(t, +t) <d for infinitely many n,

which, since k(t, +t) — 0 as n — oo, is a contradiction to the assumption that ¢ is the liminf of A¢(¢) ast — oo
and hence is at most liminf of Ag(¢, +t) as n — oo. Therefore we must have H(t) = 0.

Next we show that the relation H = 0 implies that z' and 22 are ordered for all types u with 6(u) > 0. First
we shall see below, that under the measure U the configurations (251)569, (Z?)geg must be ordered with respect
to any given type u with 6(u) > 0 and with respect to the set Us = {n € Q|a(&,n) > 0}. This means that with
v-probability one:

(3.79) zé(u) > zf,(u) VneUg, or z;(u) < zi(u) vn € Ue.

To see this recall (3.66) and (3.9). Then it follows from k = 0 that either z}(u) = z2(u) or that for all £ > 0

either {(u,v)|v € [0,1],v # u,v # *} or {(v,u)|v € [0,1],v # u,v # *} have positive weight under z, for n € Ue.
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2
n

connected by a(£,n) it must be either all excess or all defect, since otherwise H would not be identically zero.

Then the weight of these sets is either the excess or defect of (z% — z7) w.r.t. type u. For all components

We shall show below after completing the argument that the irreducibility of a(-,-) implies that in fact for
every ordering > with respect to a given type w satisfying 6(u) > 0 (i.e. zg (u) > zg(u) VE € Q= 2t > 2?)
one has

(3.80) D({z! > 2% or 2! < 2%}) =1, for all u with §(u) > 0.

We shall show next that (3.80) implies that actually equality holds, the reason being that 7 is spatially linear
ergodic (we recall this notion in (3.82)). Note that the ergodicity of the initial law implies that, in the case of @
transient, for all later times the law is spatially linear ergodic. The latter is in fact only a statement about the
original (uncoupled) process. To see this assertion assume first that E[(Z¢(0))?T¢] < oo. This will imply that
sup;sq FB[T¢(t)]?T¢ < oo for some & > 0. This boundedness of (2 + £)-th moment was shown in Lemma 2.2. part
(a) in [CGS1, 95]. Then it suffices to show that (for  atomic)

350 {swEdOn0] | | — 0 wd it Bl 0] > 000>
This holds by (3.104) - (3.107) below. Therefore if we can show that sup, E[Z¢(¢)]*T¢ < oo for some £ > 0 then
(3.2) S arlenay(u) — O(w) inLa(@), =12,

if 7; denotes the projection on the i-th component.

The assumption on the (2 + €)-th moments for the initial state is finally removed in a standard way by
truncation (i.e. passing to the initial state (z¢(0)(u) A n)ecn) and coupling between the truncated and real
process. See [G, 91] for such arguments.

Relation (3.82) and the fact that 6 is atomic together with (3.80) imply immediately that

(3.83) v({z' =2} =1.
The relation implies that in fact
(3.84) DK =0}) =1.

But then K(¢,) — 0 as n — oo, which contradicts the assumption that liminf A¢(¢) = 6 > 0. Hence (3.74) is
proved, provided we verify (3.80)

In order to finally prove (3.80) we fix u and write z¢ for z¢({u}). It suffices to show the following: for fixed
T > 0, which is small enough ﬁ(zg < zg, zé = z?, z}] > 2721) > 0 for &,¢(,n such that a(¢,{) > 0, a(¢,n) > 0,
implies there exists a to € [0, 7] such that the system started in U satisfies

(3.85) P ({Zfl(to) < Z?(to), z%(to) % z?(to), z%(to) > z%(to)}) > 0.

But then H(t) would not be identically 0. Therefore V(2 > 27, 2t =23, 2t < 22) =0 for £,(,n as described.
Next we can use the irreducibility to get the assertion. Hence the point is to establish (3.85). This is obvious
in the particle picture but very tedious in the diffusion limit.
In order to get (3.85) we have to see that the ¢y can be chosen such that conditioned on the event that at

time 0 we see the configuration {2 (u) < 2Z(u), 2{(u) = 2Z(u), z,(u) > 27(u)}, then with positive probability

(386) ZEI (to) < Zg(to) and Z}](to) > Z?I(to)
and furthermore that on the above event the increasing process

(3.87) (2t (u)(t) — z?(u)(t)) is not identically 0 in [0, T7].
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In fact this suffices to hold on the event where the inequalities in (3.86) holds for all t € [0,¢0] with pos-
itive probability. This means we have to show that on the event described with positive conditional prob-
ability (21(u)(t) — 22(u)) is bounded from above for ¢ = &,7 and from below for ¢ = ¢ and in addition
> o a(0,0")xs(u)(t) is bounded from above for o = £, 7. But since we know that conditioning on the event in
(3.85) still yields a conditional law supported on distributions in £ if this was the case at time 0, this follows
by moment calculation. The details of such an argument have been carried out at length in the Appendix of
[CG2, 94] we omit further details here.

Part 2 (limsup) We show here that based on step 1
(3.88) lim sup A¢(t) = 0.
t—o0

Assume that (again we give an indirect argument)
(3.89) limsup A¢(t) =6 > 0.

t—oo
We can then conclude that limsup;—ooK(t) = 6 > 0. Then from the result of step 1 and the fact that K(t)
is smooth (for example a straightforward generator calculation shows that the function K is in C%([0, 00))) we
conclude that there exists a sequence (t,,):

(3.90) t,, is alocal maximum of K(t), K(t,) — 0> 0.
Therefore we read of from (3.90) and (3.69) that
(3.91) Hy, < I,.
But since I;, — 0 as n — oo by (3.60) and (3.68), we know using H; > 0 by definition:
(3.92) lim H,, = 0.

n—o0

Let 7 be a weak limit point as n — oo of the sequence (recall the mean measure is preserved):
(3.93) {£(Z1,)}nen-

Then denoting again by~ the quantities based on the initial law 7 for the coupled dynamics we get as in the
previous step:

(3.94) H(0) = 0.

As in the argument of the previous step ((3.79) - (3.84)) we conclude that then K(0) = 0, which contradicts
the assumption that (recall k& = 0)lim, o A¢(tn) = 6’ > 0, which requires K(0) > 0. Hence (3.88) is proved
and this proves part (a) of the Proposition 3.1.

Step 3: Proof of Proposition 3.1, Part (b) The final point is to drop the assumption of 6 being
atomic. Here we use an approximation by the atomic case. Start by approximating the intensity measure. For
6 € M([0,1]) we consider a sequence of atomic measures, namely we take the partitions

(3.95) {;;k|j=o,...,2k}

and define 6, by

(3.96) 0y = i {9([32%1 %)) }% +0({1})01, jk = 2J—k

Jj=

To get a corresponding sequence of approximating processes we replace all the states in X (0) by the same recipe
as above. In fact due to the exchangeability of the types under the dynamics and due to the conservation of
types (no mutation), we know that

(3.97) £((X() ) = £(XOIX(0) = X (0)).
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Furthermore by construction (recall (3.96)) and the fact that types are not changed by the evolution:

(3.98) L((XO)w) = LX@).

The latter convergence is uniform in ¢t € [0,00) for every test function defining the weak topology. Therefore
combining (3.97) and (3.98) it is easy to obtain with part (a) of Proposition 3.1 the statement, that under the
assumption of Proposition 3.1:

(3.99) L(X(t)) — L(X?(t)) = 0-measure.

t— oo

This completes the proof of Proposition 3.1.

(d) Proof of Theorem 2. (i) Part (a) and (b)
It is best to start with the proof of part (b) of the theorem in both the recurrent and the transient case.

The recurrent case as far as part (b) goes, is trivial due to the extinction result for the total mass process
proved in [CFG], so that we focus on the transient case.

The claim of part (b) of the theorem in the transient case follows from Proposition 3.1. Namely note that
every translation invariant measure can be represented as a mixture of shift ergodic measures which are the
extreme points in that simplex. Therefore it suffices in order to prove part (b) of the theorem to identify the
behavior of the shift ergodic components of an initial measure.

Next turn to part (a) of the theorem. Again the recurrent part is simple, it is a consequence of the local
extinction result for the total mass process. Consider the case of @ transient next. Denote by 7y translation
invariant linear ergodic laws with intensity measure 6. By the convergence result there can be in 7y at most
one invariant measure for a given finite intensity §. With the convergence relation of Proposition 3.1 it is then
straightforward and standard to construct the equilibrium measure as follows.

We take the initial state g (every component equals the intensity measure ¢) and observe that the set
{L(X(t)), t > 0} is (because of the preservation of the mean intensity measure of a component) relatively
compact in the weak topology and hence we can define for a convergent subsequence indexed by ¢, — oc:

(3.100) Vg =w — nhlr;o L(X(tn))-

In order to show that vy is an invariant measure we show below the following lemma by a second moment
calculation.

Lemma 3.7. Assume that a is transient. If the initial law v € Ty and the total mass in a component has finite
second moments, then this holds for every t > 0. The distribution vy defined in (3.100) is linear ergodic, that is
for every f € C([0,1]) we have under vy:

(3.101) Z ac(&,m){xe, f) — (0, f) in probability and L.
neQ t—oo
The convergence in probability and L1 holds if we only require v is ergodic with intensity 6. .

Next we prove that vy is an invariant measure. We consider vy as initial state and denote with S(¢) the
semigroup of X (). We see that because of Lemma 3.7, we can couple the two initial states dg and 6pS(t).
Furthermore for a sequence v, which has bounded second moments and converges weakly to v as n — o0,
one has 1v,S(t) = vS(t) as n — oo. Therefore (recall the classical fact that a successful coupling ensures the
weak convergence of the difference measure since by the coupling inequality one gets convergence for uniformly
continuous functions)

(3.102) vgS(t) =w— lim L£(X;, +¢) =w— lim L£(X;,) =1
n—oo n—oo
and hence 1y is an invariant measure with intensity 6, which is trivially translation invariant.

It remains to show the mixing property of vg. Consider the random field {(z¢, f)}¢cq, f > 0 under the law
vg. For the mixing property of this random field we use the following two facts. (i) The mixing property holds
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for the total mass process. (ii) The relative weights distribution 7y is mixing. From there two facts the mixing
property is immediate.

The first point was proved in [CG1] based on the representation of the invariant measure as weak limit of
the law at time ¢ for ¢ — oo and starting in the constant state. The second point is obtained as follows. The
coalescent which is for given total mass process dual for the relative weight process (see chapter 1(b)(i) for
a definition) has the property that the probability of at least one coalescent event occurring tends to 0 if all
distances between initial positions tend to infinity. To see this use the relation (1.86) which implies that the
coalescent started in two particles has an expected occupation time tending to zero as the initial positions are
moved apart. Having this we have to verify that the positions of the coalescent are such that the corresponding
law becomes asymptotically such that the analog of (3.82) holds. However, since the initial state is constant
this is now trivial.

Proof of Lemma 3.7 This will be essentially a La-calculation. Assume first that under the initial measure
E[a‘cg] < 00. The key point is to show, that for every f € C([0,1]):

(3.103) igg{E[<$5(t),f><wn(t)7f>]—E[<w5(t),f>]E[<l’n(t),f>]} — 0

[€—n|—o0

This is done by explicit calculation for the second moment field, which is based on a calculation with the
generator and partial integration for semigroups yielding:

(3.104) E[(ze(t), f){zy (1), )]
= > a&&)an,n)E (e (0), £){zy (0), £)]

&

12 / gat_s@,oat_s(n,<>E[h<(f<<s>><x<<s>,f2>]ds
0

> aul& a0 ) E [(2e (0), £) (2 (0), )]
&'

+2/&2(t—s)(€7n)gf(5)d5>
0
with
(3.105) 91 (t) = Elh(z¢(8)){wc(t), £2)].
If v = dp, then the r.h.s of (3.104) satisfies the bound
t
< 0.1 +2 [ @u(0.0)g/()ds
0

Focus first on the assertion, about 9. We see with the transience of a, that fooo a5(0,0)ds < oo. Since

g(z) = o(x?) as x — oo this implies via a standard renewal argument (see [DG1, 96]) that for v = d, (recall
(3.100)):

(3.106) supi>o {Egy(ze(t))} < oo.
With the fact that

[€=m|—o0

(3.107) a(€,m)dt —s 0,
/

we obtain then (3.103).
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Now turn to the second assertion, the one about finite ¢ > 0 i.e. consider a law vS(t), with v € Ty and
El,(y’cg) < 00. We bound the first term in the bound on the r.h.s. of (3.104) using Cauchy-Schwarz by

(3.108) > ai(&,€)ar(n,n) E(@e)* | floo
&hn’
which gives together with the argument above that for every ¢ : L(X (¢)) € Tp.

For initial states which are ergodic with intensity 6 use the truncated states (z¢(0) A n)¢cq, which are in 7y,
have bounded second moments, and the fact that they approximate by (3.60) the original process uniformly in
t. This implies trivially also the assertion of Lemma 3.7 for v € 7y translation invariant, ergodic with finite
intensity measure.

This completes the proof of Theorem 2 part (a), (b).

(ii) Proof of Theorem 2 Part (c) and (d)
(c) Here the simpler part is the transient case, on which we focus first. It remains to show that the functionals
X (t) and X (t) have laws which converge to 7y and 7y, which are the images of vy under the maps, respectively,

This is easy for the total mass process. If we start in the initial state dy the Z¢(t) are uniformly integrable,
since the second moments of Z¢(t) remain bounded in time, as is seen from the argument following (3.104).
Therefore the weak convergence of £(X (t)) implies the one of £(X(t)) as t — oo for the special initial state dg.
By the successful coupling result this generalizes to initial states in 7.

The only issue is the relative weight process. Since we know that £(X(t)) and £(X(t)) both converge and
since P(z¢(t) = 0) = 0 for all £ > 0, the convergence of L£(X (t)) follows. Simply use that z¢(t) = T¢(t)Te(2).

(d)  The process X (t) is studied by considering its law conditioned on the complete total mass process
(X (8))s>0- For this conditioned law we have identified in Proposition 0.4 the evolution mechanism. Focus now
on this conditioned mechanism and use the duality theory of subsection 1(b).

We see immediately from the duality relation of Proposition 1.1 that the quantity
(3.109) (Te(t), [2) = (@e(1), )* = Varg () (f)

has an expectation tending to 0 or remaining bounded away from 0 as t — oo exactly if @t — 00, respectively
if G; is stochastically bounded. Namely the quantity in question determines whether for the coalescent started
with two particles the probability of coalescence till time ¢ tends for t — oo to 1 or not.

If h(Z) > ¢ > 0 then we can bound the coalescence probability away from 0 during each meeting time of the
two walks. The result claimed is then immediate.

4. THE HISTORICAL PROCESS (PROOF THEOREM 3 AND THEOREM 4)

Since the historical process “contains” the ordinary process one might think that in a sense all proofs should
be carried out on the level of historical processes. Since on the other hand the dynamics is driven by data
available without information on the history, the arguments we gave in sections 2 and 3 are in fact the basic
tools needed in the proofs of the theorems on the historical process and the trick is to use those arguments
properly on the historical level. We treat in separate subsections 4(a) and 4(b) the existence and uniqueness
problem on the one hand and the longtime behavior on the other side. In a third subsection 4(c) we focus on
the clan decomposition of the (infinitely old) equilibrium historical process.
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(a) Construction of the historical process: Proof of Theorem 3. We begin by sketching our strategy.
In the case h(z) = h, a constant, our process is a multitype super random walk and the result is well-known.
Namely the solution of the historical martingale problem (Definition 0.6) is a special case of the historical
superprocess (see e.g. Dawson and Perkins ([DP]) or Perkins ([P])). From those techniques the ezistence of X*
is fairly straightforward for general h. Namely the existence of the historical process can be obtained as the
limit of rescaled historical branching particle systems. Uniqueness is again much more subtle. However since
the argument for uniqueness involves the historical version of the process constructed in Section 2 together with
ideas which have appeared elsewhere ([DP]) we only describe the main steps but leave out many lengthy details
except for the main new argument Proposition 4.1, crucial for uniqueness.

Here is the plan for subsection 4(a). The uniqueness in the general case is carried out by generalizing the
argument in the proof of Theorem 1 in Chapter 2. We first verify that the total mass process in this case can
be identified with the total mass process of Chapter 2 (cf. Lemma 2.1) and consider the associated relative
weight process which is a time-inhomogeneous interacting Fleming-Viot system. The main new ingredient is to
then prove the uniqueness of the one-dimensional marginal distributions of the relative weight process in the
historical context and this is done in Proposition 4.1.

The subsection 4(a) has three main parts. We begin by showing the existence of X* and continue by
introducing the pair (X*, X*) (which is the suitable analogue of (X, X) of chapter 2 and then we show the
uniqueness of X*.

Proof of Existence.

The historical process can be obtained as the diffusion limit of the historical branching particle models (X ¥())¢>0
and this fact allows us to obtain a cadldg version of our process (X*(¢));>0. For that purpose recall the
description of the particle process and its historical process at the very beginning of the paper. The historical
process of the particle model can also be characterized by a martingale problem. To do this we proceed exactly
as in (0.59) - (0.68) but we have to build in the fact that the migration is still random and hence we have also
jumps rather than having for the migration part a deterministic flow given by systems of differential equations.
This means that in the increasing process we have an additional term given by the quadratic variation arising
due to migration jumps.

A migration jump at time s is given by

(4.1) Y o g (1) = { yw) + (€ —€) u>s

y(u) u < s.
This jump occurs at rate a(£’, €), the rate of jumps from £ to & at time s for the underlying random walk (recall
that the particle motion is governed by a according to our convention).

Let (X}(t))i>0 be a solution of the corresponding well-posed martingale problem. The existence follows
immediately since it is a jump process, where the state space £* is chosen such that only finitely many jumps
occur at each site in finite time intervals.

Now consider for a given state X (0) € £ the initial states | X (0)/e|. Furthermore give every particle and its
marked (with the type in [0, 1]) path of descent the mass ¢ and speed up the branching rate per particle by ¢ 1
and scale h to h(ex). Denote the resulting process by

(4.2) (X;’E(t))tzo .

Then we claim that via well-known results we get:

Lemma 4.1.

(43) £ (X" 0)iz0) = £ (X B0 -
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and L <(X*(t))t20) is a solution to the martingale problem (0.65) in D(]0,00), M(D(R,$ x [0,1]))). O

Proof We first have to prove two facts
e The family {L((X}°(t))i>0),e > 0} is tight as a family of probability laws on D([0,00), M(D(R, 2 x
[0,1]))) as e — 0.
e All limit points of the above set as € — 0 satisfy the martingale problem (0.68).

Step 1 (h is bounded) If h is bounded above, then the proof of these two assertions is not essentially affected by
the fact that our branching rate is not constant and we refer the reader to [DP] Theorem 7.16. The uniqueness
proved below establishes convergence and therefore the existence of a unique solution to the martingale problem
(0.65) for X* in D(]0, 00), M(D(R,Q x [0,1]))) in this case.

Step 2 (general case) In the general case the existence of a solution of the martingale problem (0.68) with
cadlag paths, uses a truncation argument to first work with h g (2) = h(z) AK for which the previous step applies.
Then it is an exercise in stochastic analysis to obtain the uniform integrability necessary to verify that the limit
points of P) as K — oo also satisfy the required martingale problem on D([0,00), M(D(R, € x [0,1]))) (See
[DG1], [G]). This completes the proof of the Lemma 4.1.

The Pair (X*, X*).
We begin by identifying the current total mass and relative weights configurations associated to the historical

process, X *.
Define the current total masses at € € Q:

(4.4) X7(t) = (£(t))eeq
with
z¢(t) € M(D(R,Q x [0,1])),
given by
(4.5) ze(t) = X*(1)({y € D(R, 2 x [0,1])|y(¢t) € {&} x [0,1]}).
Next comes the process of the current relative weights denoted
(4.6) X*(t) = (BL() een
and defined as follows. For every A € B(D(R, {2 x [0,1])) put:
(47) 7 (t)(4) = [X*O)(ANn{y € DR), Q2 x[0,1])]y(t) € {&} x [0,1]})]

[X*(O)({y € D(R), Q2 x [0,1])|(m1y)(t) = €})] "
We have now defined the bivariate process (X*(t), /?*(t))tzo replacing (X (t), )Z'(t))tzo from section 2.

Proof of Uniqueness
As before in chapter 2 we prove first the uniqueness of X* and then the uniqueness of the process X* for given
X*. In both steps we make heavy use of chapter 2.

The first observation is that the total mass process is uniquely determined by showing:

Lemma 4.2. The process X*(t) solves the (G, dz)-martingale problem. O

Proof We simply insert in the martingale problem for X*(t), a special subclass of functions for which G* is
defined namely functions of the type ®(¢,y), which depends up to time to only on the location component of
the endpoint of the path, namely y(t), i.e. is of the form (7 is projection on the space component € of the
path)

(4.8) O(t,y) = go((my)(t Ato)), go€C(Q), to€R,
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to recover the (G, §;)-martingale problem on [0, %] by explicit calculation.

Next we prove the uniqueness of the solutions to the martingale problem for the relative weights process x*
given X* and also the solution of the full historical martingale problem (0.65). The proof uses the uniqueness
for the finitely many types martingale problem proved in Chapter 2. Recall the terminology in Definition 0.5.

Proposition 4.1. (a)  For given total mass process (X*(t))¢>o0 the law of the process (f*(t))tzo is up to
equivalence uniquely determined and the law of the latter is a measurable function of X*.
(b) The law of the process defined by

(4.9)  X*O)AN{yly(t) € {&} x [0,1}) = zc(O)[Z()(A)],  for all A€ B(D(R, Q2 x [0,1])),£ € Q,t >0,
gives the unique solution of the martingale problem (0.68) in C(|0,00),E*). O

Proof of Proposition 4.1
The proof proceeds in five steps.

Step 1 Our goal is to construct the finite dimensional distributions of (X *(t))i>s for a given starting point
X*(s) and show they are unique. In other words we determine and construct for s <t; <tg < -+ < ty,,meN:

(4.10) LI (0, s Bt (B (6)) 20
We begin with the case m = 1. In other words we are going to construct and determine now in the next step
for a fixed value t > 0:

(4.11) LIX* ().
That is, we obtain for every initial state and initial time a unique law.

Next note that by (4.11) we obtain already a unique process, since the coefficients in the martingale problem
depend only on the current state, so that it suffices to show that starting in every point of the state space the
one-dimensional marginals are uniquely determined for all times. Hence it suffices to consider m = 1.

Step 2  The first idea is to determine the law of X'*(¢) by considering the projection of this random measure
on the path space D(R, x [0,1]) onto a random measure depending only on the observation of the path at a
finite number of time points.

The second idea is to use as the key ingredient a generalization of the construction in chapter 2, namely we
work with a modified type space, which encodes the type in the sense of the process X*(¢) and in addition the

locations of a tagged mass at finitely many fixed earlier time points. This means that the type space [0, 1] will
be replaced by QF x [0,1]. We fix the starting time s of the historical process at this point.

Denote by 7 = 7(n) a collection

(4.12) T={s<t1 < <ty <tpi1 =t}

and define (o (F) is the o-algebra generated by E):

(4.13) By = o({(y(tr)s - - y(tasr))ly € DR, 2 x [0,1])}).
We define for fixed ¢:

(4.14) X5 () = X* (1), -

This means we have to show that for every partition 7 of [0, ¢]:
(4.15) L[?? “7(M)(¢)] is uniquely determined and a measurable function of X*.

To prove (4.15) we apply the results of chapter 2 to state spaces of the form QF x [0,1] with k& € N instead
of [0,1]. This is no problem since for every k we can embed (¥ x [0,1]) into [0, 1]? and then we only have to
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observe that what we used about [0, 1] was the existence of a countable dense subset in C([0, 1]). Obviously we
have that as well for C([0, 1]?).

Step 3 In this step we shall prove (4.15) by identifying inductively the law in terms of laws of certain
time-inhomogeneous Fleming-Viot processes. Inductive means here that for a given 7 = 7(n) we consider
successively

(4.16) = {t1,ta} 72 ={ti,ta,tz}, ... , 7T ={t1,. . taa}, ti=8, tu=t
and define this way the law of X *’T(”)(t). This arises since we incorporate in the type the information on the
position of paths at a given set of earlier time points.
Define the processes (here Y*<+1 = (yéc’kﬂ)geg, with yg’kH € P(QF x [0,1])):
(4.17) (Y EED(0)) 154,

to be processes starting in initial states determined below in (4.19) which are solutions of the conditional
martingale problem (0.51) with the rates specified in (0.57) and (0.58) but with type space:

(4.18) QF x [0,1].
We showed in chapter 2 that there exists a unique solution in the equivalence class defined in (2.7).

From these objects we shall define X*7(") by the following recursive scheme which gives the initial states of
the above processes. Define a sequence (Z¥).en of P(QF x [0,1])-valued random measures together with the
processes (Y**T1(1)),5 by setting: (here ¢ plays the role of the new type wy42 added in this step)

ZE P () (w1, wk1, £ 4) = y§k7k+1)(tk+1)((w1» o wey1; A4)),
(4.19) £e, AebB([0,1)])
YRR () = ZE(),
ZY(&A) = Te(s)(A), €€ AeB(0.1).
Step 4. In this step we now prove that (recall ¢,,11 = t):

Lemma 4.3. For every realization of (X (t))i>0:

(4.20) c (Zfﬂ(t)) = (/’?*’T(”)(t)) ,
and consequently for the unconditioned quantities:
(4.21) L (22* ~/’?*’T(”)(t)) —L(X*(O)g.,). O

We introduce the following notation, namely we associate with the L(Z"H) the probability law, P7, of
a random measure on D(R,Q x [0,1]) by taking the piecewise constant functions with the values at times
{t1,...,tnt+1} defined by the sequence defined in (4.19).

At this point we are going to make heavy use of our previous results in chapter 2. We return to the martingale
problem of the historical process, which was given in (0.68). We consider in the algebra 4 of functions used
there, a function of the type

n+1
(4.22) o(t,y) = [[ o5t wt A ty))

j=1
with ¢1,ta,...,t, given by 7 and with ¢,,41 = t. We write y, = (y(t1),...,y(tns1)) and ®(¢,y,) since O(t,y)
depends only on the values in ¢1,...,%,41, at time ¢t = ,,41.

Then we have to show that the expectation of (®, X*(t)) conditioned on (X*(s))s>0 can be calculated by the

random variables ZI™! | i.e. by [ (1, yT)ZlTT‘(t)(dyT), this means precisely:
(4.23) E[(D(t, o), X7 (£)(0))] = E[(D(t, 8), Z7(£)(e))], for all & € A".
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This is now proved by induction over n. We assume that the assertion holds for B () for all ®(¢,e) from our
collection of test functions and we conclude that this then holds for B_(n+1). We first condition on B_(»), since
then

(4.24) B [(®(t, ), 2 (0)1B,, (27 (1))z0)]
= TLos(t0(t5)) - B [(gmen (0, w0)), ()18, (B () 2]
j=1

We have to show that the expectation on the r.h.s. above equals (here A € Q"+2 x [0, 1]) for fixed (X*(s))s>0:
(4.25) E [{gusa(t,0), Z2 (do))| 22| = Galt, Z2).

Once we have this relation we can proceed by iterating this procedure to obtain the claim (4.20). Namely we
observe that the distribution of X*(t)|s_,, for given realization of (X*(t))i>o equals the one for (Z},...,Z").
This gives the claim for n + 1.

The relation (4.25) now comes from the martingale problem for the historical process applied in the time
interval [t,,t,+1] by stochastic calculus. We observe first from the form of the generator of the martingale
problem (that is a branching Markov path process) that the object X'*(¢) induces a measure ¢ on the space
of path which has the following property. Denote by B; the sub-o-algebra (of the Borel algebra of D(R,))
generated by the path in the time interval I. Then

(4.26) 0(A), o(B) are conditioned on B, conditionally independent, where A € By}, B € By, 4

This implies that during one time step the expectation on the r.h.s. of (4.24) can be expressed in terms of
the multi-type state dependent branching process with type space Q" x [0, 1] itself. Knowing this we have to
see only that the dynamics of the relative weights is as claimed that is given by the process in (4.17). Then
however we are back to chapter 2. If we put first g(s,y) = g(y)for all s € [0,¢], then we see immediately from
the expression (0.64) that we have the exact same structure as we had in chapter 2 only the type space has
changed. The inclusion of the t-dependent g,,+1 is straightforward.

HRRUON
of [0,¢] which are successive refinements of each other and with sup,_, ., |t§i)1 — tg")\ — 0 as n — 00, then the
sequence

(4.27) pr(m)

Step 5 In this step we verify the convergence: if we choose any sequence (7(n)) of partitions (

as laws on D(R, Q) x [0, 1]) converges to a limit, which is independent of the choice of (7(n))nen, that is,
(4.28) PT — LIX*(1)).

Here the key point is the fact that by the prescription given in the previous step and the well-posedness of the
martingale problem for the Y-processes used there, we obtain a consistent family of laws, {£(X*7(")(t)),n € N},
on

(4.29) ()[04,

To prove that the limiting random measure can be realized on D(R,Q x [0,1]) C (R)?*[%1 it remains to show
that the family of laws, which is given by:

(4.30) {PT(”)}

neN
is tight in P(D(R, Q2 x [0,1])). In [D], Lemma 3.2.8 it is shown that we have tightness if the mean measures are
tight. The mean measures however are given by the laws of the {¢1,...,t,41} piecewise constant approximations

to the (al)s<; random walk. But it is easy to verify that the later is tight in P(D(R,Q x [0,1])). The
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above relations together prove that X*(¢) is uniquely determined and can be realized as a random measure on
D(R,Q x [0,1]). This completes the proof of Proposition 4.1.

(b) The longtime behavior of the historical process: Proof of Theorem 4. In this section we prove
Theorem 4 by extending the coupling argument used in Section 3 to prove Theorem 2. Roughly we shall consider
the historical process associated with our coupled dynamics we constructed in section 3(a). The lifting of the
coupling argument of part (a) onto a historical process level is however a bit trickier than lifting the construction
of the process to the one of the historical process. The reason is that individuals in the bivariate process are
now marked by path and type and the combination (type, paths) can change in time and furthermore the set
of paths on which the historical process is concentrated is not countable. However we shall adapt the coupling
argument to both problems and we shall be able to derive, by making directly use of the coupling argument of
part (a), that also our historical coupling is successful. The key step, Lemma 4.4 below, is based on the main
feature our coupled dynamics of chapter 3, namely that coupled particles follow the same path. Based on this
fact we utilize the successful coupling property at the particle level proved in Section 3. We proceed in steps.
Step 1  In this preliminary step we introduce the appropriate notion of the coupled dynamics and a distance
between probability measures on the state space of this coupled process. Denote with X,”* i = 1,2 the two
historical processes we want to compare and which started at time 0 in two given random configurations.

Consider a process Z*(t) with values in the measures on the space of pairs of coupled marked path, which is
given by

(4.31) M((D(R,2) x {[0,1] U {x}})?) = M(E")

and denote with my, 72 the projections from E* to its first respectively second component and 71,72 the
corresponding maps acting on measure on E*. We need to choose the evolution of (Z*(t));>¢ such that

(4.32) L((mZ)izo) = £((X)iz0)

L((72Z{)iz0) = 5((Xt*’2)t20)-

In addition the process Z; should be ”close to the diagonal” for ¢ — co. We shall next define ”closeness to the
diagonal” in the new path-valued context.

As before it is more convenient to start the processes at time —t and observe them at time 0. We use this
convention in the next two definitions.

We begin by looking at paths with values in 2. We will base our notion of distance of two states of X*,
i.e. elements of M(D(—00,00),2) on the same principles as in part (a) step 1. Since relevant elements in
M(D(R,)) are only locally finite we focus first on the measure restricted to the set of all paths which at time
0 (recall we start in —t) are in the site &. We call this set D¢(R,2). Note that we cannot expect to couple
arbitrarily long time stretches of the paths but only finite end pieces of the ancestral paths. Hence fix a number
T € [0,00) and define for every T the distance of two paths y',y?> € D(R,Q) by (note this is strictly speaking
only a quasi distance, which might be 0 for different paths):

(4.33) dre(y'.y®) =1 - Wy'(s) =y*(s) Vs [-T.0]), fory',y® € De(R, Q).

We lift this distance function to a distance function JT between two measures on D(R, Q):
(4.34) dr¢ : M((D(R,Q))?) — R™,
which is obtained from(3.6) if we replace in that formula the interval [0,1] by the path space D¢(R,Q) and
d('7 ) by dT,g(‘, )

We incorporate next the type into the distance function. We set for path-type combinations (y1,u), (y2,v)
with two paths y1, y2 which occupy at time 0 the point £ (recall (4.33) for dr ¢ and (3.6) for d):

(4.35) d*T,g ((y1,u), (y2,v)) = dre(y1,y2) + d(u,v) fory; € De(R,Q); u,v € [0,1] U {*}.

As before this induces a Vasserstein quasi-metric dNi‘}f for elements of M(E*).
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Now the key quantity for the comparison of the two processes X*?% i =1,2:

(4.36) Npet) = B [dpe(mZi, m27)] .

We shall study this quantity again for the case where 6 has finite support. Our goal will be to show that for
suitable initial states A}’g (t) = 0 as t — oo for all T > 0, that is we have a successful coupling. Precisely:

Proposition 4.2. Assume that § is an atomic measure with finitely many atoms and that L(X*1(—t)) and
L(X*2(—t)) are concentrated on constant paths and the collection of the projections on the components of path
being at & at time 0 with & running through 0 are both translation invariant and ergodic with E(X*!({y|y(0) €
{&} x[0,1]})) =0, i=1,2. Then

(4.37) Afelt) — 0, ¥E€Q, T20. O

This result then completes the proof of Theorem 4 part (b) for # atomic. The case of non-atomic 6 follows
again as in section 3 (3.95) - (3.99) we don’t repeat these straightforward details.

This leaves us now with the following two tasks to complete the proof. We have to define the dynamics of
(Z*(t))¢>0, which induces the coupled dynamics and then to verify (4.37). We shall do this by first defining
(Z%(t))¢>0 for a particle model in step 2 for which we then show the assertion analogue to (4.37) in step 3. After
that we define in step 4 L[(Z*(t))¢>0] as a limit point after taking the diffusion limit of the particle model and
we shall point our why the argument that the coupling is successful, i.e. Ai}é (t) tends to 0 as t — oo, carries
over from the particle model Z; to Z*. Here are now the details.

Step 2  Recall at this point the construction of a coupling in section 3(a). There we constructed the coupled
dynamic (Z4(t))i>0 by specifying the generator by means of a table giving the possible transitions and the
associated rates. These rates however were derived by thinking of a process with individual particles for which
we specified some simpler transition rules, which then translated into the generator once we do not observe
individual particles but numbers of particles with a certain type and a certain location. Instead of writing down
again the tables we now only give the new rules on the level of individuals and their ancestral path and explain
how to derive from that the new transition table induced on the random measures on ancestral path, only for
one of the transitions.

We start now with individual particles which migrate according to a(-, ) and branch according to the branch-
ing rate h. Each individual has a mark of the form

(4.38) (y,u) yeDR,Q), wel0,1],

where wu is the type and y the path of descent of this individual, which is the path from the ancestor at time
0 through its descendents ending at the present (time t) position of the individual. Recall we always continue
paths of descent at time ¢ beyond ¢ and before 0 by using the continuation as a constant.

For the dynamic Z}(t) we consider pairs of matched individuals characterized by pairs of marks. We have to
deal again with different total numbers of particles at a given site. Therefore we have for the coupled dynamic
pairs of matched individuals with marks allowing for an extra type *, this means a single pair of two particles
carries a marker:

(4.39) ((y1,u), (y2,v)) wv1,y2 € D(R,Q); u,v € [0,1] U {x}.
Let us specify the initial state and the dynamic.

e As initial state we choose the state which has the property that all path of descent are constant and
equal to the location at time ¢ = 0. The matching of the two populations in the beginning is exactly
the one given in step 4 in chapter 3.

The dynamics of the process is given by the following rules:
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e As long as the two individuals are matched, the paths yi,y2 of these two matched individuals follow
the same path process which is the one induced as explained in subsection 0(d) by the continuous time
a(-, -)-random walk. Whenever a migration transition has been carried out a rematching of individuals
takes place instantaneously in order to minimize the distance between the u, v part of the mark of an
individual. The rematching is exactly the one given in section 3 and the paths ys,ys are ignored for
that matter.

e A birth or death occurs in both parts of ((y1,u), (y2,v)) at the same time at rate h(Z¢(t)) A h(Z2(t)),
where Z%, Zg denotes the number of individuals with type in [0, 1] in the first respective second component
of the &-component of ZX(t) projected from paths to positions at time ¢. The path till the birth time
and the type of a newborn particle is always inherited from the parent particle.

e A birth of a pair

((y1, %), (y2,v)) respectively ((y1,u), (y2,*))
occurs in addition at rates (h(Zg (t) — h(fg )) (h(fgl(t) — h(ég(t)))* Instantaneously a rematching,
if possible, takes place, in order to lower the distance between the second components of the type. This
rematching is exactly as in subsection 3(a), the paths y1, yo are simply ignored for this transition.

If we now only observe the number of pairs of a certain type ((y1,u)(yz2,v)) at a site £ at time ¢ we obtain a
measure valued state and its evolution is a Markov process with values in M((D(R, ) x ([0,1] U {*}))? which
shall be denoted:

(4.40) (Z3(#))e=o0-

Note that this process is the historical process associated with the process (Z,(t));>0. This process can be
characterized by its generator, which collects the previous collection of transitions and rates of the individual
particles. We refer the reader to section 3 for this process of translation.

As an example note that in (Z7(t))¢>0 the transition

(441) Z — 7+ 5((y1,u)7(y2,u)) u e [0, 1}; Y1,Y2 € D(R, Q) with yl(t) = yg(t) = f

occurs at time t at the rates

(4.42) [(z¢ (1) A R(ZE ()] - [Za (1) ({(y1, ), (y2,0))[91(1) = y2(t) = € v = u})],

with 2§ = Za({((y1, w), (y2,))|y1(t) = y2(t) = & u € [0,1],v € [0,1] U {+}}) and 2 is defined by exchanging

the role of v and v.

Step 3  For the dynamics (Z}(t));>0 we define the mean distance from the diagonal as induced by the function
dy () from (4.34) as (71, T2 as the projections on the first respectively second component of Z;):

(4.43) Aze(t) = Bldy ¢ (m1Z5(t), T225(t))],

as we defined A},é(t) for a diffusion process on the same state space. We now prove

Lemma 4.4. If £]X*(0)],i = 1,2 are translation invariant shift ergodic with the same atomic intensity measure
0, then:

(4.44) ALty — 0. O

t—oo

Proof In order to bring the results of chapter 3 into play we observe that by construction of Z} (this can be
checked by explicit calculation with the generator):

(4.45) L [(Z;(t)({(yl, u), (y2,v)), y1(t) = y2(t) = 5}) i (u,v) € [0, 1] U {*}] _ ﬁ[Zg(t)]; Ve € Q.
where Z,(t) = (2¢(t))eeq is the dynamics defined in step 4 in chapter 3. This implies that:
(4.46) Ri(§) = E[Z;(0)({((y1,u), (y2, v))lu # v, y1(t) = ya(t) = £})]

= Elze(t)({(u, v)[u # v})].
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Since we proved in subsection 3 that as t — oo the states of (Z,(t)):>0 concentrate on the diagonal as t — oo
we know that:

(4.47) Ry(¢) — 0.
Finally consider the set (here J = (D(R, Q) x ([0, 1] U {x}))?):
(4.48) Dy ={((y1,u), (y2,v)) € Jju=v € [0,1]}.
We define for the process (Z(t))i>0 the functional Ny ¢(D1):
(4.49) Nig(D1) = #{s € [0,t]| Z25(s)(D1) = Z;(s-)(D1) < =1, zy(s) = zy(s-) Vn # &}

i.e. these quantities measure the jumps where in the process Z}(t));>0 a jump of a unit mass away from D; in
colony £ occurs before time ¢, which is not due to a migration out of £. We know by construction that

(4.50) E[Nie(D1) = Nsg(D1)] = / |n(Z¢ () — h(z (w))|ds.

As a consequence of the result (3.72) in chapter 3 we know for all T > 0 that:
(4.51) E[N¢(D1) — Ni—re(D1)] — 0.

This means that for large ¢ all particles with u = v € [0,1] in £ at time ¢ — T keep this property furthermore up
to time t. In formulas this reads as follows. Define:

(452) Aze(t) = E[Z;0){(y1,u), (y2,0)lp1(t) = y2(t) = &, y1(u) # y2(u)  for some u € [t — T1],
oru#uvoru=sx*, orv=sx})] — 0.

On the other hand by definition of d(-,-):

(4.53) AZRL(t) < BARL().

This proves (4.44) with (4.52).

Step 4 Now we want to pass for our coupled historical particle process (Z;(t)):>0 to the diffusion limit. For
this purpose we give every individual the mass €, blow up the initial configurations by ¢! and we speed up the
rates per particle which are based on h by setting (z denotes the number of particles in the colony):

(4.54) he(z) = e th(ze).
The resulting processes we call
(4.55) (Z3,:1))t=o0-

Clearly for each € > 0 the process has the property given in Lemma 4.4. If we can find a limit dynamics
(Z*(t))¢>0 preserving the latter property we are done. Therefore the point now is to show two things:

(4.56) L[(Z,; (t))i>0] is tight for & — 0,
(4.57) A7) — Afe(t)

uniformly in ¢ > 0 along every sequence giving convergence in (4.56). Both these relations complete immediately
the proof of Proposition 4.2.
Start with relation (4.56). From subsection 4(a) we know that the two component processes

(4.58) (Za,e®((-), DR, Q) x [0,1]))iz0,  (Zg (H)(D(R, Q) < [0,1],(,-)))e0
define a sequence of tight laws. This is an immediate consequence of Lemma 4.1. What we need is tightness of
the full process.

However we know that integrating out over the paths gives a tight set according to chapter 3 and furthermore
the paths do not enter into the matching mechanism. Now it is elementary to check the tightness with the
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standard criterion using the local characteristics. (Compare the construction in [DGV] section 1. Use test
functions on (D(R, Q) x ([0,1] U {x}))? which have the form F; - F; where Fy depends on the [0,1] U {*} part
of the marker and Fy on the D(R, Q)-part of the marker.)

In order to prove (4.57) proceed as follows. The quantity AZ 7~ can be estimated, as we saw in (4.53) in terms
of A*T‘EE These are quantities which depend only on (Z,(t)):>0 via two functionals which we already studied

in chapter 3, namely AZ(t), £ ftth |h(2§(s)) - h(Zg(s))|ds. It is easy to see that the differential equations ruling
those quantities are independent of € and therefore we get the desired uniform convergence since the total mass
of paths ending in £ is a uniformly (in ¢) integrable random variable.

(c) The family decomposition of the equilibrium historical process. In this section we prove Proposition
0.5.

Part (a) Recall that a family is defined to be the mass corresponding to a set of paths having a common
initial segment. We know from Lemma 0.1 that during any positive time the dynamics of the historical process
leads to a state with countable support. Therefore for reasons of consistency the number of families must be
countable. Therefore we can view the equilibrium historical family decomposition as the decomposition of the
equilibrium mass on D(R, Q) x [0,1] into subpopulations having a common path in the past from —oo to some
finite time, that is an equivalence class under ~.

Part (b) We must now show that such an equivalence class has only one type and thus corresponds to a unique
equivalence class under ~. Consider a family which is multitype. The first observation is that conditioned on
the total mass process the evolution of the relative proportions of the different types, is a time-inhomogeneous
Fleming-Viot system. Hence it suffices to establish that this Fleming-Viot process degenerates to a single type
in finite time.

Now consider a (non-null) family with common historical path £(s) : —oo < s < t. Let (y¢(r))r>0 be the
time-inhomogeneous Fleming-Viot process with resampling rate h(Z¢(,)(7))/Ze(ry () at time r € [to, t] and initial
distribution py, € M;[0,1] at time .

If

¢
(4.59) lim h(Ze(s)(8))/Te(s)(5)ds = oo, except for a X* — null set

to— —o0 to
then it follows (cf. Dawson and Hochberg (1982), Lemma 6.5) that
(4.60) tOEIEOOP [(ye(r) () = by, for some u € [0,1])] = 1.

It remains to verify that (4.59) holds except for an X*-null set. To do this note that E(X*({€ € A : £(0) =
&) = 9P§0 (A) where Pfo is the law of the time reverse of the random walk (£(s))s>0 with transition rates

a(&, &) starting at & . We then note that Pgo-a.s. T¢(s) is a stationary process (with respect to the equilibrium
law for ). Then (4.59) follows immediately from the ergodic theorem. This completes the proof.
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