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REPRESENTATION THEOREMS FOR INTERACTING MORAN MODELS,
INTERACTING FISHER-WRIGHT DIFFUSIONS AND APPLICATIONS

ANDREAS GREVEN, VLADA LIMIC, AND ANITA WINTER

ABSTRACT. We consider spatially interacting Moran models and their diffusion limit which are interacting Fisher-
Wright diffusions. The Moran model is a spatial population model with individuals of different type located on
sites given by elements of an Abelian group. The dynamics of the system consists of independent migration of
individuals between the sites and a resampling mechanism at each site, i.e., pairs of individuals are replaced by
new pairs where each newcomer takes the type of a randomly chosen individual from the parent pair. Interacting
Fisher-Wright diffusions collect the relative frequency of a subset of types evaluated for the separate sites in the
limit of infinitely many individuals per site. One is interested in the type configuration as well as the time-space
evolution of genealogies, encoded in the so-called historical process. The first goal of the paper is the analytical
characterization of the historical processes for both models as solutions of well-posed martingale problems and
the development of a corresponding duality theory.

For that purpose, we link both the historical Fisher-Wright diffusions and the historical Moran models by the
so-called look-down process. That is, for any fixed time, a collection of historical Moran models with increasing
particle intensity and a particle representation for the limiting historical interacting Fisher-Wright diffusions
are provided on one and the same probability space. This leads to a strong form of duality between spatially
interacting Moran models, interacting Fisher-Wright diffusions on the one hand and coalescing random walks on
the other hand, which extends the classical weak form of moment duality for interacting Fisher-Wright diffusions.

Our second goal is to show that this representation can be used to obtain new results on the long-time
behavior, in particular (i) on the structure of the equilibria, and of the equilibrium historical processes, and (ii)
on the behavior of our models on large but finite site space in comparison with our models on infinite site space.
Here the so-called finite system scheme is established for spatially interacting Moran models which implies via the
look-down representation also the already known results for interacting Fisher-Wright diffusions. Furthermore
suitable versions of the finite system scheme on the level of historical processes are newly developed and verified.

In the long run the provided look-down representation is intended to answer questions about finer path
properties of interacting Fisher-Wright diffusions.
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1. INTRODUCTION

1.1. Motivation and background. In this paper we analyze two related classes of spatial multi-type popula-
tion models, which we call the spatially interacting Moran models and the ensembles of interacting Fisher- Wright
diffusions. In spatial population models one considers individuals having a genetic type and a location in ge-
ographic space where the number of particles and the genetic decomposition at any particular location change
according to random dynamics.

The spatially interacting Moran models (IMM) on an Abelian group (with group elements representing possible
locations in geographic space) can be described as follows: the group consists of finitely or countable many sites.
Each site is populated by an a.s. finite number of individuals, which carry one of the possible genetic types.
Individuals migrate between the sites independently of each other according to a continuous time random walk
(RW). Furthermore, at a given site each pair of individuals is replaced according to a resampling mechanism by
a new pair of individuals with types chosen independently at random from one of the parents.

For many purposes sufficient information about the population in the IMM is given by the functional of the
proportions of a supported subset of the type space evaluated for the separate sites (see, for example, Shiga
(1980) [43]). In the large local population limit of this functional an ensemble of interacting Fisher—Wright
diffusions (IFWD) arises, that interact due to a drift of each single component to an average over the neighbors.
The average is given by the jump rates of a random walk modeling migration in the finite or countable site-space.

The basic ergodic theory (on the long-term behavior) for IMM and IFWD is the same as that for a wide class
of interacting spatial processes with components indexed by Z?, by R, or by the hierarchical group. The class
of processes with such long-term behavior includes on the one hand interacting particle models, for example the
voter model (Holley and Liggett (1975) [34]), branching random walk (Kallenberg (1977) [35], Durrett (1979)
[23]), branching Brownian motion (Fleischman (1978) [26], Gorostiza and Wakolbinger (1991) [29]), and on the
other hand, interacting diffusions, for instance the Fisher—Wright stepping stone model (Shiga (1980) [43]), the
Ornstein—Uhlenbeck process (Deuschel (1988) [17]), the case of a general diffusion function (Cox and Greven
(1994) [9] and Cox, Fleischmann and Greven (1996) [6]) and finally super Brownian motion (Dawson (1977)
[12], Etheridge (1993) [24]). It can be stated as a metatheorem that the long-term behavior for the interacting
spatial systems depends on whether the underlying (symmetrized) migration kernel is recurrent or transient;
hence it differs sharply in high and low dimensions. In high dimensions each process has a one-parameter family
of invariant measures indexed by the “density” of the system which is preserved for every finite time t and
in the limit as ¢ — oo. In low dimensions the invariant measures are “degenerate”, that is, steady states are
concentrated on the traps of the stochastic evolution (e.g., for the two-type IMM these traps are the monotype
configurations, for branching models the trap is the zero configuration). In this case one says that the systems
cluster.

The above described dichotomy and the results for IFWD on the structure of the equilibria in the high-
dimensional case, and the structure of the clusters in the low-dimensional case, were obtained via a moment
calculation which is based on a duality to (delayed) coalescing random walks. This duality holds for IMM only
under special initial conditions. Nevertheless this duality is more than a clever trick! In fact there is a much richer
structure available, namely an embedding in a model where each individual and its historical evolution is defined.
The objective to treat IMM and IFWD in a unified way, motivated by a few natural open problems, suggests that
indeed we should change our point of view, and embed both processes into these so-called historical processes
which allows one to define the genealogies corresponding to particles/masses evaluated at time ¢. This provides
a powerful tool whenever these histories viewed backward from a reference time ¢ form again a Markov process.
In order to carry out this program we have to first lay some analytical foundations and provide characterizations
of these random processes via martingale problems.

The idea of taking into account information about the evolution of the individuals in the system up to
time ¢ has been explored in the context of branching models (compare Dawson and Perkins (1991) [16], and
Duquesne and Le Gall (2002) [22]) and for the voter model by Cox and Geiger (2000) [7]. Strong results on
support and regularity properties were derived based on the decomposition into family clusters corresponding
to different degrees of relationship. The previous analysis was based on the concept of infinite divisibility and
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graphical representations. However, exploiting the fact that, due to the exchangeability of the individuals, the
time-reversed process becomes Markovian allows one to define such a family decomposition also for IMM and
IFWD. It turns out that for both processes, IMM and IFWD, the genealogies evolve as a spatially structured
coalescent process. This gives a much stronger form of duality than just the usual moment duality, resulting in
a historical form of duality which provides a powerful tool.

Based on our construction we may think of clusters, which build up in the low-dimensional site spaces for
t — o0, as groups of individuals having the same type due to the same ancestor back at time 0, and according to
the same principle we can decompose the equilibrium state, arising in high-dimensional cases, into infinitely old
family clusters. In order to analyze the historical process in the diffusion limit we use the particle approximations
and random embeddings of the historical Moran processes in the historical Fisher-Wright process.

Hence the first goal of the paper is to give an analytical description for the historical processes, which will
be via well-posed martingale problems. This allows us to construct a countable particle representation on the
level of the historical process of both the approximating particle models and the diffusion limit in such a way
that one can be naturally embedded in the other. We then apply this construction to answer questions on the
long-time behavior of such systems. For the construction, we adapt the idea of look-downs given by Donnelly
and Kurtz (1996) [19] to our setting with interacting components.

Our second goal is to study the longtime behavior of the IMM and IFWD processes by applying the strong
duality on a historical level. Here we focus mainly on the high dimensional case, and in particular the following
two applications: (i) Based on the genealogies we investigate the structure of the equilibrium states by providing
a stochastic representation of the lines of descent in an infinitely old population. (ii) We describe the longtime
behavior of the historical systems indexed by large but finite subsets of the infinite geographic space, and its
connection to the equilibrium states of the corresponding system on Z¢, d > 3. For performing this analysis Cox
and Greven (1990) suggested a method, the finite system scheme, compare e.g. [8], and [10]. Our approach to
IMM and IFWD based on the look-down construction allows us to verify this strong form of the finite system
scheme for IMM and IFWD in a unified way and to develop the historical finite system scheme. At the same time
this allows us to develop a rigorous renormalization analysis of such models including the historical structure.
(Compare [30] for a survey on the problem of renormalization and universality).

Before outlining the rest of the paper, we describe some perspectives the new approach has in the the low-
dimensional case. Much work on clustering phenomena has been centered on thinking of clusters as regions
where most of the population — in the sense of averages over huge blocks — are of the same type. In this spirit the
large scale correlation structure of IFWD on the hierarchical group is studied in Fleischmann and Greven (1994),
(1996) [27] [28]. The results in these papers are proved by a moment calculation relying on the duality of the
evolution of these moments to a system of delayed coalescing random walks. Again the look-down construction
provides a powerful tool to explain the clustering phenomena for the IMM, and to give a unified approach to both
IMM and IFWD yielding stronger convergence results in both cases. This analysis will be done in a forthcoming
paper by the authors [31].

Moreover, it turns out that a number of interesting questions concerning the shape and the time structure
of a cluster cannot be answered by moments or deduced fairly directly from the look-down construction. These
include the following open problems:

e Let the underlying migration be recurrent. What is the behavior of the holding times between two
sucessive upcrossings of a component over [&,1 —¢]?

e Cox and Griffeath (1986) [11] observed for the voter model on Z? that if a block average at time t on
a box of side length ¢7 is near zero, then a box of side length ¢t~ must have no 1’s with overwhelming
probability. Does a similar statement hold for interacting Fisher-Wright diffusions as well?

The look-down construction on the level of historical processes should open eventually new possibilities. For that
purpose one has to extend the genealogy spanned by the population of a fixed time ¢ to include the information on
those individuals which had lived before time ¢ but do not have descendants at time ¢. This leads to genealogical
forests, which can be analysed based on the concept of R-trees. An analytic characterization for this kind of
genealogical forests is developed in the forthcoming paper [32] by Greven, Pfaffelhuber and Winter.
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Outline We continue by specifying our models rigorously in Subsection 1.2. Then in Subsection 1.3 we
construct the historical processes explicitly. Finally, in Subsection 1.4 the historical look-down process and the
enriched historical IMM are introduced which will provide a suitable framework to discuss both the particle
model and its diffusion limit.

In Sections 2 the historical processes are characterized analytically through well-posed martingale problems
and as a consequence a particle representation based on the historical look-down process is given. In Section 3
we will apply the analytical representations to construct in Subsection 3.1 a strong duality which will be used to
investigate the genealogical structure of equilibrium states in Subsection 3.2, and to study the behavior of large
finite systems from the point of view of historical processes in Subsection 3.3. The proofs of the main results
are given in Sections 4 through 8.

1.2. The models. We will study two models, a particle model called the spatially interacting Moran models
(IMM), and its diffusion limit called the interacting Fisher-Wright diffusions (IFWD), which we define below in
(i) and (ii), respectively.

The basic ingredient for our processes is a random walk (RW) on a countable Abelian group G: let (R,)nen
be a non-degenerate and irreducible RW in discrete-time with transition probability a(z,y) = a(0,y — x). We
denote its n-step transition probabilities by a(™) (z,y), ,y € G. The transition kernel of its continuous time
version, R := (R¢):>0, is then given by

(11) at(xvy) = Za(”)(z,y)

n>0

tn —t
L, z,y € G.

n!
(i)  The spatially interacting Moran model, £, on G is a locally finite population model where individuals of
the population are assumed to be of one of the possible genetic types chosen from the type-space, K C R. It is
defined by the following two mechanisms which act independently of each other as follows:

Migration Each individual moves in G independently of the other individuals according to the law
of R.

Resampling Each pair of individuals situated at the same site dies at rate v and is instantaneously
replaced by a new pair of individuals, where each new individual adopts a type by choosing the parent
independently at random from the “dying pair”. All such resampling events are independent of each
other. This defines a branching mechanism where the size of the population in a branching step is
preserved.

Remark Note that the local population size remains constant during time intervals without a migration step.
Therefore, the resampling part of the evolution during intervals without migration steps is the same as in the
traditional fixed size population models. [

Following this description we can define the stochastic evolution of all the individuals and their descendants
via collections of independent versions of R, of exponential waiting times, and of a sequence of {0, 1}-valued
random variables used for choosing parents, provided that the initial state is chosen suitably (we discuss this
below). The result generates a tree-indexed random walk by associating with each individual the path of its
descendants, the edges corresponding to the individuals and the edge length to the life-time.

Remark  These rules of evolution have, due to the exchangeability of individuals, an important projection
property. If we start with a set of types K and combine certain types to a new type resulting in a new set
K’ of fewer types, we obtain the same process by first running the dynamics with types K and then relabeling
according to K’, as by first relabeling according to K’ and then running the dynamics. [

Very often we are only interested in the numbers of particles of a certain type at certain sites. For this purpose
note that the individuals generate a random population at time ¢ > 0, inducing an integer-valued measure whose
restriction on finite sets are atomic, i.e.,

(1.2) n € N(G x K).
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Of course, in order to construct a countable particle system with always finitely many particles per site, it is
in general necessary to impose some growth restrictions on the initial configuration of the process at infinity: fix
a strictly positive and finite measure o on G such that for some finite constant I we have for all z € G,

(1.3) > alz,y)a({y}) < Ta({z}).

yeG

Take for instance a strictly positive and finite measure § on G and set

(1.4) a(fy) =D T7" > a™(y,2)8({z}).

n>0 zeG

Use as possible initial configurations those configurations which give rise to a measure 7 € £¢ if each individual
is associated with a d-measure on its current position and type, and here g is given by

(1.5) Eoi={ne MG xK):|nlla:=> n{a} x K)a({z}) < oc}.

zeG

Note that in the context of particle models, g was first introduced in Liggett and Spitzer (1981) [40], and is
therefore referred to as the Liggett-Spitzer space.

The stochastic process 7 = (1;)¢>0 can be described as a Markov process with state space Eg. The well-
posedness of the process can be established by coupling techniques (see Leopold (2001) [38]), or alternatively
will be a consequence of our results in Subsection 2.1.

It is obvious that the projection of 1 on the location coordinate simply yields a countable system of independent
random walks,

(1.6) X = (Xt)e>0-

(ii) Next we derive the second model, namely interacting Fisher- Wright diffusions (IFWD) as the high density
limit of a functional of the particle model previously discussed. The exact statement is given in Theorem 0 below.

We introduce the candidate for the scaling limit as follows: define the interacting Fisher-Wright diffusion
(IFWD), ¢ = ({;)+>0, as the Markov process with the following pregenerator. Let CZ([0,1]%) be the set of twice
continuously differentiable functions depending only on finitely many coordinates of ¢ = (¢, )zec € [0,1]¢
Then for each f € C2([0,1]¢) set

2
(1.7) Lef =Lyf+ 5 7 Z (Paa @wg J;,
IGG
where
_ af
(18) Lif = 2 (@) = 6 )en) -

zeG yelG

and a(z,y) := a(y, r) denotes the reversed kernel. Note that CZ([0,1]¢) is a core for L¢ and Ly, a fact which is
established in Shiga (1980) [43]. Thus one has existence and uniqueness of the process .

Remark The law of IFWD, (, is given by the solution of the (L, CZ([0,1]¢))-martingale problem which is
well-posed. That is, for each f € C2([0,1]9),

(19) (r@- [ t ch(Cs)dS)t>O

is a continuous martingale for the canonical filtration. O
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Remark IFWD can also be obtained as the law of the unique strong solution of a countable system of
stochastic differential equations:

(1.10) dGi(z) =Y (a(z,y) — 6(x,)) G(y)dt + v/g(C(x))dw? z€G,

yeG

where (o € [0,1]¢, and {w® := (w¥)i>0; ¢ € G} is a collection of independent standard Brownian motions on
the real line, and g(z) :=vz(1 —2). O

We wish to relate the IMM and the IFWD via a limit theorem. Set K := {0, 1}, fix § € [0, 1], and let (9”) ,cr+
be a family of IMM on G x K satisfying the following set of conditions: (i) Assume that L[n(- x K)] € E¢ is
translation invariant and ergodic with total mass per site intensity p > 0, and (ii) that L[n(- x {1})] € &g is
translation invariant and ergodic with total mass per site intensity 6p, 6 € [0, 1].

Define then the functional 7” of n” by

(1.11) () == %1{%({1“@#0},

i.e., nY represents the relative frequency of type 1 individuals.

Remark If the initial distribution satisfies the assumptions (i) and (ii) above, then at every time ¢ > 0
the conditions are satisfied as well. This can be verified using truncation arguments together with moment
calculations, which are tedious but standard and are omitted here. [

Then 7” converges in law in Skorokhod topology. That is:
Theorem 0. (Diffusion limit) Under the above assumption on the initial state 1), we have

(1.12) L] = L2,

p— 00

where the convergence means weak convergence on M1(D([0,0);[0,1]%)), and where L2 on the right hand side
indicates that the initial state of the IFWD ¢ is (o(x) = 0, for all xz € G.

Proof of Theorem 0 See Theorem 3 in Leopold (2001) [38]. O

Remark If the type space K is larger than {0,1} the analog of (1.12) still holds where the limiting Markov
process is the so-called interacting Fleming-Viot model. In order to keep notation as simple as possible we
concentrate on the two type case, but in terms of the techniques, the case of general K can be handled by the
very same methods. [

1.3. Historical processes. As motivated in Subsection 1.1, it is helpful to have detailed information on the
genealogies which is contained in the description of IMM, £ := (&;)¢>0, as defined in (i) in Subsection 1.2. This
description was given by specifying migration and resampling of individual particles at random times but is lost
after passing to the functional 7. In (i) below we introduce therefore another functional of £, namely the historical
IMM, n* = (5} )i¢>0, which does not contain all information about particular individuals but nevertheless allows us
to give a complete description of the statistics of genealogies. A characterization of n* via a martingale problem
is given in Theorem 1 in Subsection 2.1. The latter characterization will then justify to pass in Paragraph (ii)
below to the diffusion limit of historical IMM and obtain historical IFWD, ¢* := ({;)¢>0. Both these historical
processes are time-inhomogeneous Markov processes.

(i) The historical process of the IMM arises through the following construction which we present in three
steps.

Step 1 (Lines of descent)  For the first step fix a time horizon t. With every individual present in the population
at time t we associate its path of descent. This path follows the random walk in reversed time from the time ¢
location until the birth time of the individual. At that time the parent particle from whom the type has been
inherited provides the continuation of the path back to its birth place. This is continued until we reach time 0.
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Observe that this procedure gives at time ¢ only information about those individuals which were able to pass
on their type to at least one individual alive at time t. In order to obtain a state space for the path process
which is independent of ¢ we use the convention: for times s < 0 and s > t the path is simply continued as the
constant path.

Building blocks for the process describing the evolution of all paths of descent are the paths of descent
processes for each individual. In this way we associate with every individual alive at time ¢ a path in D(R, G),
that is its line of descent. At the same time the individual has a type in K. In order to keep our framework
somewhat general, for example to allow for mutation, it is best to encode both the path of descent and the type
as a path in G x K denoted by y, i.e.,

(1.13) y € D(R,G x K).

The path of descent of a single tagged individual is a time-inhomogeneous Markov process on D(R, G x K),
and is called the path process associated with the model.

Step 2 (Exchangeable measures on lines of descent) The next step is to associate for each time ¢ with the path
process of each individual a -measure on D(R, G x K). Then we can summarize the relevant information about
the population at time ¢ by forming the sum of these §-measures. In this way, we obtain the random measure

(1.14) n; € N(D(R,G x K)).

Step 3 (Historical IMM, n*) Now we let the time horizon ¢ vary. The associated stochastic process n* = (7} )i>0
is called the historical IMM. This process is a Markov process on a suitable subset of N'(D(R, G x K)).
In the historical process the ordinary IMM are embedded by the relation
(1.15) m({x} x{k}) =ni({y € DR, G x K)|y: = (z,k)}),
(x,k) € G x K. Hence, define the state space £ in terms of the Liggett-Spitzer state space (recall Eg from
(1.5)) by
(1.16) pr ey Cc M(DR,G x K))
if and only if, for each t € R,
(1.17) () = 1" ({y € DR, G x K)|y, € - x K}) € &

This implies that if the process starts at time 0 with a population corresponding to a measure in £g then for
any t > 0, nf € £, and in particular, n; is a.s. locally finite (that is, o-finite).

(ii) Motivated by Theorem 0 we define the historical IFWD, ¢*, by the diffusion limit procedure: let
K :={0,1} and let for each A C G,

(1.18) Ear ={yeDR,GxK): y€ Ax K},

and

(1.19) Bt = {y e DR,G x K) : y, € G x {1}}

denote the set of paths which are at site x € A at time ¢ and the set of paths which have type 1 at time ¢,
respectively. Consider a family of historical IMM, (7**),c(0,00), satisfying the following conditions: (i) The law
of n*P(+) is translation invariant and the induced (via (1.15)) configuration 7, is shift ergodic for all ¢. (ii) The
law of n**(- x K) has mass-(per site)-intensity p > 0, i.e., E[ny”(E},.)] = p. (iii) Assume furthermore that
E [157(Egey. 0 E)] = 0.

Define then the functional #** of 7*# in analogy to (1.11) as follows: for each measurable subset Ay, C
Eey i

*,p
., " (Agay,t)
(1.20) 0" (Agayt) = WP (o) Lipr B0y, 001
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Then the limiting process,

(1.21) ¢ = (¢ )0,
obtained by letting p — oo, is a M(D(R,G x K))-valued process with the following additional property: for
each x € G, ([ (B ) = 1.

It turns out that the resulting limit process can again, as on the level of the non-historical processes 1 and (,
be described by a martingale problem. We carry this out in Subsection 2.1.

Remark Once more we can use arbitrary type spaces, e.g. K := [0, 1], in order to obtain the so-called historical
interacting Fleming- Viot model without much further mathematical input. O

1.4. The historical look-down process and the enriched historical IMM. The main tool for establishing
analytical characterizations via well-posed martingale problems and for constructing duality relations for the
historical processes will be the so-called historical look-down process. With this process one can realize on the
underlying probability space a whole collection of historical IMM with a given type intensity 6 and total mass
intensities p € RT, as well as the diffusion limit the historical IFWD. For such a construction to be possible it is
essential to use the exchangeability between all lines of descent. The historical look-down process corresponds to
a representation of the enriched IMM, &, as a historical process £* (the enriched historical IMM), i.e., a collection
of random paths, which we give subsequently.

(i) Fix a countable index set Z representing the reservoir of individuals we shall have to consider for every
fized value of t. Note that we would need a larger set of indices if we wished to label all individuals present in
the population at any time! The historical look-down, X* := (X} )i>0, is a process where

(1.22) X ={X"" €T} e (DR,G x K) xU)?,

with label set U := {u*; ¢+ € T} a countable subset of [0,00) which will play a réle in defining the dynamics,
in particular it determines the look-down order and this in addition allows us to work with a “maximal” type
space.

The initial state of X* will be given by specifying initial positions in G, {z*; ¢ € T}, and labels, {u*; ¢ €
T}, which have to be chosen such that for each p € (0,00), the spatial configuration arising from positions
corresponding to labels less than or equal to p lies in the Liggett-Spitzer space (recall (1.5)). That is, for each
p € (0,00),

(1.23) G o (Z 5{#}) € &q,

TP
where for each p € RT,
(1.24) P ={Lel: u <p}
Notice that condition (1.23) is preserved if the individuals perform independently RW with kernel a(z,y).
Convention Moreover we choose as initial types k* := u*, that is, as mentioned above we use at this point

(1.25) K=U:={u"; eI} O

The initial state is then defined as follows:
(1.26) X = {(constant path through (z*,k*),u*); t € I}.
The initial positions, types, and labels are random and defined on (Q¢, Fo, Pg).

Next we give an explicit construction of the dynamics of the process X*. The construction is split into three
steps.

Step 1 (Migration) We assume there is a probability space (21, F1,P1) supporting the following construction.
There is a P(G) x B(RT) x F;—measurable mapping R : G x Rt x Q; — G such that R(z,0,w) = x, for each
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x € G, Py-ass., and (R(z,t,-))i>0 is a Markov process with transition function a;(z,y) (recall (1.1)) starting in
z. We abbreviate R(z,s) for the random variable R(z, s, -).
Let now on (1, F1,P1)

(1.27) (R €T}

be a collection of independent realizations of R.

Step 2 (Resampling)  Let
(1.28) {N*2 19, 10 €T, u't < u'?},

be independent realizations of rate v Poisson processes, defined on a probability space (22, Fa, P2).

Each time t € N“»*2 11, 15 € T such that u'* < w2, is a candidate time for a resampling event at which
the particle with index ¢ copies its path of descent and type and pushes the path of descent and type with
index to out of the configuration and this transition is realized if both individuals are sharing the same site, i.e.,
R (z1)t) = R*2(x'2,t).

Next we combine migration and resampling.

Step 3 (Migration and resampling combined)  Consider the probability space (2, F,P) which is the product
of the (;,F;,P;), i =0,0,1. That is, on (Q, F,P) the initial configuration X, the random walks R, and the
Poisson processes N are all independent of each other.

We define each coordinate of {(X;"“)t>0; ¢ € Z} as a random element of D(R,G x K) x U in the following
way. Between two look-down events the individual indexed by to moves according to the law of R on G, while
at the jump times it looks down at the individual sharing the same site and indexed by ¢1 (u** < u*?) in order
to adopt both the path of descent and the type of ¢; (which is actually a constant path through the type space).
The individual always keeps its label. Formally this is done as follows.

Let for ¢1, 1o € Z such that u** < u*2,

B2 (]0,t]) ==
#{s €[0,t] : R"“(a'*,s) = R (x'?,s), N**2([0,s]) = N**2([0,s)) + 1}.

Then B*'*2 measures the number of look-down events between the individuals with index ¢; and to. Whenever
the particle with index ¢5 looks down at the particle with index ¢ the particle with index 15 adopts both the
type and the spatial path of the particle with index ¢1, but it never changes its label. This defines effectively a
resampling event.

(1.29)

For ¢, 11, 10 € T, n > 1, let us denote by
(1.30) v i=min{s>0: Y = B"Y0,s])=1}

VET: ut <ut
the time of the first look-down event of the particle with index ¢ to some particle (with a smaller label than u,),
by

(1.31) T2, :=min{s > 0; B**2([0, s]) = n}

L1102
the time of the n*® look-down event in which the particle indexed by ts looks down at the particle indexed by
t1, and by

L1127

(1.32) Voriie = min{TL’}:L2 > o eTut <un >1})
L, at which the particle with index ¢ looks down at some particle.

At time t > 0, for any ¢ € Z, the random “path” X;"* is defined by requiring that X;"" is a “path” which is
constant before time 0 and after time ¢, and is defined for intermediate times depending on ¢ as follows:

o for 0 <t<nl,
(1.33) (X7)s = (R (2", 8), k", u") Vs e 0,t],

the first time after T,
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k k
e and for 77 <t <77,

u

(134 T e R O
| C | @@ (XL ) selrf L

where 7., - resp. mj denotes the projection of elements in D(R, G x K) x U into D(R,G x K) resp. K.

This construction makes use of the facts that for each « € Z, and fixed time ¢ > 0, there exist k > 1, and ¢/
such that u* < u* and ¢ fits in one of the two cases above, and that the particle with index ¢ looks down at most
finitely often up to time ¢. The latter allows one to keep track all of its ancestors, and reconstruct the path of
descent in a unique way.

The precise statement, which implies that the whole construction is well-defined, will be stated and proved
in Section 4 (Proposition 4.1).

Remark  The historical look-down denoted by X* is the analogue of the look-down process by Donnelly and
Kurtz (1996) first given in [19], extended in Donnelly, Evans, et. al. (1999) [18], and in Kurtz (1998) [37].

Our construction differs from the one in [19] in two aspects. First, in the setting of [19] the labels are smaller
than a given value, and the total number of particles in each of the approximating particle systems is finite,
which is not the case for IMM if G is infinite. Secondly, what is called migration in [19] describes mutation and
is not the same kind of migration which we have here between colonies. That is, the resampling rate in [19] is
the same for all particles, which is not the case for IMM since resampling takes place only if a pair of individuals
is sharing the same site. The latter condition is dropped in [18] but previously the look-down approach has not
been used in a historical setting. [

(ii) Having constructed the historical look-down, we construct next the enriched historical IMM, denoted
by £*. In fact we need a whole sequence of such historical processes, {£*?; p > 0}, to finally approximate the
historical IFWD (*. In other words we explicitly construct the IMM including all genealogical data for every
parameter value p, and get from these data also the historical IFWD, as p — oo. Furthermore as a functional
of £* we get a specific version of n* on that probability space.

Fix a countable index set Z. The enriched historical IMM, i.e. the historical IMM which distinguishes between
the individuals, £* := (£ )¢>0, is a process with:

(1.35) r={& 7€} € (D(R,G x K))L.

The law of £* is constructed by prescribing initial state and dynamics as follows.

The initial state of £* will be specifying the initial locations and the initial types. The initial positions,
{&%; T € I}, have to be chosen such that

(1.36) TG © (25{5:}) € éa.
S
Notice that if z € (G x K)T satisfies (1.36) then (1.23) holds as well. However, since (1.36) does not allow

for locally infinite configurations, (1.23) is a stronger condition than (1.36).
The initial state is then given via the two above ingredients defined as follows:

(1.37) & = {constant path through (EZ, ET); Te f} .

The positions and types are random and defined on (ﬁo,fo, f’o).

Next we specify the dynamics of the process consisting of the two mechanisms, migration and resampling.
We assume therefore that there are two probability spaces (ﬁl, ]?1, 151) and (ﬁg, ]?2, 132) supporting a collection
of independent realizations of RW with transition kernel a;(x,y), denoted by {ﬁz; TeTl }, and a collection of
rate /2 Poisson point processes, {Kﬂl 2T £y € f}, respectively.
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Consider then the probability space ((2, F, f’) which is the product of (()z, Fi, f’z), 1 =0,1,2. Again individuals
perform random walks based on R* and I, 7> resample at the points of N**2 and the initial state is given via
(1.37). Precisely proceed as follows.

As done before, let B2 he the random measure which counts the jumps of N2 gt wh1ch the positions
R and R™ coincide. We denote by 7 'y~ the time of the first jump of Z~,¢~ BV , by 77 - the nt jump time of

B‘WZ7 and by 72 - the first jump time after 72 . which involves the particle with index 75.
15l2 L1,L2
Define then for given ¢,

e for 0 <t <7l
(1.38) (€)= (Ef(ff,s),?) Vs e 0,4,
e and for 7 T~,7 <t< ~y~/~
&), se0,75.)

RY(3, s), mic (€44 )) s € 75 1]

1, L

(1.39) (&) = (

Then once more by Proposition 4.1, £* is well-defined. We then consider

(1.40) n= b

el &

2. MAIN RESULTS I: ANALYTICAL CHARACTERIZATIONS

In this section we develop the concepts necessary to provide martingale problem characterizations for the
various historical processes introduced in Subsections 1.3 and 1.4. In Subsection 2.1 we state in Theorems 1 and 2
the well-posedness of the martingale problems for X*, £*, n*, respectively ¢*. The given analytic representation
allows one (cf. Theorem 3 in Subsection 2.2) to embed a family of enriched historical IMM, {{*#; p € [0, 00)}, into
the historical look-down process, X*, and consequently to represent the historical IFWD, (*, and the historical
IMM {n**; p € [0,00)} as its a.s. functional. Once we have established this structure we apply it to solving
concrete problems which we then present in Section 3.

2.1. The martingale problem characterization (Theorems 1 and 2). For many purposes it is necessary
to have instead of the explicit construction an analytically more manageable description of the law of the his-
torical processes X*, £*, n*, and (* at hand. Here the key observation is that we can describe the evolution
of the historical process without referring back to the random evolution of all the individuals or to a graphical
construction. Namely, we describe the processes as solutions to well-posed martingale problems. In this subsec-
tion we formulate in several steps the martingale problems for our various historical processes, and state the key
results on the well-posedness.

Note that the path processes and hence the historical processes are time inhomogeneous. Therefore we enlarge
the state space, by including time, to obtain a homogeneous Markov process which we can characterize by the
generator of the corresponding semigroup. For a Markov process X := (X;);>¢ the time-space process of X is
given by (£, X¢)>o0.

The construction of the martingale problems is a bit complex and we proceed in several steps. We start giving
the key ingredient for all of them, which is the historical migration process in Step 1, and then we write down
the martingale problem for the various processes in Steps 2-5, first in Steps 2 and 3 specifying the generator
and then in Steps 4 and 5 the martingale problems.

Step 1 (The historical migration process) The key element of the evolution in time and space is the path process
describing the positions in space taken by the various individuals. The description of this evolution is the aim
of Step 1.
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The first object we need to define is the - generator A of the (tlme—space) path process, which arises from the

migration. We now specify the domain of A. The action of the operator A is defined on functions of the special
form,

(2.1) D(s,y), seR, yeDR,G x K),

given as follows. Consider for n € N the collection of functions:

(2.2) gi: RxGx K —R, j=1,...,n,

where g; are bounded and C'! in the time variable, j = 1,...,n. Fix a collection 0 < t; <ty < --- < t,, n € N,
of time points. Now define the function

(2.3) o(t.y) = [T _ 9:t.vune).

Then we look at the algebra A of functions generated by the functions given in (2.3), where n € N, ¢;, and g;,
j =1,...,n, vary over all possibilities described above. Observe that this algebra A is measure determining on
D(R,G x K).

To define the action of A (note that A and A are different symbols) we use the generator A of the RW on
G x K given by

(24) Af(x, k) = (alz,2) = 6(w,2)) (2, k),

z€G

for all f bounded on G x K. The action of the operator Aona given function ® in the algebra ./Z, is given, for
each t € (tg,tps1], by

Fot) = Mot +4) T sltun,)
(2.5) =1 R

+[% IT 95(t, yene; )] [ H 95 (t, yent, )]
j=1 j=k+1
In order to formulate the martingale problems we need one more ingredient: denote by y” the path y stopped
at time r, i.e.,

(2.6) Yl =Yoar, y € D(R,G x K).

This map of D(R,G x K) into itself induces a map on M(D(R,G x K)) into those measures on D(R,G x K)
which are supported on paths staying constant after time r. That is, (2.6) induces the map

(2.7) Nt

*,T

and n*" is concentrated on that subset of paths, which describes paths of descent of a possible population of
individuals alive at time r and which therefore can evolve further at time r. We finally denote by

(2.8) oy and TRy
the projections of a path y onto D(R, G) and onto D(R, K), respectively.

Step 2 (Generator for X* and £*) The basis of the characterization of X* is the following observation con-
cerning this process. By construction X* is Markovian but time inhomogeneous, and the time-space process
determines a Feller semigroup on C(R* x (D(R*,G x K) x U)*). We can identify the generator L(; x-) of the
time-space process of X™* on certain functions explicitly. The action of L x-) is determined via two ingredients
related to migration and resampling, which we define next.

Start with the migration part. Recall next from (2.4) the migration generator A acting on bounded functions
f: Gx K — R*. In an obvious way we extend the generator to a generator AZ which acts now on bounded
functions fZ : (G x K)? — R* which depend on finitely many coordinates (indices), ¢ € Z, only. Namely, for
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each ¢ € 7, we let A* denote the generator which acts on fZ as a function of the (* coordinate as defined in
(2.4), and set then

(2.9) AT = ZAL.

LET

Having done this we extend the definition of the historical migration generator, Z, given in (2.5), which acts on
functions of type (2.3), to an operator

(2.10) AT (historical migration generator).

The operator AT acts on functions ® as in (2.5) where g; are now defined on Rt x (D(R,G x K) x U)T as a
product of functions on RT x D(R, G x K) x U which have form (2.3) and which are constant in the U-variable
as functions on RT x D(R, G x K), and by replacing A by AZ in (2.5). This definition is extended to the algebra,
denoted by A*1°° which is generated by functions of this type.

Now turn to the resampling part. We use the following notation. We write an element in (D(R,G x K) xU)*
as an underlined object with an entry for each ¢ € Z. Define for each (, (y,u)) € Rt x (D(R*,G x K) x U)%,

and 11, 13 € T, 0, ,,(t, (y,u)) as the element in RT x (D(RT, G x K) x U)T obtained by replacing the to—th
path-coordinate of (¢, (y,u)) by its ¢t1-th path-coordinate. That is, in symbols,

O st (G (o (W ut), o, (W52, 002),000)
= (t (e (Y uth), o (' ut?), ) .
We then define for a function F' on the state space of X*:

F:=Fod,

L1,t2°

(2.11)

(2.12) )

L1, L2

With the above two ingredients the generator L x~«) is defined on functions in A*1°°K which are bounded
functions F : RT x (D(RT,G x K) x )T — R*, the depend on finitely many coordinates only. We set then for
Fc A*,look,

L(t7X*)F(37 (ya U))

(213) = AIF(87 (yv U)) + Z 1{(7rgyL1)S:(7ré;yL2)s}(ebl, LQF - F)(87 (y7 u))
t1,t2€T;
utl <u'2

Note that this specifies L x+) on a dense subset of C(RT x (D(R,G x K) x U)*).

Define the algebra, A*"4, of functions consisting of functions in A*!°* which are constant in the U-label
variables. Note that if we symmetrize the resampling, we obtain on 4% the operator which will generate the
enriched historical IMM:

L(t7£*)F(S, g)

e Y
= ATF(s,y) + 2 > Ymay)=trey).3 (On, i F = F)(s,y).

L1,12€T

(2.14)

Step 8 (Generator for historical IMM)  We can now describe the generator for the martingale problem defining
7n*. We start by specifying the domain of the generator. Consider the algebra A* which is generated by functions
F on the state-space of the time-space process (t,17*)¢>0, i.e., on R x N(D(R,G x K)),

(2.15) Ft,n*) == f ({n*,®(t,-))), feCER),® e A
Introduce for every pair of parameters y,y’ € D(R, G x K) the operator A, ,» acting on functions F' € A* by

F(t,n* =0y +0y) — F(t,n*) if n*({y}) > 1

2.16 A, F(t,n") =
( ) v E67) { 0 otherwise
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Denote for each (t,z) € Rt x G, and y € D(R,G x K),

(t,2) . Ys, if s <t
(2.17) y) { ot (50), s>t
Furthermore let {I%; t € R*} be functions on (D(R,G x K))? defined as follows:
v o ) 1 (mey)e = (mgy)e
(2.18) Fy,y) = { 0 otherwise

Define now the operator Ly ,+) on A* by (recall (2.7) for p*°)

* a *
L(t,n*)F(&p’ ) = EF(&N )

(2.19) +/ p(dy) Y a(0,2)A, yan F(s, 1)
D(R,GxK) oy
v *\ 75 *,5 *,5
3 By F oo 10 () 70 ) — 5, ().
(D(R,Gx K))?

Step 4 (Martingale problems historical IMM, look-down) Recall the notion of a solution of a martingale prob-
lem. We say that a law on D([0,00),£5) satisfies the (Lt -y, A*)-martingale problem with initial value g, if
for each F' € A* the canonical process (uf)s>0 satisfies that:

(2.20) (Flouns) = POG) = [ ey Pt
s>0

is a martingale with respect to the canonical filtration. The martingale problems for X *, £* are defined similarly.
We then define

Definition 2.1. (Historical look-down and IMM) The law of the historical look-down process X*, the pro-
cess £ and the historical spatially interacting Moran models, n*, are given by the unique solutions of the
(Lt x#)s AS1F) (L ,exy, A1) and (L -y, A*)-martingale problems, respectively.

The above definition makes sense, if we can show that the martingale problems are well-posed.

Theorem 1. (Martingale problem; historical IMM) The (L ,+y, A*)-martingale problem is well-posed and the
process defined in (1.14) is a version of the solution. A similar statement holds for the (L ¢y, A5 martingale
problem and the process 7, respectively for (L, x-), AR _martingale problem and the look-down process X *
constructed in Subsection 1.4.

Step & (Ma'rtingale problem fgr historical IFWD)  Next we give the analog description for the IFWD. Let the
algebra A and the operator A be defined as in (2.3) and (2.5), respectively.

Definition 2.2. (Historical IFWD) For a given initial state at time s, (¥ = (*°, such that for each x € G,
Ci(Eqay,s) = 1, the historical process ¢* is the solution of the following martingale problem on C([s,00),EF).

For every ® € A and every pair (t,s) with t > s:
t ~
(221) {2t~ 060 - [ @ G0 i)
s t>s

is a martingale with increasing process

(2.22) / / 17 (5, ) B (r, ) B(r, o) 7 (dy) (C* (dy) — 6, (dy)) dir
s J(DR,GxK))?

t>s

This definition makes sense since we shall prove:
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Theorem 2. (Martingale problem; historical IFWD) The martingale problem (2.21) to (2.22) is well-posed.
The solution arises as the diffusion limit (see (1.21)) of n*.

2.2. The particle representation (Theorem 3). We are now ready to outline the philosophy in our approach
to interacting Fisher-Wright diffusions, which has three aspects: First we use our knowledge about the Moran
model to derive properties of the diffusion limit. In particular, we relate the long-term behavior of n and (.
Secondly, in order to obtain representations for the family decomposition, we evaluate the whole information
about genealogies contained in the historical processes. A third point is that the analysis of the historical
process becomes more manageable if we construct the approximating IMM and their diffusion limit IFWD on
the same probability space. The link is given by the historical look-down process, X *, introduced in Subsection
1.4, i.e., a particle system with locally infinitely many particles whose genealogy contains the genealogies of
the approximating IMM as random subgenealogies and is therefore rich enough to “generate” the genealogy of
IFWD.

The idea behind such a construction, which goes back to Donnelly and Kurtz, is to reorder for a fixed time ¢
the individuals in the population according to the time they will remain in the population. That means in the
non-spatial case, the individuals are labeled in such a way that an individual with a smaller label will be replaced
later than the one with a larger label, and therefore during any resampling event the type is always passed from
the individual with the smaller label to the individual with the larger label. We will below develop the necessary
concepts to make similar ideas work in a spatial context with countably many approximating particles.

More precisely we will give now in (i) a representation for a collection of {£**, p > 0} on the same probability
space on which we introduced the historical look-down, X*. The historical IFWD is then obtained as an a.s.
limit of functionals of the historical look-down process X *. This will be stated in Theorem 3 below. We conclude
in (ii) with a discussion concerning the random configurations as initial states of our processes.

(i) The nice point observed first by Donnelly and Kurtz in the models without migration is that both
processes, X; and &” can be defined on the same probability space and we denote this space by
(2.23) (Q,F,P).

In order to construct this object we take the probability space (2, F,P) defined in the sequel of (1.26) and
enrich it (independently from everything we already have) by an independent countable collection of coin flipping
experiments.

On this space we can now, via the next theorem, also define a whole collection {(&;"”);>0;p > 0} which then
allows us to represent also the historical IFWD on that probability space.

Theorem 3. (IMM and IFWD as functionals of the look-down process) Consider the probability space (2, F,P)
as basic space.

(a) Fiz some p > 0. Then there exist random bijections ot := {o}(1); v € IP} from P onto IP on the basic
space such that the following holds: Define for each X* € (D(R,G x K)xU)* and each t > 0 the random
map:

2.24 SOX* =k, X0 T T e 7o)
t GXK
Furthermore introduce the random variable
(2.25) &P = S0X/)

Then for fized t, g;"ﬂ s a version of an enriched historical IMM with I =71° at timet .
P

The random bijections of are given explicitly in Proposition 5.1 in Section 5.
(b) Assume that we have an initial state for X* such that
1
p

(2.26) Z Orz, (x50 converges L(Xg)-a.s., as p — 00,

LeZP
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to the random element denoted by ¢} with values in M(D(R,G x K)) concentrated on constant paths
such that (S({y e DR, G x K): yo €{z} x K}) =1 forallz € G.
Then for each t > 0,

~, ) 1
(2.27) Gr=lim =Y "6y

exists a.s. where the limit is taken in the weak topology on M(D(R,G)) and L[] is the law of the
historical IFWD at time t started in (.

Remark The basic idea behind the construction of the random bijections o is to successively and locally
symmetrize the pecking order introduced by the look-down through coin-flipping experiments. [

(ii)  The above theorem relates the historical look-down to the historical IMM and IFWD. In the applications
that follow (on the strong form of duality, the long-term behavior, and the finite system scheme) we consider
the latter starting in a random configuration which is typically associated with a random set of labels.

Another reason why one would like to introduce a random set of labels rather than a deterministic one arises
when we consider as type space an uncountable set like [0, 1] which is often done in Fleming-Viot models, and
concentrate on the random countable set of types which exist in the system for strictly positive time.

However, in both cases one could try to transfer the situation to the case of a deterministic set of labels.
There are in principle two strategies one can follow: either to code the random set of labels by a deterministic
set of labels using a clever device, or to define the dynamics based on the set of possible labels in such a way
that it is possible to answer the same questions as in a model with a fixed set of labels.

Since we are interested in a countable representation but would still like to have the Fleming-Viot model in
mind, we follow a mixed strategy in enriching the notation by enumerating the individuals deterministically but
choosing for each individual a random label from an uncountable set. However, the label set and the index set
are supposed to be closely related by the fact that there is a concrete random bijection which maps one into the
other.

We next describe the procedure of choosing jointly the initial positions and the labels corresponding to the
initial types.

Step 1 (Initial state of X*) Fix Z countable, § € [0,1], and let K := {0,1}. Sample a Poisson field on
G x K x [0,00) with intensity n ® {(1 — 0)d¢ + 661} ® A, where n is counting measure on G, and A is Lebesgue
measure on [0,00). Enumerate the countably many sampled points by Z, and let for the tth point, ¢ € Z, z*, k*
and u* be its G-valued, K-valued, and U-valued coordinate. This defines by considering constant paths through
an element in G x K uniquely a Z-indexed collection of D(R, Q2 x K) x U-valued random variables which we can
use as initial state for X*. We denote this initial state as

(2.28) U(6) := {(constant path through (z*, k*),u"); c € T}.

Step 2 (Initial state of €*°,n? and n**) Fix p € RT, T countable, 6 € [0,1], and let K := [0,1]. Sample a
Poisson field on G x K with intensity pn ® {(1 —6)dp + 061}. Enumerate the countably many sampled points
by Z. Once more for 7 € I let 7 and k' be U’s G-valued and K-valued coordinate, respectively. Each of these
points defines a constant path in G x K. We then start the IMM distinguishing individuals in the corresponding

element of D(R, G x K)Z. The initial state of n” is then given by:

Note that our sampling procedure ensures that the mg« x-projections of

(2.30) U(p,0) := ZLEIP St kot
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equal in law U(6, p).

Remarks  Sometimes we choose Poisson random fields specifying initial positions only for notational con-
venience, while sometimes we are going to make use of the fact that for G countably infinite those laws are
invariant under the migration dynamics. We will remark on this as we go on. [

3. MAIN RESULTS II: APPLICATIONS

In the present section we establish, as the first application of our results, based on the main embedding
theorem for the historical look-down process (see Theorem 3), a strong form of duality between the historical
IMM and the historical IFDW on the one hand, and a spatially structured coalescent on the other. This duality
relation is presented in Subsection 3.1, and then we give a representation of the genealogies via the spatially
structured coalescent. All representation theorems are presented for (historical) IMM, IFDW and look-down
process in a unified way. In Subsection 3.2 we will then apply the duality to state representations for the
equilibrium historical processes. Finally, in Subsection 3.3 we present the so-called finite system scheme for the
various historical processes.

3.1. Representation of genealogies via coalescents, strong duality. We next explain how the look-down
construction can be used and extended to create a strong duality, i.e. to define the historical process and its
dual process both on the same probability space which provides in particular a historical form of duality. This
is a powerful tool for the analysis of the particle model and its diffusion limit, and is a key to the applications
we give in the sequel.

The duality relation we have in mind will be a special case of a relation between the genealogies of the
population alive at a reference time ¢ > 0 which are an object obtained looking at the process in reversed time
from ¢ back to 0 and on the other hand a Markov process generating them, which is running forward in time.

Fix a reference time point ¢ > 0. We are interested in the paths of descent of the population alive at time ¢.
We wish to describe the evolution of these paths viewed in reversed time from the fixed reference time point t,
in particular we record the times when they merge into one ancestral line, and their movement through space.
Provided we can specify the dynamics for this random object , we will call the obtained process “the dual
process”.

In order to answer these questions we proceed in steps. We start in Step 1 with considering the genealogy in
the historical look-down X*, and then in Step 2 the genealogy of the enriched historical IMM £**. In Step 3 we
construct the dual dynamics which is a spatially marked coalescent. Finally (Step 4) this can be used to derive
stronger versions of duality than the moment duality between IMM or IFWD and the coalescing random walks.

Step 1 (Genealogy of X;) Let T be the index set of all individuals. Fix a time ¢, and consider X ;. For each

5 € [0,t], define an equivalence relation ~X on I: for 11, 15 € T,

(3.1) AT

if at time ¢ the individuals with indices ¢; and ¢ possess a common ancestor at time ¢t — s meaning that if we
had assigned each individual a separate type at time ¢t — s (recall (1.25)), then types of these two individuals
would agree at time ¢. This gives a decomposition into family clusters where the corresponding partition of 7
at time 0 < s < t is denoted by I't. With each cluster (partition element) w € I', we can then associate its
position £ (w) € G, and denote the collection of positions by

(3.2) 0= {li(w); weTt}.
The latter allows us to define the genealogical process
(3'3) (Fia gé)sét’

which contains the information we need about the paths of descent of X*.

Step 2 (Genealogy of £;°)  Fix p € R*. We define further equivalence relations ~¢" in the set of labels Z for
the enriched historical IMM £** by the same principle as in (3.1).
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This results in the corresponding genealogical process,

(3.4) (T4, 045P) o<t

Remark  Suppose now we have constructed X* and £** as described in Theorem 3. It will turn out that
by applying the maps ((64_,) !)o<s<¢ from Theorem 3 we can get an equivalent way to describe this relation.
Namely, for 17,25 € Z, 0 < s < ¢,

*,p *

(3.5) n S, iff (o )7 =X (of ).
O
We will now relate the two genealogies for X* and £* just defined. Consider pairs (T, ¢) of two objects, on one

hand partitions I" of Z, and on the other hand corresponding positions, ¢(w) € G, where m € I". Suppose now
we have given a subset of indices, 7y C Z. Then we define the restriction of (I',¢) on I, denoted

(36) ¢I1 (F7 E) = (¢Il (F)? é)?

by removing all ¢+ € 77, and ignoring empty partition elements and their locations.

Then by Theorem 3, we can relate the objects defined in (3.3) and (3.4):

Corollary 3.1. (Representation of family decomposition)

d
(3.7) Z O(e bt (@) = Z O, 77 ()"

wepzo (L) welh?
This allows us in many situations to work with the genealogy of the historical look-down process.

The decomposition of X} into family clusters can be analyzed due to a “duality relation” involving a partition
valued coalescent with spatial motion which we introduce next.

Step 8 (Coalescent)  This process is introduced in two parts, we first introduce a locally finite process and then
the process that starts from a locally countable state. Now we turn to the first construction. Fix a countable
index set Z. Let IT1Z define the partitions of Z. We shall equip this set with a metric (see (3.28)) which generates
a topology together with the induced c-algebra that gives us the needed structure to introduce probability
measures on this metric space.

Definition 3.2. (The Z-coalescent) The Eg-marked T-coalescent,
(3.8) (Ct, Lt)t>0,

is a Markov process with values in the marked partitions P € I of T, where for a partition element ™ € P,
the marks L(r) are positions in G. They start at time 0 in the partition Co € IIZ, where the partition elements
m € P are marked by Lo(w) such that the corresponding configuration lies in the Liggett-Spitzer space, i.e.,

(3.9) ZWECO TG © 5{Lo(ﬁ)} € &q.

The dynamics of the Eg-marked T-coalescent with coalescence rate v is given by the following two independent
mechanisms:

Migration  The marks of the partition elements perform independent rate 1 RW on G with kernel
a(x,y), where a(x,y) := a(y,x) denotes the reversed kernel.

Coalescence  FEach pair of partition elements merges into one partition element at rate v whenever their
marks coincide.
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Remark If 7 is finite, then each possible spatial configuration lies in the Liggett-Spitzer space, and therefore
the Z-coalescent is well-defined. [J

A key property of the Eg-marked Z-coalescent is that the definition can be extended to the setting where the
starting configuration has countably many partition elements with the same mark. The restriction ¢7:P of a
partition P € IIZ on a subset Z’' C Z is once more defined by removing all // ¢ 7', and ignoring empty partition
elements.

We now enrich our marked Z-coalescent by assigning to each individual a label w € U. This will allow us in
particular to define locally finite coalescents embedded in coalescents which are locally countable at time ¢ = 0.
Fix a countable subset U := {u*; v € I} of [0,00). Once more, let for each p € [0,00), Z? := {t € T : u* < p}.
We then define:

Definition 3.3. (The (Z,U )-coalescent) The 5é—marked (Z,U)-coalescent, (Cy, Li)i>0, is a Markov process with
values in marked partitions of T with marks in G such that for each p € RT, the restriction ¢z.(Cy, Li) =
(970 (Ct), L) is a Eg-marked IP-coalescent.

The following proposition holds under an abstract assumption on the migration space G which is formulated
in Condition 6.1 in Subsection 6.1, and which ensures that the group G may be approximated by finite groups.

Proposition 3.4. (The coalescent is well-defined) Assume that G fulfills Condition 5.1, let T be finite or
countable, and U :={u*: v € I} be a finite or countable subset of [0,00). Then the Eg—marked (Z,U)-coalescent
starting in Co = {{t}; ¢ € I} is well-defined, and for each t > 0, the coalescent yields a configuration in the
Liggett-Spitzer space, i.e.,

(3.10) Yo, G O 0Ly € Ea-

In particular, for each t > 0, the coalescent is locally finite.

Remark Since the Eé—marked (Z,U)-coalescent is defined via a projective limit procedure, if (Cy, L) is a

Eg—marked (Z,U)-coalescent, then for each p € RT, the restriction ¢z,(Cy, L;) on individuals with indices in Z?
is the £g-marked Z”-coalescent. That means, the coalescent and the “thinning” procedure commute. [

Step 4 (Strong duality) We obtain a strong duality relation between the ancestral tree of X; and the above
spatially structured coalescent as follows. Let (C, L) be the Sé—marked (Z,U)-coalescent. This duality relation
requires a particular way of choosing the labels from U. Then we get the following representation.

Proposition 3.5. (Coalescent representation for the historical look-down) For a fixed time t, choose the initial
state of a (Z,U)-coalescent according to the device specified in the paragraph containing (2.28). Then

(3.11) LT ) seron] =L IETH(Cy, L) seron] -

We next establish a relation giving a strong duality for the enriched IMM. Recall that Poisson systems are
the equilibria for both: the system of independent random walks with the kernel a(z,y) and the system of
independent random walks with the reversed kernel a(x,y). Therefore, if the IMM starts in a Poisson system,
then the genealogy of the IMM particle process is generated by the coalescent started in a Poisson system as
stated next.

Corollary 3.6. (Strong duality: historical IMM) For a fized time t, and p € R™ and initial positions given by
locations from a Poisson system with intensity p,

(312) L {(fi,p,&,p)se[oﬂ} :‘C{({L}’IL);LEI} [¢IP (CS7LS)56[0¢]] .
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Remark If ¢* would not start according to a Poisson configuration, provided that for each p € R,

d
(3.13) D0 =D b s
VeLr VeLr
(3.11) still holds if we replace the reversed kernel a(x, y) for the time-reversed migration by the law of a migrating
system of particles conditioned on (3.13). However, we would loose time-homogeneity of the migrating particles.
O

How does this statement relate to classical moment duality relations? By picking a generic k-tuple of different
individuals located at sites x1, o, ..., T we see that their genealogy is described by the corresponding finite
coalescent. This implies the usual moment duality. Namely, define for ¢, to, ..., tp € Z, the quantity

(314) ,LL(:El, B3] xk) = {({Ll}vxl)a ({LQ}axQ)a ey ({Lk}a xk)}

Then we can conclude from (3.12) that:

Corollary 3.7. (Weak duality: moment duality)
(a) Let the IMM start in a Poisson system with total intensity p € RY, and type 1 intensity pf. Then

k

k
(3.15) E T [ mfesd < 011 = D2 Laimayy | | = o B Crm0) [0l0]

j=1 I=j+1

(b) Consequently, for the initial state (o({x}) =0, © € G, we have:

(3.16) E [Hj_l Ct({xj})] — gHr@r,n) [Q\th _

Remark Notice that correction terms in the moment expression for the diffusion limit disappear since there
are locally infinitely many particles which ensures that each particle is sampled at most once, almost surely. [

3.2. Application I: Equilibria of IMM and IFWD (Theorems 4 and 5). The aim of this subsection is to
give a representation of the family structure of the equilibrium historical processes including the look-down, IMM
and IFWD, in terms of the spatially structured coalescent. This is our first joint application of the representation
given in Theorem 3 and of the strong historical duality relation. For that purpose we first recall in (i) the basic
ergodic theory of IMM and IFWD with type space K := {0,1}, and we then state the results in (ii) for IMM
and in (iii) for IFWD.

(i) It turns out that the long-time behavior of IMM depends on the strength of interaction between sites x
and y described by the symmetrized migration kernel, i.e.,

(3.17) a(z,y) == %(a(m, y) + a(y,x)).

We start the IMM with a Poisson configuration of particles with intensity p € R™ and types 0 and 1 assigned
independently with probability 1 — 6 and 6, respectively (recall ‘:IVI(G, p) from (2.29)). (Since it is known that
pure random walk systems have as extremal invariant measures the Poisson systems, it would be possible to
discuss general translation invariant measures with standard methods, using the knowledge from this special
initial states, we omit this here).

If @(z,y) is recurrent, then the duality in (3.12) implies that the system converges locally to one of the
monotype configurations. That is,

(3.18) LY 1] = (1= 0)/Hp0+ 0H,1,

where 7—~[,M»7 i = 0,1, are the laws of Poisson fields on G x {0,1} with intensity measures pn;, and where n; are
the counting measures supported by the subsets G x {i}, i = 0, 1, respectively.

On the other hand, the transience of a(x,y) implies that a coalescent restricted to any set of more than one
individual has a number of partition elements converging to a random number which is bigger than one with
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positive probability. With the same reasoning as in [15] concerning the locations of this coalescent this gives
equilibria with coexistence of both types, i.e.,

(3.19) LY ) — H, g,

where 7-(p79 € P(N(G x K)) is a homogeneous, shift ergodic, and invariant distribution with
i ((1-0)p ifk=0

(320) B, lotta) < ) ={ g7 R0

The same dichotomy is known to be valid for the IFWD and follows again from the duality. Namely, if a(z, y)
is recurrent, then for all translation invariant initial states, ®y, with intensity 6 € [0, 1] the following holds:

(3.21) L[] = (1 - 0)dg + 00,

On the other hand, if a(x, y) is transient, there exist exactly one spatially homogeneous and ergodic probability
law with intensity 6, Hg. Moreover, for all translation invariant initial states, ®y, with intensity 6 € [0, 1] the
following holds:

(3.22) L£29[¢,] = Ho,

where ﬁg is an equilibrium measure which is a translation invariant, shift ergodic with intensity 6.

(ii) A similar dichotomy as described in (i) can be observed for the long-term behavior of the historical
look-down process, X*, and hence of the historical processes, n** and (* (recall Definition 2.1 and 2.2).
Let

(3.23) Hy(s,t), and  H}g(s,t)

be the law of X; and 7n,”” started at time s in a collection of constant paths, the constants generated by ¥(6),
and by U(p,0), respectively (recall (2.28) and (2.29)).

If one is interested in the structure of a process 7 or ¢ in equilibrium, one can first construct the entrance law
for that process (by letting the starting time s — —oo in (3.23)) to obtain a stationary process with time running
from —oo to +0o and then consider the corresponding historical process, which we call equilibrium historical
PTOCeSS.

In order to define the convergence in law for a system described by Hj(s,0) as s — —oo we need to find the
topology which is suited best. Namely, we observe our system at time 0 locally, that is, we pick individuals at
that time in a given spatial window and follow their ancestral lines back. This means the labels of the individuals
we are interested in are actually random. To resolve this, we assign new indices which still allow us to use the
product topology as follows.

Given that the system X* started in s < 0 and observed at time 0 as described above we define a new system
X+ by reindexing. We assign indices in G x N by observing for each path with index ¢ at time 0 its position in
G and the rank of that index (according to the corresponding labels) at this random position. This results in
the new system

(3.24) X; = {X"; 1 e GxN},
which we can consider as an element of
(3.25) (DR, G x K) x )N

On the space of paths we have the Skorokhod topology and on U the discrete topology. Then on the state space
we use the product topology of (D(R,G x K) x L{)GXN to define the weak topology of measures on that state
space. This induces a natural topology of laws for the original objects.

Note that considering limits of H}(s,t) for s — —oo results in objects which are only different by a time shift
so that w.l.o.g. we may put ¢ = 0. The following is easily verified using the duality of Proposition 3.5.
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Lemma 3.8. (Entrance laws of the historical processes) The laws (with w-lim as explained above)
(3.26) Hy == w-lim Hy(s,0), and 77[;9 = w-lim 7'7279(3,0),
are well defined, and are supported on paths whose type coordinate is constant.

(iii)  In order to prepare for our next theorem we need the long-time behavior of the coalescent. Choose from
now on, unless stated otherwise,

(3.27) T:=GxN,

and recall from Definition 3.3 the Sg;—marked (Z,U)-coalescent, (Cy, L¢)i>0. Obviously, on the set of partitions
7 of Z a partial order is defined by declaring that P < P’ if P’ is a refinement of P, i.e., if the partition
elements of P are obtained by aggregating one or more elements of P’.

Define the distance between two partitions P; and Ps of Z by

1
(3.28) d(P1,P2) == ) Z(bl,bz)EIXIaL17L2 {1{L1%P1L2,L1r737>2b2} + 1{L1%P1L27L1%P2L2}}

with (strictly positive) weights normalized such that >,
individuals with respect to the partition P. (Notice that since Z is countable there is a bijection n from Z to N
which gives an order relation on Z. The above topology induces a convergence where for any such ordering the

partitions restricted to the first k elements converge in law.)
We are going to start in the maximal partition, i.e.,

(3.29) (Co, Lo) :=={({t},2"); L € T}.

The dynamics of (Cy, L);>o results in a non-increasing sequence of partitions (with respect to <) and it is clear
that

(3.30) Co := tlim Ct, exists a.s.

o, ., = 1 and ~p denoting the equivalence of

Notice that C, differs for transient migration kernel a(z,y) from the minimal partition, {Z}, with probability
1, and even still consists of countably many partition elements, while in the recurrent case Co, = {Z}, a.s.

It is now very natural to go beyond the sheer decomposition in family clusters and to ask where the individuals
observed at time 0 came from, for a system that was started at time —oo. For that we need to take into account
the historical information in the coalescent. We therefore define the historical coalescent, (C;, Ly )i>0, by setting
(recall (3.29)):

(3.31) Cf = (Clovoint) sez »
and L* := {(L:’{L})@O; ¢ € I}) where
(3.32) £ = (Lo (Clone) ) -

and where the C;,{L}, s > 0, ¢ € Z, denotes the partition element in C which contains ¢. On the space where
L* is defined we use the product topology and in fact in D(R, G x K) the Skorokhod topology on the space of
paths. Taking the product of the topology on pairs of a path of partitions (3.31) and its path through space
defines the convergence for the object (C}, L}) as t — oc.

We can now let ¢ — oo to obtain with (3.30) an object we will need in the sequel and which we denote:

(3.33) (CL LY.

The notion of the historical coalescent allows one to even strengthen the duality relation further. Namely we
can consider the paths of descent together with the resampling times, and obtain this way the full tree-indexed
random walks describing the family relations of a given time ¢ population. Their law is described by the historical
coalescent. We will exploit the full strength of this object further in Section 7.
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The historical process is then a functional of the historical coalescent. Therefore, in order to describe the
equilibrium historical process, it suffices to consider a random functional of the historical coalescent. The extra
randomness is used to capture the type structure associated with the population. Hence in the final step we
enrich our probability space on which the coalescent is defined by a collection,

(3.34) {Ag(m); # C T},

of independent Bernoulli random variables with parameter #. Now associate with the coalescent tags in K =
{0, 1} which specify the particles’ types. Namely

(3.35) B80(Cior L) = { (L, 80((C2 ) 5 0 € T,

where for each ¢ € Z, C’;{){L} takes values in the set of paths which map R into subsets of Z, and for each s € R,
(C’;};{L})S denotes the partition element of C¥ which contains ¢.

(iv) Now we can formulate our next result. Recall ¥(6) from (2.28), and denote by ¥ the configuration where
we ignore the K-valued component, i.e.,

(3.36) ¥ := {(constant path through z*,u"); . € T}.

We then have in equilibrium a representation of the law of the paths of descent in terms of paths of the coalescent
as follows:

Theorem 4. (Representation of equilibrium historical look-down via the coalescent) The look-down equilibrium
historical process has the form:

(3.37) Hy = £ [Ag(C, L))
This leads to the following dichotomy:

(a) If a(x,y) is recurrent then Coo = {Z}, a.s. Hence if we consider for 6 the two extreme values i which
are either 0 or 1, then the H} are clan measures, i.e.,

(3.38) H; ({for all pairs of paths Ity : paths agree fort < to; and have type i}) = 1.
Thus the law of Ag(C%, L) is a mizture of Hi and Hj, i.e.,

(3.39) M= (1— 0YH + OH;.

(b) On the other hand, if a(x,y) is transient then under each law Hj and all 6 € [0,1] the probability that
for any two given paths starting at time 0 there is no tg < 0 such that the paths agree for all t < ty is
positive. Thus the equilibrium state decomposes in countably many clusters with i.i.d. types.

Now two questions arise. Firstly, what can one conclude from the representation of the historical look-
down process for the equilibrium historical process of the IMM? The second question is related to the following
observation. The theorem above gives a global representation of the genealogies of the equilibrium process. If
we are only interested in the law of the population which we observe in a local spatial window, can one get more
explicit results? To answer these questions we need some preparation.

We introduce the (random) map on the range of the historical coalescent by assigning to each path of
Ay(C%, L) a d-measure, i.e.,

(3.40) Dpo(Cor L5) 7= D 61100 (0l
LeZP

where once more CSO’{L} denotes the path corresponding to the partition elements of C'%, which contain ¢. Recall
E 4, from (1.18). For a measure 7 define r4(n) as a measure

(3.41) ra(m)(:) = n(-N Eao),

which is 7 restricted to paths which are located in A C G at time 0. For a measure valued random variable Y
taking values in M(D(R, G x K)) with law £ write 74L for the law of 74 (Y).
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Then we can represent the law of the paths of descent observed in a local window in the equilibrium distribution
of IMM as follows.

Corollary 3.9. (Equilibrium historical IMM and the coalescent) Theorem 4 stays valid if we replace the historical
look-down equilibrium, Hy, by the historical IMM equilibrium, H; and Ag by A, g, respectively.
Furthermore we get a simple local representation. For each fized bounded A C G:

(3.42) Fat = £ | Bpa(Cln L))
where the initial condition p arises by putting

(343) Co = {{1}aa{N}},

N is Poisson distributed with intensity p|A|, and the initial positions of the N points are uniformly sampled from
A.

(iii)  Next we use Theorem 3 to obtain the analogue of Theorem 4 for IFWD, i.e. to represent the equilibrium
configuration of the IFWD, (., and of the historical IFWD, (% .

For this purpose, consider once more the 8é-marked (Z,U)-coalescent, (Ct, Li)>0, with (3.29), where U, and
{z*; v € T} are sampled according to ¥ (recall (3.36)), and let the Eg-marked ZP-coalescent be the functional,
¢z0(Ct, Lt), which is obtained by the restriction of (Ct, Lt) to the individuals with index ¢ € Z? (recall (1.24)).
Note once more that in particular for this initial state the limit, C, := lim;_, ., C;, exists a.s., and recall ﬁpﬂ
from (3.40).

Theorem 5. (Representation of the equilibrium historical IFWD wvia the coalescent) With the above choices for

(Co, Lo), there exists almost surely a unique random variable 6;“0 € M(D(R,G x K)) such that for each Borel
set ACDR,G x K),

(3.44) (o oo(A) = lim p71A, 4(Ch, L2 )(A) a.s.
p—00

Moreover,

(3.45) L[G o) = w- lim £27[¢5],

where £L%° denotes the law of a historical Fisher-Wright diffusion started at time s < 0 in a measure (* €
M(D(R,Gx K)) such that (*{y e D(R,GXK): yy € {x}x{1}} =1-{y e DR,GXK) : y, € {x}x{0}} =0
forallz € G and t > s.

Remark Note that the above implies that taking the diffusion limit with the IMMe-equilibrium historical
process gives the IFWD-equilibrium historical process. The limits p — oo and ¢ — oo interchange. O

Corollary 3.10. (Representation for the equilibrium of the IFWD) The law of the random measure on G,
defined by

(3.46) C0.00 = phfolo p Z 018 Ap(cl)) -8
LEZLP

is equal to Hy (recall (3.22)).

3.3. Application II: Finite system scheme (Theorems 6 and 7). A question of fundamental interest is
the relation between the long-time behavior of the IMM and the historical IMM defined on finite but large
subsets of an infinite group G in comparison with behavior of the corresponding processes on the whole group
G. Since on a finite subset of G, which has the group structure, the migration is always recurrent, at least for
transient a(z,y) the long-term behavior differs sharply in the two situations. The first question of interest is
therefore how does the system feel the finiteness of the group (geographical space)?
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The second point is that the determination of this behavior is the key step in the renormalization analysis of
this class of models on the level of historical processes. We will not go into more detail on this topic here but
refer an interested reader to [30].

Let us return to the first question above. We use as an approach the so-called finite system scheme which
was used in Cox, Greven and Shiga (1995) [10] to answer the same question for the diffusion limit, IFWD. In
that scheme we observe a sequence of finite systems of increasing size on a size dependent time scale. The
starting point of these considerations is that if we relate the system size and the time of observation we expect
the following: on short time scales (compared to the system size) a large system looks locally like an infinite one,
and after a long time (compared to the system size) we see the typical behavior of a finite system. In between
some intermediate behavior occurs, which can be described explicitly.

Our particular task here is twofold: (a) we develop the finite system scheme for the historical look-down
process and apply our representation of the enriched IMM and the duality with the coalescent to carry out the
analysis needed to establish the finite system scheme for the IMM in such a way that we obtain as a consequence
the result for IFWD; (b) we extend this kind of analysis to the historical process and obtain the historical finite
system scheme which will imply the results for the ordinary non-historical case. This construction has not been
carried out previously in any model.

We proceed as follows. We construct next in (i) the “finite” systems, then we derive in (ii) the finite system
scheme for the historical look-down process, historical IMM and historical IFWD. In part (iii) we formulate some
consequences for the ordinary non-historical processes.

(i) In order to keep the arguments transparent and to minimize the notation we focus on the case G = VAR
even though we could treat fairly general groups including in particular the so-called hierarchical group (compare
e.g. with [15]). We also assume from now on that d > 3, that is, we are in the transient regime.

We begin by defining the finite systems corresponding to IMM on Z?. Recall the migration kernel a(z,y)
from (1.1). Consider the subsets

(3.47) Gy =[-N,N*nz?,

and let

(3.48) (1 )ezo, and (15 )ez0,

be the IMM and the historical IMM on G with random walk kernel

(3.49) an(z,y) = Za(ac,z)7 x,y € Gy,
zry

where ~ denotes equivalence modulo 2N + 1 in each coordinate.

Fix 0 € [0,1], and p € RT. In order to avoid certain technicalities we assume for the remaining results that
L[nd'], and L[ng] are Poisson systems on G x K, and Z% x K, with intensity measure pn™ @ ((1 — )5y + 65,),
and pn ® ((1 — 0)6g + 061), where n’V and n are the counting measures on G x K and Z¢ x K, respectively.

Furthermore, in order to be in a position to have the local central limit theorem for the symmetrized kernel,
we restrict our attention to random walk kernels with

(3.50) > a0, 2)[x|"? < oo,

x

This way we obtain a sequence of finite systems {(n)i>0, N € N} or {(n,"")i>0, N € N}, and an infinite
system (1:)e>0 or (1} )e>0, respectively, which are related as follows: for every fixed finite time T,

(3.51) E[(Uiv)te[o,T]]Iﬁﬁ[(nt%e[o,ﬂ},
and
(3.52) LI )eepo.m] = L[()eeo.1];

where here the convergence is weak convergence in D([0,T], £g), and D([0,T], L), respectively.
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(i) To formulate the main result for the historical processes, we need four closely related ingredients:
namely, the proper time scale, the resulting limits of our spatially structured coalescent, the local equilibria of
our system appearing in that scale and finally the mizing measure given the proportions at which the local
equilibria appear. We conclude in the final step 5 with formulating the main result.

Step 1 (The critical time scale) — The critical time scale distinguishing the behavior of the finite systems from
the infinite system is given by

(3.53) Bn(t) = (2N + 1)%¢, d>3,

rather than the order of the time needed for uniformly started particles to hit the boundary of the torus, N2 or
N (if the underlying random walks have drift), as one might naively guess. The intuitive reason is that in d > 3
two random walk particles on a large torus, started at randomly sampled points, meet (and therefore interact)
only after time of the order of the volume. Observe that two independent particles spend time of order of the
inverse volume of the torus in the same site, and therefore their interaction occurs on a scale Sy (t).

More precisely, the mean time until they interact is of order x times the volume (see Lemma 7.3 for a stronger
statement), where

(3.54) ko= (1)y+9/2)7,

and g is the expected number of returns to 0 by the random walk on Z¢. Note that g < oo if and only if a(z, y) is
transient. The constant is related to the resampling rate and the chance for two fixed individuals to be related.
The following claim is standard and easy.

Lemma 3.11. (Interpretation of k) Let t1, 12 € Z, and let (C, L) be the {11, t2}-coalescent (with delay rate 7).
Then

(3.55) k= PUHOQ0 O = ({u}, {2},

where C is defined in (3.30).
Step 2 (Kingman’s coalescent)  To describe the asymptotic behavior of the spatially structured coalescent
processes we will need another coalescent process, namely the well-known Kingman’s coalescent, K := (K¢)i>o.
This process is a special case of the Z-coalescent where we identify all sites in G, that is, we use the site space
with the trivial group {0}. The Kingman coalescent can therefore equivalently be described as a process with
values in the partitions of Z which is the entrance law (at time ¢ = 0) of a Markov process with the following
dynamics:

Kingman’s coalescence Each pair of partition elements coalesces at rate 1.

We write
(3.56) K:(C)

for the Kingman’s coalescent started in the partition C of Z.

This object arises in our model as follows. Consider the genealogies of two individuals, started at the origin,
in the process on the (large) torus. Their ancestral paths try to coalesce as they would do on Z¢. If they do not
succeed they finally drift apart, and start wrapping around the torus. This probability is given by

(3.57) Pt (b 0O, = {{u}, {2} = (yg/2+ )70

Given that our two individuals have not coalesced without wrapping around, they have forgotten all the infor-
mation about their initial spatial distance, they are both uniformly distributed on the torus. On times of the
order of the volume they come to a common point again and then their coalescence dynamics restarts. The time
intervals during which the particles are at distance O(1) from each other are very short when compared to the
time intervals until wrapping around. This means that they now try to coalesce (on the critical time scale ) at
rate v according to the Kingman’s coalescent.
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Step 3 (The local equilibria on the scale Bn(t)) Above we have indicated the asymptotics for the genealogical
relation of two individuals. Our goal is to understand the asymptotics of the full genealogical structure. For
that purpose we come to the third ingredient, the collection H7 4(C,P) of measures with C,P running over
partitions.

Suppose we are given the family structures C' which can be observed based on spatial paths before wrapping
around the torus, and that we are also given P describing at the same instant the coarser picture based on
the ancestral relations due to the wrapping around the torus. Conditioned on these observations the laws of
the finite historical look-down processes observed on scales 3y (t) look approximately like a law H7 ,(C,P) and
unconditioned the state of the system at 3% (¢) has approximately a law which is the mixture (over C, P) of such
laws. It turns out that the H7 ,(C,P) arise as the entrance law of the historical look-down process at —oo if we
condition the entrance configuration to have a particular family structure C' and type structure induced by P
(coarser than C'). This suggests the following structure, which we introduce in definition 3.12 formally.

For that purpose we shall need here and in the sequel frequently the operator 7, which is defined by the
requirement that it is induced on measures on path space by the time-shift operator on paths, which maps a
path y as follows:

(3.58) (T5Y). = ye—v)-

Definition 3.12. (Clan measures conditioned on family structures) Given a partition C of G x N, and 6 €
[0,1], pick a partition P coarser than C with |P| < oo and proceed as follows (Recall (3.3), (5.26), (3.34) for
definitions).

e Condition H} on having TY = C. Fiz a reqular version of this conditional law.

o Take each D(R x {1} x U)“*N_valued realization according to the above (conditional) law, and reset in

each family given by the partition P the type equal to Ag(P).
e Now consider the configuration induced on (D(R,G x K) x U)S*N by this random map.
o Associate with (C,P) the law of the above random collection.

This whole procedure results in a measurable, probability measure-valued map:
(3.59) (C,P) = Hi,(C, P),

where the measure on the right hand side is a measure on the o-algebra of the space of collections of labeled
paths, i.e. (D(R,G x K) x U)“*N,

Remark We introduce the above object with the following picture in mind. Suppose we observe the system
at time Oy (t). Recalling the relationship we described between two individuals we have to realize that due to
wrapping around the torus common ancestors occur on two different scales. Individuals are either unrelated or
related due to resampling events which occur either in the time interval [Bx (t) —L(N), Bn(t)], here L(N) T oo and
L(N) = o(N), or during the time interval [0, Bx (t) — M (N)] (with M(N) 1 oo and N2log N < M(N) < N% as
N — ), or during the time interval [Bx (t) — M (N), n(t) — L(N)] in which wrapping around the torus occurs.
The first type of families will look exactly like families of the equilibrium historical process on the whole group,
the second type of families will have a distribution which is spatially a superposition of independent versions
of the first kind, and the individuals involved in resampling events of the third kind above will asymptotically
become negligible. To give the whole picture we therefore still need a way to describe the second type of families.
O

Step 4 (Mizing measure) Having defined the local limiting law for given family and type structure we come
to the fourth ingredient. The following theorem states that the laws of the finite historical look-down processes
observed on scales By (t) look like a mixture over (C,P) of the laws 'H*l‘ye(C,P). The mizing measure, Q%,, is
given by the joint law of the two coupled random variables C, and Kingman’s coalescent K at time st and
started at time 0 in state Coo, i.e.,

(3.60) QHA(C, P)] i= P[Cs € dC; K(Cxo) € dP).
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Observe that Q7[d(-,-)] is supported on those pairs of partitions (C,P), where P has finitely many partition
elements for ¢ > 0 and is always coarser than C.

Step 5 (Main result) Now we have all four ingredients needed to formulate the next theorem saying that on
the given time scale the historical configurations consist of the clans of the infinite system but the types are kept
equal in P, which means they are not assigned simply as i.i.d. random variables to each element in C (as in the
infinite system) but rather some of them are coupled as follows:

Theorem 6. (Finite systems scheme for historical look-down) Let 6 € [0,1], t € [0,00], and t(N) T oo such that
t(N)/|Gn| — t, as N — oo. Then

(361) 200 [ X = [ @ulae P cp).

Remark  The result says that as macroscopic time increases in the critical time scale, the path of descent
stops determining the genealogical relation alone, as time progresses the family structure on a large torus is
made coarser compared to the infinite system via applying a Kingman coalescent which forces more and more
“family clusters” in the infinite system to have the same type. [

Remark The scenario above can be even stated in more detail with stronger statements which also bring into
view the build-up of the genealogies through the various degrees of kinship. See for details Proposition 7.6 in
Subsection 7.3. O

As before we can also derive from this theorem on the look-down process X*, results on n* and also on £**,
which finally allows us to obtain results on *.
We first consider the historical IMM, i.e. n*. Here we need a new object for the description replacing H7 , (C,P)

above, which will be denoted by ﬁfr’p’l(C). In order to understand the sequel recall the discussion at the
beginning of Step 3 and the following fact. The weak topology of probability measures on paths on larger and
larger tori leads to a convergence of end-pieces of arbitrary length but we never catch properties of the path
after wrapping around. We distinguished three degrees of kinship, one of which is asymptotically negligible and
we the other two prevail in the limit. The first degree of kinship occurs when two individuals have coalesced
in near past, and so their ancestral paths have a common beginning piece, while the second degree of kinship
occurs when two individuals managed to coalesce with the help of wrapping around the torus, so that even
though their types agree one can not conclude their relation by observing (in the limit) their ancestral paths
only. (The reader should be aware that there is a grey zone in which individuals manage to coalesce without
wrapping around but still long time ago so that one can not conclude their relation by observing their ancestral
paths only. However, after rescaling the coalescent events that occur during this time period will not contribute
substantially.)

Now C runs through the set of partitions of Z” and should be read as the final partition restricted to individuals
with label smaller than p where equivalence is with respect to first degree of kinship, while for a given C', 7 runs
through the set of unions of partition elements of C' and plays the role of a family patch in the rougher partitions
than C' where equivalence is with respect to the second degree of kinship. We derive Hj p71(C’) from H7 ;,
i € {0,1}, by decomposing the random measures induced by the individuals in Z” into independent components.
Precisely, consider the representation of ﬁ;i, i =0,1, (recall (3.32)) by the coalescent. Let for p € RT, C be a
partition of Z?, P be a coarser partition than C' which satisfies |P| < oo, let 7 € P, and ¢ € {0,1}. Then carry
out the following steps. (i) Consider under ﬁ;‘” a regular version of the conditional distribution given 'Y _ = C,
for each C' this is a law on measures on D(R, G x K). (ii) When forming the empirical measure on path space,
use only individuals with index ¢ € 7. We denote the version of the conditional law taken in (i) resulting from

this restriction by H:  (C).

T,y
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By the strong form of duality, we have the alternative description of ’)—7; M-(C):
H: ,4(C)

TP,
(3.62) . .
=LY Y G gV S 3200 (L)) sy = (L) |

LemNZrP

where i denotes the path through K which is constant i € K. Observe that the map (C,P) — *k rep (97%;%1 )+

(1-19) ~j‘r7 ,0(C)) where % denotes convolution is measurable.

In particular, we conclude then from Theorem 6 the following for n*:

Corollary 3.13. (Finite systems scheme for historical IMM) Let § € [0,1], t € [0, 00], and t(N) T oo such that
t(N)/|Gn| — t, as N — oo. Then

k (0Hz,1(C)+ (1= 0) ~:;,p,o<c>)} :

TEP

(3.63) £¥(6.0),0 {T;(N)nj(ﬁ)] = / Qr,[d(C,P)] {

Analogously, as a second consequence of Theorem 6 we obtain a statement about large finite systems of
historical IFWD. We first need to define the limiting distributions appearing, i.e., we need an analogue of (3.62).
Since this object involves taking a limit, we cannot (and need not) define it for every pair (C,P) but only for
those pairs which appear as K;(C) and hence are due to an exchangeable selection among the elements of C.

Lemma 3.14. (Conditioned historical IFWD equilibria) Let (C%, L%,) be as introduced in (3.33). For a partition
C of I, take an exchangeable random selection (independent of everything else) of a partition P coarser than C
with |P| < co. Take m C T such that 7 is element of P. Then the following limit exists a.s. w.r.t. the law of
C%, and the random selection:

|
(3.64) phlgop ZLEWHIP 5(L:<’>{L}vi)’

where once more i denotes the path through K which is constant i € K. Then consider for (C,P) and every
m € P a version of

(3.65) L {lim Py enme O MVM ~Gy Ft>0Vs>t: (Lpluh), = (L;{Lz})s] ,
p—00 LET oo L

which is denoted by ﬁj‘, Assigning to each path either type 0 or 1 results in ﬁ;‘” with i = 0,1. This results in
the transition kernel, say K:

(3.66) K(C.P),) = % (07:,(C) + (1= 0)H;0(C)) ().
TeP

Applying the fact that P can be selected through Kingman’s coalescent K, yields the following.

Theorem 7. (Finite systems scheme for historical IFWD) Let 0 € [0,1], t € [0,00], and t(N) T oo such that
t(N)/|IGn| — t, as N — co. Then we have:

k (0R;.(C)+(1—0) “;,o<c>)> :

0,0 * *, N %
(3.67) L= [Tt(N)gt(N)} o /Qnt [d(C,P)] (
TeP

(iii)  So far we have considered the historical processes. However, by projection of the historical process at
time ¢ on the time ¢ configuration, the results on historical processes can be specialized to yield results on the
configurations 7; and (;. These already appear in the literature on particle systems [5] and [8] and interacting
diffusions [10]. Let us revisit these results from a perspective of the historical look-down construction.

By projecting on the time ¢ configuration the only relevant information should sit in the density of types and
in the equilibria of the system n and &, respectively. To derive this from our theorem the key structural element
is exchangeability. Namely start observing that given Cy,, the random partition K,;(Cs) is exchangeable for
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each t > 0, that is, its distribution is invariant under renumbering finitely many of the indices. So the same
holds for the collections of {0,1}-random variables {Ag(K%(Cw)); ™ € Coo} and {Ag(K%(Coo)); ™ € 70 Coo }
(recall (3.34)).

Hence by de Finetti’s theorem, given Cs, {Ag(K,(Cx)); m € Cx} is a random mixture of i.i.d. {0,1}-
random variables.

If a(z,y) is transient, C is countably infinite, i.e., Ci, := {m1, T2, ...}. Therefore, given C,, the frequency
of 1’s in the array, denoted z;, arises as:

1 n
R PR Tk
(3.68) 24 = nh_)n;o - Z Ag(KTF(Cx)),s a.s.,
k=1
and
o 1¢ o
(3.69) 2f = nlingo - ; Ag(dzo (KF (Coo))), a.s.,
respectively.

From the construction of Kingman’s coalescent via the genealogy of a (single) Fleming-Viot process, which is
the non-spatial and non-historical version of our strong duality, it is well-known (see Proposition 3.3 in [19]) that
the laws of z; and 2{ are the same and equal to the law of the Fisher-Wright diffusion (FWD) with resampling
rate k, started in 8. A FWD is the unique strong solution of the stochastic initial value problem

(3.70) dzs = /K 2s(1 — z5)dws; 20 =0€[0,1],

where w = (ws)s>0 is a standard Brownian motion on the real line.
We denote the transition kernel of FWD by

(3.71) Q:0,d-] =Pz €d-].

In order to apply above observations to obtain the finite system scheme for 7 and { we need one more
observation. The fact that on the critical time scale the number of families which are building up the equilibrium
is finite but random, is reflected at a fixed time ¢ in the phenomenon that the empirical density, D*N € [0,1], is
fluctuating at that scale. Let for any 2 € G, 0¥ denote the image measure induced by the shift by x, that is,

(3.72) (o2 My, k) = n(z k), z= (¢ +y) mod (2N +1).

Then define

(3.73) DN YY) = (plen) Y (V) (01),  t=o.
rzeGN

Recall ¥(6, p) from (2.29). We are now in a position to formulate the following:

Corollary 3.15. (Finite system scheme; IMM and IFWD) Assume that a(z,y) is transient.

(a) Then given the density the system equilibrates locally into the same (in law) state as the infinite system,

i.e.,

(3.74) L) [nffN(t)} oy Q10,40 Hyp
and

(3.75) ] = | Qilb,a01Hy.
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(b) The empirical density observed at the macroscopic time scale satisfies

(3.76) LY (DN, )eo] = £7 [(20)e0]
and
(3.77) 2DV, )izo] = £ [(z0)ez0-

Remark This means the empirical density fluctuates in the scale Sy (t) like the FWD and the local configu-
ration is now coupled to that macroscopic variable and is approximately equal to the equilibrium corresponding
to the current density. [

4. WELLPOSEDNESS OF THE HISTORICAL MARTINGALE PROBLEMS

In this section we establish the well-posedness of the martingale problems for £*; X* n*, and (* stated in
Subsection 2.1. We prove the existence for the £*, X* and n* in Subsection 4.1. The uniqueness statements
together with the existence for the diffusion limit (* are dealt with in in Subsection 4.2.

4.1. The graphical construction of the enriched historical processes. The key in proving the existence
of a solution to the above martingale problems for X*, £*? and n** is to verify that the look-down construction
we gave in Subsection 2.2 is well-defined and then check that the construction provides indeed a solution for
the X*-problem and induces as well solutions for the £*# and n** problems. The existence of the solution of
the ¢* martingale problem is difficult since (* arises as diffusion limit and therefore existence and uniqueness
(approximations converge) are closely related. We therefore discuss this in Subsection 4.2 where we prove
uniqueness to the martingale problems.

We first give in Subsection 4.1.1 the main tool, Subsection 4.1.2 contains the arguments showing that con-
struction is well-defined and that the process constructed is a solution to the martingale problem.

4.1.1. The graphical point of view. In order to show that the look-down process is well-defined, we shall make
use of a graphical representation in the spirit of Harris’ graphical construction of the voter model (compare with
[33]). Consider a random space-time diagram on Z x [0,00). Let gen(X*) be a point process on Z x Z x [0, 00)
satisfying the requirement that the random points should represent the information at which times and from
whom the individuals adopt a type. Therefore we define

(4.1) (11, 12,8) € gen(X™*) iff B''2[0,¢] = B 20, 1) + 1.

For (1, t2,t) € gen(X™) we draw an arrow from (¢1,t) to (12,t) in our space-time diagram describing the “flow”
of types.

From gen(X™*) we can then recover a family relationship by reversing the perspective. We call the individual
t1 at time t; related to the individual 1o at time to > t; if we can reach (t1,t1) by moving downwards along
vertical lines starting at (to,t3), jumping to the tail of an arrow, whenever we encounter its head.

Notice that the look-down process is well-defined iff we can attach with each individual ¢ at time ¢t > 0 a type
in a unique way, which means actually that ¢ at ¢ is related to exactly one individual, A, ; (0), at time 0. The
latter will be shown in the next subsection.

4.1.2. The look-down construction is well defined. Recall from (1.30) to (1.32) the notation for the time points
of look-down events.
In order to ensure that the construction of X* makes sense we have to show that:

Proposition 4.1. (Look-down construction is well-defined)

(a) (i) For eacht€Z, v} >0, P-a.s.

(ii) For each 11,12 €Z, andn > 1,  >71 ., P-as.

(ili) For each ¢ € I, and t > 0, there is a finite number n = n(t, 1,w) € N such that y* <t < 4"+
(b) In particular, X* is well-defined by (1.33) and (1.34).

(c) L(X™) solves the (L, x+, A*)-martingale problem.
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(d) Furthermore & and n* are well-defined by the construction following (1.38).

Proof (a) Since for (i1, t2) € Z x Z, B*»*2 can jump only if the two individuals with index ¢; and ¢o are
sharing the same site, it is sufficient to prove that up to each fixed time horizon a tagged particle meets a.s. only
finitely many other individuals with a smaller label.

Fix ¢ € Z, and denote by x* := (x})¢>0 the random field which counts for each site x € G the current number
of individuals with a label < u* regardless of their types, i.e.,

(4.2) Xi()= Y. HR'(",t)e-}
VeT;ut <ut

For a given ¢ > 0, we follow the individual with index ¢ in reversed time. The migration of an individual with
a specified label is independent of the evolution of all other particles. This means, the number of individuals with
a smaller label which the individual with index ¢« meets along the way is stochastically smaller than the following
object. Take a particle, say started in y € G, which is wandering as a reversed random walk, R, where R arises
as R but with transition kernel a(x,y) := a(y, ) through a fluctuating configuration evolving as (x}_,)s>0 and
observe the number of particles observed from the perspective of this particle. Then

Py, > 0] = imP[y, > {]

>limE — ds xy s) b -
> lim {eXp {7/0 sXi—s(R )}]
It suffices to show that the above time integral goes to zero in probability. Observe that for each 1 € Z, y € G,

EY[x;_.(R)] = ) PY[Ry = 2E[x;_.({z})]

zeG

(44) = Z Z dS (y7 Z)a't—s('rbla Z)

VET; ut <ut 2€G
= > x6({zhar(z,y).
zeG
The right hand side of (4.4) is finite since we know by assumption that the initial state is in the Liggett-Spitzer
space, and hence

(4.5) S B[ (R)|a({y}) < T i ({aha({z}) < oo

yeG zeG
Therefore fg ds xt_,(Rs) | 0 in probability, as ¢ | 0. Thus the right hand side of (4.3) is equal to 1.
The proofs of (ii) and (iii) can be based on similar reasoning which we skip here.
(b)  Recall from (4.1) the random point process, gen(X*). We start by showing that each individual ¢ at
time t is related with exactly one individual at time 0, P-a.s. Notice that we can find all individuals at some

time s < t related to ¢ at time ¢t by moving downwards along the diagram.
ForoeZ,t >0, let

(4.6) B(lb)t) :=min{s >0 HZ%L)t) €7 s.t. (Z%L)t), t,t—s) € gen(X™)}.
By part (a)(ii) [}L 4y is uniquely determined, P-a.s.
We therefore can define inductively (7(, ;) )nen and (57, ;) )Jnen by

4.7 grtl.—
(4.7) Bit 6(”)t B )

Once more, this definition makes sense on a set C|, ;) of full P-measure. Obviously, for each s € [t—Bz‘;)l, t— BZ t))
the individual ¢ at time t is related to the individual ZE‘L £ at time s. Moreover, C(, ;) can be chosen such that
there exists a finite number,

(4.8) M, t) (O) S N,
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referred to as the degree of kinship between

. m,)(0)
(4.9) A(L,t) (0) := L(L,(t) )
at time 0 and ¢ at time ¢, such that there is no individual of a smaller label than A(, 4+)(0) which is related with

¢ at some (non-negative) time. Hence, on Cy := N,e7C, 1), we may define

(4.10) k() = kAen©)
and for s € [t — Bat)l,t - B(’i’t)), B?L’t) =0, and 0 < n < my,4(0),
(4.11) (T X7 ) s = RYGo (2700 | s),

The latter fulfills obviously (1.34). Thus the given construction of X* is well-defined.

(c) Next we deal with the problem of existence of a solution to the martingale problem. Observe that the
existence of the historical look-down follows by verifying that indeed the process (X;)¢>0, which we constructed
explicitly above satisfies the properties required by the martingale problem. This is a straightforward explicit
calculation with the generator which we omit here. Recall that it is at this point that the initial state has to be
chosen with some care. The tools for that are developed in the theory of interacting particle systems, namely
in order to avoid explosion of rates we have to use the Liggett-Spitzer space £f as we explained in detail in
Subsection 1.3 (recall (1.16)).

(d) It remains to show that also £* and n* are well-defined by the construction we gave and that the solutions
satisfy the respective martingale problems. This however is essentially the same as above, since n* is a functional
of £* and in the construction of £* the only difference to X™* is the symmetrization of the resampling mechanism
which does not change the estimates which involve solely the random walks. [

4.2. Proof of Theorems 1 and 2. Here we have to establish the well-posedness of the historical martingale
problem for the IMM, the look-down, the enriched IMM, and the IFWD. Based on these facts we show that the
historical IFWD is the diffusion limit of the historical IMM. With the previous work this boils down to proving
uniqueness of the solution which is the key problem. We proceed here in three parts. We begin in (i) with the
process X *. The uniqueness for £* and 1™ can be then derived very quickly in (ii) as a direct consequence of the
look-down uniqueness. In (iii) we discuss existence and uniqueness of the diffusion limit.

(i) The proof for the uniqueness of the martingale problem for X* proceeds in five steps. We will use knowledge
about classical martingale problems which guarantees uniqueness for finite index sets and then utilize the special
structure of our process to reduce the problem of uniqueness via coupling to the finite particle case. Recall the
generator L x-y for the historical look-down process given in (2.13). We refer to the corresponding martingale
problem as the (Z,U)-martingale problem.

Step 1 (Finite index set and its consequences) The first observation is that for a situation where |Z| < co we
see that we can decompose L; x~) into two components L; and Lo, where L; is the generator associated with the
path process of the migration process and the operator Ly corresponds to the resampling and involves pure jumps
with bounded rates. Then by the results of Ethier and Kurtz (compare with Theorem 4.4.1, Corollary 4.4.4,
and Problem 4.11.3 in [25]), L1 + Lo specifies a well-posed martingale problem. Now we use this |Z| < co result
to obtain uniqueness for the case |Z| = co as well.

The reduction from |Z| = 400 to |Z| < oo comes in two steps. First we reduce everything to a locally
finite system. Namely by restricting the index set in (2.13) from Z to Z” one obtains a new generator with the
corresponding martingale problem, which we call the (Z?,”)-martingale problem, that has locally only finitely
many individuals. Note that the evolution of any solution to the historical look-down martingale problem
restricted to individuals with indices in Z” is a solution to the Z”-martingale problem. Therefore, to show
uniqueness of the solution for the (Z,U)-martingale problem, it suffices to show uniqueness of the solution for
the (ZP,U”)-martingale problem for each p € (0,00). Finally note that one solution to the (Z?,U”)-martingale
problem is given by the evolution of all individuals with indices in Z” in the historical look-down process from
Subsection 1.4.



1320 ANDREAS GREVEN, VLADA LIMIC, AND ANITA WINTER

The strategy of the proof for uniqueness of the (Z?,U*)-martingale problem is to reduce this infinite (locally
finite) case to the finite case, for which we have uniqueness. This reduction is by approximation using that (as it
turns out) any solution of the historical look-down martingale problem has the property that in any finite time
interval one particle interacts with at most finitely many particles, and therefore, in any finite time interval, any
finite collection of particles interacts with at most finitely many particles. Before giving a rigorous argument,
we sketched the proof in the next three paragraphs.

Note that two solutions of the (Z?,U”)-martingale problem will be equal in law, if for any finite collection
I1,l9, -+ ,in of individuals, the laws of processes restricted to the evolution of this collection inside the two
solutions are equal. Consider therefore a finite number of tagged individuals. Next choose a finite subset of the
site space, say B. The idea is now that the dynamics of the tagged individuals in the two systems is for a finite
time horizon very well approximated by the dynamics of the tagged individuals in the system consisting only
of those individuals in the ZP-system which start initially in B if we make B sufficiently large. To make this
comparison precise we have to estimate the influence of all the individuals not initially in B on the evolution of
the tagged ones which is the main content of the next steps.

The comparison estimate is based on a coupling of the (Z?,U*)-evolution and the one of the individuals which
are initially in B which we denote X **fi" (which depends of course also on B). Coupling means here realization
on some common probability space. More precisely, given any solution X *? to the (Z?,U”)-martingale problem,
one constructs a solution (X**, X*#fin) to the coupled martingale problem. This construction we carry out in
Step 3 below. The migration process in X *#fi* is for the finitely many individuals considered to be the same as
in X*? but the resampling occurs only for individuals with indices initially located in the finite set B. Therefore
the law of X*fi" is uniquely determined via its martingale problem by the result on the finite case.

The key property however is that for the coupling (X **, X *#-fin) the migration and resampling dynamics of
given tagged particles 71, ..., i, coincide in X*? and X*#f" except on events of arbitrarily small probability
(due to Lemma 4.2 in Step 2) by choosing B sufficiently large.

Next we give a rigorous argument. Fix n > 1, indices iy, ..., I, € Z?, and T' > 0. Assume that the solution to
the (Z?,U*)-martingale problem is not unique. The Steps 2 and 5 below will imply that for all fixed T and all
fixed n, the law of the evolution of the individuals 71, ..., i,,, on the interval [0, T], is the same in both processes.
Since this holds for every finite collection of tagged individuals , this yields a contradiction. Hence we have
uniqueness.

Step 2 (Estimate for influence of infinite set onto finite set)  For the coupled process we construct in Step 3 we
will need to know for a solution of the (Z”,U”)-martingale problem the influence of the individuals not initially
in B on those tagged individuals , which are assumed initially in B, in order to estimate the distance of the
coupling between X** and X*#fi" from the diagonal. For convenience we choose B from the set of all balls
with large radius. A ball with radius R is denoted by Bg.

Fix € > 0 and a time horizon T. Now consider solutions to the (Z?,U”)-martingale problem and denote by P
any such law. In other words whenever we write an estimate involving P, it holds for all such P.

We shall now pick two parameters 0 < r < R. First we choose r large enough so that

(4.12) Pl{(r5y')s € By, Vs €[0,T],i=1,..,n}] > 1 —e.
Then choose R > r such that

(4.13) Z P{(r&y")s € B,, for some s € [0,T]}] <e.
LETP: (Ey )oEBR

Observe that such an R always exists since we have assumed that the initial positions of X§ fulfill (1.23), a.s.
We have to estimate the influence of all individuals with label less than p and initial positions outside the
large ball Br during the fixed time interval [0, 7] on those individuals with indices ¢ € Z” and initial positions
in B, with r < R which we have tagged. We need to show that this influence becomes small for fixed r as
R — oo. For this purpose we estimate the expected rate at which a tagged particle interacts with individuals
starting outside of Br by time ¢ on the event that the tagged individuals all stay in B, during time [0,7]. We
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call this quantity

(4.14) Az 5y R (D)
With this in mind we consider the random variable which describes at which rate interaction occurs between
the tagged individuals with indices 17, ...,7, on the one hand, and individuals which had interacted with a

particle with index ¢ € ¥ and initial positions outside Bg (also indirectly individuals which had interacted with
individuals which had interacted with individuals initially outside Bg, and so on) on the other hand. Here we
only need to count interactions which have the property that the individual from outside B has the smaller
label, since only then a path starting outside of Br may influence the path of a tagged individual. Define the
event A, ;(t) that the path of the tagged particles remain in B, till time T' A ¢t.

TAt

(415) D{fl,...,fn},T,R(t) = ’VlAr,t(t) Z Z /0 ds ]-{ygi:y;}v

=1 1€Zr:(r5y" )oEBr
We claim that

(4.16) dgzy o iy r(®) =E[Dgzy 2oy (D) -

A quick look at the above formula may puzzle the reader, since the interactions of individuals z7,...,7,
with individuals that started inside of Br and furthermore interacted with individuals that started outside of
Bpr etc. do not seem to be accounted for. However, we are using here the “2 versus 0 rule” that says: after
each resampling event involving a particle that started inside of Br and a particle interacted with individuals
started outside of Bg, with probability 1/2 the number of individuals that started inside of Br but interacted
with individuals outside of Bg increases by 1, and with probability 1/2 the same number decreases by 1, so on
average there is exactly one interaction contribution term coming from each of the individuals started outside
of Br. This argument uses the fact that the positions and indices are chosen independently of the labels.

Note that for any solution of the (Z”,U”)-martingale problem, the evolution of the path of an individual is
given by a random walk with transition kernel a(z,y) and jump rate 1 which is uniquely determined by these
data and the starting point. Applying the martingale problem we shall see later that the migration of paths
disregarding the type is indeed a system of independent random walks. This combined with standard random
walk estimates immediately gives the following.

Lemma 4.2. (Interaction with distant indiwviduals is small) If the spatial configuration corresponding to X§
fulfills (1.23) then for every solution to the (L(tvx*),A*’lo"k)—martingale problem we have:
(4.17) E[Dg,,. 7.3nr(T)] < ynTe,

with R satisfying (4.13).
In particular, by (4.16),

(4.18) dgiy . iy r(t) < ynTe.
This allows an important conclusion. Namely using (1 — e™*) < z, for > 0, together with (4.12) and with

Cr denoting the event that a tagged particle changes type due to an (direct or indirect) interaction with a particle
starting outside Br (recall (4.12)) we conclude that

(4.19) P[CR] < e+ ynTe.

Estimate (4.19) will be used later in step 5 for showing via coupling that finite index set processes approximate
the infinite index set ones.
Step 3 (Construction of coupling) In this step we define the coupled dynamics explicitly. The coupled dynamics
will be a process on
(4.20) Rt x (DR, G x K) xU)* x (DR, G x K) x U)*™.

Here 77 is a finite subset of Z” which we choose (deterministically and hence not by simply taking individuals
with position in Br which would be random) according to the following observation. Note that since for all
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solutions P of the ZP-martingale problem we have the prescribed initial law, we can find for R fixed as above an
integer 7i(R) > n such that

(421) Z{) = {71,72,...,Zn,’l,vn_i_l,...,fﬁ(R)}
has the property that
(4.22) Pl{eeIl: (niy')o € Br} CI{]| >1—=¢.

The idea for the coupled dynamics is to produce as marginals the processes we wish to compare and to make
as many transitions as possible jointly in both processes. The process will be defined by specifying the generator
consisting of a migration part and a resampling part. We discuss first the migration and then the resampling.

Recall “migration” generators A describing the motion of one individual and A describing the evolution of the
path of one individual, both defined in (2.4)-(2.5). Furthermore recall from (2.9) and (2.10) how, based on these
operators, we defined new operators A%, A7 for collections of individuals respectively paths. In analogy to (2.9)
define A°™T"T1 (where “cou” stands for coupling) as follows for bounded functions F : (G x K)%" x (Gx K)H —
Rt:

AT (01, k), (22, Fs))
= Z Z(a(oa z) — (0, Z))F«x?b? ki), (mg’ba k2))

(4.23) LETY 2€G

+ Z Z(a(o,z)—5(0,2))F((1‘i’b7k1),(:L‘g,kg)),

LEIP\IY 2€G

where for z € GT°, z € G, v € I, the object z** € G’ is defined by

. 4z if =7
(4.24) (™) = { 2 if 0 AT

Now define based on A<°™Z"Z{ the operator A°Z"Z{ in the way analogous to (2.10).
Next we discuss the resampling part. In analogy to (2.11)-(2.12), define for each

(4.25) (t, (y1,u1), (Y2, u2)) € RT x (DRT,G x K) xU)* x (D(RY,G x K) x U)*
and ¢; € Z*, 15 € IV the following operators

93{,{2 : (&, Gy (Y 07ty oo (W2, ), o)y (oo (U5t ust ) oens (Y52, us?).n))

(4.26) L1 L1 L1 L2 L1 L1 L1 L2

= () (e (gl ) e (Y, 1), o), Gy (5t ust ), ooy (Y5, ug?), onl))
and

O (G (), o (0 07), ), (32, 2))
(4.27)

= (t7 (7 (3/117UL11)~~-7 (yilau?% )7 (y27u2)) 3

and analogously to (2.12) their corresponding operators (:)}sz, (:)Ll1 ., on the space of functions given by (4.25).

With these two ingredients we define now the generator of the “bivariate” process generating the coupling. As
in (2.13), denote by (y1,u;) the ZP-indexed vectors of (y,u)’s, and let in addition (y2,us2) be a copy of (y1,u1)

but restricted to indices in Z¥. Consider as test functions the members of the algebra of functions which is
generated by products of functions in the two respective groups of variables as they appear in the formulation
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of the ordinary martingale problem. Define:

cou

(t)Xx,p7X*,p,fi11)F(Sa (y17 Ul), (y27 'U/Q))
_ gcou,IP,IfF(& (yh U1)7 (yg, UQ))

YD Hmarn)=(rar)) (002, F = F)(s, (y1,w), (42, u2))

Ll,t,zefi);
ultl <ut2
YD Ly e=(egy)) Ok, F = F)(s, (1, w), (2, 1))

11 ETP\TY 1y €TP;
utl <u'2

(4.28)

cou

(X0, X *.ufin) the coupled martingale prob-

Call the martingale problem corresponding to the above generator L
lem.

Note that by construction of the operator in (4.28) we know that for every solution of the coupled martingale
problem the first marginal of the solution satisfies the (Z”,U”)-martingale problem and the second marginal

satisfies the (Z7,UY)-martingale problem, where U; := {u'; . € I}}.

Step 4 (Coupled process exists for given first marginal) The next result is crucial for our uniqueness argument
since it guarantees that for a given solution of the ZP-martingale problem, we can construct a solution of the
coupled martingale problem.

Lemma 4.3. (Coupling exists and determines second coordinate uniquely) For any solution X ** of the (ZP,UP)-
martingale problem, there exists a process X *Pf on the same probability space, so that (t, X*P, X*rin) js q
solution of the coupled martingale problem and X **f solves the (Z¥,Uy)-martingale problem (with IV as defined

in (4.21)).

Proof of Lemma 4.3 Proceed stepwise as follows. (i) We define on the same probability space as the given
solution X** a new process X** (with the same state space as X**) by suppressing all resampling events
between individuals where one of the individuals has an index not in Z{. We will have to argue that this is
possible, since countably many individuals contribute to the dynamics. (ii) We restrict the process X* to indices
in Z7, to obtain a process denoted by X P o the same probability space. (iii) We then form (¢, X **, )?*’p’ﬁ“)
and prove that the pair (¢, X**, )Z*’p’ﬁn) is a version of the coupled process.

What has been achieved once we have carried out this construction? Since the second component has only
finitely many indices involved, its law agrees then by our reasoning in Step 1 with the unique solution of the
Z7-martingale problem on the same probability space. Step 5 uses this to prove the Lemma.

Hence it remains to construct

(4.29) (t, X*?. X*P) on RT x (D(R,G x K) xU)*" x (D(R,G x K) x U)*"

on the probability space where X** is defined, such that the process in (4.29) satisfies the martingale problem
with generator:

L(tyx*,p’f(*,p)F(Sv (yh ul)v (yQa u2))

= ATEE (s, (y1,w1). (2, u2))

(4.30) 7 Y Yorgy=trgra) ) (017, F = F)(s, (y1,w), (y2, uz))
11,12 €ZF;
ultl <ut2
+ ) V(g )o=(ngy2).} (00, o F = F)(s, (Y1, w1), (42, u2))-
11,12 €TP XTP\T XTI
ultl <ut'2

Fix a solution X** of the (Z¥,U”)-martingale problem and realize it on some probability space. We now
construct X*? and verify that its claimed properties are satisfied. This involves two arguments. We first deduce
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some useful properties of solution X** of the (ZP,U”)-martingale problem, in order to construct the process
from (4.29) and (4.30).

We begin now to deduce properties of X** from the martingale problem. What we first need is to establish
that the motion is a system of independent random walks and secondly that resampling events occur for each
given pair at most finitely often at distinct times during a finite period [0, T] in order to be able to define X*P as
described in the beginning. Finally we have to verify that the constructed process satisfies the martingale problem
(4.30). We establish for this purpose that the resampling events arise from appropriate Poisson processes. For
that latter purpose we look at the migration part and the resampling part of the evolution separately and
combine the argument with the first, respectively second, task just mentioned.

Start with the migration. As mentioned above, the migration dynamics of individuals in X**  that is the
process obtained by ignoring the types associated with the paths, is uniquely determined and is given by in-
dependent random walks, which we denote by R = {R'(t),t > 0,1 € ZP}. Let R* = {R**,. € IP} be the
“historical process” corresponding to the process R. The law of R* is uniquely determined by the martingale
problem (this is classical, see [16]).

The following consequence of this fact on the migration part will be important for analyzing the resampling
part. Fix indices ¢1, o, corresponding to labels u** < u*2. Then the total amount of time when individuals with
indices ¢1, to share location during [0,7] is well defined for X**. That is, its law is uniquely determined. We
denote this quantity by

t
(431) DLI’Lz(t) ZZ/O ds 1{(7TZ;X*”°’”1)5»:(7!'&)(*"’”2)5'

Recall that these times are specifying time slots where resampling between ¢1, ¢ is possible.

However, notice that not all look-down events are between paths of different types which is necessary if one
would like to observe them. We will therefore introduce an enrichment of our process, namely we enrich the type
by a second component such that throughout every individual has a different type initially and changes upon
look-down only the first component of the type. This turns all possible look-down events in the original process
into observable ones in the enriched process.

We turn now to the resampling part and verify three facts. (o) We shall show that since by assumption the
initial state X* is in the Liggett-Spitzer space, there will be only finitely many look-down interactions between
each pair of individuals during [0,7] , and that there are no simultaneous look-down interactions, almost surely.
(6) We show that given D,, ,,(T'), the number of look-down interactions between the individuals ¢; and ¢ during
the time interval [0, T'] is Poisson (rate vD,,,,,(T)). () Finally, the numbers of look-down interactions between
different pairs of individuals are conditionally independent given the total location sharing times.

A basic tool in verifying these properties is to formulate them as martingale properties. Recall that the
Poisson (rate \) process (N(t),t > 0) is characterized uniquely by the Laplace transforms specified at all times.
Hence we have a unique characterization by requiring that the process W := (W(¢));>o with

(4.32) W(t) :=exp {—ON(t) + At(1 — e %)}

is a martingale for every 6 > 0.
Now we prove the three facts (a) — () based on the definition of the (Z”,U”)-martingale problem.
Define, for ¢; and 1o with ut < u'2, 2* := (z}"; 1 € I);>0 in (D(RY, G x K))?” the function
(4.33) frot,at) = #{s € [0,t] s mia? # weayt wa = wgeah )

Ss—

(o) Let N*t-t2(t) := f1-¢2(t, X;*”) be the number of “look-down interactions” for the pair ¢1, to during [0, ].
From the martingale property (2.20), (2.13) applied to f‘*:*2, we get EN'1:*2(t) < ~t so there are only finitely
many look-down interactions for X** involving ¢; and t2 during [0, ¢].

(6) The martingale property (2.20), (2.13) implies that

(434) (GXP{—HN”’ = (t) + ’yDbl, L2 (t>(1 - 6_9)})t20
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is a martingale. Define as usual D!, (t) := inf{s > 0: D,, ,(s) > t}, and let N2 () = N(D; !, (t)). Then
by (4.34) we have

(4.35) (exp{—eﬁ“’” () + (1 — 6_9)}>t>0
is a martingale for each 6 > 0, and therefore by (4.32) (N“+*2(t),¢ > 0) is a Poisson (rate ) process.

(7) Next we need to verify that different pairs interact independently given the location sharing times. Suppose
that t3 < ¢4 are given in addition to ¢1 and o, and suppose that either ¢1 # t3 or 1o # 14. Denote by N*3:* the
analogue of N**2 where (3 (resp. t4) replaces t1 (resp. t3). We introduce a further enrichment of our probability
space. Define two auxiliary processes (N**2(¢),¢ > 0) and (N34 (t),t > 0) so that N*:*> (resp. N'3:%4) given a
solution X*? is a Poisson (rate ) process evolving only at times when ¢1 and ¢2 (resp. t3 and t4) individuals do
not share the same location and assume without loss of generality that N L2, Nts:4 are otherwise independent
of X**. Hence ]V“"?, (resp. ]VL?””) have generator: for f bounded functions on N,

Lgu. of@) = Y agy).tagyea (fl@+1) — f(z))
(resp. Ly, i f(2) = Y(mzy) 2 rgya)y (fl@+1) = f(@))).
Then clearly for (M*>*2(t),t > 0), where M**2(t) := N*0*2(t) + N*-*2(t), we have that
(4.37) exp {—OM"2(t) + M(1 —e %)}

is a martingale for each 6 > 0, so that M**>*2 is a Poisson (rate ) process. Similarly (M*:*4(t),t > 0), where
Mts ta(t) := N*s:ta(t) + N 44 (), is a Poisson (rate -y) process.
Moreover calculating explicitly with the generator, the process

(4.38) exp { =01 M*0 "2 (t) + (1 — 6761)} cexp { =0 M 4 (t) + 4t (1 — 6792)}

is a martingale for all 61,05 > 0 so M***2 and M*-* are independent processes. The above procedure can
be performed for any k different pairs of labels (¢1,¢2),..., (tak—1,t2x) to determine that their corresponding
processes M“1*2 ... M*2k-1:t2k gre mutually independent.

(4.36)

Now we have verified properties () — () for the process X** and we are ready to define ()N(t*’p)tzo. Set first

(4.39) X =X5°

and then define (X;"”);>( separately for « € I/, and for « € 7 \ Z?, in the following way.

Case 1 For fixed ¢ € Z? denote by 1,72, ... the interaction times in X ** of the particle  with another particle
having a lower label. These times are well defined by the discussion above which allows one to use the estimates
we gave in constructing our process.

For fixed v & I, let X;* = (R**(z*,t),k*,u), t > 0, or equivalently, for t € [0,7}) N [0,T] let X;*" :=

X7t for t € {yh,42,...3N[0,T], let X;7* := X", and for t € (v/=1,49)N[0,T], j > 2, let

(4.40) (K, (X5 s €[0.777)
| T R m (K se it

)

(compare with (1.34)).
Case 2 Here we have « € Z¥. First reorder the indices in Z{ in increasing order according to their labels. This
is always possible since Z7 is finite. The construction is now carried out piece by piece in increasing order of ¢.
First take the index ¢ with the lowest label. Define th*,p, “,t € [0,7] as in the last paragraph. In words, the
particle with index ¢ does not look-down at any other particle during the time interval [0, 7], and its migration
dynamics is inherited from R*.
Inductively define X;***, t € [0, T] for higher order indices as follows. For t € [0,7}) set X;**** := X;****. For
t e {yL12,.. .} let cither X;*7" := X[*7“ if X[P" = X;7** for 1y & I? (i.e. in X** i-indexed particle looks
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down at another particle with index in Z# \ Z?), or X;*** := X*""" if X7 = X*"" for 1 € I¥ (i.e. in X*°
the t-indexed particle looks down at another particle with index in Z7). For t € (y/71,~7), j > 2, let

441 o (X520 s€[0,7771)
(a41) F = Rt o) m(Ep ) se il

This concludes the construction of X**.

By the discussion in (4.31) to (4.39) we obtain that the constructed process satisfies the martingale problem
in (4.30) and hence as we also saw the coupled martingale problem if we restrict the second component to Z7.
This completes the proof of Lemma 4.3. O

Step 5 (Coupling estimate) Now we are ready to conclude the proof by showing that indeed the tagged
individuals in both marginals of the coupled process agree with probability arbitrarily close to one.

Clearly the laws of (X" e {71,..., 7, )iz0 and (X;"*0 € {T1,...,Tn})i>0 are equal. Now by (4.19),
(4.17) and (4.22) the laws of (X" € {71,...,Tn})ieo,m and (x;Pime e (7, - Tn})eejo,m), differ by at
most (2 4+ ynT)e in the variational distance. Therefore, the laws of (X1 € {i1,...,%n})icior, @ = 1,2
coming from two different solutions of the (Z?,U”)-martingale problem, differ by at most 2(2 + ynT)e in the
variational distance. Since € > 0 is arbitrary the laws of the tagged individuals are in fact equal for both solutions
of the (Z?,U?)-martingale problem. Then the uniqueness follows as discussed above in Step 1. O

(ii)  The proof of the well-posedness for £* is of course the same as the one given above since only the direction
of the interaction (i.e. the look-down) becomes now symmetric, but here to begin with we only consider indices
INSNAS

The argument for the uniqueness of the solution of the martingale problem for n* uses the above result for the
X*-, and the £*P-martingale problems in a standard way. Namely we need to associate with each n*-solution
a £"P-process which then are automatically different and hence we obtain a contradiction. We can now extend
a solution n* to obtain a process £*?. The state of n* is an atomic measure on the state of paths. If for n* we
have initially that the state is purely atomic and weights of atoms are 1, this is straightforward by labeling the
atoms with . If this is not the case and we have an atomic initial state with weights in N but not necessarily
1 we have to consider a refinement of the states by assigning randomly extra types, i.e., we have to enrich the
probability space by independent randomizing experiments to sample the transitions of the types involved. Then
use the projection property (recall the first remark in Subsection 1.2) of the model to see that we can construct
a £*P-process for a larger set of labels, to which nevertheless we can apply the uniqueness results.

(iii)  The existence of the historical IFWD is obtained by verifying that the prescription we gave for the
diffusion limit gives a tight sequence of laws and that weak limit points satisfy the martingale problem. For that
purpose one calculates the generator L ¢«) on functions F’ of finitely many individuals, which are symmetric and
twice continuously differentiable in these variables. Using the Taylor expansion one verifies that all weak limit
points must satisfy the L; ¢~)-martingale problem. Since the latter turns out to have unique solutions it suffices
to establish tightness. This is again a calculation involving generators. Since both these points are carried out
in a non-spatial context in monographs (see for example in [25]) and in the spatial (but non-historical) situation
in [38] we omit here the details.

A bit more subtle is the verification of the uniqueness. The basic idea here is to first consider only reduced
information about the path, namely to fix a set of time points s; < sy < --- < s, and to record only the position
of the path at these times. This information can be encoded as additional component of the type. However the
evolution of this process between the picked types s1, ..., s, can be described as the dynamics of some multitype
IFWD. Here the type space is of course bigger than the original one and bigger than two. Nevertheless we
can first use duality to get the uniqueness of the evolution between the time points si,...,s, from which we
get uniqueness of the historical process observed at the skeleton of time points. Passing then to finer and finer
subdivisions will give in the limit the uniqueness for the real historical processes. This scheme was given in
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Dawson and Greven (2003) in [14] for (even time inhomogeneous) Fleming-Viot processes. We refer the reader
to that paper for details. [

5. PARTICLE REPRESENTATION OF THE HISTORICAL PROCESSES (PROOF OF THEOREM 3)

In this chapter we prove the representation theorem (Theorem 3). The first part concerns the IMM where
individuals are distinguished, and the second part shows a consequence for the historical IFWD, (*.

In the theorem the process £*° is given as a (random) functional of the look-down process X* and some
independent coin flipping. We will show that the process obtained by applying the bijections is a solution to the
(Lt exys A*nd)_martingale problem given in Definition 2.1. In order to recognize the constructed process as the
historical IMM, we then use that we have verified in Section 4 that the martingale problem is well-posed.

Fix p € R*. The proof proceeds in steps. In the first one the random bijection process o := {(c2(¢))t>0; ¢t €
Z?} is constructed, and in the subsequent ones the claimed relation between ¥ X* and £**, and (3°X*),cp+
and (*, are established. A key element is the characterization of X* as a solution to a martingale problem given
in (2.13).

Step 1 (Construction of ¥ and a version of £?) Our starting point is the construction of the process X*
on the probability space (2, F,P) given in Subsection 2.2. We shall enlarge this probability space by i.i.d.
coin flipping experiments to (€, F, P). We next construct on this probability space the process o of random
bijections from Z” to Z¥ such that for each ¢ > 0, X7 X} is a version of the enriched historical IMM &;”. The
two processes £, and X} have the same migration mechanism. In order to remove the preference inherent in
the look-down, the task we face in constructing o” is to symmetrize the components in a suitable way. For this
purpose we need a “random permutation” among all individuals .

Observe there are at most countably many individuals which have interacted during time interval [0,¢] for
some time t > 0. In order to handle this problem we construct a process generating the needed permutations by
using the fact that there are locally only finitely many individuals . To carry this out we need a second set of
labels. In other words with every individual + we have to associate a new random label v (:) depending on the
history of the process X* up to time t.

Start X* in the same initial state as given in the construction, cf. Subsection 4.1. We provide a random
“permutation” ¢” : IP — IP of our countable index set Z” such that for each time ¢ > 0 and each ¢; # 1o with

af (v af (v
xtt( 2 :xtt( 2 we have:

(5.1) P[u”f(“) < u”f(m} = P[u”f(“) > u"f(”)] = 1
2
For that we initially sample for each individual, independently of the others and independent of the initial
state, a second label uniformly from [0, p]. Set

(5.2) v”* := second label of the individual with index ¢.

Next we introduce the initial state of the random permutation process of. Initially we set
(5.3) o8(w) = of(1) =T

iff 25 = x, and ¢ has the same rank in {u’’; /' € I s.t. x4 = x4} as Tin {v*; 7 € I? s.t. af = xh}.
In order to define the dynamics of o we enrich our probability space (Q, F,P) by defining independently of
everything else a family L := {L">*>™; 11, 15 € Z°,n € N} of independent {0, 1}-valued random variables with

1
(5-4) P[L2" = 0] = P[L =" = 1] = o
We then define, based on L, random mappings M = (M**2"; 11 15 € N) from ([0, p])*" to ([0, p])*” given by:
M2 (Lot L 02
(5.5) (vt ) L=
(v, 0 ) i Lot =1
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Based on these ingredients we then define a process (v));>¢ with
(5.6) vf = {vf(1); L €I},
such that for each ¢ € Z?, the tth component of this configuration is ZP-valued, starts in v”(¢), and is constant
except for possible jump times 77, or 7", for some n > 1, (' € Z? (recall the notation from (1.31) resp. the
corresponding notation for £* given in (1.37) through (1.39)). In particular, up to a finite time horizon ¢ > 0,
it jumps only finitely often. This means that the configuration (v{)i>o is locally constant up to positive jump
times. Set for ¢1, to € TP, n € N, (here 11,12 are ordered according to their label)

(57) Tn = TZ/\LQ,Ll\/LQ'

L1, L2
Then the jumps of v”* at time points T} | are defined by the relation (and we verify in Proposition 5.1 that
this is possible):
(5.8) V= MO (08, ).

o o

With these ingredients we can now define the random bijection of of Z? where the randomness is through
that dependence on vf. Namely we extend (5.3) for all ¢ > 0 in such a way that (5.1) holds, i.e.,

(5.9) o0(1) = of (1,07 1= o (1, ).
In particular,
(5.10) of (1) =1,

iff #¢ = 2%, and ¢ the rank of ¢ in {u*’; / € ¥ s.t. ¢ = 2t} and the rank of Tin {v}; 7 € I s.t. ! =z} are
equal.
This completes the construction of Zf provided we can show:

Proposition 5.1. (Second label process construction is well-defined) Fixz (Z,U), V* := {v'; ¢ € TP}, and let
p €RT.
(a) There is a uniquely determined process, v := (v})i>0, with values in the set of bijections from IP onto I
which starts in {vP*; 1 € TP}, and fulfills relation (5.8).
(b) For each time t >0, o} defined by (5.10) is a bijection from IP to I°.

Proof (a) The reasoning is similar to that for Proposition 4.1 where we constructed the genealogies of the
look-down via a graphical device. Recall from (4.1) the random point process gen(X*) which encodes the
genealogy of X*.

Proceeding from gen(X*), and using the {0, 1}-valued random variables L defined in (5.4), we define a further
point process Z x I x [0,00), denoted by tr(c”), which encodes the traces of second labels. Namely, with 77
as defined in (5.7), for ¢t > 0, and ¢1, to € Z7,

o dn € N such that ¢ =T/ |
(5.11) (t1,t2,t) € tr(c”) iff and L1 =1 :
That is, in the present construction we first ignore the direction of an arrow (i1, t2,t), and establish potential
bridges between two individuals no matter what the order of the labels is. Secondly we open or close inde-
pendently of each other every potential bridge depending on whether the random variable associated with the
potential bridge, say L‘1>*2" satisfies L‘*'*>™ =0 or 1.

In order to determine now the value ¢”* we proceed analogously to the construction of the look-down process.
Start from the point (¢,t) € Z x R*, and look back in time for the first (¢/, s) related to (¢,t), that is, and follow
the diagram downwards along vertical lines until in encountering a bridge which is open. To make this precise
define

(5.12) B(ﬂ@ :=min{s > 0: EIZ(1L7t) €7I” sut. (Z%m), t,t—s) € tr(c”)}.

Since by Assumption (1.23) for all times ¢ > 0 there are locally only a finite number of individuals with label
< p, the same reasoning as in the proof of Proposition 4.1(a) yields that ﬂ(lL £ is associated with an, P-a.s.,
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uniquely determined label Z%L_t) € 77 satisfying the condition on the right hand side of (5.12). Next continue

from (Z%L pot— B(lb t)), going downwards, crossing bridges (whenever they are not turned down), and so on, until
we stop at (Z,0), P-a.s., for some uniquely determined 7 € Z. We then set

(5.13) vft =Pl
This way the process v* is obviously well-defined.

(b) Notice that the above construction is such that if we start with different labels at time ¢ then we end up
with different labels at time 0. Hence for each ¢ > 0, v : V» — V¥ is injective. Surjectivity follows via a similar
argument by using upward traversal of the graph. Therefore by (5.10) in particular, for each t > 0, of : ZP — I°
is a bijection. [

Step 2 (Relations between g*’p = XPX* and £€%*) . We begin this step by defining a candidate for a version
of 7. Let (of)~! : IP — ZIP denote the inverse of of. Based on the above construction, for each t > 0, o7
induces a map 27 : (D(RT,G x K) xU)?" — (D(RT,G x K))*" defined by (recall that 77, , means projection
on the D(R, G x K)-component)

(5.14) XXM eIl {WéxKX*’(”f)ilm; TeIr}.

We then define a process, £*, such that for each t > 0, £ is a collection {&;*""; T € I} of D(G x K)-valued
components. Namely, for given ¢t > 0, we set

(5.15) &P =P X

Now we have to prove that E*vp is a version of our process {**, this means based on the construction on the
right hand side in (5.15) we have to show that {** satisfies the martingale problem given in Subsection 2.1.
The following Lemma is similar to that of Lemma 2.1 in [19] and completes the proof of the first part of the
representation theorem.

Recall © from (2.11), and let © : C(RT x (D(R',G x K))T’) — C(RT x (DR, G x K))T*) be O restricted
to functions which are constant in the i/-valued coordinates.

Lemma 5.2. (Characterization of the permuted process)

(a) The process E*”’ as defined in (5.15) is Markovian and its time-space process determines a Feller semi-
group on C(RT x (D(R*, G x K))*").
(b) We denote the generator of the corresponding time-space process by L(t Fr)- This operator has a domain

which includes functions F : Rt x (DR, G x K))*" — R, which are bounded, and depend only on
finitely many coordinates. The specified set of functions are dense in C(R*T x (D(RT,G x K))*"). The
action of the operator on F is given by:

LitgrnyF(5:9)
5

=ATF(s9)+ 5 D Leayn)=(rave)) (OnnF — F)(s.y).
Ty #l2€TP

(5.16)

Proof of Part (a) of Theorem 3 Lemma 5.2 gives a characterization which identifies ¥°X* as unique
solution to a martingale problem. This already implies that we have a Markov process with the prescribed
generator. That is, we have proved the first assertion of Theorem 3. [

Proof of Lemma 5.2 Fix (Z,U), and p € R*. Observe that our construction of the random permutations is
only based on the graphical representation for the Markov process X* up to a fixed time and on the initial choice
of second labels, V* := {v*; . € Zf} (recall (5.2)). Denote the o-algebra generated by these random elements up
to time ¢ by F;. In addition the character of the construction is such that at time t + s the construction given
F relies in fact only on X7, of (or by (5.9) equivalently on v defined in (5.13)), and random variables which
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are independent of everything what happened up to time ¢. According to (5.15) we consider the new process
(recall X;7 = (X", € IP))

(5.17) (8, X7 DT ey

which is then automatically Markovian with respect to the canonical o-algebra.
L P~
As a consequence, the distribution of this trivariate process (¢, X:’(Up( 2:)) , 0 )¢>0 can be characterized by
S

a corresponding martingale problem of the form: ( F(Y) = [(Lf)(Yy)du is a martingale for f varying in a
0 s>0
distribution determining set of functions. We shall determine the generator of the martingale problem denoted

L(mx*,(dp(,,g))fl’y), on certain functions next.

We specify first the set of functions on which we shall write the generator. Consider F' : RT x (D(RT, G x
K) xU x [0, p])*", bounded and depending on finitely many individuals only.

Next we give the ingredients needed to write the generator. Define @?NQF, and @}th similar as in (2.11)
and (2.12): for (¢, (y,u,7) € RT x (D(R*,G x K) x U x [0, p])*", let

9?1“ : (t, (oory (Y, w0, o, (Y02, ut2,002), 100)

(5.18)

— (¢ (oo, (Y, w0, o (Y ut? 0t2),00),
and
(5 19) é}l,//z : (t7 ("'7 (yLl’uL17vL1)7 b (yb27uL27UL2)’ "'))

= (G (Y, utt, 02), o (Y ut 0", 0L)

and based on these maps we obtain the induced operators on functions F' on these path spaces, which we denote

by Qo resp. (:)Llwz. Furthermore since the migration step is decoupled from the random permutation step we

L1,t27
define (misusing notation a bit) A% by the same recipe as before simply ignoring the [0, p]Ip—valued coordinate
in the argument of F.

The generator L(t X#(or (a1 ) acts on F as follows:

L(@X*«oﬁ(-,g))—l,E)F(S, (y,u, )
= AT"F (s, (y,u,v))

il Q0
(5.20) T3 > . Hrgy)o=(rg2)3 (00, 1 F = F)(s: (3, u,v))
L1,t9€TP;
WP ) THy) coP L) T (o)
Y ~
+ 5 Z 1{(7TZ;yL1)s:(7r2;y‘2)s}(@}NgF - F)(s’ (yv u, ’U))
L1,t0€TP;

WP )" L() o P () 1)

Recall from (5.9) that there is a one to one correspondence between u and v”. In particular, the sums on the
right hand side of (5.20) run over indices ¢, t2 such that v”*1 < vP*2,

The next step now is to see what we can conclude from the characterization of the process defined in (5.17) by
a martingale problem for the process (t, E;‘ ?)t>0 we are interested in. We start with the following observation.
Since F' depends on finitely many individuals only, we may renumber the indices. To make this precise, we define
a probability measure on ([0, p]2”, B[0, p])*” with density

(5.21) TP [dv] := ®Lep o4 [dv],
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where ®#>¢[d-] are uniform distributions on [0, p]. Integration with respect to T gives the identity,

v ~ a ~
§/Tp[dﬂ] Z 1{(7%;,#1)S:(w*GyEL2)S}(@}17L2F—F)(&(y’% v))

L1,L2€LP;
Btl <pt2
(5.22) -
Y ~ P ~
SR D DY PSS S O PR
L1, E€TP;
ol >ph2

We can use this relation in (5.20) if we integrate in (5.22) with respect to Y?, and then eliminate the transition
in (5.19). We apply this fact next by replacing I’ by functions G depending on ¢ and y only.

Since (t, X*(7C2")7" (yp)~1) is Markovian, and the functional (¢,£**) is obtained from the graph defining
X* by random permutations depending only on the paths evolved up to time ¢, and on a collection of random
variables independent of everything else, (t, E *P) also solves a martingale problem for a specific set of functions.
Namely, consider all functions G : Rt x (D(RT,G x K))*” which arise from the functions F, which do not
depend on u, by integration as follows:

(5.23) Gt y) = / Yo[do] F(t, (y, u, D).

Then by (5.20) the process given by:

t
Gt &) — / ds A7 G(s, £)
0

(5.24) .

N %/ds Y Norgy=rg) (OnnG —G)s.67) |

0 T1#£L2€ZP >0
is a martingale with respect to the filtration }"ZV’R’M = 0((Ns, Rs, My)s<¢). Here Ny, Ry, M, are the collections
of Poisson processes and random walks used to construct X* up to time s respectively the process of the {0, 1}-
valued variables used till time s (recall (1.28), (1.27), (5.5), and (2.12)). Since (s, E;)Sgt is FV M _measurable
by construction, the processes in (5.24) are also martingales w.r.t. the filtration generated by the process £**
itself. _

Now in order to conclude that £** solves the martingale problem given in (2.14), we have to observe that by
(5.23) we have produced a class of functions, which is sufficiently large to be measure determining for random
measures on the path space under consideration. To see this observe that we start from a class reach enough to
be distribution determining for paths and permutations.

Hence the law of the process (t, £**) solves the martingale problem corresponding to the generator specified in
(2.14). The coefficients of these operators imply a unique solution of the martingale problem (recall Theorem 1).
Furthermore the coefficients depend only on the current state of (¢, E *#) and hence the solution has the Markov
property.

We need to verify the Feller property. Since we use the product topology and one path resamples only with
finitely many others in finite time, and since the sharing times of a finite collection of paths is a continuous
functional of the corresponding path processes, this follows from the Feller property of the path process. The
Feller property of the path process holds here, since the migration is given by random walks. This finally proves
the claim of Lemma 5.2. [

Step 3 (The empirical measures coincide) By (5.15), for any ¢ > 0, there is a random bijection from the set
of paths {&""; 7 € I} to that of {X;""; ¢+ € ZP} based on additional random coin flipping independent of
everything. Hence the empirical measures of both processes coincide. To be more precise, consider finite random
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subsets Z! C Z°, i = 1,2, and let

(5.25) ZEZ) = O xres and 2818 = > g
e1? ezl

Then for any t > 0,
(5.26) Z5(x0) = z; " (of(TF)).

Step 4 (Particle representation of (*) We are now in a position to state the main consequence.

Assume that K := {0,1}.

Proposition 5.3. (Particle representation of historical IFWD) Suppose we have constructed X* and {£*7; p >
0} on the same probability space as described above. Given X* = (X"",1 € I)i>o, let Z*P := (3 cc: 21" )i>0
where for each x € G, Z;""" is the finite random measure supported on those paths in D(R,G x K) which are
located at x at time t given by

(527) Z:,p,:n = p71 Z (Sﬂ,xGXKXt*,L = p71 Z 6~:,p,f.

LEIP:WE‘;(X:’L)t=x ZEUf({LEIP:ﬂ'E(X:'")tzx})
Then there exists a C(R, M(D(R, G x K)))-valued process, Z* := (3, cc Z; ™" )10, such that for each t > 0 (here
M is equipped with the weak topology),
(5.28) Z0P— ZF, as.,

p— 00

In particular, Z* := (Z] )1>0 is a version of the historical IFWD.

Proof of Part (b) of Theorem 3. The above proposition is the second part of the assertion of Theorem 3.
Therefore, the proof of Theorem 3 is now completed. [

Proof of Proposition 5.3. Recall E,y, from (1.18). Notice that for each » € G and ¢t > 0, the family
{X[""; v such that X** € Efzy.4} is exchangeable. Almost surely convergence follows then by the formulation
of de Finetti’s theorem for random measures (compare e.g. Theorem 11.2.1 in [13]). Then Proposition 5.3 is
a consequence of Theorem 0 and (5.26) and the fact that (* arises as the diffusion limit of £** as p — oo as
described earlier. [

6. STRONG DUALITY AND THE COALESCENT

In this section we prove the results concerning our first set of applications. We begin in Subsection 6.1 by
showing that the coalescent is well-defined and continue in Subsection 6.2 with verifying the strong duality. In
Subsection 6.3 we prove the representation theorem for the genealogy of the equilibrium historical process via
the historical coalescent.

6.1. Construction of the coalescent (Proof of Proposition 3.4). In this section we prove Proposition 3.4.
The idea is to show that each Eg—marked (Z,U)-coalescent gives a configuration in the Liggett-Spitzer space for
each positive time ¢ provided that the geographical space G is finite. We then approximate the coalescent on the
infinite Abelian group G with the coalescents on arbitrarily large finite sets, and show that the configurations
for a positive time stay uniformly stochastically bounded in terms of their sizes (numbers of partitions).

In order to make the approximation work, we introduce an additional condition on the group.

Condition 6.1 (Condition on the group). The group G is assumed to have the following property. For each
N € N there exists a sub-group U := Uy C G and a set A := Ay of representatives of the quotient group G/U
such that (AN)nen s increasing to the full group.
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Remark Notice that Condition 6.1 is obviously fulfilled for the groups one is mainly interested in, i.e., G := Z¢
or the hierarchical group G = Qn given as @y Zn, with Zy = {0,1,..., N — 1} where addition is modulo N.
For the latter group we have the n-balls {{ € ©nZn (¢, = 0 for & > n} as an exhausting increasing system of
subgroups. To see that Condition 6.1 holds for G = Z<, choose Uy := (2N + 1)Z%, and Ay := [-N,N]¢. O

Proof of Proposition 3.4 Let (C}, L;);>0 be a Eg—marked (Z,U)-coalescent.
Recall the finite reference measure « from the definition of the Liggett-Spitzer space (1.5) and denote by |
the total mass of a. For t > 0 and g € G, let

(6.1) #gr =#{m € Cy: L = g}
be the number of partition elements located at site g at time ¢. Consider the coalescent (C, L) at time ¢ > 0 and
the Liggett-Spitzer norm of its spatial configuration Zwect ory,

(6.2) | (Ct, Le) |l = Z #gr(g).
geG
Proposition 3.4 will be proved if we show that this object is almost surely finite, since this implies in particular
local finiteness. In order to obtain bounds on [|(Cy, Lt)|[s we use the approximation of G by finite sets and
coalescents on these finite sets. We shall proceed in three steps. We begin by reducing the problem to a uniform
estimate (6.7) of spatially finite coalescents, and then we obtain the estimate in steps 2 and 3.
Step 1 (Approzimation) Choose for each N € N a subgroup Uy and a finite set Ay which represents the
quotient group Gy, from Condition 6.1, such that Ay T G.
We define then a family of Ax-marked coalescents, (CN, LY );>¢, as follows:
e We start the N' approximating coalescent by restricting the initial state of the coalescent to the
configuration corresponding to Ay.
e Recall that for an Abelian subgroup U C G an equivalence relation in G is given by

(6.3) 91 =U g2 iff g1 —g2 € U.

Based on the {=y,; N € N} we couple for each N the migration steps in each of the approximating
coalescents taking the migration on G and then identifying sites which are equivalent modulo =g, .

e We couple the coalescence events by using for each pair ¢1,to the exponential clocks of the coalescent
on G and in addition exponential clocks for the additional sharing times occurring on sites that are
equivalent with respect to =y .

Since Ay T G we have with respect to the metric d(-,-) defined in (3.28) that
(6.4) (cN, L) —(CL), as.

Fix t > 0 and let P and PU~ denote the laws of the coalescent on G and the one induced by Uy (and living on
the geographic space Ay ), respectively and for each time ¢ > 0 and N € N define

(6.5) W= S S aL ()]
WGC?N
to be the partition location counting measure relative to o. We now write (compare with (6.2))
(6.6) 1= #a olg)
gEAN

for the norm (possibly infinite) of 1.

The goal is to show that |u| is a proper random variable, i.e., |u;| < oo, a.s. by showing that |ulV| is
stochastically bounded uniformly in the parameter N. For this purpose we construct in the next two steps a
deterministic function b : (0, 1] x (0, 00) — (0, 00) such that

(6.7) 1}\rfnianUN[|u£V| < b(s,t)] > (1 —0)2
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Step 2 (Upper bound on the mean time to reach finite intensity) Fix N, identify gi¥ = g;, and suppose there
are countably many individuals present at each site of Ay at the initial time 0. For each m > 1 define 7, to
be the first time at which there are at most m|A x| partition elements present in Ay. We think of 7, as the
moment when the “density of partition elements in A" first drops down to m.

The next calculation shows that uniformly in N € N, a sequence ¢(m) can be chosen so that:

(6.8) EU 1, 1 — 7] < c(m), m >4, and Z c(m) < occ.
m>4
This implies of course in a straightforward way that in positive time only finitely many elements remain a.s.
Denote by A, (s) the event that #g, € {m, m — 1} for each g € Uy. Equivalently,

#g _ Zg #gs
T AN
Observe that on A,,(s) the infinitesimal rate of a coalescence is greater than |Ax|(m — 1)(m — 2)/2 since there
are |Ay| sites and each contributes a rate greater than (m — 1)(m — 2)/2. Now we argue that in fact on all of
{Tm < s < Tp—1} the infinitesimal coalescence rate is higher than (m — 1)(m — 2)/2 for all m >4 .

For this it suffices to show that

(6.9) An(8) ={mm <s<Tm-1}N {

< 1, for allgEAN}.

EQ%(ZQ% 1)
TA~NT VTANT Lol 71

(6.10) Ay [AN] \;\N\ SZ g( _; )’
g

for all x; > 0, g € Ay, or equivalently
(6.11) ZIQ(ZIQ*MND < |AN|ZCE9(I9*1)-
g g g
By Jensen’s inequality
(6.12) AnD g = (Y xg),
g g
and now (6.12) implies (6.11) and (6.10) for all s < 3.

Now we bound the expectation of 7,,_1 — 7, by splitting it according to the successive jump times. Let

T = To < TH < T2 < < Nl = 7.1 be the times of successive coalescents of pairs of individuals
during the period where the density drops down from m to m — 1. The above calculation implies that for each
i=1,...,|/AN|, and m > 4 the random variable 7} — 7i-1 is stochastically dominated by an exponential (rate
[An|(m — 1)(m — 2)/2) random variable. Therefore
(6.13) E[r, — ' < 2/(JAx|(m —1)(m - 2)),
and

2|A 2
(6.14) EAN [T — Tm—1] < Al = =: ¢(m).

~ An[m —=1)(m =2)  (m —1)(m —2)

Step 8 (Density drops uniformly in N € N)  For § > 0 and ¢t > 0, choose mg := mg(t,d) such that
(6.15) liminf PAV[r,, <t >1-04.

|Un|—00

For example, use (6.14) and Chebyshev inequality and take m large enough such that >,  c(k) < 5. Let k
be large enough such that 1/k < § and set

(6.16) b(0,t) := km|a|.
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Now we use the group structure. Observe next that
(6.17) EUN [#0|1, <t < 7p_1] = UV [#gs|m, <t < 71,

for all g € Ay, by the translation invariance of the coalescent transitions. Then since EAV [ gedy HOtTn St <
Tn_1] < n|Ay| one gets EUN [#0;|7, <t < 7,_1] < n, and therefore

(6.18) EY (| [T <t < Tea] = EYV| Z #gra(g) ’Tn <t < 7] < Z na(g) < nlal.
gEAN gEAN

This implies via Chebyshev inequality that:
(6.19) PUN (|| < kn|a |Tn <t <Tpo1] >21-1/k.
Now we get the following chain of estimates:

PUN (Y| < b(6,8)] = PUN || < b(6,), 7 < 1]

> ZPUN“ut | < kmla| |7 <t < 7 |PYY 1, <t < 7]

6.20 a
( ) 2 Z pU~ [|u£\/| < kn‘a| }T'IL <t< Tn—l]PUN [Tn <t< Tn—l}

ZE( )PUN Tn ST < T 1]2(1,1€>PUN[Tm§t]z(15)2.

Since 6 > 0 was arbitrary and b = b(d,f) < oo does not depend on N, we have (6.7) and the proposition
follows. O

6.2. Proofs of duality relations (including Proposition 3.5 and Corollary 3.7).

Proof of Proposition 3.5 First consider the system with v = 0 (i.e. pure migration). Note that under
the law of X, the position at time ¢ of the individual indexed by ¢ € T is precisely R*(x*,t) and its reversed
path is generated by @(z,y). Moreover, the joint law for the paths of any collection of individuals in reversed
time from ¢ back to 0, is the same as the joint law for the paths of this collection of individuals in forward time
from 0 to ¢, if started from R*(z*,t),u € T and using R (z*,t). Now we use the special form of the construction
of the individuals’ labels to get information about the initial state of the reversed system.

Since Poisson systems are equilibria both for a(z,y) and a(z,y), the positions are Poisson at time ¢ if they
are Poisson at time ¢ = 0.

Therefore if we now incorporate the resampling, we see immediately from the construction of the resampling
times via Poisson point processes that:

(6.21) (T8, 08) seqo. 4 (Csy Ls)sepoy- O

Proof of Corollary 3.6 This is a consequence of Identity (3.7) if we note that by construction of the initial
state X, the restriction to individuals with labels less than p gives positions forming a Poisson system with
intensity p. U

Proof of Corollary 3.7 (a) Fix time ¢ > 0 and sites 21, 3, ..., 2, and let
(6.22) xi =A{n({a} x K); x € G}

be the total number of individuals located at the sites of G at time t. W.l.o.g. we assume that we are on the
event {Hf:l (Xf ({z;}) — Ef: i1 1{zlzwj}) > 1} (otherwise the functional under consideration is zero anyway).

We then order the individuals at each site in some arbitrary but fixed way. Now use the fact that the probability
that a k-tuple of different individuals sampled at time ¢ from z1, ..., 2 has type 1 equals the probability that all
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I' independent families, which this k-tuple forms by tracing back the genealogy, are of type 1. Hence since the
spatial configurations are independent of the initial types,

B [H‘“ (nf({l’j} -S| 1{1-1—@})]
CBY Y oY I —es -y

(6.23) LETP 12#01€TP 1 @{1,een o1 }ETP j=1

=B [Hj—l (ti({xj}) - Zf:j-‘rl 1{$L—xj}> Elt(l‘h..-,wk) |:9F§|:|:|
— pk Eu(ml,...,zk) |:9\Ct|:| .

Notice that the second equality above follows by Proposition refL4.1a, since 9ITtl is the probability that family
clusters of size |T'}| have the same type 1. For the third equality we use that Poisson systems are preserved under
migration and that EF[X(X —1)---(X — k + 1)] = p* for X Poisson distributed with parameter p.

(b) Part(b) is a consequence of part(a), Theorem 0 and uniform integrability, combined with the fact that,
for a fixed ¢ and 6,

" k
[To (X)) = 201 La=a,
j= (X ( k}) 2 AR J}) — 1, a.s. O
IIj:1 Xf({fj}) o

(6.24)

6.3. Representations for the historical look-down (Proof of Theorem 4). In this section we prove
Theorem 4 and Corollary 3.9.

Proof of Theorem 4.  We have to prove here (3.37) only, since the remaining claims in (a) and (b) are
immediate consequences of the definitions and the properties of the coalescent C, and in particular C'», in the
case of recurrent and transient kernel a(z,y).

The basic idea now is to obtain the result from the result for systems started in Poisson systems at time —s via
the strong form of duality and the restriction property of coalescents. For that purpose we need to approximate
our system X by such special ones.

Recall the metric d(-, -) defined in (3.28), via non-negative numbers ¢, ,,, t1, t2 € Z such that >
1.

Fix a time —s. Each individual in G has index ¢ € Z, label u*, some initial type k* in K, some initial position
z* in G, and also some rank in N such that no two individuals located initially at the same site are of equal
rank. To the individual located at g of rank ¢ € N assign the random variable &, ;, where {£,; : g € G,i € N} is
a family of independent exponential (rate 1) random variables.

Pick p € [0, 00) large, use the exponential random variables &, ; to tag only Poisson(p) many individuals from
each site. More precisely, a particle at site g of rank j is tagged iff ZKJ. Eq,i < p. Call the (random) subset of
indices picked in this way V(p). With probability higher than 1 — £(p),

(6.25) Y, = 1-2(p),

L1,L2€ZNV(p)

L1, L2 aLlyL‘Z -

where £(p) — 0 as p — oc.

Since the initial (time —s) configuration of individuals with indices in V(p) is a Poisson(p) field, the paths
of these individuals followed in reversed time are independent random walk paths with transitions according to
the reversed kernel a. Therefore it is clear that the distribution of the system of tagged individuals is equal to
the distribution of

(6.26) Ag(dy(p) (CF, L))
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As s — oo we get that

(6.27) Do (Pv(p) (C5, L)) = Ap(dv(p) (C, L3))-

Since with p — o0, e(p) — 0, (6.25) implies that for every partition P of Z we have for the restriction
d(¢y(p)P,P) — 0 in probability, as p — oc. Therefore as p — oo, we get

(6.28) Ao((C, L)),
which proves the statement (3.37) of the theorem. [

Proof of Corollary 3.9. Let {Ay(7); # C Z} be a family of independent and identically distributed {0, 1}-
valued random variables with P[Ag(7) = 1] = 6. For each p € [0,00), define f* : (D([~00,0],G x K))*" —
N(D([-00,0],G x K)) by

(6.29) @)=, 0

By continuity of f” with respect to the metric on (D((—o0,0], G x K))? introduced above Lemma 3.8 (which
is the product topology of Skorokhod topologies on the path space obtained by a suitable choice of the index set
7 and weak topology on N (D([—00,0],G x K)), (6.27) implies also that, for s — oo,

(6.30) (7)) Do(bv(p) (CF, L7)) = (f7) 7 Dalwip) (Cor Li))-

Since A% o = (7)1 Ag(dy(p) (Clor L)), the latter yields HY , = LY[A].
Fix A C G. Recall 74 from (3.41) and (1.18). Then

(6.31) PaHy o = LY [(f7) " Do(dv(p) (Cioy LE)NE)] .

Now under ¥, N := #{1 € I# : y* € E4C} is Poisson distributed with parameter p|A|, and given N the set of

positions {(y*)o; ¢ € Z¥ : y* € E4C} consists of independent and on A uniformly distributed points. This gives
(3.42). O

7. THE FINITE SYSTEM SCHEME FOR HISTORICAL IMM

In this chapter we prove the theorems about large finite systems. We begin by constructing the whole sequence
of processes and the limiting infinite system on one probability space, i.e., we give an explicit coupling. Then
we analyze the corresponding look-down processes using the strong duality with the coalescent. We define the
coupling in Subsection 7.1, we analyze the coalescent in Subsection 7.2 and Subsection 7.3, and, based on these
results, we prove Theorem 6 and two corollaries in Subsection 7.4.

7.1. Coupled representations for the look-down genealogies. Recall the look-down process as introduced
in Subsection 2.2. The goal of this subsection is to construct the look-down process, X *, on the countable group
74, and a sequence of look-down processes, X *™, on the finite groups Gy = [-N, N|NZ¢, N € N, with addition
modulo 2N + 1, on one and the same probability space. More specifically, this will be on the probability space
for the infinite system.

For a given N € N, the coupling is achieved

e by using as initial state the initial state of X* but restricted to all individual paths initially positioned
on Gy. In particular, use as index set Z&N C 7 obtained by that restriction,

e by sampling for each index ¢ € 7 independently of the others a realization of the RW, and restrict the
achieved collection to the sub-collection associated with a index ¢ € Z¢V belonging to the restricted
configuration on Gy,

e by identifying two positions of an individual for the process X *V if they are equal modulo (2N + 1),

e and by choosing the sampling symmetrization variables L as in (5.4) for the infinite system, and using
for the finite system the ones obtained by restricting to pairs of individuals both located initially on G .



1338 ANDREAS GREVEN, VLADA LIMIC, AND ANITA WINTER

This gives us all the ingredients we need for the representation of the genealogy processes gen(X*) and
gen(X*"), (compare with (4.1)) on one and the same probability space. As done before in (3.3), for a fixed
time ¢, we define for each s € [0,#] the equivalence relation, ~X ", on Z by relating labels which are going back

S
to a common ancestor at time ¢ — s. This defines again the genealogy process, (I'%, ¢%)s<;, which reflects the

S
equivalence classes, called family clusters, and the clusters’ positions. The genealogy process,

(7.1) (FZ’Na €§7N)Sﬁta
for the system on the torus is then achieved by defining z‘SX*'N based on gen(X*).

We apply now the strong duality. Recall from Definition 3.3 the Eé—marked (Z,U)-coalescent, (Cy, Ly)i>o-

If (CN,LN);>0 is an f%N—marked (TG~ UGN )-coalescent then it is clear from the construction that the strong
duality stated in Proposition 3.5 applies as follows:

Lemma 7.1. (The IGN -coalescent is generated by the TGN -genealogy) Assume that the look-down process starts
from initial state such that the labels from U are chosen as explained before Proposition 3.5. Then

N t(N)>N t(N)vN — LN N N
(7.2) e (T a6 ™)) = e [(Cfey: Eil) |
where p arises by the construction given in (3.36) and
N ._
(7.3) o= M|GN'

We therefore see that in order to prove our theorems on large finite systems all we have to do is to analyze
the behavior of the coalescent on the right hand side of (7.2) and combine it with what we know about the
coalescent (Cy, Lt)i>o for the infinite system.

Remark Note furthermore that again we can construct all processes
(7.4) {(cN,LN); NeN} and (C,L)

on one and the same probability space, following the device given above for the IMM. The straightforward
modification is left to the reader. We shall in the sequel in this chapter refer to P as the probability law of these
coupled processes. [l

7.2. Preliminaries: Asymptotic analysis of the coalescent. Since by Proposition 3.5 the scaling behavior
for the systems on the tori is translated to the scaling behavior for the genealogy, it is enough to study the
asymptotic behavior of the coalescent. In this subsection we therefore focus on a description of the coalescent.
Recently the coalescent results of this section were extended and generalized in the setting of spatial coalescents
with multiple collisions, cf. [41].

Recall Kingman’s coalescent, (Ky)>0, from (3.56).

Recall the topology introduced previous to (3.33). Now we can study the behavior of (CtJE[N), Li\([N)) in various
time scales t(N) as N — oo and get the following.

Proposition 7.2. (Coalescent asymptotics) Fiz a sequence t(N) T oo, as N — oco. If K is a version of the
Kingman’s coalescent K independent of Co,, then

Lo B[O, if t(N) =o((2N +1)%),
(7.5) £(CoLolen (O] = L(CoLo)[K,(Cso)], if t(N) ~t(2N + 1),
LK), if t(N) > (2N +1)4.

Proof The proof splits into several steps: The basic idea is to assume in the beginning that |Cy| is finite and
then to upgrade the results to the general case. We treat the finite case in Steps 2 and 3 after some preparation
in Step 1, and conclude with the general case in Steps 4 and 5 where we verify an estimate on the decay of E[C}Y]
needed during the reasoning. Throughout the argument we can use extensions of some ideas and calculations
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which were developed by Bramson and Griffeath [4] and Cox [5] to study the longtime behavior of the Voter
model.

Step 1 (Preparation) The argument relies on coalescing random walk estimates given in Cox (1989) [5] for
the special case of simple symmetric random walk and for instantaneously coalescing individuals rather than
coalescence with a rate 7 delay as in our situation. These two obstacles have to be removed. The first one is
technical, while the second one changes things quantitatively, i.e., the constant g has to be replaced by g+ 2/7.

Let us turn to the first point. By checking the proofs in [5], one sees that what is really needed is the
expansion of the transition kernel of the random walk by Corollary 22.3 in Bhattacharya and Rao (1976) [2].
These are however valid, even in continuous time, if we assume (3.50). Therefore we can use the assertions in
[5] throughout our argument.

Now we come to the new part of the argument, namely analyzing the delayed coalescent. Assume that for
every N > 1,

(7.6) |ICN| = k.

Suppose furthermore that N is large enough so that the given initial positions, z;(0), ¢ = 1, ..., k, are contained
in G. Say that a random walk particle on the torus Gy wraps around G by time t, if it visits the complement
of the box [~ N, N]¢ before time ¢. The steps that this particle makes before it wraps around G y are identical
to the steps of a random walk particle on Z? before the first visit to the complement of [~N, N]¢. Moreover, we
will see that if we let

(7.7) 7N =inf{s > 0: sup |LY(m)| > N},
TeCN
then
(7.8) lim inf P[> eN?] = 1.
e—0 N

In words, by time e N2 no partition elements have positions that have wrapped around the torus G, with high
probability. Again the paths of (CV, L") and (C, L) can be made identical until time 7%V. Since there are only
k individuals present at time 0 (due to coalescence there may be even fewer partition elements present at time
eN?), it suffices to show (7.8) for a single particle, i.e.,
(7.9) liminf P[ sup |Xs|<N]=1,

e—=0 N 0<s<eN?2
where X, is a random walk on Z¢ started at 0. The last statement is true due to the functional CLT.

Let an be a sequence such that ay = o(N), as N — oo. In order to make use of estimates in [5], we need for
every fixed € > 0:

(7.10) Jim P[|LY: () — L2 (7)) > an, YV, 7' € CNoym # 7] = 1.

In words, at time e N2, all the partition individuals are at mutual distance greater than a, with high probability.
For (7.10) it is again enough to show that

(7.11) lim P X1ye — X2y2| < an] =0,

N—o0

where X!, X2 are two independent random walks on Z¢ started at 0, which again holds due to functional CLT,
and the assumption that ay = o(V).

Step 2 (Finite case with distant individuals ) The next ingredient in the proof of Proposition 7.2 is the following
lemma analogous to Theorem 5 in [5].

Lemma 7.3. (Asymptotics for distant individuals ) Let (CN, L) be the {1, ...,n}-coalescent, and fir a sequence
(any) — o0 such that ay = o(N), as N — oo, and T € (0,00). Then uniformly in 0 < t < T, and initial
N — oo
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positions LYY == {LY ({i}), i = 1,...,n} such that |LY ({i})— LY {G})| > an, fori # j, and uniformly in cylinder
events B on the space of partitions of {1,2,...,n},

(7.12) P[ngNH)d € B] fyd P[KQt/(g+2/A/) € B|.

Proof The argument is based on estimates given in [5], but it is adapted to the delayed coalescence. First
consider the above system with n = 2. Then it suffices to show

P[C%2N+1)d ={1,2}] = P[|C%2N+1)d| =2]
(7.13) 1 2t/ (et2/)

N — oo

= P[Ka/(g1+2/4) = {1, 2}].
Let
(7.14) ™ =inf{s >0:|CN| =1}
be the coalescing time for the two individuals. We turn now to the look-down processes and claim that

(7.15) PN > (2N + 1)¥] — e 2t/(9%2/7),

N — oo

In our setting the coalescing random walks coalesce only after an exponential time if located at the same site.
In order to estimate the total length of time “in contact” up to time #(2N + 1)?, we make use of the following
coupling.

Let X!, X2 (we suppress here the N dependence in the notation) be two non coalescing independent random
walks on the torus Gy with initial states X¢ = LY ({i}), i = 1,2. Let Z be an exponential (rate ) random
variable independent of X', X2. One can construct a pair (}71, ?2) of coalescing random walks as a function of
X', X? and Z by letting S := [; 1{x1-x2} du, and putting (Y1, V2) = (X, X2) for S < Z and (Y}, Y2) =

(XL, X1) for Sg > Z. Clearly we have 7V 4 inf{s: S; = Z}. Consider the difference process
(7.16) Y= (X! — X320

Note that |Yy| > axn. The time interval [0,7"] decomposes into excursions of Y away from 0 where the first
“excursion” is incomplete. We call excursions “small” if Y stays bounded by ay during their lifetime, and we
call it “large” otherwise. Let

(7.17) ol :=inf{s >0:Y, =0},

and A7 := o}, and for k > 2,

(7.18) ol =inf{s > B | : |Ys| > an},

and

(7.19) B = inf{s > ab : Y, = 0}.

In this way the stopping times B, 85, 3%, ... form a sequence of end-times of successive “large” excursions for

the process Y. Define for k£ > 2,
(7.20) ol =N — ol

During the intervals [85, on, ] there may (and typically will) be many small excursions of the process Y. We
will soon estimate their number and combined lengths.
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Figure 1

Let &Y := oV, 61 = inf{s > BV : |Y| > 0} and define recursively the following stopping times: for k > 1,
let e :=inf{s > 6 : Yy = 0 or |Ys| > an} and if Y.y = 0 then let 6py :=inf{s > e : |Y;| > 0}, while if
[Y.x| > an in which case ep must equal o} for some (random) j almost surely, let 65, = inf{s > BV : [Y;| > 0}.
The realization of Y in Figure 1 has £}’ = o).

Note that almost surely a,]fv and all the stopping times above are finite for all £ > 1.

Moreover the random number Jy := inf{j > 1 : |Y.~| > an} has geometric distribution with success
J
probability
(7.21) pY = P[|Yox| > an].

Also note that given Jy = m the sequence (Z; := 5§V - sj»v_l; m > j > 1), i.e., the time lengths of successive

intervals during which Y equals 0 prior to the first large excursion, are independent and identically distributed
according to a rate 2 exponential random variable. Let g denote the expected number of returns of Y to zero,
and

(7.22) pri=(g-1)/g
be the probability that the underlying random walk on Z¢ ever returns to its starting point. Then obviously
(7.23) Y — p*.

N — oo

Let Ky := max{k : 8 < 7V} be the number of large excursions before 7V (recall from (7.14)). Since the
migration and resampling are independent, for an i.i.d. sequence (Z;);>1 with P[Z; > t] = exp[—2t], it easy to
see that K is a geometric random variable, independent of UJN ,j > 1, and (Z;);>1, with success probability

JN
p(Kn) =1—Elexp[—7 > _ Z]]
j=1
k
(724) —1— Z(l _pN)(pN)kfl <2—’2_’y>

E>1
=7QA-pM) + )7 —glg+2/7)7"

Let Ly := max{k : e} < 70V} be the total number of excursions of Y before time 7. Since the migration and
resampling are independent, Ly is a geometric random variable with success probability v/(2 + ) (which is the
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probability to leave distance zero before the coalescence may happen). Finally note that with Z an independent
rate v exponential random variable which bounds from above the time Y spends in zero without coalescing,

KN Kn Ly
(7.25) Doy STy ol +) (€ -+ 2
j=1 j=1 j=1
The asymptotic result (1.9) in [5] says that uniformly in 0 < u < T and k we have
(7.26) PloY > (2N +1)%u] — e724/9
N—oo
which implies that uniformly in 0 <¢ < T,
Kn
(7.27) P> o > (2N + 1)7] — e 2/9F2/7),
1 N—oo
At the same time, E[e} — 6] = o(a};) so that E[Z]Lgl (el — o)) = o(ay).
Therefore
LN
(7.28) P> (e =)+ Z > (2N + 1)1 — 0, for all & > 0.
j=1

The above estimates together with (7.25) gives (7.15), or equivalently (7.13). Hence we are done with the case
|ICN| = 2.

Now the same induction argument as in the proof of [5], Theorem 5 gives for n = |CJ'| > 2 and 1 <k < n
that

(7.29) P [|Clonsnyal = k| = PK| = 4],

uniformly in 0 < ¢ < T, and the initial positions as in the assumptions of the lemma. A simple calculation shows
that under the assumptions of the lemma, the conditional probability

—1
i,j n . .
(730) P |:C£]E]2N+1)d = 7T0j||CtJEI2N+1)d| =n— ].:| ]\]To)c <2> 5 1< Js
where w57 = {{i,5},{1},..., i — 1}, {i+1},..., G =15 {+1},...,{n}}.
Furthermore
(7.31) P [Clonaye € Bl IClnsayal = 1] — P[K € B|IK| =1],

for all B sets of partitions with [ equivalence classes, implying the lemma. [

Step 8 (Conclusion finite case) We now prove Proposition 7.2 for finite initial states. Recall 7%V from (7.7),
and define events

EY = {7V > eN?}
(7.32) Eév = {|L£IN2 (m) — LéVNz(’]T/” > apn,Vr, 7’ € C£V277T £’}
E?I)V - {Coo - CENQ}-

Recall (7.8) and (7.10) to see that we can fix a small § > 0, and choose some small enough £ > 0 and large
enough N, < oo so that (using transience in d > 3) for this € and for all N > N,

(7.33) inf PIE\] > 1-0/4

and

(7.34) min{i%fP[EéV ] irj\llfP[Eév I} >1-6/4.
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We have then by the construction that there exists € > 0 and a large enough NS < oo such that for all N > ]VE
1-3% <P[EN nEY nE}]
<P [{(CI\2, Ly2) = (Cene, Len2) } N EY N EY]

o P [{(Cye ) = (Cos Lo} 0 B 1 ]
< P [{Clcan(Ca, Eye) = Clly_oan(Coos L) } N EY N B
Therefore, if B is a cylinder event on the space of partitions of {1,...,k}, then
(7.36) P[C[y) € Bl = P{Cfly)_c2n(Coos Liy2) € BYN B N E3' ] +77V(B),
where the remainder r (B) satisfies:
(7.37) sup sup |V (B)| < 35/4.
N>N. B

Now suppose that ¢(N)/(2N + l)dN—> s, where s > 0 is fixed. Since %

Lemma 7.3 yields that on EY N EY,

— s (recall d > 3),

N — oo

(7.38) (P[cg(VN),EW (Coo) € B|Cooy L] — P[Koy)(g42/)(Coo) € B|COO,L£’N2]) —.0.

N — oo

Hence
E [P[C}y)en2(Coo) € BICoo, Liva] Ly |
— P[Kas/(g+2/7)(C) € B,EY NEJ] — 0,

N — oo

(7.39)

which finally implies that

(7.40) i ‘P[{CtIYN)faNQ (Coo) € B} N E3' N B3] — P[Kaq(g12/4)(Coo) € B]| < 35/4.
The last equation together with (7.36) gives
(7.41) Jim [PICRy, € B] = PlKay/(g12/)(Coc) € B| < [V (B)],
where
(7.42) sup sup |7V (B)| < 65/4.
N>N. B

Letting 6 — 0 gives the intermediate behavior in (7.5).
The behaviors for t(N) = o((2N + 1)4) and t(N) > (2N + 1) now follow from the properties of Kingman’s
coalescent and the sandwich principle. [

Step 4 (General case) From earlier arguments on the coalescent and its local finiteness we know already that
at positive time and hence in particular by time (2N + 1)%, with ¢ > 0 arbitrary, we have only finitely many
partition elements left. We can analyze the behavior of this configuration using the previous step, provided we
can prove the following two facts.

(i) The number of the partition elements at time (2N + 1)? is stochastically bounded in N, and
(ii) the positions of these partition elements at time (2N + 1)? are at mutual spatial distance of order N.

Then the assertion of part(a) of Proposition 7.2 follows from Lemma 7.3 by first establishing for each € > 0 the
desired convergence of the rescaled process for ¢ > ¢, and then taking ¢ — 0 relying on existence and uniqueness
of Kingman’s coalescent. Part (b) is established separately in Step 5 below. Now we conclude this step by
verifying (i) and (ii).
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Fact (i) To establish the first fact, we need some control over the mean number of partition elements left in
the coalescent C}N given a configuration of partition elements, Ewecgv dro(x)- The following lemma is similar to

Theorem 1 in [4] and the proposition in Section 5 of [5]. We are going to prove it in Step 5.

Lemma 7.4. (Number of partition elements in the coalescent) There is a finite constant cq such that uniformly
in sequences (|C{¥|)nen such that |CY| > (2N + 1)¢, and uniformly in N € N,

N
(7.43) E[|C)]] < cdmax{l, @}

By Proposition 3.4, for each given € > 0, Cé\([ « 18 locally finite. Now Lemma 7.4 implies in particular, that

2N+1)
for each given ¢ > 0, |C’é\(f2 N +1)d| is moreover uniformly stochastically bounded in N since we can for every § > 0
control |CY|/(2N + 1)? uniformly in N, using the spatial homogeneity, and local finiteness (recall the proof of
Proposition 3.4).

Fact (ii) The second fact follows immediately observing that by times of order § N2, where § is large, (i.e.,
t(N) = o((2N + 1)%)) two independent random walks are with probability tending to 1 in distance of order N,
as N — oo.

Step 5 (Proof of Lemma 7.4.) W.lo.g. we may assume that |C{'| < co. Otherwise the estimate (7.43) would
hold trivially.

The reasoning relies on that for the coalescing random walk estimates given in [5]. Once more it differs due
to the facts that our partition elements coalesce with a rate v delay, and that we may have more than 1 particle

per site.
Observe that
(7.44) Y =160 = 2T,
where Z}" denotes the number of jumps of (C),cjo.4. Since for a fixed mo € Cf',
(745) ZtN Z Z 1{7rzctN LR
‘ITGCéV\{T(()}
its expectation is greater than or equal to
(7.46) EZN] > (ICY|—1) min _P[r =cn o),
W;ﬁﬂoecé\’ ¢

In particular, if we start the coalescent such that all positions of partition elements are contained in a subset
A C Gy, then the right hand side of (7.46) can be bounded below as follows.

Let X be a rate 2 continuous time random walk on G, oV the hitting time of the origin, furthermore Y7,
Y5 independent rate v and rate 2 exponential random variables and

(7.47) hi(A) = min PeloN <.
xTE
Then
(7.48) Plr ~on mo] > P[Y1 < /2;Y1 < Yol hyya (X(CF, L)),
where
(7.49) XCY LYY i={x —y: Im #m € O : Lo(m) =z, Lo(m2) = y}.
Hence since P[Y; <t/2;Y; < Y] = fot/Q dsye 7% e 2,
E[|C]]]
(7.50)

v 2+y
< 1631- (1631- 1) 52 (1= e [<2520]) s (. 28).
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E[C]]

In the next step we will use the latter estimate to control the decay rate of e T t. The following lemma
0

has again an analogue in [5].
Lemma 7.5. (Upper bound for the decay rate of partition elements) If

_ E[C]]]
(7.51) Ft) = o

2

then there exists a finite constant Mg > 1 such that uniformly in N € N and uniformly in t € [0,|C|],

(7.52) f(t) < My,
(7.53) F(2t) < max{My, f(t)}.

Proof of Lemma 7.4 (Continuation) Observe that Conditions (7.52) and (7.53) together imply immediately that
for each t € [0,|CY|], f(t) < M. This proves then Lemma 7.4 with ¢4 := M. Indeed, define n(t) := inf{m €
NuU{0}: f(t/2™) < Mg}, t > 0, and notice that n(t) < oo for all t > 0 since f(t) < ¢ for all t. Hence, for all
t € 10,|C¥ ] we have

f(#) < max{ My, max{ My, f(t/2)}} = max{My, f(t/2)}
(7.54) <.
< max{ My, f(t/2"))} = My. O

Proof of Lemma 7.5 Once more if C}Y = oo then f(t) = 0 and the conditions hold trivially. Assume
therefore that C{Y < oo.

Fix tg € [0,|C{"|]. We shall show the assertion for a constant My > 169 to be constructed below. For that we
may assume w.l.o.g. that

(7.55) E[IC]]] > 87,
and
(7.56) E[CY || > 2-479E[CN.

Indeed, if one of the two conditions would fail, then the assertion of Lemma 7.5 holds for to with any My > 8%.
Next we are going to cover the torus G'n by ny, disjoint cubes, {B} ;i = 1,...,n4,}, where side length not
larger than some a;, > 8 with

€T
E[|C{ ]

(7.57) ag, = |8( )| A (2N +1).

Let now tg < r <r+ s < 2ty. If we ignore the coalescence of partition elements starting in different boxes, ng,
then by the Markov property:

’ﬂto

(758) EUC',]'YF,sH <E ZEGﬁB%‘(Ci\,,LZ«V),T [IC’?LSH ’

i=1
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where ¢B§0 (CN,LY) is the restriction of C}¥ to those partition elements 7 with L (7) € Bj . Then by (7.50),
N
E[|C5]]

< B | - B | a5 (1= expl-2524)) o (8
73})}15/2 (Btlo)>
< E[IC)]] exp [—ﬁ(l ~ expl—> ; Ls]) o (Bt10>:| )

where we have used that by (7.55) and (7.56), E[|CXN|] > E[|C%/ ] > 2E|C{Y|/4¢, and therefore (E[|CN|]—ng,) >
$E[|CN]], and that 1 — e™* < « for all # > 0. Furthermore observe that h/»(B},) depends on B}, only via the
side length ay,, and B} represents therefore a box of side length ay,.

Tterating the latter one obtains

(7.59)

v 2+
< Bl (1~ g5 (1 - ewpl-

E[|C3, ]

< BION] e [ | 2] 50— el 25

(7.60)

8]) h’s/2 (Btlo)

To employ (7.60) effectively, we still may choose s := s;,. By the rescaling analysis for random walks with
finite second moments there exists a constant oy € (0,00) such that for a box B := [~b,b]? N Z? of side length
b>8,

(7.61) hy2(B) > agb® 2.
To be in a position to apply the latter on (7.60), we choose

(7.62) sty =203,

to

and consider w.l.o.g. the case sy, < 2. Otherwise we are done since by (7.57),

_d _d
7.63 to) <8ardty < 81.2%2 .5 % 4y <8.2% .22 .42 . < 164
to to 0
Then by (7.57) and (7.62),

E[|C{ >/

(7.64) [to/sto] = to/2s4, > 256 |CN[2/d

Therefore by (7.61),

2

E ON 1-3

(7.65) hsf,o/2(Bt10) > agq af(:d > g 8271 ( |[|C]30| ]) )
0
and since sy, /2 = a7 > 64 (for N sufficiently large),
2+
(7.66) %(1 — exp[-— Tsi]) > %(1 — exp[—(2 +7) 64]) =: 4.
This finally yields

(7.67) f(2to) < f(to) exp [log2 — ag B8~ f(to)] .

and so (7.52) or (7.53) holds with M, := max{16, %}. Together with (7.63) this gives the claim. O



REPRESENTATION THEOREMS FOR IMM AND IFWD 1347

7.3. Preliminaries: Asymptotic analysis of the historical coalescent. In this subsection we lift the
results of the previous subsection to the level of the historical coalescent which actually gives stronger results
than we have claimed in our theorems. Recall the historical coalescent (C, L) and its topology from (3.31)
and (3.32) and define the historical Kingman’s coalescent, K, analogously.

Denote by C% the limit of C} as ¢ — oo in the following topology on paths. On paths with values in partitions
we use the Skorokhod topology induced by the metric on the partitions defined in (3.28), but we consider here
only the paths on (0,00) excluding the point 0.

We now have to scale paths of the partition-valued process C}¥ in time between times 0 and times of order
(2N + 1)4 or in the language of the historical coalescent we have to rescale C;. Therefore we define for a path
y € D(R, E), where E is a Polish space, the scaling operation

(7.68) sg: y(+) = y(B).

Proposition 7.6. (Historical coalescent asymptotics) Fiz a sequence t(N) T oo as N — o0o.

(a) Let K* be a version of the historical Kingman’s coalescent started in CZ, which is the constant path equal to
Coo. Let Bn(t) = t(2N + 1), Then

(7.69) L£(Co:Lolley [SﬁNu)C;}ﬁt)} Nf;E(CO’L”) [Kzt(éio)} -
Ift(N) — oo but t(N) = o((2N + 1)%), then
(7.70) £(Co.Lo)ley |:C:(7]]VV):| Nf;E(Co,Lo) [Cx].
(b) For the path process we obtain no matter on which scale t(N) tends to co the following:
(7.71) LYy = LY[LL].

Proof We start with the first assertion of part (a). Observe that the partition valued paths of the coalescents
are processes whose paths have a monotonicity property. Namely, as time proceeds we can only jump to coarser
partitions. This means that the sequence of laws of the paths is tight if we can establish that in finite time
intervals [s(2N 4+ 1)4, (2N +1)%] with ¢ > s > 0 only finitely many jumps can occur. For this it suffices to know
that

(7.72) limsup P[|C2,n 4 1ya] > n] — 0.
N—o0 n—ee
However we have proved that the partition valued part of the coalescent converges to K(Cy) and we know
that K.(Cx) has only finitely many partition elements. Therefore the probability to have more than K jumps
after time (2N + 1)¢ goes to zero as K — oo uniformly in N. This establishes tightness of the process

(C:(’zjjv-kl)d)bo (note 0 is excluded).

We are now left with proving that the finite dimensional distributions of the processes (C Y

t(2N+1)4
to those of K¢(C%). In Proposition 7.2 we proved the assertion for the one-dimensional ma(urgina)l distributions.
But the proof of this statement showed more. First of all the locations of the partition elements at times #(2N+1)¢
are uniformly distributed on the torus for any such configuration we get that if we follow the partition for an
additional time s(2N + 1)¢ then the law conditioned on the configuration at ¢(2N + 1)¢ to be C (some finite
partition) converges to K (C). This gives (7.69).

For the second assertion of part (a) we need that the law of C¥ converges to Cr as N — oo by the coupling we
have constructed. This gives immediately that (C} ’N)tST converges in law to (C});<7 for N — oco. Furthermore
we know that Cpr — Cy as. as T — oo. Hence we are done if we can show that the probability that a
coalescence occurs between time T' and time ¢(N) is bounded by er with ex — 0 as T'— oo. This we have done
in the previous Subsection 7.3.

The weak convergence in (7.71) is trivial due to our coupling construction in which the path for the process
on [N, N]NZ% is obtained from the path of the infinite system by taking the position modulo (2N +1). [

)¢>0 converge
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7.4. Asymptotic analysis of the look-down process (Proof of Theorem 6). Our goal is to prove here
Theorem 6. This means that we need to describe asymptotically the time-space picture of the genealogy of
the time ¢ population. Namely, for the time ¢ population consider for every s < ¢ the ancestors of the present
population and their decomposition in related individuals and their paths followed in geographic space. We
assert that the resulting time-space picture can be rescaled as a function of the final time horizon ¢ such that it
converges to the historical coalescent. We make this precise in the proposition below.

Consider the look-down process started in the configuration given by (2.28). We next focus on the genealogy,
(Ft(N),N JLN)N
t(N) NN

merging all related individuals of the time ¢ population in one partition element. The object 'Y is the partition
arising by merging all individuals which have a common ancestor at the time s.

Recall from (3.31) and (3.32) the historical coalescent, (C}, L})¢>0, and its topology from prior of (3.33).
Define similarly,

), of the look-down process (recall (7.1)). The object I't is the partition at time ¢ induced by

(7.73) Iyt = (Ffsvo)/\tLeR )
and
(7.74) g:’t = (ZIES\/O)/\t (Ffsv())/\t({b}); Le I))SeR’

where T, ({¢}) denotes the family at time ¢ — s consisting of + and its relatives. Moreover, define F:’t’N and ﬁ:’t’N
analogously on the torus.

With the duality formulated in Proposition 3.5 we can conclude immediately from Proposition 7.6 that one
has (recall 7" is the time shift of paths by ¢ and sg the rescaling given in (7.68)):

Proposition 7.7. ( Asymptotics of the genealogy in d > 3.)
Assume that the labels are chosen as in (2.28) and that d > 3.

(a) With the same notation as used in Proposition 7.6 we have

* *,t(N),N k[ vk
(7.75) £ Govm i ™)] = £[Ku(C)].
For t(N) — oo but t(N) = o((2N + 1)9),
* *,t(N),N *
(7.76) E[Tt(N)Ft(f\(,)) } = £[C].

(b) For the second component we obtain for each t(N) 1 oo the following:

*,t(N),N
(7.77) c [zt(N() ) } = L[],
Based on the above Proposition we prove Theorem 6, i.e. the statement on the look-down process. We then
conclude Corollary 3.13 by a projection on the time horizon at which the first interaction takes place after the
individuals start feeling the boundary.

Proof of Theorem 6 Once more we restrict our attention to the intermediate scale, By (t) 1=t (2N + 1)<
The other cases will then follow from the properties of the historical Kingman’s coalescent and the sandwich
principle.

Observe that X;;V]\ét) can be reconstructed from the genealogy (FZ(’H ]\(];V),NJ;(B ]\(,J)V)’N) and the assignment of
the types at time 0. In fact we don’t need the full “historical genealogy”, we only need the value of this “path”
at time Ox(¢) and then we have to add the types of the family clusters as follows. The law of T;N(t)X;;VJ\Et) is
given by assigning each family cluster independently of the others the type 1 or 0 with probability 8 or 1 — 6,
respectively. Hence (recall Ay from (3.35))

W(O) 1, * N 1 _ 0 BN (t),N  px,Bn(t),N
(7.78) LYl 0 X o] = L7018 ((Fﬁwé\;) Lt )5N(t))]'
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Then by Proposition 7.7 the right hand side of (7.78) converges as N — oo to
(7.79) LY DA (Ku(Coo), L3)] = / Qi [A(C,P)] LY O [Ag (Kt (Coo), L) | Coo = O Kot (Coo) = P
and by Definition 3.12 this equals

(7.80) [ @lac Py gic.)

This is the claim of the Theorem in the intermediate time scale. O

Proof of Corollary 3.13 By Theorem 3 the genealogy of the enriched historical IMM, £*#V, which we
denoted by (I'%t#-N | Zz’t”’>N)s§t (compare also with (3.4)), can be reconstructed from the genealogy of the look-
down process together with an additional construction of random permutations of the labels. This allows analog
to the situation for the proof of Theorem 6 above to represent the law of the configuration in terms of Ay and
the genealogy. This genealogy is then in law equal to the one which is defined on the probability space of the
look-down process enriched with the coin flipping variables for generating the symmetrization. These variables
are independent of everything else. Hence again
LY st = £ O BT T )]

(7.81) = LYO[Dg(67, (TF28N 05O )]

:‘i £ [A9¢zp (Knt(coo)a L;o)}

N—
Next we turn to n*#V. Recall A, 4 from (3.40). Then by (1.40), the law of 77;15(% satisfies
(7.82) LN Nl = LYO1A, (K (Coo), L3

N —oo

Applying the family decomposition on the random variable on the right hand side, we get
Ap,@(Kﬁ,t(COO)? L?;o) = Z 5(L§§5“},A9(Ki§)(cw)))

LELP

(7.83) > > O Ak (Co)))

mEK 1 (Coo) LETNIP

= Z 8p,9¢7‘(‘<K}€t(COO)?LZO)'

mE€Pzr Kt (Coo)

Hence, by independence in the assignment of types to the different families, and the fact that ¢, K (Coo) is
maximal, i.e., ¢, K1(Coo) = {7}, if 7 € K;;1(Cwo),

Y (p,0 * *, N
cve )[Tﬂw(t)%N(tﬂ

= Q:t[d(aP)l{ * (eﬁ:,1<c>+<1—e>~:,o<c>)}. O

N—oo TEPpzp P

(7.84)

Proof of Corollary 3.15. At this stage we will give the proof for IMM only. The transfer from IMM to
IFWD is given in Section 8. Before we prove the two assertions of the corollary, we verify a key relation (7.86)
below.

First observe that given a realization of {Ag(m);m C I} (recall (3.34)), Xﬁ (1) can be constructed from the

genealogy, (Fgg 3 N Egg 3 N) by assigning the type Ag(w) to the final family cluster w € FﬁNEtg N Hence, by

Proposition 7.7,
(7.85) LYOUXG )] = L [Do (Kt (Coo), (Lie)o)]-
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Recall Ap’g from (3.40). Then by Proposition 3.5 the same holds for IMM, i.e.,
(7.86) YO ) = L¥[80(Kut(Coo), Lo))-

Now we are ready to prove the two parts of the Corollary concerning IMM.

(a) Recall that ¢7,Cs consists of countably many partition elements, a.s. Hence by Proposition 3.3(c) in [19]
for each t > 0, K,:(Cw) is exchangeable, that is, its distribution is invariant under renumbering finitely many

of the labels. So the same holds for the collection, (AQ(K,E?(COO)); v € 7), of {0,1}-random variables (recall
(3.34)). Recall from (3.68) to (3.70) that no matter in which way we number the patches of C := {71, 72, ...},
the de Finetti measure on {0, 1} determined by,

. 1 - Tk
(7.87) i i S Me(on (K Ca) s

exists, and its law equals the law of a Fisher-Wright diffusion with resampling rate x, and started in 6. Notice
in particular that this law does not depend on p.
Given the de Finetti measure, z;, the collection,

(7.88) (Ag(K[(Cx)); T € 620 (Cs)),

consists of independent {0, 1}-elements with probability for a one equal to z;, where as before for each = €
¢70(Cxo), KT;(Cs) denotes the patch in ¢zo (Kyt(Co) containing . We know that

(7.89) L8 p(Ent(Coo) Lo)|2t) = L[R2, (Coo Lo)) = Hy o,
We therefore obtain from (7.86) that for every ¢ > 0,

(7.90) LY o] = Q110,401 H 0.

(b)  We show first the convergence of the finite-dimensional marginals of the density (of type one) process and
then the tightness based on martingale arguments.

In order to show the f.d.d. convergence we begin with the one-dimensional marginals. By (3.20), the equilib-
rium measures (7‘79’ p)ocio,1] have again the initial density of mass p and relative frequency of type 1 given by 0,
and by the representation via the strong duality which is stated in Proposition 3.5 they are spatially ergodic and
in fact mixing. In Cox, Greven, Shiga [10] it was proved that in this context the densities (of ones) converge to
the density of the weak limit. Hence by (7.89), for each ¢ > 0,

(7.91) £ DPN i )] = L0[z).

This establishes the convergence claimed in (3.74) for one-dimensional marginals of the process. More generally,
calculating the space-time moments and showing their convergence to the ones of the standard Fisher-Wright
diffusion, we get convergence of the finite dimensional marginals (abbreviated as f.d.d.-convergence), i.e.,

(7.92) XD (DN ) ] B Lzl
(Such a moment calculation has been carried out e.g. in [11], and will therefore be omitted here.)

In order to show tightness we rely on Proposition 1.2 in Aldous (1989) [1] which is really tailored for our
situation since the densities are bounded martingales. In this case weak convergence in the path space follows
from f.d.d.-convergence and the fact that the limit is continuous in ¢. The latter is clear since (z;);>0 is the
Fisher-Wright diffusion. [
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8. TRANSFER TO IFWD (PROOFS OF THEOREMS 5 AND 7)

In this section we prove the results concerning the application of our techniques to the historical IFWD. The
proofs will be based on what we have already shown about the IMM, knowing that IFWD not only occurs as
the diffusion limit of IMM but both can be constructed via a common particle representation.

The key point in transferring our results from IMM to IFWD is to show that we can interchange the limit
p — oo (giving rise to the diffusion limit) with the limit ¢ — oo for the infinite system and with the N — oo
limits for the finite systems. Here the key structure is given by our representation theorems and structural
properties of the coalescent.

The basic reason why the interchangeability of limits should hold is as follows. By the strong duality we can
pass to the dual process which is a spatially marked coalescent on Z? (respectively on the tori of Z¢). But again,
as pointed out before in Subsection 7.1, in Z% we can define the coalescents on the torus as a functional of the
coalescent on Z?. Furthermore we define this coalescent starting with countable many individuals at each site,
and then we can embed all the ZP-coalescents in this object. In other words, we have a coupling of all the dual
processes we need for all £, N and p on the same probability space. However, to verify the needed uniformity
we will need to go further and use another approximation by an object we call the pruned coalescent that has
finitely many partition elements for positive times.

We now proceed in four steps, we construct the pruned coalescent, represent frequency functionals in terms
of the coalescent, and finally derive the uniformity for the two situations.

Step 1 (Construction of a pruned coalescent) Here we show that we can construct representations of the
quantities in question in terms of coalescent processes for which we then can utilize certain coupling constructions
to get the needed uniformity in the convergence relations to justify the exchange in the order of limits.

Let us first observe that the limit in (2.27) for the basic particle representation exists a.s. due to the exchange-
ability of the individuals starting at one site in the coalescents and the independence of the variables assigning
the types to the patches.

The basic convergence result we need to transfer is (3.26). Recall that for the historical Moran model the
convergence of the laws in the topology we consider means that we consider the subpopulation of individuals
which are at time ¢ in some finite spatial window of observation. This means we need to apply the strong duality
relation to coalescence processes starting from a state with all marks in a fixed finite subset of G. We therefore
investigate coalescents of this type.

Fix therefore a set A C G with |A| < co and start a coalescent with countably many individuals in each
point in A and denote it by (C7, Lf)tzo. We embed in this object the coalescents corresponding to labels which
do not exceed p. In the case where we study finite systems proceed as follows: For all Gy 2 A we can then
consider the corresponding coalescent denoted by (C{‘ N Lf ’N)tzo on Gy as well as the one on G. Furthermore
we couple the coalescents on the size N tori and on Z¢ on one probability space as explained in Subsection 7.1.

The next point is to reduce this coalescent introduced above on G, which has countably many partition
elements, to a coalescent with finitely many partition elements. The problem is that even though a non-spatially
structured coalescent collapses in positive time to finitely many partition elements, and our spatially structured
coalescent is known to collapse in positive time to locally finitely many partition elements, the number of different
locations of the partition elements belonging to the spatially structured coalescent started with the individuals
living initially in a fixed finite window may stay infinite for all times. However, the idea is that still most, in the
sense of asymptotic frequency, individuals coalesce to finitely many partition elements such that the functionals
giving the diffusion limit are not changed much if we restrict to those. In order to make this idea precise we
proceed as follows.

Fix a § > 0, and then choose a suitable ¢y > 0 and define coalescents starting with countably many individuals
initially on each site of A, while removing from it all individuals which migrate before time ty. The resulting
object is called pruned coalescent denoted (éf’é,if’é)tzo (and (atA’N"S,EtA’N"S)tZO on the torus, respectively).
Since a non spatially structured coalescent collapses to a finite partition in any positive time, and since A is
finite, the pruned coalescent is finite for t > ;.
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By the above construction we can achieve that the probability of every single particle to be removed is less
than § at each site by choosing ¢y small enough. This means that the density of the ones removed among all is
bounded by §.

This means in particular that we get a uniform approximation of averages concerning the type of individuals
as in (2.27) by making the parameter 6 small. Therefore we can now continue working with these pruned
coalescents and consider them only for times t > tg.

We write (6’? a if’p ’6) for the pruned Z-coalescent which is reduced to labels less or equal to p and which
is a ZP-coalescent, and we write (C; 7N LAwN0)
We define now the finite stopping times

(8.1) TP = inf{t > to; |C7° = |CM)},

for the corresponding objects on the torus.

and similarly,

(82) Tp,N,(S — inf{t > to: |6£4xP,N76| _ |a£471\7,6

}.

From this time on all transitions occur jointly in the pruned Z-coalescent and in the pruned Z*-coalescent.
In other words we have some sort of coupling, even though of course the partition elements themselves do not
agree.

Now define the events that we see no new partition elements if we increase p. That is, for ¢ > tg = to(d), and
p € [0,00),

(8.3) E(t,p) :={w: TP°(w) <t, forall p>p}.
Similarly, let for ¢ > to = to(d), p € [0,00), and N € N,
(8.4) E(N,t,p) = {w: TPN9(w) <t, forall 5>p, N >N}

Recall that until time ¢q all individuals we consider behave like | A|-independent Kingman coalescents which each
consists at time ty of only finitely many partition elements. We know therefore that for every § we have fixed
that by construction as p T oo,

(8.5) E(t,p) 1 E(t,00), and P[E(t,00)]=1,V1t>to,
and
(8.6) E(N,t,p) 1 E(N,t,00), and P[E(N,t,00)]=1Vt2>t.

Note that by definition, on the events E(t, p) and E(N,t, p) the pruned Z?-coalescents and the pruned Z?G» -
coalescents have for p > p completely coupled location vectors and the same holds for the processes giving the
respective numbers of partition elements.

Step 2 (Representation by the coalescent)  After this preparation, we return to the historical look-down process.
We can consider the functionals ¢/, and (; N respectively, of the historical look-down process for ¢t € R U {oo},

(87) C: = plLHolo p_l Z 57r*GXKXt*‘L7
LeZP
and for N € N,
TN s -1
(8.8) G = lim p > Ops  xr¥is
LETP

These objects exist due to the exchangeability of the individuals including their type in the historical look-
down at each fixed site.

On the other hand by the strong duality in (3.12) we can express these functionals equivalently in terms of
the coalescent. Having done this, we can make use of the events we defined earlier. This means, in particular,



REPRESENTATION THEOREMS FOR IMM AND IFWD 1353

that we can now replace the functionals given in (8.7) and (8.8) by the analogous objects based on the paths of
the coalescent. That is, for all N € N, and ¢t > 0,

(8.9) G = phjgo p~! Z oLyt Ag(Crty)s @S,
LETP

and

(8.10) Ct*’N = plLrI;o p71 Z 5(L:,N,L’A9(C:,N.L))7 a.s.

LETLP

The new objects have for each fixed ¢ the same distribution as the original ones in (8.7) and (8.8).

Finally note that we have in (8.9) and (8.10) measures on paths in G x K. We shall below approximate them
uniformly in other parameters via a coalescent which consists for positive times only of finitely many partition
elements and on the events E(t, p) and E(N,t, p) we see no new partition elements if we increase p. The K-part
of the path depends in its description explicitly only on the partitions and only indirectly on the locations of
the partition elements.

Focus first on the assertion concerning Et* We observe that we can approximate E;f‘ by a quantity

0 . —
(8.11) Ct = hm P 1 Z (5@*,5,L7A6(a*,5¢)), a.s.,

- tVitg tVitg
veZr; 3 ﬂECtA’a wem

by passing from the coalescent to the pruned coalescent and letting then § — 0. This approximation is uniform

in ¢, the way it is constructed by pruning the initial state. This means that independent of everything else

and independently for each individual, such an individual is removed with probability less than or equal to 6.

Therefore if we consider empirical measures over the corresponding configuration it is changed in variational

norm by at most § and hence this difference tends to 0 as § — 0 uniformly in all other parameters.
Analogously we proceed with Z o N

Step 3 (Uniform convergence for models on Z%) ~ On the events E(t, p) respectively E(N,t, p) the above almost
sure convergence in p is, as we shall see below, by construction uniform in ¢ or NN, respectively. We then
obtain from the above mentioned uniform a.s. convergence a statement about a certain uniformity in the weak
convergence as p — oo in t and N, respectively.

What type of convergence do we need? Return to the IMM on the infinite group and the convergence
statement for it first. The weak convergence means that we consider the ancestral path of individuals which
are at time ¢ in some finite spatial window A of observation and we observe their paths on a finite grid of time
points viewed backwards. Let A from the construction in the previous step be such a set of sites and fix time
points t1,ts, - ,t, such that 0 < t; < ty < --- < t, < t. Then consider the random measure induced by the
historical look-down process as on the right hand side of (4.20) restricted to the sub-c-algebra corresponding to
A and the finite set of observation points in time {¢,t — ¢1,--- ,t — t,,}. This new random measure has to be
analyzed now.

If we translate this into the dual process, we have to start with the individuals in A and observe them at
times t1,ta, -+ ,t, and t. The last time index is needed to obtain the type components. This means that for the
dual process we look at the measure generated by the skeleton for the location path given by ¢4, --- , ¢, and the
partition at time ¢.

We know that the coalescent converges as ¢ — oo and this holds even for the historical coalescent and due
to the pruning we have for t > ty a finite coalescent. Hence we know 6’;‘ 0 = éé"; for large enough ¢ with high
probability (that is, the probability is at least 1 — ¢, for some prescribed € > 0).

Next fix a set of time points for the coalescent corresponding in the original process to the selected set of
time-points viewed backwards from time t, i.e. time points of the form {¢,t —t1,t —ta,....,t — t,} wWith ¢1,...,t,
prescribed. Observe the coalescent path only on that skeleton of time points and on the final point ¢. This
defines a sub-o-algebra on M(D(R, G x K)). Then restrict the functional in (8.11) to this sub-o-algebra, which
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results in some new random measure on D(R, G x K) equipped with this sub-o-algebra. We denote this random
measure by Y,

We claim that based on our construction we can write our restricted random measures for this fixed € > 0
and for fixed § > 0 (the dependence in ¢ is not apparent from the notation) in the form:

(8.12) Y=Y + Y27,

by considering Y, ; on the event @A 0 = aﬁ;‘s and its component. Then (0 is here the 0-measure) by the definition
of Y2
ot

(8.13) PY)S#0<e, Vit>ty(e),pel0,00),
and by (8.5)

l,e l,e le
(8.14) Yok — Vidher Yaiio = Yoo

Namely there are no further coalescence events on E(p,t) for £ > t, p > p, but only the finitely many end points
of the locations still fluctuate, they are however independent of p.
We see that we then can conclude that for every fixed value of 6 > 0,

(8.15) lim thm LZ[ il= hm lim C[Yl 7l
p—00 t—00 t—o00 p—00
This applies to the pruned coalescent and the functional Qt* for every restriction to spatial sets A and finite
sets of time-points of the described type and for every € > 0, and § > 0 prescribed. This implies in turn the
equality in law of ¢;*” and ¢, and letting € and § tend to zero (recall that the approximation § — 0, — 0 is
uniformly in ¢), that:
(8.16) L[¢%P] = lim {lim L[p~ 5"},

p—00 t—00

where 1*?* is the historical IMM started at time —¢.

This gives immediately the assertion of Theorem 3 by what we have shown already for (n;);>o. Namely we
know that the limit in (3.45) can be obtained by first carrying out the limit ¢ — oo in the IMM, which we can
represent using Theorem 4 and then form the diffusion limit p — oo in (3.44) which exists due to de Finetti’s
theorem.

Step 4 (Uniform convergence on torus)

. . N
Next we turn to the assertion concerning ¢;”". We need here

. *, N — *,0,N
(8.17) ]\}gnooﬁ[ct(QN-H)d] = hm lim £ [p 1nt(2pN+1)

—00 N—o0

Knowing this, we have to show that if we take the r.h.s. in (3.63) and perform for a realization the transformation
given in (1.20) and then let p — oo, so that we obtain the r.h.s. in (3.67).

For this purpose it suffices to verify that carrying out the transformation (1.20) for a realization of HZ* ol

that for p — oo we obtain as weak limit H:r,l‘ This however was the way these objects had been defined. Hence
the result (8.17) would imply Theorem 5.

In the proof of (8.17) we have, compared to the argument in (8.16), to use E(N,t, p) instead of E(t, p) and to
replace the fact that éA 0 CA % for t large with hlgh probability used previously, now by the complementary
fact that the number of partition elements in C 2 N1ya Converges in law to the quantity K,;(C% CA, ) as N — o0.
Furthermore the random mechanism K,; has a dlstrlbutlon which is independent of the locations of our paths
as we observe them in any time interval between [t — T, ] for every finite T and t = t(N) = (2N + 1)%t.

Therefore we can conclude that with probability at least 1 — & the coalescence events represent a random
variable which can be obtained by restricting K,:(C%) to a suitable large event and hence the law of our
coalescent has, for N large enough, variational distance at most ¢ from £[K,;(CZ4)]. Then we can proceed as in
the previous case and conclude the argument.
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(Ct, Ly), spatially structured coalescent, 1304
(C’év7 Lft\[)7 spatially structured coalescent restricted on torus,
1333

(T, £t), genealogy of the look-down process, 1303

(T1%, d), metrized space of partitions of the index set, 1308

(xt), system of independent RWs, 1291

(fé’p,lzﬁp), genealogy of the enriched IMM, 1304

(zt), Fisher-Wright diffusion, 1316

(Kt), Kingman’s coalescent, 1312

A, RW generator, 1298

AZ | generator of Z-indexed system of RWs, 1298

C, final family partition, 1308

DP:N | empirical density, 1316

G, geographic space, 1290

G, torus of side length (2N + 1), 1311

K, type space, 1290

Qt, transition kernel of a Fisher-Wright diffusion, 1316

‘H}, entrance law of the historical look-down, 1308

W(0), initial state of the historical look-down, 1302

«, weight on G, 1291

Q;f, joint law of the final partition of a spatially structured
coalescent and a Kingman’s coalescent started in that
final partition, 1313

a(z,y), reversed discrete time RW kernel, 1291

B (t), the critical time scale, 1312

3k, convolution, 1315

o, composition, 1294

n, IMM, 1290

n*, historical IMM, 1293

v, resampling rate, 1290

L, index of an individual, 1295

K, probability for non-coalescence of two partition elements
in the spatially structured coalescent, 1312

Tq, projection on G, 1294

p, spatial density, 1292

7/, shift operator on paths, 1313

a(z,y), symmetrized discrete time RW kernel, 1306

74, restriction operator on probability laws on paths, 1309

He, equilibrium measure for IFWD, 1307

77{;79, entrance law of the historical IMM, 1308

\TI(G,p), Poisson configuration with spatial intensity p and
type 1 probability 6, 1306

ﬁp&),ﬁpyl, Poisson fields on G x {0,1} supported on mono-
type paths, 1306

’F{p,g, equilibrium measure for IMM, 1307

77{;0(5, t), law of historical IMM at time ¢ started at time s in
collection of constant paths generated by ¥(p, 6), 1307

&, enriched IMM which distinguishes between individuals,
1290

&*, enriched historical IMM which distinguishes between in-
dividuals, 1296

¢, IFWD, 1291

¢*, historical IFWD, 1294

{Ag(m)}, reservoir of types for the possible family patches,
1309

a(z,y), discrete time RW kernel, 1290

an(z,y), discrete time RW kernel on the torus, 1311

1357

at¢(x,y), continuous time RW kernel, 1290

g, expected number of returns, 1312

T4, restriction operator on paths, 1309

s3, scaling operator on paths, 1347

D([0,),E), cadlag maps from [0, c0) to E, 1292

&g, (Liggett-Spitzer) state space, 1291

&, (Liggett-Spitzer) state space for the historical processes,
1293

Hj(s,t), law of historical look-down at time ¢ started at time
s in collection of constant paths generated by ¥(6), 1307

7, set of indices representing individuals, 1294

ZP, set of indices restricted to individuals with label smaller
than p, 1294

M(+), Rt-valued locally finite measures, 1291

N (), N-valued locally finite measures, 1290

P, partition, 1304

U, set of labels, 1294
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