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November 4, 2022

Abstract

For a continuous state branching process with two types of individuals which are subject to selec-
tion and density dependent competition, we characterize the joint evolution of population size, type
configurations and genealogies as the unique strong solution of a system of SDE’s. Our construction
is achieved in the lookdown framework and provides a synthesis as well as a generalization of cases
considered separately in two seminal papers by Donnelly and Kurtz (1999), namely fluctuating pop-
ulation sizes under neutrality, and selection with constant population size. As a conceptual core in
our approach we introduce the selective lookdown space which is obtained from its neutral counterpart
through a state-dependent thinning of “potential” selection/competition events whose rates inter-
act with the evolution of the type densities. The updates of the genealogical distance matrix at the
“active” selection/competition events are obtained through an appropriate sampling from the selective
lookdown space. The solution of the above mentioned system of SDE’s is then mapped into the joint
evolution of population size and symmetrized type configurations and genealogies, i.e. marked distance
matrix distributions. By means of Kurtz’ Markov mapping theorem, we characterize the latter process
as the unique solution of a martingale problem. For the sake of transparency we restrict the main part
of our presentation to a prototypical example with two types, which contains the essential features. In
the final section we outline an extension to processes with multiple types including mutation.

Keywords. Birth-death particle system, lookdown process, tree-valued processes, selection, density-
dependent competition, selective lookdown space, fluctuating population size, genealogy.
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1 Introduction

The aim of our paper is to give a pathwise construction for the joint evolution of population size,
type frequencies and genealogies in a continuous state branching process with interactions due to type
dependent selective advantage in reproduction and type density dependent competition. Such processes
model large populations whose individuals are distinguished by their types. The sizes of the populations
and their type structures are fluctuating due to individual births and deaths, where certain types may
have a selective advantage in the fecundity, and others may have a disadvantage against some other
types, say in the competition for resources. We are interested here in these dynamics but also in that
of the genealogies of the individuals composing these populations, which consist of the collection of their
ancestral paths, i.e. the succession of their ancestors with their types. We demonstrate the strength of
the approach in a prototypical example with two types, one of them having a selective advantage, the
other one having a competitive disadvantage. This restriction is mainly for presentational reasons; in
Section [6] we will outline an extension to more general processes with multiple types, including mutations.

We take the so-called lookdown approach that has been developed by Donnelly and Kurtz in order
to construct and study the evolution of continuum populations with a general type space in terms of a
countably infinite particle system. In two seminal papers, these authors treated two distinct cases: that of
populations with constant sizes under selection (and recombination) [I1] and that of neutral populations
with fluctuating population sizes [12]. In the present work we consider selection and competition combined
with fluctuating sizes. One of our key results, Theorem [2.2] extends ideas in the proof of [11}, Theorem 4.1]
to a situation where the total mass is a stochastic process whose dynamics depends on the type frequencies,
and thus opens the way for a synthesis of the settings of [II] and [I2]. In both of these papers the
evolution of the (relative) type frequencies and the genealogies are encoded in an infinite particle system
that describes the reproductive events. In [I1] the population size (or total mass of the continuum
population) is assumed to be constant, while in [I2] it is accounted for in a separate process, which is
autonomous due to the neutral setting considered in that paper. This is no longer the case in our setting
where additional births and deaths occur in the infinite particle system due to selection and competition
which depend on and also impact the evolution of the population size.

While many considerations pertaining to genealogies and ancestral lineages are already present in and
between the lines of [I1] and [12], the power of the lookdown approach for studying evolving genealo-



gies has unfolded more recently, several years after Evans [17] characterized Kingman’s coalescent as a
random metric space. The lookdown representation of the evolving populations in terms of exchange-
able particle systems comes with a graphical representation that provides a genealogy in a natural way.
A central tool for proving Theorem are the sampling measures on the neutral lookdown space, which
is the completion of R} x N with respect to the (random) semi-metric given by the (neutral) genealogical
distances. The concept of the (neutral) lookdown space has recently been introduced in [20] to obtain (in
the neutral case and for constant population size) a pathwise construction of tree-valued Fleming-Viot
processes. This is reviewed in Section |3| and Theorem is proved in Section 4! In Section [5| (see also
the preview in Sec. we will construct what we call the selective lookdown space with fluctuating
population size. This space will carry the sampling measures which will serve to update the type con-
figuration as well as the genalogical distances at selective events, see Sec. The selective lookdown
space provides a ‘global’ description of the genealogies as a random metric space. Our paper provides
also a ‘dynamical’ construction of the latter, with the Theorem that establishes a system of SDE’s
(with unique strong solution) for the joint process of total mass, genealogical distance matrix, and type
configuration. Exploiting the exchangeability that comes with the concept of sampling, we then turn
to the symmetrization or “unlabelling” of the lookdown genealogies. As states that describe the type
distributions and genealogies, we use here the isomorphy classes of marked ultrametric measure spaces
introduced in [I8] [8, 9] which can be thought of as marked distance matrix distributions. Theorem
then characterizes the joint evolution of genealogies and population size in terms of a well-posed mar-
tingale problem. This result is proved by a two-fold application of Kurtz’ Markov mapping theorem, see
Sections and

While we provide a solution of this martingale problem from specified sources of randomness (the
Brownian motion W and Poisson point processes £ and K defined in Section, a more common approach
for showing the existence of a solution would be to deal with tightness of finite approximations. In our
setting, apart from being less constructive, this approach may cause serious technical problems. One of
the few papers in which a martingale problem for continuum tree-valued processes including pairwise
(competitive) individual interactions (and fluctuating total mass) has been treated via tightness is [27].
Note however that there the distances between individuals are measured in terms of numbers of mutations,
whereas we measure distances in terms of times back to the most recent common ancestor of the two
individuals. In [9] tree-valued Fleming-Viot processes with mutation and type-frequency dependent
selection are constructed, but there constant population size is assumed. Our contribution here is to
also provide a lookdown representation of the genealogies that completes the picture: we construct the
genealogies as a metric space, endowed with sampling measures, which, in an appropriate sense, locally
look like the neutral genealogies in absence of selection and competition, with modifications related to
the selective and competitive events.

We use the Poisson process L of lookdown events (see Section [2) to encode the elements of neutral
genealogies, but note that there exist also alternative routes for doing this. One of them is along the
continuum random tree and Brownian excursions ([I}, 2, B1] or [19, Ch. 4]), with certain deformations of
these objects to model competition ([3, B0, 34]) although the introduction of types is not straightforward
in these models and in the cited references the competition depends on the individuals’ left-right order
encoded in the excursion. Another one is Kurtz and Rodrigues’ lookdown representation with a continuum,
of levels [29], which has recently been extended by Etheridge and Kurtz [I4] to a variety of models
including selection and competition, but with less emphasis on evolving genealogies.

Recent work on evolving genealogies in the neutral case, with a focus on heavy-tailed offspring distri-
butions, has been reviewed in [24]. Evolving ancestral path configurations under competition are studied
in [33, 25] or [6, 22], building on the framework of historical processes which was pioneered in [7, [13].
Inference methods in the presence of selection, varying population size and evolving population structure
are described in [32], extending results of [5]; in the latter models, a time-scale separation allows to treat



separately the type structure and population size on the one hand, and the genealogies on the other hand.
In the present paper, however, we deal simultaneously with interactions, demography and genealogies.

2 Model and main results

2.1 Population size and type frequencies

In order to make the conceptual novelties and essentials as transparent as possible, we will restrict
ourselves in the main part of this work to a population with only two types, A and B. An extension of
the results to more general type spaces and including mutations is outlined in Section [6] We will denote
by I = {A, B} the type space, and by ¢4 and €P the processes in continuous time corresponding to the
sizes of the type A- and type B-populations. Intuitively, these populations consist of a continuum of
individuals with infinitesimal masses; the concept of sampling measures, which we will recover also in the
selective lookdown space, makes this intuition rigorous.

The population size or total population mass at a time ¢ > 0 is & = 5{4 + 55. We define the type
frequencies or proportions of types A and B as

i = gl 0 py = gl 0
t 3 {&>0} » t 3 {&>0}

The system we are going to consider as a prototypical case is a two-type Feller branching diffusion with
interactions

deft = bt — cgfef dt + \/haw? O
deB = —cePef at + \/eBdW P, b>0,c>0,

where W4 and W5 are independent standard Brownian motions. The processes W4 and W5 drive
the fluctuations due to natural births and deaths in the diffusion limit of branching populations. The
nonnegative constant b is the coefficient of the intensity of additional births of type A-individuals due
to their enhanced fecundity, whereas c is the intensity of additional deaths of individuals due to their
competition against all individuals of the opposite type. Such a system of equations can be seen as arising
from the limit of finite particle systems. In [I6, Ch. 9 Sec. 2 p. 392] this is proved in the case ¢ = 0; then
both €4 and &7 are independent Feller diffusions.

The following proposition, whose proof we will include at the end of Section [5] guarantees existence
and uniqueness of a strong solution of and states the long time behavior of (¢4,£5), namely that
the process &8 gets extinct in finite time almost surely, while €4 becomes either trapped in 0 or diverges
to +oo0.

Proposition 2.1. Let §0A and fé‘a be strictly positive and let W4 and W% be independent standard
Brownian motions. Then there exists a unique strong solution (£4,¢5) to for all times t € Ry.
Moreover, for the extinction times of ¢" for h € {A, B}, which are defined by 7§ := inf{t > 0: & = 0},
we have:

(i) P(rf <o0) =1.
(i) If b >0,

P (7'64 <o0) €(0,1), P (7’64 < oo’ﬁ% > O) €(0,1), P (tli)m ¢ = 00’7'64 = oo) =1

(ili) If b =0, then P (75! < 00) = 1.



As announced in the Introduction, our main goal is the characterization of evolving marked genealogies
that underlie the system . It turns out that an accessible way to this goal leads via the total mass
process € = EA++£8. Adding the two equations in (I]) leads to the following stochastic differential equation
(SDE) for ¢ and the type proportions uf, ub:

dé; = (bpi' & — 2 pP &F)dt + /& AW, (2)

with W a standard Brownian motion. Equation cannot be solved in terms of W without knowing the
type frequencies pf', uf (which in turn are obtained from ); in this sense is not autonomous. In
addition to W, which takes care of the fluctuations of the population size in the interplay with the current
type proportions, the other drivers of the evolving marked genealogy that will trigger the (neutral and
selective) reproductive events will be Poisson point processes that come up in the lookdown framework
described in Section Closing the circle, Proposition Will then guarantee that the pair (5‘4, ¢B) can
be restored from the total mass process & together with the evolving marked genealogy Y, thus rendering
a weak solution of . The process Y will be described in Section and defined in Section
The following time change will be instrumental (see also [12]):

t
Fis s = s(t) ::/O ;dv, G =& (3)

For reasons explained in Section the timescale s will be called the lookdown timescale. In Section
we will provide a system of stochastic differential equations that describes in this timescale a population
size process (Cs) together with an evolving type configuration (G) whose state space is IV (with T =
{A,B}) and to which we will associate a process of type frequencies (u%*), see Theorem As a
corollary, transforming back to the timescale ¢ via , the resulting process (¢ s(t),uGS(U 1A}, Cspyp s { B})
will provide a weak solution of , see Proposition

In the neutral case (b = ¢ = 0), (&) is a standard Feller diffusion, and the process (u;') after the
time change (3]) turns into a standard Wright-Fisher diffusion (e.g. [23, Ch. IV.8]). The correspondence
(62, €B) < (&), (1, 1)) is thus an interactive counterpart of Perkins’ desintegration of super-Brownian
motion into a Feller branching diffusion and a time-changed Fleming-Viot process (see [I5] p. 83, [35]).

2.2 Genealogies

The marked genealogy of the continuum population at some fixed time is described by the joint dis-
tribution of pairwise genealogical distances and types of a sequence of individuals that is drawn i.i.d.
according to a prescribed sampling measure. In order to formalize this, and to define the space of marked
genealogies, we recall a few concepts. In our context, genealogical distances of contemporaneous individ-
uals are described by a semi-ultrametric, i.e. a semi-metric d that satisfies the strong triangle inequality
max{d(x,y),d(y,z)} > d(z,z). The prefix semi means that d(z,y) = 0 does not imply = = y, corre-
sponding to the fact that at the time of a reproduction event, the “mother” and her “daughter” have
genealogical distance 0, while being considered as different individuals.

Marked metric measure spaces have been introduced by Depperschmidt, Greven, and Pfaffelhuber [§].
An I-marked ultrametric measure space is a triple (7, d, m) where (7, d) is a complete, separable ultrametric
space and m is a probability measure on the Borel sigma algebra on the product space 7 x I. In our
context, such spaces (7,d) will arise as completions of semi-ultrametric spaces, after first identifying
elements of distance zero, see Definition a) in Sec. m

The marked distance matrix distribution of an I-marked ultrametric measure space (7,d, m) is de-
fined as the distribution of ((d(V;, V}))i jen, (Hi)ien) where (V;, H;);en is a sequence in 7 x I, i.i.d. with
distribution m. (Here and below, N = {1,2,...} denotes the set of natural numbers. Recall also that



I ={A, B}). Marked ultrametric measure spaces with the same marked distance matrix distribution are
called isomorphic.

The space of isomorphy classes of I-marked ultrametric measure spaces will be denoted by M, and
will be called the space of marked genealogies. This space M, equipped with the marked Gromov-
weak topology in which elements of M converge if and only if the associated marked distance matrix
distributions weakly converge, is Polish [§]. In Theorem we will characterize an (0,00) x M-valued
process (£,Y) by a stopped martingale problem (in the sense of [16, Ch. 4.6]). The first component of
this process will describe the population size, and will give a weak solution of . The second component
will describe the marked genealogy, with the type frequencies being a measurable function of the latter.

2.3 Lookdown representation of the joint process of population size, type frequen-
cies, and genealogies

We are going to provide a representation of the just mentioned process (£,Y) in terms of a process (¢, R, G)
which will be the unique strong solution of a system of SDE’s in the time scale (3)), see Theorems
and The process R will take its values in the semi-ultrametrics on N (which we will address as
distance matrices for short). The underlying graphical representation includes, in addition to a Brownian
motion W, a pair (£, K) of Poisson point processes (defined in Sec. [2.3.2)). The triple (W, £, K) does not
only drive the process (¢, G) in terms of an SDE (see Theorem , but also the process R, see .

We will deduce in Proposition that (¢, R, G) solves a well-posed martingale problem. This will
be an essential ingredient for the proof of Theorem which provides the characterization of (£,Y)
in terms of a well-posed martingale problem. This proof, like the one of Proposition will rely on
an application of Kurtz” Markov mapping theorem [28], which for our purposes turns out to be more
adequate than its modification in [14] (see Remark [5.6)).

Individuals living in the lookdown system at time s are coded by (s,i), i = 1,2,.... (As we will see
from the constructions explained in Sec. this is only a subset of the uncountably many individuals
living at time s, namely the subset consisting of those individuals who have an offspring that survives for
some positive amount of time.) The second component of (s,) is called level; it labels the individuals
alive at time s and having an offspring at some time strictly larger than s. The graphical construction
will allow to reconstitute the ancestral paths of the individuals (s,4). The evolution of the genealogical
distances and the types of these individuals will be described by the process

X = (R’ G) = ((RS7G5)SG[O,G)))
where o is the time at which ¢ goes to extinction or explodes,
o:=inf{s >0:( =0 or ;- = oco}. 4)

The second component Gy = (G4(i))ien € IV of this process is the type configuration at time s. The
first component R, = (Rs(%,7))ijen is a random semi-ultrametric on N that describes the genealogical
distances between the individuals at time s in the time scale of the interactive branching system . That
is, if the most recent common ancestor of (s, ) and (s, j) lived at time s’ < s, then R(4, j) = 2(t(s)—t(s')),
with

t(s) := / Cu du (5)
0
being the inverse of the time change .

We think of our initial value (Ry,Go) as the genealogical distances and the types of a sequence of
individuals that are drawn independently at random from an infinite population at time 0. Specifically, a



basic assumption made throughout the paper will be that (R, Go) is distributed according to the marked
distance matrix distribution of some I-marked ultrametric measure space (as defined in Sec. [2.2)).

Obviously this assumption implies that the pair (Rp, Gop) is exchangeable in the sense that for all
n € N and all permutations 7 of [n] = {1,...,n} one has

((Ro(i,5))1<i,j<n » (Go(4))1<i<n) < ((Ro(m (@), 7(5))1<ij<n » (Go(m(i))1<i<n)- (6)

Conversely, a version of the Gromov-Vershik representation theorem (|21, Corollary 3.12]) ensures
that each (Rp, Gp) obeying @ can be realized as the second step in a two-stage experiment, whose first
step is the random choice of (an isomorphy class of) a marked ultrametric measure space (or equivalently
of a marked distance matrix distribution), and whose second step is the marked distance matrix that
arises by an i.i.d. drawing from that marked ultrametric measure space.

Let us remark that also the trival initial condition Ry(i,7) = 0, 4,j € N, together with an exchange-
able G, fits into this framework as a special case.

2.3.1 Type configuration and type frequencies

The process X = (R, G) provides “microscopic” information on the type configuration and genealogies
of the individuals in the lookdown system. The fluctuations of the population mass obtained from
and the time change deal with “macroscopic” quantities and are not seen directly in the lookdown
representation. However both scales are coupled: we will see that the type frequencies arise from the
microscopic (i.e. individual-based) type configurations and appear in the coefficients of the SDE whose
solution in turn will impact the local dynamics of the lookdown levels.

For a type configuration g € IN we will say that g admits type frequencies if the limiting measure
J;%D )

exists in the weak topology on M!(I), the space of probability measures on I (which in our case with
two traits simply means that pu9{A} := lim, % Dy 1(g(i)—ay exists). We will then call u? the type
distribution belonging to g.

We will construct the type process G in such a way that it a.s. admits type frequencies at every time s,
hence allowing to read off the proportion u“s{A} of type A at time s from the configuration (G(4))sen.

These proportions will play a role in the dynamics of genealogies and type configurations (see ([10))
and below), and also in the SDE for the total mass process, which in view of the time change ,
becomes:

d¢s = (b { A} — 2ep{AYp{B} () ds + (W, (8)

where W is a standard Brownian motion. Similarly, becomes
dest = bu{AY¢lds — cu { A O {BY( ds + /¢ ]!

(9)
d¢P = —cp© { By { A} ds + £/ CB¢ dWP,

where WA and WP are independent standard Brownian motions. Possible explosion or extinction events
are treated at the beginning of Section [2.3.5



2.3.2 Pathwise construction of the lookdown process

The construction of the process ({5, Gs) se[0,0) 18 achieved via the so called ‘lookdown’ graphical construc-
tion. The ingredients are

(I1) a standard Brownian motion W = (W;)s>0,
(I2) a family (L;;)i jen,i<j of independent rate 1 Poisson point processes on Ry,

(I3) a family (K;);en of independent Poisson point processes on Ry x Ry x [0, 1] x {3, } whose intensity
measure is the product of the Lebesgue measure on Ry x R4 x [0, 1] and of the counting measure

on {5? 5}7

where the random elements in (I1), (I2) an (I3) are independent. Here and below we use the notation
R4 :=[0,00). The first component of the state space of K; is the time axis, its second and third component
will serve as activation level and sampling seed at the corresponding events, and the symbols 5 and ¢ will
mark the potential selective birth events and the potential competitive death events, respectively; see the
update rule and the explanations preceding it, as well as the illustration in Figure The family
(L;;) can be combined to a Poisson point process £ on Ry x {(i,j) € N2 : 1 < i < j < oo}, and the
family (IC;) can be combined to a Poisson point process K on Ry x U {i} x Ry x [0,1] x {,d}. In

eN
this way L;; corresponds to the restriction of £ to Ry x {(4,7)} and (K;) to the restriction of K to
Ry x {i} x Ry x [0,1] x {B,d}. In summary, the Brownian motion W drives the fluctuations of the
population size, £ encodes the neutral birth events, and K encodes the potential selective events affecting
the levels in the graphical construction.

To each atom of L;; (for i < j), say at time s, we associate an arrow starting from (s,4) € Ry x N and
directed to (s, 7). This arrow corresponds to a natural birth for the individual at level i at time s, placing
an offspring of the same type at level j. Levels that were equal to or above j at time s— (i.e. levels k € N
such that k > j) are shifted up by 1. See Figure [I| and cf. also [36]. This lookdown process can be seen
as the limit of a finite particle system as described in Donnelly and Kurtz [I0] where individuals with
highest levels are removed at natural death events. That is why, heuristically, the natural death events
are not seen any more on finite levels in the limit of infinitely many particles of small masses, as the
highest level tends to infinity. It is now the varying population mass ({s) that tracks the changing mass
due to demographic events.

To obtain the (effective) selective births and the competitive deaths, we will use a state dependent
thinning of the Poisson point processes K;, to take into account the dependencies with respect to the rest
of the population. As already mentioned, the marks 8 and ¢ specify whether an atom of K; corresponds to
a potential selective birth or a potential competitive death. The variable s is the time at which the atom
is encountered. The probabilities with which the potential selective births and the competitive selective
deaths become effective involve interactions and thus depend on the state of the process. Consequently,
our pathwise construction works with an acceptance-rejection rule that uses the marks (z,w) € Ry x [0, 1].
Before we give a definition of the rule in (10)), we explain it in words (see also Figure [2] for an illustration).
The rule is in accordance with @:

e To an atom (s, z,w) of K;(. x {B}) with s < o and z < bu%-{A}(s_ corresponds a selective
birth: the individual sitting previously at level ¢ is replaced by the daughter of an individual chosen
‘uniformly’ from all the individuals of type A that live at time s—.

e To an atom (s, z,w) of IC;(. x {d}) with s < o corresponds a competitive death if G5 (i) = B and
z < cp®—{A}C2 , orif Gs_(i) = A and z < cu®—{B}¢2_. Then the individual at level i dies from
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Figure 1: Neutral genealogy in the lookdown representation: individuals correspond to levels (abscissa), and time
runs along the ordinate axis. The neutral genealogy uses only atoms of the Poisson point process L;; (for i < j).
(a) The atoms of L;; correspond to arrows from level i to level j. (b) Using the arrows one defines a ‘neutral’
genealogy: an arrow from i to j at time s corresponds to indiwvidual © at time s giving birth to a daughter (of the
same type) at level j. Levels that were above j at time s— are shifted up by 1. Given the arrows and the type of the
ancestral individuals (at the bottom of the picture), it is possible to reconstruct the types in the population at every
time for the neutral genealogy by following the lineages back in time (travel along the arrows in opposite direction,).

the competition pressure exerted by the other type and is replaced by the daughter of an individual
chosen ‘uniformly’ from all the individuals that live at time s—, irrespective of their type.

The way to sample an individual ‘uniformly’ from all the individuals alive at a certain time will be
described in Sec. and will be formally specified in Sec. [3l Indeed we will show that it is possible
to define (random) sampling measures mfs—%s=(df, dh) on T x I where T will be the completion of the
set of levels N with respect to the ultrametric Rs_ that will be described in Sec. and constructed
in Sec. Bl

To implement the acceptance-rejection rule mentioned in the previous paragraph, we will make use of
a measurable mapping s : M1(I) x [0, 1] — T which is such that for a random variable Y that is uniformly
distributed on the interval [0, 1], and all v € M'(I), the random variable x(v, T) has distribution v. This
will allow us to construct random variables with a prescribed distribution v, using the third component
of an atom of the Poisson point measures K; as input for x(v,.). Recall that this third component is
uniformly distributed on [0, 1].
Our update rule for the process of type configurations G works by means of a mapping

¢:IxIN xRy xRy x [0,1] x {8,0} =1

which prescribes how to change the type g(i) given Gs_(i) = h, Gs— = g and (s = v, and given there is
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Figure 2: The Poisson point measures K;, i € N appear on top of the neutral lookdown representation. Their atoms

°
5

correspond to potential selective births (marked as o) or potential competitive deaths (marked as x ). Together with
the individuals (0,1) they form the roots of the fragments of Z, see Sec. Each potential event may become active
or not, according to the acceptance-rejection rule (10) explained in the text. At an active event, the individual at the
existing level is replaced by the “daughter” of an individual sampled at random among the A individuals (selective
births) or among the whole population (competitive death).

an atom of IC; at (s, z,w, 8) or (s, z,w,d). Specifically, we put for a g that admits type frequencies

A if z<buy{A}wv,
h,g,v,z,w,pB) =
alh.g #) {h otherwise,
k(pd,w) if z<cpd{B}v? and h = A, (10)
q(h,g,v,2,w,0) = or z < cud{A}v? and h = B,
h otherwise.

As in [I1], Section 4] we identify the type space I = {A, B} with the additive group {0,1}. This
corresponds to considering 1(g, (;—=p) instead of the type Gs (1) itself and allows to formulate more easily
our SDE for the process of type configurations (Gs). With an initial condition Gy admitting type
frequencies according to , this is

Guli) = Goli) + 3 [ (Gur(i) = G ()L (0)

i=1 [0:]

+ D /[07S](Gu— (7= 1) = Gu-(4))dLi(u) (11)

1<i<k<j

+ (@G (3), G G 20,) = G (7)) (1, 2,0, ),
[0,s] xR x[0,1]x{B,0}
for j € N.

The following theorem characterizes the mass and type configuration process (¢, G) with the triple
(W, L,K) as the source of randomness, and also asserts the fact that a.s. G admits type frequencies at
any time.

10



Theorem 2.2. Let GGy be exchangeable. Then the system , for the total mass process ((s) and
the type configurations (Gs) has a unique strong solution, up to the possibly infinite time o defined in (4))
at which ¢ goes to extinction or explodes. For this unique solution, a.s. the type frequencies u“ and
pCs= (as defined in (7)) exist for all s € [0,0), i.e.

SRS R
pCe{A} = lim = 1g m-ay, #{A} = lim = g, @-ay- (12)
i=1 =1

n—oo N 4 n—00 N 4

Moreover, s — % {A} and s+ (, are a.s. continuous.

Here we set 0— := 0. The proof of Theorem will be given in Section [4] based on the preparations
in Sections and In Section we will build the genealogy with selection and competition on
top of the neutral genealogy. The next two subsections will explain the main ideas and tools of this
construction.

2.3.3 Filling in the ancestry: from the neutral to the selective lookdown space

With the total mass process ( and the type configuration process GG being provided by Theorem we
can construct the ancestral lineages and “fill in” the process R in a pathwise manner. In this subsection
we will explain the graphical construction of the process R on top of (¢, G, L, K).

A crucial role will be played by a family of sampling measures. These arise as follows. As illustrated
by Figure [1| (see Section [3| for a formal definition), the Poisson point process £ together with the ini-
tial random semi-ultrametric Ry give rise to a (Rp, £)-measurable random semi-metric p(® on R, x N,
where p(©((s, 1), (s',i)) is the genealogical distance of (s,i) and (s,7') in the neutral case (i.e. without
considering the atoms of the Poisson point measures K associated with selective births and competitive
deaths). The completion of (Ry x N, p(0) is denoted by (Z, p(©), and called the neutral lookdown space.
The completion is done realization-wise; in this sense one should think of (Z, p(o)) as a random metric
space. In slight abuse of notation, we refer by (s,7) € Ry x N also to the element of the metric space after
the identification of elements with distance zero and the completion, that is we also assume Ry x N C Z
in this sense. The space (Z, p(?)) describes the continuum of all individuals ever alive, together with their
distances in the neutral genealogy.

It is known ([20], Thm 3.1) that there exists, on an event of probability 1 that does not depend on s,
a family (mg)s>0 of probability measures on Z such that

R ol
mg = wW- nhj& E ; 6(3,1’); Mg — W- nhHHOlO E ; 5(57,1-), (13)
where (s—,i) := limgq4(s’,4) in (Z, p(®)). Here and below, w-lim denotes the weak limit of probability
measures. In the underlying topology on Z is provided by the metric p(®). From [20, Thm 3.1], it
also follows that s — mg is a.s. continuous with respect to the weak topology on (Z, p(o)). The measures
mg allow to “sample uniformly” from the population at time s, and will be called the (family of) neutral
sampling measures.

Definition 2.3. a) For a semi-ultrametric r € RNQ, we define T" as the completion of (the set of levels)
N with respect to r. For r € RN that is not a semi-ultrametric, we define T" in an arbitrary way, for
definiteness as T" = {1}.

11



b) Given a marked distance matrix (r,g) € RN x IV, we say that (r,g) is proper if r is a semi-

ultrametric on N and N

1
m™9 = w- nh—>n<;o ﬁ Z_Zl 5(179(1)) (14)
exists on T" x I, endowed with the product topology. We will then refer to m™¢ as the (marked) sampling
measure obtained from (r, g). If (r, g) is not proper, we define m™9 in an arbitrary manner, for definiteness
as m"™9 1= (1 4)-
¢) Let m" = w-lim,, % >4 9; denote the projection of m™9 to T". If, for a proper marked distance
matrix (r, g), there exists a measurable function g : T" — I such that

m"9(d(0,h)) = " (d0)85)(dh), O €T, hel, (15)

we will speak of g(0) as the type carried by the individual . Note also that in this case, the type
frequencies p9{A}, p9{B} correspond to the projection of m™9 on the type component h € I.

In Section [5, we will extend the concept of the neutral lookdown space to our present setting by
constructing a selective lookdown space. Here is a short preview. On each level i, selective births and
competitive deaths can occur only at the discrete time points given by ;. This discreteness allows to
dissect the neutral lookdown space into countably many fragments, rooted in those points (s, j) that carry
atoms of IC or belong to {0} x N. Each fragment consists of the completion of all the lineages descending
from the ancestor (s, j) until a selective birth or a competitive death affects them. Hence, each fragment
is monotypic, inheriting the type of its root, whose type, in turn, is determined by G from Theorem
(see Figure [2| for an illustration).

To describe all individuals ever alive by a connected metric space, we continue the ancestral lineages
backwards in time until they hit a root, that is an atom of K), say at time s. We say that a root is
active if the activation condition (i.e. the corresponding first condition of (10)) is fulfilled (otherwise,
the selective fecundity event or the competition event proposed by K do not happen). If a competition
event occurs at time s, then choose the parent individual, i.e. the individual that continues the ancestral
lineage backwards in time, according to mg. If a fecundity event occurs at time s, the individual which
reproduces is drawn according to mg conditioned on the fragments being of type A. This yields, up to
the time change given by the total mass process ( as indicated in the next paragraph, a random metric
space (Z , ), which is our selective lookdown space, see Definition

This definition will also specify the genealogical distances R as a function of the metric p and
the initial distances Ry. Here is an informal description: In the definition of Rg(i1,i2), i1,i2 € N, we
distinguish two cases. In case the ancestral lineages of (s,i1) and (s,i2) meet between times 0 and s, we
transverse the geodesic from (s, i) to (s, ) in (Z, p) with speed 1/(s_,, when passing through an ancestor
that is time u back from s. The duration one needs to pass through this geodesic is then equal to R4(%, j).
In case the ancestral lineages of (s,1) and (s,i2) do not meet between times 0 and s, then their levels at
time 0 are different. Denoting these levels by a1 and ag, we then obtain Rs(i1,12), by adding the distance
Ry(ay,az) to the sum of the durations to reach (0,a;) from (s,i1) and (0, as) from (s,1i2).

2.3.4 Updating the distance matrix at neutral and selective reproduction events

In this subsection we describe the updating rule of (R, G) at the time of a reproductive event, i.e. at
a time s at which the process £ or the process K has an atom. First we consider the neutral events.
When an atom of £;; (i < j) is encountered at time s, the individual at level ¢ puts a daughter at level
j, pushing the levels previously above and including j up by 1. We define the corresponding update

12



V;.i(r,g) = (9;,5(r),9; ;(g)) of a marked distance matrix (r,g) € RN » IN by putting for i < j and £ € N

g9(0), £<j,
(93,3 (9))(£) = q 9(d), t=j, (16)
g(ﬁ - 1)7 > j7

and by defining (¢; j(r))(¢,m) as the function symmetric in ¢, m € N such that (9; ;(r))(¢,¢) = 0 and for
{<m

r(¢,m), 1<l <m <y,
r(l,1), 1</l<j=m,
(Wi5(r))(l,m) = S r(l,m — 1), 1<l<j<m, (17)
r(i,m—1), =7 <m,
rl—1,m—1), j<l<m.

In a selective birth or a competitive death, the individual at some level j € N is replaced by another
individual from the closure of the present population. Specifically, for a marked distance matrix (r, g) €
RN x ]INl let T be the completion of (N, r) with respect to r, and let §# € T, b’ € 1. Then the corresponding
update ¥ ¢/ (7, 9) = (¥56(r), ¥ (g)) is done by putting

(F(9))(0) = {Zf” i (19
~ ) re,m) i £,m # g,
(06, m) = {M’ SO (19

and ¥, ¢(¢,m) as symmetric in £,m, and 9, 4(¢, ) = 0.

With the rule just described, we can read off the jumps of the marked distance matrix process (R, Q)
at those times s which are charged by the Poisson point process K. Let us explain how the changes are
parameterized by the variables attached to the atom of K at time s.

Rs—Gs— (where we remark

If K; has an atom in (s, z,w, d), then we need to pick an individual from m
that (Rs—,Gs_) is a.s. proper, see Corollary .
Given (r,g) € RV x IV , the pick of an individual from m"™9 can be obtained from a measurable mapping
w — (0M9(w), h™9(w)) from [0,1] to T" x I (see Def. which transports the uniform distribution on
[0,1] into m™Y. We can now specify the x(u9, w) appearing in as

k(p?,w) = h"9(w). (20)
Then:
Q%.ﬁRS,,cS,(w%hRs,,cs,(w)(Rs,, Gs ) ifz<c¢ pu%-{A} and G,_(j) = B
(Rs,Gs) = or z < cC? p%-{B} and G,_(j) = A, (21)

(Rs—,Gs—) otherwise.

If K has an atom in (s, z,w, 3), we need to sample an individual from m"9(df,dh | h = A). Let
w — (0"9(w), h"9(w)) be a measurable mapping from [0,1] to T" x I which transports the uniform
distribution on [0, 1] into m"™9(d@,dh | h = A). Notice that here, we necessarily have h"9(w) = A. Then,

19j,§RS*’GS*(w),A(RS—a G, ) ifz<bl_pC—{A}

22
(Rs—,Gs—) otherwise. (22)

(Rsv GS) = {
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In a nutshell, we can embed all the preceding updating rules into a single SDE:

Ry(i,j) = Ro(io ) +2 | GudRuif)+ 3 / (e (Ru )i, 1) — o (i,9)) AL ()
(0,5] 1<k<t<;j’[0:5]
+ / (G (K)=B,2<ec_uCu-{A} w=5)
ked{i,j}

X (19]979Ru—vcu—(w)7hRu—vGu— (w) (Ru—7 Gu—)(%]) - R’u— (Z,]))dle(lh Z? w? (/J)

+ Z / LG, (=A< uCu—{B},w=s}
ked{i,j} [0:s] (23)

X (ﬂkﬂRu* Gu— (w),hRu* Gy (w) (RU—7 GU—)(Zv .7) - RU— (Za ]))dK:k‘ (U, Z, W, w)

+ ) / Locben pGu(A},0=p)

kedinj}
X (ﬁkﬁRu, Cu— (w),hFu—>Cu— () (Ru,, GU*)(Zv ]) — Ry (Z7 ]))dlck (uv 2, W, (/J),

where we write (1, ¢')(¢,7) := 7'(i, ). In the light of the above constructions, the following result is now
an immediate consequence of Theorem [2.2]

Theorem 2.4. Let (Ry, Go) be distributed according to the marked distance matrix distribution of some
[-marked metric measure space. Then the system , , of SDE’s has a unique strong solution
(Csy Rs, G's)sefo,0) up to the stopping time o defined in , and this process (¢, R, G) is Markovian.

2.3.5 A well-posed martingale problem for the evolving lookdown genealogy

Let (W, L, K) be as in Sec. and let ({, R, G) be the process provided by Theorem ([2.4). The process
¢ can touch zero or explode in finite time; this happens on the event ¢ < oo with o being defined in .
The time o is announced by the following sequence of stopping times op;, M € N:

=inf{s >0, ¢ ¢ (1/M,M)}. (24)
With b and ¢ being the parameters that appear in , we set
Cyr = (bV c)M?. (25)
Let us now introduce the state space for the process ((, R, G) stopped at oj;. We define:

Ear = (47, M) x B < 1) U{Ay) (26)

where (ﬁ, M ) x RN x IV ig equipped with the product topology and where Aj;; is a cemetery point
such that a sequence (v, 7y, gn) of Ejs is said to converge to Ay if either v, — ﬁ or v, — M asn — oo.

Next we display the generator of ((, R, G) restricted to appropriate test functions F. For n € N, let
ni Ry x RN SRy xR (v, 1) = (v, (r(4,7))1<i,j<n), be the restriction map. We define D; ps as the
set, of those functions f : (ﬁ, M) x RN’ — R for which there exists an n € N, a compact set C C (ﬁ, M),
and a bounded infinitely differentiable function ¢ : (ﬁ, M) x RN R, all whose derivatives are bounded,
such that ¢(v,r) = 0 unless v € C, and f = ¢ o py.
Let Dy be the set of those functions v : IN — R for which there exists an n € N such that v(g)
depends only on the first n coordinates of g.
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We now consider functions F': Ej; — R of the form

F(v,r,9) = f(v,7)v(9) (27)

for (v,r,g) € Ep with v € (1/M, M), where f € Dy, v € Da. Here we also assume that F' is continuous
in Aps. The smallest possible n € N which fits to the required representations of f and + will be called
the degree of F'. We write F,; ;) for the partial derivative of F' with respect to the variable r(i, j), and
F, for partial derivatives of F' with respect to v.

Let 1; ; and 1§j,97h/ be as in , , and . For a pair (r, g), let m™9 be the marked sampling
measure as in , and p¢ be the second marginal of m™9, which is equal to the type distribution
belonging to g. Let F' be as in with degree n and (v,r,g) € Ep with v € (1/M, M). Then we define
AF as follows:

2

AF(v,r,9) = 5 Foo(v,1,9) + (W?n{A} — 200w { A} { B}) F, (v, 7, 9)
+2v Z Fr(z,]) (’U,’l“, g)
1<i#j<n
+ Y (F(o,0i5(r,9)) = F(v,7,9))
1<i<j<n
g 9 (28>

+CU K {A}Z T ]I de dh’ )l{g(j) B}( (Uaﬁj,a,h/(r79)) —F(v,r,g))
T X

+cv MQ{B}Z/T : m"9(d6, dh' )1y jy=ay (F (0,950, (1, 9)) — F(v,7,9))
T X

n

+ bv Z/[[‘ 1 mng(dea dh/)l{h’ZA} (F(Uv lgj,Q,h’ (T7g)) - F(Ua T, g))a
j=1"0

and we set AF(Ap;) = 0. Let Dy be the linear span of the constant real-valued functions on Ejy
(defined in (26))) and all functions of the form (27). The linear extension of to Djs will again be
denoted by A.

Proposition 2.5. For all M > 0, the process (Csaoy, s Rsaon s Gsaoa )s>0 solves the martingale problem
(A, Dyy), and this martingale problem is well-posed.

The proof of Proposition 2.5 will be given in Section [5.2] This proof will heavily rely on Theorem 24
but the uniqueness part will need additional arguments. The first one of these (Proposition [5.5)) will be
to establish a well-posed martingale problem for a refinement (¢, R, G, A), where A counts the points of L
and /C, and thus keeps track of all the essential graphical ingredients that are needed to specify the jump
distribution of R at these points. The second step will complete the proof of Proposition by applying
Kurtz’ Markov Mapping Theorem, thus projecting to a well-posed martingale problem for the first three
components (¢, R, ). Let us also mention that a similar strategy has been applied in Lemma 4.2 in [11]
in a situation without the components ( and R, i.e. for a dynamics with constant population size and
without consideration of the genealogies.

2.4 A well-posed martingale problem for the evolving symmetrized genealogy

Let ((s, Rs,Gs), s < o, be the process provided by Theorem In Corollary we will prove that a.s.
(Rs,Gs) is proper in the sense of Definition From this, we define a process of marked genealogies
(see Sec. [2.2) whose state at each time s is the isomorphy class of the marked ultrametric measure
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space (TR, Ry, mf:¥s) (again see Definition . Recalling the notation X = (Rs, G;), we denote this
isomorphy class by ¥(X5).

For x € M, the space of marked genealogies (see Sec. , we will write vX for the marked distance matriz
distribution obtained from Y, i.e. the distribution of (RX, GX) where RX is the distance matrix and GX is
the type configuration of a sequence drawn i.i.d. from the sampling measure belonging to (an arbitrary
representative of) x. For a prescribed initial condition (v, xo) € (0,00) x M, we define Xy := (RX0, GX°)
and take (vo, Xo) as initial condition for the process (¢, X). Let the time change t(s) = [; Cudu, s < o,
be as in (9, and let t — s(t) be its inverse. For ¢t such that s(t) < o we define

(£t7 Kﬁ) = (Cs(t)a ¢(X5(t))) (29)

We now set out to describe the process (§,Y) by a stopped martingale problem. That £ can reach zero or
converge to infinity may be problematic for the change of time . That is why it is natural to introduce,
for a fixed positive integer M > 0, the stopping time

v = inf{t e Ry, & ¢ (1/M, M)} (30)

and the stopped processes (™ = {7, and Y™ = Y.\, . Let us also define 79 := limpy/o0 Tar, and
choose M depending on the initial condition vg of the mass process so large that vg € (ﬁ, M )
For F' € D), (defined just after ), v >0 and x € M we put

1
Op(v,x) = /F(v,r,g)l/x(dr, dg), AdPp(v,x) ::/UAF(v,r,g)z/X(dr, dg). (31)
In analogy to we now consider the state space
Su = (g, M) x M) U{Ap}, (32)

where (ﬁ, M ) x M is equipped with the product topology and a sequence (v, Xxy) is said to converge

to Ay if either v,, — ﬁ or v, — M as n — oo. In other words, this corresponds to a “lumping” of all

states (47, %) and (M, x) with y € M into one state Ayy.

Theorem 2.6. For (v, xo) € (0,00) x Ml and M > 1/vg, the process (§™,Y ™) is Markovian and gives
the unique solution of the martingale problem

tATM
(&0, Y0) = (vo,x0),  @p(&M, V™) —/ A®p(§u, Yu) du = martingale, — F € Dy.  (33)
0

Theorem [2.6] will be proven in Section [5.3
Remark 2.7. Since 13y T 79 a.s. as M — oo, the process (&, Y;)i<r, is characterized in distribution by
the requirement that, when stopped at 7y, it solves the martingale problem for all M € N.

In contrast to (Xs)s<e, which has jumps, the process (Y;);<r, is continuous. This is contained in the
next result, which will be proved in Section [5.3
Proposition 2.8. For (vg, xo) € (0,00)xMand M € N, the process (&ar,, » Yinry, )t>0 has a.s. continuous
paths in Ry x M.

If (&,Y) is the solution of , then £ is a weak solution of , as can be seen immediately by
projecting to its first component. We can also recover the equations for £4 and &2 given in .
For this, we first recall that the type frequencies p;{A} and p,{B} can be recovered from the projec-
tion of m**(d(6,h)) on its second component. Consequently, (£71,&P) is defined in terms of (£,Y) as

(Ened A}, & BY).
Proposition 2.9. Let (£,Y) be the solution of (33). Then (&, &P):>0 is a weak solution of the SDE ().

The proof will be given in Section [5.4] Because of Proposition £ is non-explosive, hence we infer
that 7o = inf{t > 0, & = 0} (with the usual convention that inf ) = c0).

16



3 Building blocks from neutrality

3.1 Neutral lookdown space and marked sampling measures

The neutral setting will provide the building blocks for the analysis of the genealogy also in the presence
of selection and competition, and we study it specifically in this section. Its only ingredients are the
initial condition (Rp,Gp) (being distributed according to the marked distance matrix distribution of a
marked ultrametric measure space), and the neutral birth events given by the Poisson point measures
{Li;,1 <i<j} (see (I2) in Section [2). As illustrated by Figure [1} each of the points of £;; can be seen
as a merger of two ancestral lineages: if £; ; has an atom at time s, then the ancestral lineage of (s, j)
starts, back into the past, from (s—,7), from there on being identical with the ancestral lineage of (s, 7).
In this case, the (neutral) genealogical distance of (s,4) and (s, j) equals zero; more generally, the neutral
genealogical distance of (s1,7) and (s2,7) is determined as follows: trace the neutral ancestral lineages
back from (s1,7) and (s2, 7). If they merge at time u > 0, then the distance is (s; —u)+(s2—u). Otherwise,
if a1 and a9 are the labels of the two neutral ancestors at time 0, the distance is s1 + s3 + Ro(a1, az). For
given Ry, this gives rise to an £-measurable random semi-metric p(®) on R4+ x N. The neutral lookdown
space is the metric completion of (R x N, p(0)), denoted by (Z, p(9). It carries the family of sampling
measures mg, s > 0, defined by .

By the Glivenko-Cantelli lemma, the assumption that (Rp, Gp) has the marked distance matrix dis-
tribution of a marked ultrametric measure space ensures that a.s.

n—o00 N, 4

1 n
w- lim — Z 8(i,Go(s)) exists on To x I, (34)
=1

where Ty is the metric completion of (N, Ry). This clearly implies that

n—00 7 4

1 n
mp = w- lim — Z o) (35)
i=1

exists on Z, including the case s = 0 into . Likewise, implies that

n—00 N, 4

1l
mp := w- lim — 25((o,i),Go(i)) (3
=1

exists on Z x I a.s. With the notation introduced in Definition [2.3] and since Ry is a random semi-
ultrametric, says that (R, Go) is a.s. proper.

In the next lemma we show, based on the existence of the neutral sampling measure , that the
corresponding statement also holds true for s > 0. For the neutral genealogy, and for a time s > 0,

denote by Ggo)(i) the type of (s,i) given by
GO(i) = Gola), (37)

where a is the level of the neutral ancestor of (s,4) at time 0.

Lemma 3.1. The weak limits
n

R 1
©0) . wo Tim — © . o im —
my = we lim o Z;‘S«an,aém(z‘))’ m,— = w- lim o 25«8,@@%)) (38)

exist on Z x I (endowed with the product topology) on an event of probability 1 that does not depend
(0)

on s. Moreover, s — mg ’~ is a.s. continuous with respect to the weak topology on Z x I.
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Proof. Fix s > 0. The map f : {s} x N = 1, (s,i) Ggo) (1), is uniformly continuous with respect
to p(9). To see this, let § < 2s arbitrary and suppose p(®((s, 1), (s,i2)) < 8. Then (s,i;) and (s, i) have
a common ancestor at time s — §/2; consequently their types coincide.

Thus the map f can be extended to a (uniformly) continuous function f : {s} x N — I, where {s} x N
denotes the closure of {s} x N with respect to p(®). Then the map f : {s} x N = {s} x NxI, 8 — (0, f())
is also continuous. It satisfies

D ILTNINE E) SR RV

where the right hand side denotes the image measure under f. With my being the neutral sampling

measure defined in , the continuous mapping theorem implies that %Z?:l 5((5 0,6 iy converges
(0) b b S

weakly to mg’ = mgo f~! on an event of probability 1 that does not depend on s. The assertions on the
left limits and on continuity follow similarly using the left limit in and continuity of (my). O

(0)

Remark 3.2. The function f is called mark function in the sense of e.g. [26]. The Z-component of m
is mg given by , and the [-component of mgo) is the type distribution ,ugo) under the neutral transport,

which in view of and @ obeys a.s.

Mgo) = mgo)(Z X ) =w- lim — Z(SG(O (39)

n—oo n

3.2 Partitioning the lookdown space: roots and fragments

Throughout the article, we assume that our initial state (Ro, Go) has the marked distance matrix distri-
bution of a marked ultrametric measure space. This implies in particular that Gy admits type frequencies
a.s. (see eq. ) Moreover, we then have the marked neutral sampling measures at hand for all
times s. Recall the families of independent Poisson point measures {/; : i € N} from ingredient (I3). We
now partition (up to a set that is not charged by any of the sampling measures m;) the entire space Z
into (what we call) fragments I'y C Z with roots v € Ry x N as follows. On top of the neutral lookdown
construction, we think of a competition respectively a fecundity “cross” added at (s,i) when K; places
an atom at (s,7). To be more precise, fix C' < oo and put

R:=J ({s ERy : Ki({s} x [0,C] x [0,1] x {8,6}) > 1} x {i}) C Ry x N. (40)
1€N
Note that the restriction to [0, C] guarantees that the overall rate of potential events on a fixed level is
bounded on any finite time-interval. As a consequence the points in R N (R4 x {i}) do not accumulate
for fixed ¢ € N almost surely.
Now let
R:=RU{0} xN)CR; xN (41)

be the set of roots. The types and lineages in the subtree above a root evolve according to the dynamics
of the neutral model until they hit another root.

Remark 3.3. Note that the (neutral) ancestral lineage of each element 6 € Z\ (R4 x N) is well-defined.
Indeed, take a sequence (s, ) € Ry x N, n € N, such that (s,,¢,) — 6 for n — co. Then we have in
particular s, — s € Ry. Without loss of generality, assume (s;,,)nen iS monotonically increasing. How
to determine the ancestor of 8 at time s — € for 0 < € < s arbitrary? There exists ng € N such that
PO ((sp,£,),0) < € for all n > ng, that is, (sn,£,) and 6 have a common ancestor at time s — e for all
n > ng. Thus, take the ancestor of 6 at time s — € to be the one of (sy,, fn,)-
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For each v € R let

I'y :={0 € Z : 0 descends from ~ and there are no points in R on the
lineage connecting 0 with v} C Z.

Remark 3.4. We make the following observations.

1) Interpret I', as descendants of v in a neutral infinite alleles model with mutation. Here, the
frequencies exist and Z can be broken into a countable number of fragments, rooted in R. This
construction yields mg(I'y) for all times s > 0. It can be shown that a.s.,

(UF’Y):

YER
for all s > 0. Further details are given in the proof of Lemma [3.5] below.

2) By restricting to {s} x N, a partition of N is inherited. This partition depends on s, where i ~ j if
(s,i) and (s, j) have a common ancestor living between times 0 and s and there is no root on their
geodesics.

3) In contrast to a tree-valued process whose states describe genealogical trees at fixed times, the
lookdown space describes all individuals which live at any time. From this object, we can read
off the state of the tree-valued processes at time s using a restriction of the lookdown space. The
lookdown space itself however is universal for all s.

The sets I', v € R, form a partition of the set that is obtained from Z by removing the accumulation
points of R in Z. Almost surely, the set of these accumulation points has zero mass under all mg, s > 0.
This is the content of the following lemma.

Lemma 3.5. Almost surely, my(Z \ U, cg I'y) =0 and my—(Z \ U g I'y) = 0 for all s > 0.

Proof. The points of R can be thought of as mutation events in an infinite alleles model that come
with rate C along the lineages in a lookdown model, say with type space [0, 1] and parent independent
mutation where the type in each mutation event is drawn uniformly and independently. To obtain a
contradiction, assume that there exists an s such that the set of accumulation points of R has nonzero
mass under mg. As all such accumulation points have different types in the infinite alleles model, this
results in a type distribution of mass smaller than 1. The lookdown construction for the infinite alleles
model [I2 Theorem 3.2] shows, however, that there are a.s. no exceptional time points with defective
type distribution. O

Corollary 3.6. Almost surely,

mo(y) = lim 2 Z Lwper,y = me-(02) = Jim = Z Hemsper)

for all y € R and s > 0.

Proof. Almost surely, for each s > 0 and v € R, the boundary of I, as a subset of {s} x N C Z is not
charged by mg. Hence, the Portmanteau theorem, (13, and the continuity of (my) yield the result. [

Lemma 3.7. Almost surely,

(i) the fragment masses my(I'y) are continuous in s for each v,
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(ii) for each f(l;)z;gment ', the restriction m,(-NI",) is continuous in s with respect to the weak topology
on (I'y, p\%).

Proof. The statement (i) follows by relating the assertion to an infinite alleles model, similar as in the
proof of Lemma [3.5

To prove (ii), note that a discontinuity at a time s implies the existence of a closed subset A of
(T, p) with limsup,_,, mg(A) > ms(A). Since mg(T, \ T,) = 0 by Lemma the inequality holds
also for the closure of A in (Z, p{®)). Thus, a discontinuity at time s results in a discontinuity of ms on
the neutral lookdown space in contradiction to [20, Theorem 3.1]. O

Lemma 3.8. For all ¢, 7 > 0 there exists almost surely a random ¢ € N such that

Z mg(I) >1—¢forall s €[0,7].
v=(u,i)eR, with ueR,,i<l

Proof. For fixed s € [0,T], this follows from Lemma [3.5] Let

), = inf {s € 0,27 : > my(T,) < 1— e},
v=(u,i) with veRy,i<k

where we set inf () = 27. Then ¥, is monotonically increasing in k. Set

9 = sup Uy
keN

It suffices to show that ¢ = 27" almost surely.
On the event that ¢ < 2T, there exists by Lemma [3.5]a.s. k € N with

> my(T,) > 1 —¢€/2.

vy=(u,i) with ueRy,i<k
By Lemma (i), almost surely, the fragment masses mg(I',) are continuous in s for each . Hence,

there exists 6 > 0 with
Z ms(rw) >1—e¢
v=(u,i) with ueR,,i<k

for all s € (9 — 6,9 + §). This implies that for all £ > k with ¥, > ¢ — §, we have ¥, > ¢+, in
contradiction to the definition of ¥. Thus {¥ < 2T} must be a null event and the claim follows. O]

4 An SDE for type configuration and population size: proof of Theo-
rem

In this section we provide an iteration scheme which leads to the proof of Theorem We will be
guided by the proof of Theorem 4.1 in [I1]. The additional (and substantial) challenge that is overcome
in our proof is that the total mass, which in [I1] was assumed constant, now is a stochastic process which
depends on the type configurations.

Recalling the ingredients from Section we will work with the filtration .# = (.%;), where % is
generated by W, u < s and those points in £ and K whose time component is at most s. Following the
steps described in Section we will prove the existence and uniqueness of the type process G in ([L1]).
A substantial difficulty is that the SDEs for G depend on the mass process ¢ (in the lookdown time-scale)
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that itself depends on the process u@ {A} of proportions of type A. Also, Theorem asserts that G,
admits type frequencies for all times s > 0, so that uGS{A} is well-defined.
Let us introduce the following function, describing the drift of the process &:

f(v,p) = bpv — 2¢p(1 —p)v®, v >0,pe[0,1]. (42)

Fix a constant C € (0,00) in that bounds the rate at which selective and competitive events occur.
For a modification of the system of SDEs and , where we use C' and M to control the dynamics
(see third term in the r.h.s. of below), we prove existence and strong uniqueness by a Picard
iteration-like argument. For this we put

fu(v.p) = f((vV 37) A M, p). (43)

The following key proposition treats SDEs similar to the ones in Theorem [2.2] but with fj; instead
of f, which simplifies the problem of controlling the population size. Replacement of fj; by f will be
treated at the end of the section, in the completion of the proof of Theorem

Proposition 4.1. Let the IN-valued random variable Gy be exchangeable. For given M > 1 let
vy € (ﬁ, M). The following system , of SDEs has a unique strong solution:

Ga(j) = Goli) + 3 / (Gu (i) — Gu (7))L (1)
i—1 [0,s]
- / (Gu(j — 1) — G () dLar(w) (44)
1<i<k<j [0,]
+ UG (), Gy (G V ) A M, 2,0,0) = G (1)K (0,2, w0, 0),
[0,s]x[0,C]x[0,1]x{B,0}
Go=w0,  dls=Cofu(Co,pC{A})ds +(dWs,  JEN, s>0. (45)

For this unique solution, a.s. the type frequencies u“s and u“s- (as defined in @) exist for all s > 0.
Moreover, s — % {A} and s + (, are a.s. continuous.

In order to prepare the proof of this proposition, we first show a statement on the continuous depen-
dence of on its input u“s{A}.

Lemma 4.2. Let W be an (Fs)-adapted Brownian motion and let ¢, ¢ be (Fs)-adapted, [0, 1]-valued
and continuous. Let the (0, c0)-valued processes a, & obey

dos = as far(as, ps)ds + as dWs,

das = asfar(as, ps)ds + s dWs,

with the same initial condition vy in (ﬁ, M) at time 0. Then there exists a constant C' (depending on
M but not depending on s) such that for all s > 0 we have

- S
l(asV 3) AM — (a5 V 37) A M| < Csecs/ lou — Guldu  as. (46)
0
Proof of Lemma[{.3. By Itd’s formula,

1 1 1
dlna = ada - Toﬂd[a] = fu(a,p)ds + dW — §ds,

1 1

- - . .. 1
dlna = ada - T&Qd[a] = fu(a, @)ds +dW — §ds.
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Subtracting one equation from the other and using the triangle inequality we get

S
I1n s — In | < /0 [t (s 0u) — Far (G, )| du. (47)

There exists a constant ¢; (depending on M but not depending on s) such that for all s >0
(s V) AM — (a5 V 22) AM| < | In((as V 37) A M) —In((G&s V 77) A M) (48)
From , and the Lipschitz property of fj; we obtain

S
(s V 57) AM = (G5 V 57) A M| Scz/o (I V 37) AM = (G V 37) A M|+ oy — Gul)du.
Using Gronwall’s inequality we arrive at
- S
(s V) AM — (65 V £5) A M| < C’secs/ | on, — Puldu.
0
O

Most of the remainder of this section is devoted to the proof of Proposition which uses an itera-
tion scheme. To get this scheme started, we take Ggo) as the neutral type transport defined by and
ugo) as the neutral type distributions given by . Let us emphasize that by de Finetti’s theorem the

assumption of exchangeability of Gg implies that G a.s. admits type frequencies.

Step 1, Recursion hypothesis: For k > 1, assume that for £ = 0, ..., k—1 we have defined .%-adapted
N_valued processes G¥) and continuous R,-valued processes (9 such that:

. G(()e) = (G, and almost surely, Gge) and Gg,) admit type frequencies ,ug) for all s > 0, i.e. the

probability measures on I

0 _ i L
pld) = w nlggonzé 0y =W nlgrolonzé 0

()

exist and s — pg’ is continuous,

e for given ,u(g), the process ¢(¥) is the unique strong solution of the SDE

=g, A = O far (O, 0L A ds + O, (49)
and a.s. continuous.

The fact that for given p(® the SDE indeed has a unique strong solution with continuous paths
follows e.g. from [37, Theorem 5.3].

Step 2, Setting up the iteration step: In order to define G in terms of G*=1, ¢* =1 £ and K, we
consider the following system of SDE’s where the function ¢ (cf. ) uses the type frequencies p(F=1)
which are well-defined by our recursion hypothesis.

G5) = Guli) + 3 [ (@0~ GG ae

+ D / (GG = 1) = GL23))dLa(u) (50)
1<i<i<y

- _ 1
g(GP (), % (D —

M) A M,Z,’(U,OJ) - Gi@(]))dlcj(u>szaw)

+
[0,5]%[0,C]%[0,1]x{B8,6}
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This has the following interpretation. While the type transport through the neutral lookdown events
(given by the points of £) happens as usual, the activation levels (appearing in the update rule (10))) for
the potential selective events (given by those points (u, z,w,w) of K with z < (') are controlled by the
mass process and the type frequencies from the previous iteration. Notice that G(k)( /), that is the type in
the current iteration, enters as the first argument in the update rule ¢, which is relevant at a competitive
death event. This amounts to having a frozen environment for the competition. Also, notice that we use
the mass process ((,_ (k1) ) A M truncated at M and 1 /M For the sequel, let us define the first time

at which the truncation is effective: 05\/[) inf {5 >0, Cs € {M, M}}

We now use (50) to successively update the types of v € R~g := {y = (s,i) € R | s > 0} in the k-th
iteration, where R is defined in (41)). This we do by first recording all the roots (sg,%0), - -, (Sn,in) € R
that lie on the neutral ancestral lineage of v, with 0 = 59 < --- < s, = s. The type of (sp,ip) remains to
be Go(ip); the new type Ggl)(zl) of (s1,41) is determined by taking Go(ip) as the first argument in the
update rule ¢, the new type G,(52)(22) of (s2,12) is determined by taking Ggl)(zl) as the first argument of
the update rule ¢, etc.

Having thus re-colored all v € R~¢ in the k-th iteration, we complete the recoloring by letting I,

inherit the type of its root, i.e. by setting, for each (s,j) € Ry x N, its type G( )( /) equal to the type of
that ~ for which (s,j) € T,
For s > 0 and h € I we now put

k){h} = Z m,(I'y) (51)

y=(u,i)eR:GF) (i)=h

and note that s — ,ugk){h} is a.s. continuous as a consequence of Lemmas and Recall ([13):
m,(I'y) is the weight which the neutral sampling measure at time s assigns to that part of the neutral
offspring of v whose ancestral lineages are not separated from v by some other root.

The next assertion, which will also be used in the uniqueness part (Step 4 of the proof of Proposition
, and will therefore be singled out as a lemma, shows that G*) a.s. admits type frequencies at all
times.

Lemma 4.3. In each iteration step k = 1,2, ... we have a.s.
(k) — w-
py =w nh_)n(f)lo - ZéG(k)( = w- nh_)n(f)lo - Z(SG(k)( for all s > 0. (52)

Proof. Let s,e > 0 be arbitrarily fixed, and take h € I. On an a.s. event that does not depend on s,
there exists by Lemma a finite set {v1,...,7} C R of roots such that

y4
st(l—\vj) >1—e
j=1

By and Corollary it follows that on an a.s. event that does not depend on s,

J;H;O;Zl{szeu > 1o J;H;ogzl{s—zeu >l

For j =1,...,¢, we also write the roots more explicitly as v; =: (uj,7;). Then, for all iterations k, we
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have

where we used the definition of ugk). Similarly,
¢
Bt 1) 2 2 o) B 2 e, )
]:

. 1
2 2 epi) n&“&ong tiaer,) — Jm Zl{ (s:)#Ujs Ty }

v=(ui)ER

> pP{h} —e
The assertion on the left limits follows analogously using the continuity of M(k) as defined in . O

Summamzmg the results so far, We are able to define the values G( )( ) and ,ug ) for j€Nand s> 0.
Using Equation (49) we can define {s , 8> 0.

Step 3, Convergence of the iteration scheme: For two type vectors g and ¢’ admitting type
frequencies we have (with ||u9 — p9'|| denoting the total variation distance of p9 and u9)

: 1<
I—p? || <l — Lio)La (i)} 53
I = I < lmowp o 31y (53)
Denoting by A the “Lebesgue times uniform” measure on B¢ := [0,C] x [0,1] x {3,0}, we see from

the definition of ¢ in that for all g, ¢’ admitting type frequencies, all v,v’ > 0 and all h € I we have

/ L{q(h,g0,a) 2q(h.g v a)3 A (da)
Be
< COI A} = i AW + el { A} = 0 (AN + (B} = 0 (BYWP)).  (59)

Using (53)), we infer that for all g, ¢’ admitting type frequencies, all v,v’ > 0 and all h, &’ €1,

/ {athg. (v gAML 29 g (va)AMa)}/\(da>

< D (1{h7éh’} + hmsup Z 1{9 Y#£g'(3)} + |U —v ‘) (55>
o =1

where the constant D may depend on M and C. (Note that this is an analogue of [I1} (4.14)].)
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Fix T € R, and j € N. For 0 < s < T and j € N, let us define by AZ(5) the level of the ancestor of
(T, j) at time s in the neutral genealogy. Note that A”(j) is £L-measurable, obeying the SDE

- /ST]l{AT(J >y dLie(u)

1<i<t<y

- > €= 1)1 a7 )=y AL (). (56)

1<i<t<j’(s T

For s > 0, we abbreviate GL " (j) := (.AT( ).

Let the point measure K; be deﬁned such that K; has an atom in (u,a) if and only if K AT(j) has an
atom in (u,a), 0 <u < T, a € B¢. For notational reasons we now consider the induction step from k& to
k+ 1 instead of k — 1 to k. We get as an analogue to the estimate starting at p. 1112 line -3 in [I1], that
for s € (0,T7:

Larsngiaarian < /[0,51%(1 ~ LgmEn e

x 1 K (du, da)

BV IAM,a)#q(GTF (7),a% D (B PV ) AMa)}

u—

{a(GrG).G

u—7

- /[OS}XBC(l — Ligran gaatigy)

x 1 K;(du, da) — du\(da))

{a(GTF(5),aP (v i AM @) £ GTF (), ED (v >AMa>}(

u—"

+/ R P
[o,s]xBC( {Gz—kﬂ(i)#fo(J)})

X L ETRG).GY (B2 )AM.a)£( @D (7),GED (B Dy 2 an,ayy U ALdE)
1
§martingale—|—D/ ! )du—i—D/ €8 v 2y A b= (D v 1y A Mjdu, (57)
o . M M
where
nlinéonzl{c DAGLED @) 58)

and where we used in the last estimate. To see that the limit exists we can argue as in the proof of
Lemma Indeed, the limit equals the sum of the masses at time w of the fragments whose roots are
colored differently at iterations k£ and k& — 1. Taking expectations of both sides in the above estimate,
putting s := T and noting that é;k(j) = Ggg) (7), we obtain the estimate

PG ) £ 6W @) < D <E(/T n{F) du) + E(/T (¢ v %) AM = (¢ %) A M\dU)) » (59)
0 0

which in turn implies
T T 1 1
B ) < 0 ([ B+ [CBICH v ) A - @Dy g aas), (0
0 0

by dominated convergence. Equation and Lemma (with a = ntkt) a = pk) o = k),
¢ = p=1) give that

E@ﬁ%<0<fwunm+0n“/b/ (1 M}uw*mmmw)
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Using we arrive at
T N
B¢y <D / (14 CT2CT)E(M®)du (61)
0

for all T > 0. By a direct reiteration, this gives:
T s1
E(ny ) <D(1+ CT%") / [ (1+Cste™) / E(nf;~ 1>)d32} dsy
0

<(D(1 1+ CT? CT / / 775]; b d52 dsi

<(D(1+CT? CT / / / T]Sk )dsp, . .. ds1.

Because E(ngl)) is uniformly bounded by 1, we obtain that:

k1 T
B(ny ") < (D(1+ CT* )+ (62)
Combining (/53] and (62]) we infer that for all s € [0, 7]
E[||xY) — 1®]|] is summable over k. (63)

Moreover, from Lemma (applied with o = ¢ q =k o=pk 5=k 1 and ( . we
conclude that ]

supB[|(H v ) A M — (D v %) A M[] is summable over k. (64)
s<T

From (59), Fubini, and (64), we conclude that for all s € [0,7] and i € N
P(GFH (i) £ GP(4)) is summable over k. (65)

Hence for € > 0 arbitrary and each finite subset M C [0,7] x N, we have by Borel-Cantelli that there
exists kg € N with

P(GW (i) = G$) (i) for all k > ko and (s,i) € M) > 1 —e. (66)

Now take ¢ as in Lemma |3.8 and choose the (nonrandom) finite set M C [0, 7] x N so large and “dense”
that with probability 1 — e every fragment Iy, whose root v is an element of [0,7') x {1,...,¢}, contains
an element of M. Lemma together with and imply that

P (sup ||[pl®) — k0| > €) < 2¢ for all k > k. (67)
s<T
From (64), (67), and and the choice of M we infer that ((Gg )( ))zeN,,us ,((s L) A M)

converges uniformly in s € [0,7] as k — co. In order to see that the limit satisfies we recall that the
Poisson point measures £ and K do not change over the iterations, and note that the distribution of the
mark z which figures in and is continuous, which provides the adequate continuity in the coef-
ficient g that is given by the update rule (10)). Theorem (6.4) of [37] shows that the limit also satisfies (45).

Step 4, Uniqueness: The argument from Lemma shows that for any solution of , , Gy

admits type frequencies for all s > 0 a.s. Uniqueness of the strong solution of , follows by the
same argument as in Step 3 where we now compare in two solutions instead of two approximations
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(Note that this strategy was also successful in the simpler setting of [12]). This concludes the proof of
Proposition O

For the completion of the proof of Theorem let us now relax the control of the total mass with
the constant M. Fix again the constant C' € (0,00) and consider the following system of SDEs

Gli) = Gol) + 3 [ (Gurti) = G (9)a)

+ 3 / (Gue(j — 1) = Gu_(j))dLix (u)

+ / (q(GU* (])7 Gu*a Cufv Z, W, UJ) - Gu* (J))dlcj(uv Z, W, (/J),
[0,s]%[0,C]%[0,1]x{B,8}
G=w0,  d=Cf (G {ANds + AWy, 520,
Proposition tells us that this system has for each M a unique pathwise solution up to the stopping

time ops defined by . By projectivity, this shows that has a unique pathwise solution up to the
time at which its mass process  goes to extinction or explodes. In view of , the solution of ,

stopped at the extinction time of ( coincides with that of up to that time at which ( exceeds \/g
or %. Again by projectivity, this implies the assertion of Theorem O

5 From the neutral to the selective genealogy

For an initial configuration (Ry,Go) that is distributed according to the marked distance matrix distri-
bution of a marked metric measure space, and for the independent stochastic input (W, £, K) specified
in (I1), (I12), (I3) in Section |2 Theorem provides an a.s. unique solution (¢, G) = ((s, Gs)sefo,0) Of
and up to time o. From this lookdown representation we will construct in Sec. the pro-
cess (¢, X) = (s, Rs, Gs)selo,0) Of type configurations and genealogical distance matrices, which will be
turned in Sec. into the process (&, Y2)¢>0 of isomorphy classes of marked metric measure spaces that
describe type distributions and sample genealogies. As will be proved in Sec. the latter will provide
the unique solution to the martingale problem formulated in Prop. We recall that we always assume
that (Rp, Gp) has the marked distance matrix distribution of a marked ultrametric measure space.

5.1 The selective lookdown genealogy
In this subsection we define the selective lookdown space. With regard to and we say that a
point (s,i) € [0,0) x N is active if

KC; has an atom in (s, z,w, 3) for some z € Ry, w € [0, 1] such that
z < buS{AY¢
or if

K; has an atom in (s, z,w,d) for some z € Ry, w € [0, 1] such that
z < ep®{B}(()? and G, (i) = A, or
z < epf{A}¢)? and G,_(i) = B.
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In the first case we say that a fecundity event takes place at (s,i), in the second case we say that a
competition event happens at (s,7). Note that because s — (s and s +— puCs are a.s. continuous (by
Theorem [2.2)), we can as well replace s by s— in the three inequalities.

Next we define the selective ancestral lineage of an element 6 € U'yER I'y C Z (recall that I'y are the
fragments of the neutral lookdown space Z, indexed by v € R as defined in Sec. . For this we trace
the lineage of 6 back into the past according to Remark until it hits an active point (s,7) € Ry x N.
If a competition event occurs at that point, then we continue the lineage at an element of Z picked inde-
pendently according to the neutral sampling measure m, defined by . If a fecundity event happens at
(s,1), then we continue the lineage at an element of Z picked independently according to mg conditioned
on the fragments of type A. The individuals on the selective ancestral lineage of 6 will be called the
selective ancestors of 6.

Definition 5.1. With regard to , which defines the mapping s — t(s), we define the time-changed
distance p as follows: For (s1,41) and (s2,42) in [0,0) x N that lie on the same selective ancestral lineage
in the lookdown graph, we put

plls100):(s2via)) = [e(s1) —t(sa)| = | [ Gudu

this is the time it takes from one point to the other when traveling along the selective ancestral lineage
with speed 1/¢, (cf. (3)) at an intermediate point (u, j). More generally we put

p((s1,11), (s2,12)) := p((s1,71), (5", 7)) + p((s2,72), (s', 7))

if the two selective ancestral lineages merge at some point (s', ) with s € [0, s]; otherwise, if (s1,41), (s2, i2)
have two distinct selective ancestors (0,a1) and (0, az) at time 0, we put

p((s1,11), (s2,i2)) := p((s1,1), (0, a1)) + p((s2,72), (0, az)) + Ro(a1, az).
For s € [0,0) and i1,i2 € N we set
Ry(i1,i2) == p((s,11), (s,2)). (69)
In other words,

2(t(s) —t(s")), if the two selective ancestral lineages merge at time s’ € [0, s],

2t(s) + Ro(a1,az2), if the selective ancestors (0, a1), (0,a2) at time 0 are different.

Rs(il, ig) = {

We define Z as the completion of ([0,¢) x N) N U, 'y with respect to p and call (Z,p) the selective
lookdown space.

Because the set U'yER I'y is contained in Z, the selective lookdown space (Z ,p) inherits the family
of sampling measures mg, s > 0, from , which remain probability measures by Lemma . As each
fragment I'y is monotypic, we can also endow Z x1 (equipped with the product topology) with the
sampling measures mg, defined by

ms(E x E') = > my(C, N E), E' CI, EC Z measurable. (70)
y=(u,?) with G, (i)eE’
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Lemma 5.2. The measures mg defined in obey

. 1 -
mg = W- lim — Z 6((577")7G5(i)) (71)

n—00 7, 4

for all s € (0,0) on an event of probability 1 that does not depend on s. Here, the weak limit in can
be understood either with respect to the metric p(® or with respect to the metric p.

Proof. Let T > 0, € > 0. By Lemma [3.8] there exists a.s. a random ¢ € N such that

me U TyxI]>1-e
v=(u,i)ER:i<L

for all s € [0,7 A o). We note that the restrictions of p(®) and p to ([0,0) x N) N T, induce the same
topology and have the same completion, for each of the countably many v € R. Hence, by Corollary [3.6]
holds on each I'y x I. This implies the assertion. O

In Definition we have defined the process (Rs) of evolving genealogies in the lookdown setting in
terms of the random metric p and the total mass process (.

Corollary 5.3. For s € (0,0), the marked distance matrices (Rs,Gs) and (Rs—,Gs_) are proper on an
event of probability 1 that does not depend on s.

Proof. We denote by {s—} x N the closure of {s—} x N in (Z,p). We consider the isometry ¢, from
{s—} x N C Z into TFs~ that maps (s—,i) to 4, and we set i5(8,h) := (t5(f),h). Then mfs—Cs- =
ts(ms—), and

*Z (1,Gs—(4)) ( Zé(s—z Gs— (z)

Lemma now implies that (Rs—,Gs_) is proper on an event that does not depend on s. The assertion
on (Rs, G;) follows analogously. O

To make the genealogical distances (Rs)se[o,s) constructed in and in coincide a. s., we assume
that the continuation of the ancestral lineage in this subsection is always done using the randomness from
the mark w in the corresponding competitive or selective event: First let us consider the active points
(s,z,w,d) of K;, i € N, each of which corresponds to an active competitive death event at time s and
level i. Here we pick an individual according to mg, or equivalently, an individual with type (6, k) from

).

(Z,p) x I, according to m, . We assume that (0, h) is realized as the image of the mark w under a

mapping that transports the uniform measure on [0, 1] into mgo_) To make the connection to (23)), we
pick in addition an individual with type (¢,#’) from Z x I according to m._. By Corollary and
Lemma we may couple these picks such that (6,h) = (¢', h') (with equality between elements of the
corresponding I') for all points of K; a.s. Using the isometry s : Z x I — T8~ that maps each (s—,7)
to j € THs— and the 1sometry £5(0,h) == (15(), h) which satisfies i(ms_) = mfs—Cs~ we can also couple
such that L(G’,h’) = @fs—Gs— for all such points of the K;, with (§%s—Cs— plfls—Gs— ) from (21). Then
the update of the genealogical distances satisfies 9; g/ p/ (Rs—, Gs—) = (R, Gs) with ¥; g jy from . For
the points (s, z,w,3) (corresponding to active selective birth events), we use the same argument but
condition all the picks on h = A resp. i’ = A. This shows that the process (Rs,Gs) with Ry defined
in (and G from Theorem is the pathwise solution of the SDE in (23)) up to time o.
Let us also prove that:
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Proposition 5.4. For each s € [0,0), the pair (Rs, G;) is exchangeable conditionally given ((y)u<s-

Proof. Tt suffices to work along the sequence of jump times of the restriction of the process (Rs, Gs)s>0
of marked distance matrices to the first n levels, where n € N is arbitrarily fixed. Between these jump
times, the types of the individuals on the first n levels remain unchanged, and the genealogical distance
between each pair of such individuals grows deterministically with slope 2. The jump times of this
process are given by the Poisson processes (Lij)1<i<j<n and (K;)i<i<n. Let us also recall that (Ry, Go)
is exchangeable by the assumption that it has the marked distance matrix distribution of a marked
ultrametric measure space.

(i) We first consider the jumps given by the neutral events, i.e. by the processes (Lij)i<i<j<n. We
assume that the restriction of the process (Ry, Gy)u>0 to the first n levels jumps at some time s due to
a neutral reproduction event.

Proceeding inductively we assume that the restriction of (Rs_, Gs_) to the first n levels is exchangeable
conditionally given (Cu)u<s. That is, (R(¢,m))1<t,m<n, (G(£))i1<i<n) = (Rs—({;m)1<t.m<n, (Gs—(£))1<t<n)
has the same distribution (conditionally given ((y)u<s) as

(R,G) == ((R(o(€), 0(m)))1<t;msn, (G(0(€)))1<e<n); (72)

for each permutation o of [n]. Let also (I, J) be independent and uniformly distributed on {(7,) : 1 <
i < j <n}, and let the random array (R',G’) := 91 ;(R, G) be constructed from (R, G) according to

and with (i, ) = (I, J).

Putting
m if m < J,
Jalm) = {ml if J <m <n,
we can write R’ as
0 if &, m e {I,J},
R'(¢,m) =< R(I, fs(m)) if ¢ € {I,J} and m € [n]\ {I,J}, (73)

R(fs(€), f1(m)) if &,m € [n] \ {Z,J}.

_Using one checks readily that, for each permutation o of the numbers 1,...,n, the random array
((R'(a(€),0(m)))1<t,m<n, (G'(c(€))1<¢<n) has the same distribution as (R'(¢,m))1<sm<n, G (€)1<e<n)
conditionally given ({,)u<s. As all the Poisson processes £; ; have the same rate, the pair (4, j) for which
L; ; has an atom at time s is distributed as (I, J). Hence, the above implies the desired exchangeability
of (Rs,Gs).

(iil) We now turn to the non-neutral events. Let u be a time point at which one of the counting
measures IC;(- x [0,C] x [0,1] x {B,d}), 1 <1i < n, has an atom for which the corresponding activation
condition on the r.h.s. of is satisfied for v = (y, g = Gy— and h = G,_(i). Making use of part (i) and
proceeding by induction, we assume that the random array (R(uo_) (¢, m), Gy—(£))1<t,m<n is exchangeable
given ((&’“‘”)wgu. Let i be that element of {1,...n} for which IC;({u} x [0,C] x [0,1] x {8,6}) = 1;
because all the Poisson point measures K, have the same intensity given (, the level ¢ is uniformly chosen
from {1,...n}. According to the update rule , , conditionally given ((y)w<u, the exchangeability
of the restriction of (R,—,Gy—) to the first n levels propagates to the exchangeability of the restriction
of (Ry, Gy,) to the first n levels. d

We remark that by using the sampling measures m for the independent picks needed to continue the
ancestral lineage at competitive and selective events, we avoid the formalism of genetic markers which is
used in Section 6 of [I1] to trace ancestral lineages.

30



The above construction and Theorem show that the process (¢, X) is the pathwise unique solution
the system of SDEs given by (8], and (23)), which is driven by (£;;), (K;), W and extends (g)),

to include also the genealogical distances.

5.2 Two well-posed martingale problems in the lookdown framework

Let W, L,K) be as in Sec)2.3.2 choose some M > 0 and let (¢, R, G) be the unique strong solution of
the system of SDE’s , (]-]L_—lb, . In this subsection we will prove Proposition thus establishing
a well-posed martingale problem for the (suitably stopped) process (¢, R,G). For this, we follow the
strategy outlined at the end of Sec. (right after the statement of Proposition . We would like to
enrich the process ((, R,G) by the addition of a component that keeps track of the number of events.
A natural choice would be to add counting processes associated with £ and C, but in view of Kurtz’
Markov Mapping Theorem (Corollary 3.5 in [28]), we will rather add stationary components. The idea
is to have a jump process that tracks the atoms of L£;; for every pair i < j, for the natural births, and
the atoms of ICj for all £ € N, for the selective birth and potential death events. With C'5; defined in
(25)), let 731 be a countable algebra of subsets of [0, Cas] x [0,1] x {$3,0} which generates the o-algebra
of Borel sets on [0, Cys] x [0,1] x {3,0} and put

Sr =, )} 1<i<j<ood U{{k}xV:keN,V e %y,

We now define the components AM (H), H € )y, s > 0, of the additional {—1, 1}”*M-valued process AM.
This process, together with ({, R, G), will constitute the solution of the well-posed (stopped) martingale
problem specified in Proposition [5.5] below. For s > 0, let us define

AV {0 = A {0 ()5 @D 1< < < oo,

74
AV ({k} x V) o= AT (R} x V) (1) 0BV e NV e iy, o

where the random variables AY (H), H € ), are chosen as independent and uniformly distributed
on {—1,41}. The process AM thus records the positions of the atoms of the Poisson point processes £
and K; e.g. the the process AM ({k} x V) jumps at time s > 0 if and only if C; has an atom in {s} x V.

To prepare for a martingale problem for (¢, R, G, AM) stopped at oy, we define the state space
B = ((ﬁ,M) x RN 5 IV x {—1,+1}=7fM) U{Ay) (75)

where (ﬁ, M) xRNV <IN x {—1,41}*™ is equipped with the product topology and a sequence (v, T, g An)
is said to converge to Ay, if either v, — ﬁ or v, — M as n — oo. Note that the space E) is an extension
of the space E)s defined in (26)).

Next we display the generator of (¢, R, G, AM) restricted to appropriate test functions F' = F(v,r, g, \),
where v € Ry, r € RN geIWand X € {—1,+1}7M,

For H € st we define o as the projection from {—1,+1}”M to its H-component; thus we have
the identity AM(H) = o (AM).

With D a and D pr as in Section let D3 s be the set of those functions ¢ : {—1, +1}7m 5 R
which are of the form

= H iy H PlkyxV (76)

(i,5)€eL {k}YxVex
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for some n € N, L C {(¢,7) : 1 <1i < j < n}, and some finite subset & C {{k} xV : k e N,V € ¥}
whose elements are disjoint subsets of {1,...,n} x [0,C] x [0,1] x {3,6}. We set

U E (77)

Hex'

We will consider test functions of the form

F(”? 9, )‘) = f(’U, T)’Y(Q)(P()\)7 (78)

for (v,7,m,\) € Ep with v € (1/M, M), where f € D1y, v € Dy and ¢ € D3 . Here we also assume
that F' is continuous in Ap;. The smallest possible n € N which fits to the required representations of f,
v and ¢ will be called the degree of F'. We write F}.(; ;) for the partial derivative of F' with respect to the
variable 7 (i, j), and F), for partial derivative of F with respect to v.

Let ¥; ; and @j’g,h/ be the updates acting on (r, g) at the neutral and selective events, resepctively, as
defined in , , and . For (r,g) € RV x IN, we recall the definition of the sampling measure
m”™9 from Deﬁnition Let k],o be a measurable mapping defined on [0, 1] that transports the uniform
distribution on [0, 1] into the measure m™9. Also, let k.. .., be a measurable mapping defined on [0, 1] that
transports the uniform distribution on [0, 1] into the conditioned sampling measure m"9(df, dh|h = A).
We write p9 for the second marginal of m™¢ and put (6™9(w), h™9(w)) := /fmrg( ), (079 (w), h"9(w)) =
Kire(w), w € [0,1]. We now consider a function F of degree n as in (78), with L, ¢ the sets used
in the definition of ¢ (76)), and set K as in (77). For all v € (1/M, M), all pairs (r,g) € RN x IV, all
A€ {1, +1}7n,

2
KF(v,r,g,)\) = %Fw(v,r,g,)\) + (va,ug{A} 2cv ,ug{A},ug{B}) w(v, 7,9, \)

+ 2v Z Fr(i,j)(%ﬁ% A)
1<i#j<n
+ Z VF(0,9;;(r,9),\) — F(v,7,,\))

1<i<j<n

n cv*ud{A} 1 ) B
4 21{9(1)23}/0 da /0 dw ((_1>1K(]7Z7w76)F(’U7ﬂjﬁr,g(w),hr,g(w)(’r, 9),\) — F(v,r,g,A))
=1

Cm

n 1
+2_ LG)=n) dz /0 dw ((~1)<0= D F(v,r,g,A) = F(v,r,9,)))
=1

cv?pd{A} (79)

n cv*ud{B} 1 ) 5
+Zl{g(j):A}/0 dZ/O dw ((—1)1K(J’Z’w’6)F(U,79j,9m(w),hw(w)(7“7 9),A) —F(%T,g7>\))
=1

Cm

n 1
3 ey [ de [ dw ((CDROSEOR (g, 0) < Florg )
— cv?u9{B} 0

n bopd{A} 1 1 -
+ Z/(; dZ/O dw (( ) K(]Zw”B)F(Uaﬁj’ér,g(w)7ﬁr,g(w)(rvg)7)\) —F(’U,T’,g, )\)>
j=1

n Cir
+ / dz/ dw 1)1xGzwB) p(y ,r, g, ) — F(u,r,g,\) ),
2 ) @ ) (D (v,7,9,0) = F(v,7,9,3))

and AF (Apr) = 0. Let Dy be the linear span of the constant real-valued functions on Ey and all
functions of the form , and denote the extension of ( . to DM again by A.
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Proposition 5.5. The process (Csnoy, s Bsaoas s Gsnonrs A s>0 solves the martingale problem (_/AX, lA)M),

and this martingale problem is well-posed.

o)
Proof. a) For all F € Dy,
SAON
F(Cs/\cha RS/\OM7 Gs/\oMa A%\JM) - A AF(Cua Rua GuaAquI) du: S Z Oa (80)

is a martingale by It6’s formula, since ((saop,s Rsnonss Gsaons A

@®. (1), and the SDE for AM driven by (£;;) and (K;).

o~

b) Conversely, from any solution ((spz,,, Rsazy s Gsnzy» A

s>0 obeys up to time oy the SDEs

s
Qj[\EM )s>0 to the martingale problem (K, lA)M)
we can extract, up to theAstopping time op; (which is defined as in but now for Z instead gf )
a Poisson point process £ on Ry x {(i,7) : 1 < ¢ < j < oo} and a Poisson point process K on
R, x N x [0,Cy] % [0,1] x {8,6}, such that (L,K) is equal in distribution to the corresponding re-
striction of (£, ). We can then extract from (E, CA}, Z, IE) also a Brownian motion W up to the stopping
time o). Taking ()7\/\, E, IE) as the source of randomness in the system given by , , and in the
definition of AM, we infer from the pathwise uniqueness of that system that

~

= A M d M
(Cs/\31w7 RS/\EM7 GS/\ZT\M’ AS/\a'\]\/[)SZO = (CS/\O’M ) Rs/\UMa GS/\UM7 AS/\UN[)SEO’ (81)
as asserted. ]

Now we turn to the completion of the proof of Proposition by establishing a well-posed martingale
problem for (¢, R, G). Recall from Sec. that the mapping w — (0'(w), h'(w)) which appears in
is chosen such that, given (Rs—,Gs_) = (r,g), it transports the uniform distribution on [0,1] into a
pick from the sampling measure m™9. Thus, for functions F' that are of the form with ¢ = 1 (and
hence do not depend on ) the operator A defined in turns into the operator A defined in ([28]).
The proof of Proposition 2.5 now follows from Proposition together with Kurtz’ Markov mapping
theorem, see Corollary 3.5 in [28]. The roles of the processes X and Y there are played by our processes
(¢, R,G,AM) and (¢, R, G), respectively. In the initial distribution, the components of A}’ are i.i.d.
Unif{—1, 1} distributed, and also for the kernel a appearing in Corollary 3.5 in [28], we take a(v,r, g, ")
to be the i.i.d. Unif{—1, 1} distribution. The process (¢, R, ) solves the martingale problem for (A, D)
by , and the martingale problem for (A, Djs) is well-posed by Propositionh

To verify the assumption on the forward equation in [28, Corollary 3.5], we apply Theorem 2.9 d)
of [28]: with E); specified in (75), we consider the space Ey; := Ep x [0,1]% x (RN x TN 5 (RN 5 IN)N,
whose topology is obtained from the product topology by identifying all states with E A-component Ay
into a single state, also denoted by Ajs. For for F,v,r, g and A as in we define the generator in the
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environment (y,w, (i, gi)i, (74, 3i)i) € [0,1]2 x (RY” x TN 5 (RN x IN)N

2

S (
AOF(Y) = AOF(’U, T 97)‘a Yy, w, (Tia gi)ia (Tl?gl)l) = *FUU(U, 49, )‘) + (bU2y - 2CU3y(1 - y))Fv(v, "9, )‘)

2
+ 2v Z Fr(i,j)(vvragv)‘)
1<i#£j<n
+ > (D™D, 0(r,9),N) = F(v,7,9, M)
1<7,<]<n
+Zl{g B}/ 1K(jzw5)F(v TJ,QJ,A)—F(U,T’,Q,A)>
Cum ) 5
+Zl{g(3):B} dz ((_1)1K(],Z7w7 )F('U,ﬁg? )‘) - F(UvngaA))
— cv?y
n cv?(1-y) 1k (G0 d)
+ Z l{g(j):A} /0 z ((_1) KA ZAD F(U,Tj,gj, )‘) - F(U,?",g, A))
Cm )
+Zl{g A}/ _1)1K(]’Z’w’6)F(U7rag’ )‘) —F(U,T,g,)\))

n

buy )
n Z/O d <(_1)1K(J,z,w,ﬁ)F(U7 75,3, A) — F(v,r, g, )\))

j=1
n Cm ]
+ Z/ dz ((—1)1K(J’z’w’5)F(v,r,g, A) — F(v,r,g, A)) ,
j=1 buy

and A°F (Ap) = 0. We then define the transition kernel 7 from Ey to Ey as follows: For x :=
(v,r,9,\) € Epp with v € (1/M, M), we put

n(x,-) = 5(1} r.g Aud{A}) & dw 1[0 1] ) ® ® 05,679 (w) 179 (w) (759) ® ® 9, 3,879 (w), 9 (w) (7:9)

and 7(Anr, ) = da,,. In words, the transition kernel 7 records the input state (v,r, g, \), reads off from
this the type frequency y = p9(A), chooses a uniformly distributed sampling seed w and produces the
output states of the type configuration and the distance matrix that arise by drawing from the sampling
measure using w and updating according to the rules and , for the case of competition as well
as fecundity events. We then have

~

AF(x) = / n(x, dy) A°F(y).

We note that A°F is bounded and continuous for all F' € D M- It follows that DM X {AOF Fe DM} is
separable with respect to the £1-product of the supremum metric, hence also D M X {AF FeD M} has
this property. That is, A satisfies Hypothesis 2.4 in [28]. Also, Dy is closed under multiplication and
separates points. Moreover, for each w, (74, gi)s, (7, Gi )i, the operator F +— A°F(-,w, (vi, 9:)i, (Fi, §i)i)) is
a pre-generator in the sense of (2.1) of [28]. By Theorems 2.9 d) and 2.7 of [2§], it then follows that
the assumption on the forward equation in [28, Corollary 3.5] is satisfied. This concludes the proof of
Proposition

Remark 5.6. For our application of the Markov mapping theorem in the proof of Proposition we
resorted to [28], Corollary 3.5] instead of the more recent variant [I4, Theorem A.2], because we cannot
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guarantee the continuity of AF for F' € Dy, which is required in the latter. |28, Corollary 3.5] requires
a condition on the forward equation for an auxiliary operator A° which we were able to verify. A similar
reasoning applies to the proof of Theorem to which we turn now.

5.3 The symmetrized selective genealogy. Proof of Theorem (2.6

This section devoted to the proof of Theorem We divide this proof into three steps.

Step 1. Recall the definition of Djs just after , and that of ®p in (31)). The process (£,Y) was
defined in terms of (¢, X) = (¢, R, G) by means of (29), using the time change (3). With regard to this
time change we first claim that (Csaoy, s ¥ (Rsaons > Gsaoy))s>0 solves the martingale problem (A, Dyy),
where the generator A is defined by

Adp(v,X) ::/AF(v,r,g)V"(dr, dg), F € Dy, (82)

with the marked distance matrix distribution vX defined at the beginning of Section and where D)y is
the domain of A containing the linear span of all the functions ®r for F' € Dj;. We assume that the ini-
tial configuration Xo = (R, Gy) is distributed according to the marked distance matrix distribution of Y.

The process (Csaony > V(Rsaony s Gsaoy))s>0 arises from the process (Cspoy, s Rsaons s Gsnoyy )s>0 through
the measurable mapping given by (v,r,g) — (v,%(r,g)), where ¥(r,g) is the isomorphy class of the
marked ultrametric measure space (T",r,m™?) and measurability of ¢ can be shown as in Section 10.2
of [21].

Due to Theorem the process (Csaony > Rsnoass Gsaon )s>0 is Markovian. Moreover, we know from
Proposition that the process (Csaop > Rsaon s Gsaoa)s>0 solves the martingale problem (A, Dyy).
Hence, in order to prove our first claim, it suffices to show that

E(¢F(C§2AU]L1?¢(R52/\U]L47 GSQ/\UM)) - (I)F(Csl/\djua /(JZ}(RSI/\U]\/I7 Gs1/\0'M))

SaNoON
[ R (G bR G)) | (G (R Guaeanan ) =0 s (89

1O M
for all FF € Dy; and 0 < s; < s9. The Lh.s. in equals a.s. the conditional expectation
E( : ‘ (C’M7¢(RU7 Gu))u§s1/\oM) of

E<¢F(CSQ/\O'M7¢(RSQ/\UM7 GSQ/\UM)) - (I)F(Csl/\djua ¢(RS1/\UMa Gs1/\0'M))

SaNON
- / A(I)F(Cm Rm Gu) du ‘ (Cua Ru, Gu)ugsl/\aM) (84)

1AO M
by the tower property of conditional expectation. By the Markov property of (Csagy, > Rsaon s Gsaoa )s>0 s
the expression in does a. s. not change when we replace (Cy, Ry, Gu)u<sinony With (Coynoass Rsinon s Gsinon)
in the conditioning. Moreover, we have

E(/ F(Conaygy gV Fionran Genon)(dr, dg)

=E (F(CS/\O']ua Rs/\cha Gs/\UM)

for all s > s1, and for these s we also have

Cs/\a'Mv (slAO'M, Rsl/\a'Ma Gsl/\a'M)

CS/\O'M? CS1/\oMa Rsl/\O'M, Gsl/\O'M) a.s. (85)

E ( / AF(Copoygs 7> g Berons Ganand) (dr, dg)

CS/\O’Ma CSl/\U}ua RS1/\0'Ma Gsl/\UM)

=E (AF(CS/\O']w ) RS/\U]\/[ ) Gs/\O'M)

CS/\O'M? CS1/\oMa Rsl/\o']\/[7 Gsl/\O'M) a.s. (86)
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by Fubini and an argument as in e.g. Proposition 10.3 of [21I] which uses that (Rs, Gs) is exchangeable
conditionally given (s by Proposition and (Rg, Gy) is a. s. proper by Corollary Using the definition
of ®p and A, and , , we obtain that the expression in equals a. s.

E<F(CSQ/\O']\/[7 RSQ/\O'Juv GSQ/\O'JW) - F(Csl/\U]u7RS1/\O']\/[7 GS1/\0’]\/[)

S2/N\O N
- / AF(CU: R’Un G’u) du ‘ (Cu: Rua Gu)ugsl/\aM)

1N\O M

which in turn is a.s. equal to 0 by Proposition This shows the claim .

Step 2. Next we show the well-posedness of the martingale problem (&, Djs). From Proposition
we recall that the martingale problem (A, Djs) is well-posed. Similar as in Sec. we are going to
apply Kurtz” Markov mapping theorem in the form of [28, Corollary 3.5]. Let us check the validity
of the required assumptions using the notation from there. The state space of the “coarse” process
(Csnoprs Y (Rspons> Gsnoyy))s>0 is Ep := Sy defined in . The state space of the “fine” process
(oM, R°M GM) is E := Fj; defiend in . As the mapping v from F to Ey and the probability
kernel « from Ey to E that both figure in [28] Corollary 3.5, we take

Y(v,r,g) == (v,9(r,g)) € Eo, a((v, x),dv’ drdg) = §,(dv") @ vX(dr dg).

Then we have y(a(x,-)) = 0y by a reconstruction argument as in e.g. Proposition 10.5 of [2I]. We can
rewrite the operator A defined in as

A@F(v,x) = /AF(U',r,g)a((v,X),dv/drdg), F € Dyy.

In view of Step 1 and the well-posedness of the martingale problem (A, Dys), we can now infer the
well-posedness of the martingale problem (A, D)) as well as the Markov property of its solution from
[28] Corollary 3.5.

To verify the assumption on the forward equation in [28, Corollary 3.5], we proceed in analogy to the
proof of Proposition n agaln we apply Theorem 2.9 d) of [28], now defining 1 as a transition kernel
from Ey; to Eps x [0, 1]2 x (RN x IV)N x (RN 5 INN where the topology on the latter space is obtained
from the product topology by identifying all states with Ej;-component Ay into a single state, also
denoted by Ays. For (v,r,g9,\) € Ep with v € (1/M, M), we define n((v,7,g),-) by

n((v7r’ g)7 ) - 6(") 79, /‘q{A}) ® dwlwe 0, 1 ® ® j 079 (w), h"'g(w) 79) ® ® 19] 6729 (w),h" q(w)(rg)
jEN

and n(An,+) = 6a,,.- The operator A° figuring in [28, Theorem 2.9] is defined in complete analogy to
the operator A? in the proof of Proposition now without the component A in the argument. This
results in

AF(x) = / n(x, dy) A°F (),

as requred in [28, Theorem 2.9]. The validity of the assumption on the forward equation now follows as
in the end of Sec. (.2

Step 3. Steps 1 and 2 together show that (Cspey, s ¥(Rsacy s Gsaoys))s>0 is the unique solution of the
martingale problem (~A Djys) and is Markovian. The assertion of Theorem [2.6] now follows from the
time-change relation A = vA (see e.g. Theorem 6.1.3 of [16]). This completes the proof of Theorem [2
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5.4 Proof of Propositions [2.8], and

Proof of Proposition[2.8 The process Y takes its values in the space M of marked genealogies that is
equipped with the marked Gromov-weak topology, see Sec According to [8], this topology is metrized
by the so-called marked Gromov-Prohorov metric, and [8] Definition 3.1 ensures that the Gromov-
Prohorov distance of two elements x,x’ € M is bounded from above by the Prohorov distance of m
and m/, where the marked ultrametic measure spaces (7,d, m) and (7,d, m’) are representatives of the
isomorphy classes x and x’ in a common embedding. In our situation the common embedding of the
representatives of Y;, and Y}, happens in the selective lookdown space (Z ,p), and the two measures in the
embedding are the sampling measures mg;,) and my,), with ms defined in . Since for each M € N
the time change ¢t — s(t) given by is bi-continuous up to the stopping time 75y, it suffices to show
that a.s. the map s — my is continuous in the weak topology on (Z ,p). This latter continuity, however,
is a consequence of Lemmas and and the fact that the fragments I'y are monotypic. O

Proof of Proposition[2.9. We proceed in two steps. In the whole proof, let M > 0 be fixed and let us
consider all the processes stopped at 7. For the sake of notation, we omit here the stopping times 7.
First, we explain how to obtain the martingale problems for £é4 and ¢ and second, we compute the
brackets of the corresponding martingales.

Step 1: For any f : Ry x I — R of class C* that is supported in (1/M, M) with respect to its first
component and bounded, we can associate a function F = f o~ of degree 1 on Ry x RN x IV, Such a
function F' belongs to Dy with F(v,r,g) = f(v,g(1)) for all (v,r,g) € Ry X RN x IN, and our purpose
is to rewrite the martingale problem for such test function F.
For the first term in the left hand side of , we have that:
p (&, Yr) = /f(ft,g(l))VYt(dr, dg) = f (&, A) m{ A} + f (& B) (1 — me{A}), (87)

since under the marked distance matrix distribution v*, the type configuration corresponds to an i.i.d.
sequence drawn from p{A}da(dh) + (1 — uwe{A})op(dh).

Now, let us compute the second term of the left hand side of . For our choice of function F', we
have from that:

Adp(v,Y})
_ / v (dr,dg){ 5 Fou(v,9(1) + (bon™{ A} = 2002w A}po{ BY) fu (v, 9(1)
v [0, d) 1y (A (F0,) = F(0B) + Ly L BYS (0. ) = 0, 4)
b / "9 (A8, dh) Ly (f (0, A) — £(v,9(1))) }
= [ v (ar.dg) {3 fon(v.9(1) + (bomt{ A} — 2P (A} (BY) £,(0,9(1)
+ e0(Lgy=my (FTAD? = Lgy=ay (B2 (f (0, 4) = f(v, B)

+opI{ A} (f (v, A) = flv,9(1) |,

by recalling that the projection of m™9(df, dh) on its second component gives the type frequencies pu9{ A}
and p9{B}. Under v¥t(dr,dg), u9{A} (resp. p9{B} = 1 — u9{A}) is constant and equal to u{A}
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(resp. ui{B}) and g(1) is a random variable that takes the values A and B with probabilities u{ A} and
1 — p{A}. We then deduce that:

AR (0, Y:) = A}5 fuo(v, A) + (1= e AD) 3 fou(v, B)

(bUNt{A} = 2c0? i {AY(1 — m{A}) )(N {A}fo(v,A) + (1 - ut{A})fU(v,B))
teope{ AN — u{ A} @ue{ A} — 1)(£(v, A) — f(v, B))
Fop{ AN — e { A} (f (v, A) = f(v, B)). (88)

Choosing f in and such that f(v,h) = v1g,—4y and replacing v by &, we find that:

t
e B G LY (59)

is a local martingale (when stopped at 757, M ‘%M is a square integrable martingale) started at 0. This

local martlngale is also continuous by Theorem [2.2] . We can proceed similarly to find that M7 :=
¢B 50 + fo c&AﬁB du is also a continuous local martingale started at 0.

Step 2: Let us now compute the brackets (M4) , (MP) and (M4, MP) . Proceed similarly as in Step 1
for functions f : R, x I? — R of class C* and supported in (1/M, M) with respect to its first component,
and to which we associate F' = f o~y of degree 2 on Ry x RN x IV, Such a function F belongs to Dy
with F(v,r,g) = f(v,g9(1),9(2)) for all (v,7,g) € Ry x RN x IV,

For the choice of f(v, hy,ho) = v21{h1:A}1{h2:A}, we obtain that:

t
67 = [ (g 2b(e? - 2etl PR )au, 120, (90)
0

is a continuous local martingale. Using It6’s formula on , we also have that:

(67~ [ (2Mely? — 2ctel el )u— ary t20, 1)

is a continuous local martingale. From the comparison of these two expressions, we deduce that:

(A, = /0 “Adu, 130 (92)

In a similar way, the choices of f(v,hy,hy) = Uzl{hlzB}l{hQ:B} and f(v, hi,he) = U21{h1:A}1{h2=B}
allow us to compute (MP) and (M4, MP). Using Levy’s representation theorem [38, Th. IV.3.6,
p.141], we deduce that there exists on an enlarged probability space two independent Brownian motions
WA and WP such that dM = /EAdW and dMP = \/€BdWE. O

Proof of Proposition[2.1. Let us consider the following stopping times, for any ¢ > 0:
= inf{t >0, &' <e}, and 7P =inf{t >0, ¢ <e¢}, (93)

with the usual convention that inf() = +oo. Before 74 A 75, the diffusion coefficients are Lipschitz
continuous (with a Lipschitz constant of order 1 / V). Classical results (e.g. [23, Ch. IV]) ensure strong
uniqueness of the stopped processes (§ /\TA/\TB7€/\TA/\ B) for all e > 0. Let 79 = inf{t > 0, = 0 or

ft = 0}. By the continuity of the processes, lim o 7' A 7' = 79. Once one of the processes ¢4 or ¢8 has
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touched zero, it remains trapped there and the other process coincides with a standard (possibly drifted)
Feller diffusion &4 or &5:

deit = el dt + /EAdW? and P =0 (94)
or =0 and dEP = \/EPAWP.

The latter diffusions are well studied (see e.g. [23, Ch. IV.8]) and we have strong existence and uniqueness
for , and consequently also for ([1]).

In order to prove the asserted long time behavior of (¢4, £5) we observe that the two (independent)
Feller diffusions £4 and £? appearing in also provide dominating processes for (€4, £5) (see e.g. [23]
Th. VI.1.1]). The process €4 remains nonnegative for all ¢ > 0, and 0 is a trap. In the following, we
assume ¢ > 0. Denoting 7' = inf{t > 0, &' = 0}, it is known that P(7{' < +00) € (0,1) and that on the
set {7gt = 400}, limy_, oo & = +00 a.s. (see [4, Corollary 2, p.190]). The process £¥ gets extinct almost
surely in finite time: P(7P < +o00) = 1 with 78 = inf{t > 0, £ = 0}. The process (¢4, £P) dominates
stochastically (¢€4,£5). As a consequence, £P gets extinct in finite time almost surely. Overall, either £4
touches zero before €8 and the whole process then goes to extinction, or f;‘(‘)B > (0 and there is a positive

probability that 7'64 = 400 and when this happens, lim;_, ;o & = +00 a.s. O

6 Outlook: An extension to multiple types and mutations

The previous sections were restricted to a prototype example with two types and without mutation.
Indeed, we believe that this example, which allowed for a trade-off between conciseness and elaboration,
is best suited for displaying our novel pathwise approach to the joint evolution of population size, type
configuration and genealogy.

In this concluding section we give a brief outlook to a more general situation, without going into
further details. Let now the type space I be a compact group. Again we write u; for the relative type
frequencies and & for the total mass of the population at time ¢, and we put =; := & u:. The state space
of (1) is M*(I), the set of probability measures on I, and that of (Z;) is M (I), the set of finite measures
on I, equipped with the weak topology.

Let b = b(h) and ¢ = ¢(h,h’) be bounded, measurable mappings from I to Ry and I x I to Ry,
respectively. For p € M*(I) and h € T we put c(h,p) := [jc(h,h')p(dh’). Finally, let h — £(h,-) be a
measurable map from I to M(T).

We say that Z is an interactive Dawson-Watanabe process with fecundity function b, competition
kernel ¢ and mutation kernel ¢ if for all f € C(I), the continuous functions on I,

/H F(h)E1(dh) - /0 t /H (f(h)(b(h) ~ o)) + [(70) = £, dh/)) = (dh) du

I

is a continuous martingale with quadratic variation

/0 t /H F2(h) Z.(dh) du,

cf. [12], Example 4.6 for the non-interactive case. Putting f = 1 we see that the total mass process
& = Z¢(I), t > 0, is required to be a weak solution of the SDE

= — &2 & t) t t-
aé, — (@ /H b(h)n(dh) — & /H <h,n>u<dh>) dt -+ /B W, (95)
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Our prototype example fits into this framework with I = {4, B}, ¢ = 0 and b(4) = b, b(B) = 0,
c(A,A)=¢c(B,B) =0, c(A,B)=c(B,A) =c.

In order to arrive at an analogue of Theorem in this more general framework one has to modify
the update rule . In addition to the symbols # and § that indicate “birth” or “death” as the 4"
component of the Poisson point measures K;, we now have a third symbol A that figures for “mutation”:
the IC; are now a family of independent Poisson processes on Ry x Ry x [0, 1] x {3, d, A}, with IC;(- x {5}),
Ki(- x {6}) and IC;(- x {A}) having Lebesgue intensity measure.

With the abbreviation u9?(dh’) := M, the update rule is modified to

fbdy,g

k(9w if z < [bdpd v,
q(h, g,v,2,w,B) :_{ (n?, w) f "

h otherwise,

7 if 2 < elh, u9) v?

q(h7g,'l),2’7w7(5) = {H(H’w) 1 Z_C( ’/"L)/U)

h otherwise.

{(h, - if 5 <

q(h,g,v,z,w,\) 1= {F&( (h,-),w) if 2 < 1?’

h otherwise.

Likewise, the total mass process ((s) in the lookdown timescale, which is another ingredient of Theo-
rem will be a time change of (&) under , turning into

d¢, = <Cs /H b(h)uS (dh) - ¢ /H c(h, MGS)MGS(dh)> Cods + G dW.
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