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Abstract

In this work we model the dynamics of a population that evolves as a continuous
time branching process with a trait structure and ecological interactions in form of
mutations and competition between individuals. We generalize existing microscopic
models by allowing individuals to have multiple offspring at a reproduction event.
Furthermore, we allow the reproduction law to be influenced both by the trait type of
the parent as well as by the mutant trait type.

We look for tractable large population approximations. More precisely, under
some natural assumption on the branching and mutation mechanisms, we establish
a superprocess limit as the solution of a well-posed martingale problem. Standard
approaches do not apply in our case due to the lack of the branching property, which
is a consequence of the dependency created by the competition between individuals.
In order to show uniqueness we therefore had to develop a generalization of Dawson’s
Girsanov Theorem that may be of independent interest.
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1 Introduction

The study of interactions between organisms and their environment which influence
their reproductive success and contribute to genotype and phenotype variation is one of
the main questions in evolutionary ecology and population genetics. In this paper, we
are interested in modelling the dynamics of populations by emphasizing the ecological
interactions, namely the competition between individuals for limited resources, where
each individual is characterized by a quantitative trait which remains constant during the
individual’s life and which is passed on to offspring unless a mutation occurs. Motivated
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Trait-dependent branching particle systems with competition and multiple offspring

by the work of Bolker-Pacala [6] and Dieckmann-Law [17], several models have been
rigorously developed in this context. Firstly, Fournier and Méléard [24] considered
spatial seed models. Secondly, Champagnat, et al. [8], Jourdain, et al. [29], Méléard and
Viet Chi [37] studied phenotypic trait structured populations when the mutation kernel
behaves essentially as a Gaussian law or belongs to the domain of attraction of a stable
law. Finally, Méléard and Viet Chi [36] considered also structured populations whose
dynamics depends on the past. In these works, the population is essentially modelled by
a continuous time pure birth-death process with mutation. The birth and death rates of
this Markov process may depend on each individual’s trait and the interactions between
them. While traits are normally hereditarily transmitted from a parent to its offspring
with a (small) probability a mutation may occur. In this case, the offspring makes an
instantaneous mutation step at birth to a new trait value. This mutation step is driven
by a mutation kernel (a probability kernel) that depends only on the parent trait. The
authors then pass from the microscopic description of the population on the level of
individuals to a macroscopic description on the level of population mass distribution in
the trait space.

It is important to point out that whereas most organisms rely on binary reproduction
for propagation, many other use alternative mechanisms which include multiple offspring
in order to reproduce and remain competitive; see for example [2], [9] and [44]. Thus,
in this work, we are interested in generalizing this microscopic model in that we allow
individuals to have multiple offspring at a reproduction event. More precisely, we
consider a general offspring distribution where the number of children produced by
each individual depends on its trait as well as on the new trait that appears in case a
mutation occurs. We have a number of scenarios in mind in which such a dependence
may occur. One such scenario is modelling so-called “jackpot” events, introduced in a
seminal paper of Luria and Delbrick [35], in which particular mutants rapidly create a
sizeable mutant subpopulation - in the original famous Luria and Delbriick experiment
because they are more resistant to detrimental effects of the environment.

In our model, this mutant subpopulation is created instantaneously and we refer
to them simply as mutant offspring. Let us consider a particular scenario, namely
the evolution of different strains of virus populations or other microparasites with fast
adaptation, in order to motivate a dependence of the offspring distribution on the parent
as well as on the mutant strain.

Virus populations evolve as subpopulations within hosts that in turn infect other
hosts and thus create new evolving subpopulations. Within each host subpopulations of
different strains of the virus will generally be present (due to the initial infection but
in particular due to mutation during the infection) and their evolution is affected by
the immune system, that reacts to the presence of particular strains that it has already
recognized. This leads to an increased death rate of a prevalent subpopulation, which
we model by a competition term, effectively a death rate that depends on the size and
proximity (in type space) of the entire virus population.

A mutant type -sufficiently different from the parent type say- may on the other
hand quickly establish a sizeable subpopulation, whose size could also depend on the
intrinsic fitness of their trait type, before they are targeted by the immune system
(“immune escape”). Admittedly, a dependence on the size and proximity of the entire
virus population (as in the competition term), which is shaping the current immune
system and its response, could be even more desirable. But we view the dependence on
the parent type as a first step in this direction, which is in particular realistic if a mutation
to an epitope site results in a completely new phenotype of the virus’ antibody-binding
sites. (We note that our general type space and set-up may also be used to explicitly
model the interplay between frequent epitope mutations and relatively rare non-epitope
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mutations affecting the fitness, see Strelkowa and Lassig [49] for a discussion.)

On the level of the hosts a similar dynamic is at play. The infection of a new host
(with a particular virus type) is affected by the (local) availability of hosts that are yet
uninfected by a particular strain. Thus again new mutants may have an initial advantage
that could depend on a strain’s intrinsic fitness as well as on how different it is from
previous strains. We refer to Remark 3.3 (c) for a choice of mutation dependent offspring
distributions that could be suitable in modelling the situation described above.

We note that there is an extensive research literature on analysing the spread
of different virus strains (and their genealogies), see for example [49, 16, 39, 40] and
references therein. Mathematically rigorous results for models with fixed total population
size and particular type spaces can be found in recent work by Schweinsberg [47, 48],
see Dawson and Greven [15] for a general treatment of such models.

Apart from an interpretation of the type space as a space of genetic or phenotypic
traits we could also go back to the interpretation of the type space as a spatial location of
individuals (or a combination of the two). In a spatial setting Fournier and Méléard [24]
interpreted individuals as plants and the production of new individuals in the type space
as a result of seed dispersal (with immediate maturation). But unlike in the model of [24]
seeds are not always dispersed individually but may be dispersed in groups, in particular
when the seeds within fruit are consumed by animals and carried over larger distances,
see [10, 46] for some recent biological literature highlighting the importance of these
dispersal mechanisms. How many of these seeds establish themselves at their new
location may depend on the parent location, which can influence how many viable seeds
were produced, as well as on the new location, which may be more or less favorable.

Finally, we point out that our model can easily be adjusted to also include mutation of
individuals during their lifetime. In this case, the “birth” of a (or multiple) individuals at
a new location in the type space would happen at the same time as the “death” of the
individual at the original location. (If we think again of a geographical space then this
would be migration.) Details are left to the interested reader.

As in previous work, the main goal of our work is to look for macroscopic approxi-
mations, namely for tractable large population approximations of the individual-based
models when the size of the population tends to infinity, combined with frequent mutation
and accelerated birth and death. The latter is known as allometric demographies or
allometric effects (larger populations made up of smaller individuals who reproduce
and die faster); see for example [8, Section 4.2] and reference therein for background.
Basically, this leads to systems in which organisms have short lives and reproduce fast
while their colonies or populations grow or decline on a slow timescale. We proceed with
tightness-uniqueness arguments inspired by the classical theory of superprocesses [13]
and [32] without interaction. Clearly, difficulties arise due to the lack of the branching
property which is a consequence of the dependency created by the competition between
individuals. Nevertheless, following ideas of Méléard [24] and Champagnat, et al. [8]
we introduce a new infinite dimensional martingale problem. In the limit, we obtain a
measure-valued process defined as the solution of this nonlinear martingale problem.
The proof of uniqueness of such a martingale problem requires substantial work. We
develop a new Girsanov type theorem which allows us to get rid of the non-linearities
caused by the competition. This Girsanov theorem may be viewed as a generalization of
Dawson’s Girsanov Theorem [11] and may also be of independent interest. The effect
of multiple branching makes the analysis more complicated due to the loss of some
moments. Therefore, we adapt the localization procedure introduced by Stroock [50]
and generalized by He [25] to the measure-valued context.

It is important to point out that the nonlinear superprocess obtained as the limit
generalizes, for instance, the work of [19], [23], [14] or [42] by incorporating interaction.
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On the other hand, the general reproduction law of the approximating population system
yields a limiting process with a general branching mechanism, which extends the models
proposed by Méléard [24], Champagnat, et al. [8], Jourdain, et al. [29] and Etheridge
[20] to study spatially interactive structured populations. Let us remark that our model
allows the description of massive reproduction events which translate into discontinuities
of the limiting process. This can be the first step to analyzings superprocesses with
interactions that possess a jump structure.

The outline of the remainder of this paper is as follows. Section 2 is devoted to the
introduction of the individual-based model we are interested in. Here, we also prove
some useful properties of the model. The main convergence result based on a large
population limit is stated in Section 3. In Section 4, we prove tightness of the laws of
the particle processes and we identify the limiting values as solutions of a nonlinear
martingale problem. The uniqueness of such a martingale problem is attended to in
Sections 5 and 6.

2 The individual-based model

In this section, we formally introduce our interacting particle Markov process for
Darwinian evolution in an asexual population with non-constant population size in which
each individual is characterized by hereditary types. Our model’s construction starts
with a microscopic description of a population in which the adaptive traits influence
the birth rate, the mutation process, the death rate, and how the individuals interact
with each other and their external environment. More precisely, we assume that the
phenotype of each individual is described by a quantitative trait. Throughout the paper,
we will assume that

the trait space X is a Polish space that is locally compact.

In the following we should consistently refer to x € A" as either a “trait” or a “type”. We
consider a parameter K € IN that scales the resources or area available. It is called the
“system size” by Metz et al. [38]. It will become apparent later that this parameter is
linked to the size of the population: large K means a large population (provided that the
initial condition is proportional to K). We have the following definition of the stochastic
interacting individual system where individuals behave independently:

1. Birth and mutation: An individual of trait type « € X' gives birth at rate bx (z) €
R, . The number of offspring born at each birth time is controlled by a Markov
kernel 7k on X2 x N i.e. by a family of offspring distributions indexed by X x X,
say

™ = (7% (2, h) = (7% (z,h, k), k > 1), 2, h € X) (2.1)

such that (z, h) — 75 (z, h,-) is measurable and >~ , 7 (2, h, k) = 1 forallz,h € X.
More precisely, each individual of type x gives birth independently to k clonal
individuals with probability 7% (z, z, k)(1 — p(z)), where p(z) € [0, 1] is the mutation
probability of an individual with trait z € X'. Otherwise, it produces k individuals
of type h with probability p(z)7¥ (x, h, k)mx (z,dh), where mg (z,-) is a probability
measure on X called the mutation kernel or mutation step law. Note here that the
new type h only depends on z while the number of individuals produced depends
on x and h.

2. Natural death: An individual of type = € X dies naturally at rate di(z) € R.

3. Competition: We let cx(z,y) € R4 be the competition kernel which models the
competition pressure felt by an individual with trait * € X from an individual
with type y € X. We then add extra death due to competition. Specifically, each
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individual of type y points independent exponential clocks of parameter cx(x,y) on
each individual of type x. Then, the death of an individual of type = occurs as soon
as a clock pointed at this individual rings.

Let M(X') denote the set of finite Borel measures on X equipped with the weak topology,
and define the subset M (X) of M(X) by

1 n
MK(X):{KZ(;”“ :n >0, xl,...,xneé\,’},
i=1

where d,, is the Dirac measure at z. For any p € M(X) and any measurable function f

on X, we set ( = [, fdp.
At any tlme t 2 0, we let N; be the finite number of individuals alive, each of which is
assigned a trait type in X'. Let us denote by z1, ..., zn, the trait types of these individuals.

The state of the population at time ¢ > 0, rescaled by K, can be described by the finite
point measure v~ on X defined by

1
K—i
vy —K;(Sm.

We let 1 4 be the indicator function of a set A C X. For simplicity, we denote by 1 := 1y
the indicator function on the whole space. We observe that (v/ 1) = N;K~!. For any
x € X, the positive number (vX, 1¢,) is called the density of the trait x at time ¢.

In the next section, we are going to construct under suitable assumptions a M (X)-
valued Markov process with infinitesimal generator, .#*, defined for a convergence
determining subspace of bounded measurable functions f from M (X) to R and for all
pf e ME(X) by

LR = K [ S bea) 1 = pen® ) (7 (15 152) = 1069

k=1

oK [ Ybelo) / o) (7 (5 ) = 165 ) ot o)

X p=1

+K/ (dK +K/ (z,y)u dy)) <f< ‘;) f(uK)) pfdz).  (2.2)

The construction is inspired by [8] and [24], who consider the case of binary reproduction
and an offspring distribution that is independent of the trait type. In this more general
setting to the best of our knowledge, the construction has not been made rigorous before.
Therefore, we present the details in order to make this work self-contained.

Remark 2.1. In our model we assume that in case of mutation all offspring will have the
same mutant trait. One could consider more general dynamics in which at a mutation
event each new offspring could mutate into a different trait independently of its sibling.
This clearly will make the model more realistic but mathematically more involved and
complicated. Thus, we leave it as an open problem. On the other hand, we recall that we
are primarily interested in studying the (potentially fast) rise in numbers of individuals
of new traits, and this is what the proposed model is trying to capture.

In the present paper we use the following notation. Given a topological space V,
let B(V') denote the Borel o-algebra on V. Let W be another topological space with its
respective o-algebra B(1V). Then we denote by B(V, W) the set of bounded measurable
functions from V to W. Let T > 0 and D([0,7],V) (resp. D([0,00),V)) denote the
space of cadlag paths from [0, 7] (resp. from [0,c0)) to V furnished with the Skorokhod
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topology. For a metric space V let P(V) be the family of Borel probability measures
on V equipped with the Prohorov metric. Let B(V, R) be furnished with the supremum
norm (i.e. for f € B(V,R), we write || f ||o= sup,cy |f(z)]) and B(V,R) denote the
subset of B(V,R) of positive elements. We use Cp(V,R) (resp. Cy(V,R;)) to denote
the set of bounded continuous functions from V to R (resp. from V to R;). For any
integer n > 1, let C7*(R,R) (resp. CP'(R,Ry4), C7'(R4,Ry4)) be the subset of C(R,R)
(resp. Cp(R,R4), Cp(R4, Ry )) of functions with bounded continuous derivatives up to
the n-th order. If V is locally compact and separable, we write Cy(V,R) for the space
of continuous functions from V' to R which vanish at infinity (i.e. f € Cy(V,R) if for all
¢ > 0 there exists £ C V compact such that for all x € V' \ E one has that |f(z)| < ¢).
Let ¥ = X U {0} be the one-point compactification of X, with X = X whenever X
is compact. Let Cy(X,R) (resp. Cy(X,Ry), Co(X x X,R;)) be the set of functions
in Cp(X,R) (resp. Cy(X,R4), Cp(X x X,R4)) that can be extended continuously to
X (resp. X x X) Furthermore, in the case that X is a subset of R’ (I > 1), we let
Cy(X,R) (resp. C5(X,Ry), CH(X x X,Ry)) be the set of functions in C}'(X,R) (resp.
CP (X, Ry), CP (X x X, Ry )) which together with their derivatives up to the n-th order
can be extended continuously to X (resp. X x X). Finally, we use the superscript “+” to
denote the subsets of non-negative elements bounded away from zero e.g., B(V,R)™,
Cy(V,R4 )™, etc. That is, for f € B(V,R; )" (or C,(V,R;)™) there exists an ¢ > 0 such
that f(x) > ecforallz € V.

2.1 Poissonian construction

We provide a path-wise description of the stochastic process (v/<,t > 0). For this we
will use the following:

Assumption 2.2. Assumptions on the population parameters of the model:

(i) The birth and natural death rate belong to B(X,R.). So, there exist 0 < 5, d < +00
(that may depend on K) such that by (-) < b and dg () < d.
(ii)) The competition kernel belongs to B(X x X,R.). So, there exists 0 < ¢ < +o0
(that may depend on K) such that ck (-, ) <@.
(iii) The mutation kernel my (z,dh) is absolutely continuous with respect to a o-finite
probability measure m on X with density mg (x,h).

We need the following notation:

Notation 2.3. Fix 0 € X (an arbitrary element), let H = (Hy, Hy, ..., Hy,...) : ME(X)
— XN be defined by

<K 2(5%) .%‘9(1 .%‘g(n),o,...,(]), for n>1,

where To1) 3+ = To(n) for some arbitrary (but fixed) order < on X.

To avoid confusion, it is important to notice that the function H is listing all the z;’s
in some order and that there may be repetitions. The function H allows us to label the
individuals in a population described by a measure in M (X) in an arbitrary way (here
depending on their types). The vector that is given by H will be useful later on when
we want to attach Poisson processes to all individuals and want them to interact (at the
jump times of these Poisson processes) with the rest of the population according to their
trait type.

Notation 2.4. We consider the space CX C D([0,00), M(X)) of piecewise constant
cadlag paths, i.e.

t> Kx dI0=tg <t; <ty <---
CKi{(Vt,tEO)‘v >0, v, € MH(X), and 0=ty < t) <12 < ’}

lim;, 00 t, = 00 With vy = 1y, V1t € [t;,ti41)
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Observe that for (14, > 0) € C¥X, and t > 0 we can define v;_ in the following way: If
t & U;solti}, - = vy, while if t = ¢t;, forsome i > 1, v, =1y, .

We now introduce some Poisson point processes that we need. We will write ) for the
Lebesgue measure on R, and n for the counting measure on IN.

Definition 2.5. Let ((, 7, P) be a (sufficiently large) probability space. On this space,
we consider the following four independent random elements:

1. Initial distribution: Let v* be a M¥ (X)-valued random variable.

2. Clonal birth: Let N, be a Poisson point measure on R,y x N x IN x R, with
intensity measure A@n @n ® .

3. Mutation: Let N, be a Poisson point measure on Ry x N x X x IN x R, with
intensity measure A\@n @ m @ n ® .

4. Natural death and competition: Let N4 be a Poisson point measure on Ry x
IN x R4, with intensity measure A ® n ® A.

Let us denote by (F;):>o the canonical filtration generated by these processes.
Finally, we define the population process in terms of the previous Poisson measures.

Definition 2.6. An (F;),>¢-adapted stochastic process vE (Vt ,t > 0) that belongs a.s.
to C¥ will be called the population process if a.s., for allt > 0,

5H‘(UK)

K K W

v, =, —|—/ /// k Lickwr
t 0 0.4 R, K {i<K(v; 1)}

e s (L I ) = (HL )y (0 (1) ) iy Ve (s, i, e, d2)
5h
/ // k— 7L<k (v 1)
[0,4] AxNJRy
T <t (HL (05 ) U (0 ) (H () hkym (1 (v )0y} Nm (ds, di, dh, dk, d2z)

5H (lIK )
e Ni<k@r 1)y
0 t] ]R+

]l{zde(Hi(ugimK S ox (i (v ) y)vi(ay)y Va(ds, di, dz).
In order to show existence and some moment properties for the population process
in Definition 2.6 we need another assumption.

Assumption 2.7. We consider the following moment conditions:

(i) The offspring distribution 7K has finite mean, namely

oo

K1 = sup ZkﬂK(x,h,k) < +00.
z,heX 1

(ii) The measure ué( has finite mean, that is
E[(vE,1)] < +oc.

We now show that under Assumptions 2.2 and 2.7 the stochastic process z/K =
(vt > 0) from Definition 2.6 is well-defined. Observe that the total jump rate of v/
bounded by a polynomial in the total mass at time ¢ > 0 by Assumption 2.2. Therefore,

the process is well-defined on the interval [0, 7,,], where for n > 1,
T = inf{t > 0: (1F,1) > n/K}. (2.3)

Moreover, the process is shown to be well-defined if we can exclude explosion of the
total mass. Thus the goal then is to show that 7,, — oo almost surely as n — oc.
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Theorem 2.8. Suppose that Assumptions 2.2 and 2.7 are fulfilled. Then the following
hold:

(a) The stochastic process v = (v[,t > 0) from Definition 2.6 is well-defined and it is
not explosive.
(b) Moreover, assume that for some q > 1,

Kq = sup qu (z,h,k) < +oo and E[(v, 1) < +oo.
thX

Then for any 0 < T < +o0,

E[ sup (,1)9] < +o0. (2.4)
t€[0,T)

Proof. Claim (a) is a consequence of claim (b). Indeed, we can build the solution

vE = (vJ t > 0) step by step using Definition 2.6 (see for instance [24, Section 2.3] in a

similar setting). We have to check only that the sequence of (effective or fictitious) jump
instants (T},,n > 0) goes a.s. to infinity as n — oo (i.e. there is no explosion in finite
time), and this follows from (b) with ¢ = 1 due to the uniform (in X’) boundedness of the
rates by Assumption 2.2.

We now prove (b). Recall 7,, from (2.3). Then, a simple computation using Assumption
2.2 shows that, dropping the non-positive death terms on Definition 2.6 yields

sup (15, 1)7 < (15, 1)°

€[0,tATy]
— Ws—» 7 vE |
[0,tAT] Ry K s {i<K{l 1)}

]l{z<bK H, (v ) (1—p(Hy (vE ) (Hy (v ), Hy (5 ) )y Ne(ds, di, dk, dz)

E\? % )
+ — — (v, )7 ) 1y, UK
/0 t/\rn]/ /ch]N/lR+ (( K) < ) lisiiv,— 1)

L e (HL (v ))p(HL (05 ) K (L (v ) bk me (L (v ),y N (ds, di, dR, dk, dz).
By taking expectations and recalling Assumption 2.2, we obtain that

E[ swp 0,17 <E [0, 1)]

S€E[0,tATy]
/Ot/\‘rn /X <i17rK(m,x,k) (<<V§, 1) + Ik;)q ~ (WK, 1>q>
+ Z/ (2, h, kYmg (x, h) <<<u§,1> + Ik()q — <u§,1>q) m(dh))Vf(dx)dS].

Next, we recall the inequality

+ KbE

(x+ k) — 27 <Cy(k+ k1 297, for k,z € NU{0},

and some positive constant C;; depending only on ¢. We thus obtain

tATn
E[ sup ()%, 1)1 ] < E[(5,1)7] +2C, bE*TE {/ (’iq<V§—>1> +"<5q—1<VSK—71>q)d3
0

SE[0,tATS]
t
<Cyx (1+1E [/ 1+ WK, ,1>q>dsD ,
0
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where C i is a positive constant depending only on ¢ and K (for the last inequality, we
used that x < 1+ z9, for z > 0). The Gronwall Lemma allows us to conclude that for any
T < oo, there exists a constant C, r (not depending on n) such that

E[ sup (vX,1)7 <Cyr. (2.5)
s€[0,TATy]

Finally, we only need to deduce that 7,, tends a.s. to infinity in order to finish the
proof. Indeed, if not, we may find a Ty < oo such that eg, = P(sup,,~; 7 < Tp) > 0. This
would imply that E[sup,c(o.z,ar,] (¥ 1)9] > er,(n/K)? for all n which contradicts our
last inequality. Therefore, we may let n — oo in (2.5) thanks to Fatou’s Lemma and get
(2.4). O

Let us now show that if the population parameters satisfy Assumptions 2.2 and 2.7
and v¥ = (vf,t > 0) solves the stochastic equation in Definition 2.6, then it follows the
dynamic we are interested in, i.e. that it has infinitesimal generator given by (2.2).

Let Z = (Z;,t > 0) be a Markov process Z = (Z;,t > 0) with state space (F,d)
defined on some probability space (2, 7, P). Recall that the infinitesimal generator ¢ of
a Markov process Z is given by

S($(2) = SEf(20)| = tim DIEN 2T

dt t=0 t—0 t ’

for z € F and f € B(E,R) for which this limit exists, see [21, equation (1.10) in Section
1.1].

Proposition 2.9. Assume Assumption 2.2 and 2.7 and consider v¥ = (vE ¢t > 0) as in
Definition 2.6. Then v is a Markov process. Its infinitesimal generator .Z¥ is given
by (2.2), and it is defined for all functions f € B(M¥ (X),R) such that for u € [0,1] and
pe ME(X)

/X i — ubs) — F(w)lu(dz) < Cu, 2.6)

where C is a positive constant that does not depend on . In particular, the law of %
does not depend on the chosen order (see Notation 2.3).

Proof. The fact that v = (/¢ > 0) is a Markov process follows from its definition by
classical results from the theory of Poisson random measures, see [7, Section VI.6 and
1X.3] for background and examples. Let us now prove that the infinitesimal generator
of the process v has the desired form. Consider a function f as in the statement and

K
recall that in our notation 1§ = + SR 5 H,(vi)- We notice that a.s.

Pl = Fg) + Y (FE + v =) = F(v)),

s<t
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for ¢ > 0. Then,

K k(SHi(Vﬁi) Ky q
fFwf) = ) Voo + % —JW) | Lckwr 1)y
(0,1] Ry

1{ngK(Hi<yg))<1_p(H,<yK WK (Hy (v ), H (w5 )y Ne(ds, di, dk, dz)

b 0 48) 1)

T chre( H; (WX ) p(Hy (vE ) a K (Hy (vE ) hok)ymc (H; (vE ), m)31 Nm (ds,di,dh,dk,dz)

5H:(VK)
= _fI/sIi ﬂz v
/Ot]//n{+< ( K ) W) ) Lick w1y

Ui (L (w5 ) 4K [y exc (Hi (5 ) ) (ay)yNalds, di, ds).

Taking expectations, we obtain that

Opr. (WK
+ <dK(Hi(V§(—)) + K CK(Hi(Vf(_),y)I/SK_(dy)> (f (Vf_ - H}((S)> - f(Vf_)> H ds.

Recalling Notation 2.3 and that we are integrating with respect to Lebesgue measure,
we have that

E[f ()] = BLf ()]

/ { /XZbK ()7 (z, 2, k) (f (VSK +ki§> — f(”f)) v (dz)

k=1

x [ ;mx)p(m /X o Ryt ) (7 (v 45 ) = 10 ) mGai (as)

w6 [ (o) + & [ enteppiian) (7(v = 52) = 108 ) vian]as

Since LK (f(vf")) = LEIf(v)]|,_, Assumption 2.2 and condition (2.4) for ¢ = 1, a
consequence of Assumptlon 2 7, and (2.6) lead to (2.2) by differentiating the previous
expression. It is now clear that the law of * does not depend on the chosen order. [

Remark 2.10. We point out that any function f € B(M(X),R) of the form
n
= Z HieiAi“Lv(bi)’ n e ]DI7
i=1
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where p € M(X), \; € R4, 0, € Rand ¢, € B(X,R,) fori =1,...,n, satisfies condition
(2.6). More precisely, for u € [0,1],

[ 17— )~ Fwlata) DI / €49:) _1]u(da)
X im1 X
<u20|9 Xs (g, diyeAeloow
SUZOi|9i|/\i7 (2.7)

for some C; > 0. We have used the inequality |e* — 1| < |z|e/®, for € R, in order to
obtain the second line. This class of functions clearly separates points in M(X). It is
not clear whether they are convergence determining or not. However, this will not be
needed later on.

On the other hand, we point out that the class of functions which satisfy (2.6) contains
the functions f € B(M(X),R) of the form

) = e | o, aa)u(dan) - plden),

with A € Ry, n € NU {0}, ¢ € Cp(X™, R), and where X" denotes the n-fold space
of X. These functions clearly separate points in M(X’) and moreover, they are also
convergence determining (observe that the class is closed under multiplication and apply,
for example, [34, Theorem 2.7]).

2.2 Martingale properties

We finally give some martingale properties of the process v* = (/¢ > 0), which are
the key point of our approach. Recall that 7% = (7% (z,h) = (7% (2, h, k), k > 1),2,h € X)
is the offspring distribution associated to the model described in Section 2. Let g* (z, h, )
be the associated probability generating function for x, h € X, that is,

K, h2) =Y 7@, hk)2*, |zl <1 (2.8)
k=1
We consider the mean value of the offspring distribution 7
=> kn®(x,h,k), forz,heX. (2.9)

Theorem 2.11. Suppose that Assumption 2.2 and 2.7 are fulfilled.

(a) For all functions f € B(MX(X),R) that satisfy (2.6) and such that for some
constant C' > 0 (that may depend on K) and v € M¥ (X)) we have that
F)| + |25 (f()] < C(1 + (v,1)), the process M (f) = (M (f),t > 0) given by

ME(f) = ) — 1) / ZK(f
is a cadlag (F;);>o-martingale starting from 0.
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(b) For any function ¢ € Cy(X,R.), EX(¢) = (EE(¢),t > 0) given by

E{(9) = exp(— (v, 8)) — exp(~(vi, 9))
[ (s 0 (e ) 1)
+dye(a) (¢ 1) ) exp(— (VI ¢)v (dr)ds

+KAt/)ebK(x)p(as)</X <gK (.,

¢(h)

g (x,h,e‘T> )mK(az,h)m(dh)) exp(— (X, ¢))vX (dz)ds

- K? /ot/f </ cK(x,y)VSK(dy)) (ed);?) — 1) exp(7<yf,¢>)1/§{(dx)ds, (2.10)

2
is a cadlag (F;);>o-martingale starting from 0.

Proof. Point (a) follows from [43, Theorem 1.51] by showing that

E[ sup |ME(f)|] < oo, forevery t>0.
s€[0,t]

This is a consequence of the assumption on f, Theorem 2.8 and Proposition 2.9. The
point (b) is a consequence of (a) with f(v) = exp(—(v, ¢)) with v € MK (X). O

3 The superprocess limit

In this section, we investigate the limit, when the system size K increases to 400, of
the interactive particle system described in Section 2. As we will see, this will lead to a
random measure-valued process. In an obvious way, we regard the previous interactive
particle system as a process with state space MK(QE) C M(z’?). We denote by ¢* (z, h, -)
and x¥ (z, h) the probability generating function and mean, of the offspring distribution
78 (z,h), forz, h € X, defined as in (2.8) and (2.9), respectively. Similarly, we write by ()
and dg (z), for z € X. For « € (0,1], we also consider the 1 + a moment of the offspring

distribution 7,

il h) =Y EorK (@, h k), forz,h e X.
k=1

Note that if #{, (2, h) < oo for #,h € X then also X (z,h) < oo for z,h € X.
We consider the following hypotheses.

Assumption 3.1. The population parameters satisfy:
(i) cx(x,y) = K 'e(x,y) forall z,y € X and ¢ € Cy(X x X,R,).

(ii) There exists o € (0, 1] such that the (1 + a)-th moment of the offspring distribution
is uniformly bounded, i.e.,

o0
sup Kﬁa(l‘,h) = sup ZkHaﬂ'K(x,h,k‘) < +o0.
x,heX z,heX —1

(iii) supg sup, 5 (|65 (z, 2)bx (x) — dg ()] + K61 o (@, 2)bk (x) + dic ()]) < +o0.
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(iv) Forz > 0 and x € )2, we define
O (z,2) = b (2) (¢ (z,2,e77) — 1) + dg(2)(e* — 1).

The sequence (Ky* (x,z/K))x converges, uniformly on X x [0, a] for each a > 0, to
Y(x,2) = —b(x)z + o(x)2? + / (e — 1+ zu)I(z, du),
0

where b € Cy(X,R), 0 € Cy(X,R,) and II(z,-) is a kernel from X to (0,c0) such
that

sup/ (u A uP)T(z,du) < +o0,  and / (u A u?) (2, du) € Co(X,Ry),
zex J0 B
for each B € B(R).
(v) pe C@(Xv [07 H)
(vi) Forx € 23, the mutation kernel my (x,dh) is absolutely continuous with respect to
a o-finite probability measure m on X with density mg (z, h). Moreover,

sup sup
K :1:62%

b () /X (55 (2, ) — /ﬁK(x,x))mK(x,h)m(dh)’ < o0,
and

sup sup
K xe?e

Kby (x) /X (KK () — mﬁa(a:,x))m;g(x,h)m(dh)‘ < .

(vii) There is a bounded generator A of a Feller semi-group on C’b()e, R) with domain
2(A), dense in Cy,(X,R), such that for all p € P(A)

KbK(x)/)% (gK (x,x,eiqﬁg))

¢ (h)

—gK (x,h,e* 7 ))mK(x,h)m(dh) ~ Ag(x)| = 0.

lim sup
K—o0 zeX

The motivation behind Assumption 3.1 (iv) comes from the theory of superprocesses.
More precisely, from the approximation of branching particle systems that leads to
measure-valued branching processes with local branching mechanisms; see for example
[13, Section 4.4] or [32, Proposition 4.3].

Remark 3.2. A classical choice for the competition function in Assumption 3.1 (i) is
¢ = 1. This corresponds to density dependence involving the total population size known
as the “mean field case” or the “logistic case”.

Remark 3.3. Typically, the choice of the functions by and dx will depend on the offspring
distribution. We illustrate this with several examples:

(a) Single offspring distribution. The reproduction law satisfies
g8z, h,2) =2 x,heX and |z/<1.

In particular, choosing bx and di proportional to K yields the case studied by
Champagnat, et al. [8]. More precisely, Champagnat, et al. [8] considered

br(z) = Ko(z) +b(z) and dg(z)= Ko(x),
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for # € X and where b, 0 € C»(X, R, ). In particular, the sequence (K¢ (z, z/K))
converges, uniformly on X x [0, a] for each a > 0, to

Y(x,2) = —b(z)z + o(x)2>.

Note also that the parameters in this example satisfy Assumption 3.1 (ii), (iii)
and (vi) with o = 1. This model has been also studied in [29], [36] and [37] in a
similar setting. Finally, let us mention that Champagnat, et al. [8] also studied
the case of single offspring distribution where the natural birth and death rates
are proportional to K", for some 1 € (0,1). In this scenario, they showed that the
limit process is deterministic and described by a partial differential equation. This
follows from the fact that the variance vanishes in the limit.

(b) S-stable offspring distribution. The reproduction law satisfies

l(1 —z)“‘ﬁ + ﬂz— l, z,h € X, |z2| <1, and S € (0,1].

B B B

This type of offspring distribution has been used in order to get convergence of
branching particle systems to the so-called (a, d, 5)-superprocess (see for example
[13, Section 4.5]). In this case, in order to obtain a nontrivial limit we must choose
bx and di proportional to K 8. Moreover, Assumptions 3.1 (ii), (iii), and (vi) have
to hold with a = . Clearly, the variance of the offspring distribution is infinite and
therefore the limiting process can no longer have finite second moments. On the
other hand, as in the example (a), we expect that the limit process is deterministic
and described by a partial differential equation if the offspring distribution is
B-stable and by, dx are proportional to K", for some 1’ € (0, 5).

gK(Jj’ h? Z) =

(c) Consider a function A € B(X x X, R, ) such that Ag (z,2) = 0, for z € X. Suppose
that the reproduction law satisfies

g5 (2, h,2) = zexp(—Ag(z,h)(1 - 2)), x,h€X and |2/ <1

By considering by (z) = Ko(z) + b(z) and dk (z) = Ko(z), for 2 € X and where
b,o € Cy(X, R4 ), one can check that Assumption 3.1 (iv) is fulfilled. This generating
function corresponds to a random variable X, ; + 1, where X, ; is distributed
according to a Poisson random variable of parameter Ak (z, k). For instance, we
could take X' = [z, x2], with —oo < 21 < 22 < +00, and Ax(z,h) = |« — h|. In this
case Assumptions 3.1 (ii) and (iii) are satisfied with o = 1. In general, this depends
on the choice of Ag.

(d) Let bx,drx € Cy(X,Ry) such that by — b and dx — d, as K — oo, (uniformly on
X) where b,d € Cy(X,R4). Suppose that Assumption 3.1 (ii) is satisfied and that
for each a > 0,

bic(z) (6" (z,2,e7 %) —1) = —%bK(x)mK(x,x) +0(1/K),

for z € X and z € [0,a] (the small o term is uniform on X x [0,a]). Then
(Ky¥(x,2/K))k converges, uniformly on X’ x [0, a] for each a > 0,

U(x, 2) = (b(z)r(z) — d(x))z

if K5 (z,2) = k(z) € Co(X,Ry), as K — oo, uniformly on X. In this case, one may
expect to obtain a deterministic limiting process described by a partial differential
equation as [8, Theorem 4.2] or [24, Theorem 5.3].
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Let us now state our main theorem. For 0 < T' < +oo and p € M¥(X), let us call
QX = L(u¥) the law of the process v = (vX,t € [0,T]) such that Q¥ (v = uf) = 1.
We denote by EX the expectation with respect QX. We make a slight abuse of notation
and denote by 1 = 1 ; the indicator function on the whole space X, unless we specify
otherwise.

Theorem 3.4. Suppose that Assumption 3.1 is fulfilled. Assume also that there exists
u € M(X) (possibly random) such that

. K _
dm o =
in law for the weak topology on M(X) and that

sup EX (1, 1)) < oo, (3.1)
K

where « € (0, 1] is as in Assumption 3.1 (ii). Then, for each0 < T < +oo:

(a) The sequence of laws (QX)x is tight in P(D([0, T], M(X))).
(b) Let Q,, be a limit point of (Q¥) k. Then, the measure-valued process v € D([0, T},
M(X)), with law Q,, such that Q,(vy = i) = 1, satisfies the following conditions:

1. We have that

sup Eq, [(1,1)1+9] < +oo.
t€[0,T)

2. The measure-valued process v € D([0,T], M(X)), or equivalently its law Q,,,
solves the following martingale problem: For any

¢ € 2(M) = Cp(X,Ry)" N 2(A)
the process M (¢) = (M(¢),t € [0,T]) given by

My(¢) = (v, d) — (vo, ¢ / / x)vg(dx)ds

_ /O /X 6(z) <b(x) /X C(I,y)ys(dy)> vo(dz)ds (M)

is a Q,-martingale. Moreover, M (¢) admits the decomposition M(¢) =
M¢(¢) + M9(¢), where M®(¢) is a continuous martingale with increasing

process
/ / s (dz)ds, (3.2)

and MY(¢) is a purely discontinuous martingale, i.e.

/ / N(ds,dp), (3.3)

where N(ds, dp) is the compensated random measure of the optional random
measure N(ds,du) on [0,00) x M(X) given by

N(ds,dp) = > Tiav, 20y0(s,a0,) (ds, dpa) (3.4)
s>0

with Avg = vs — v, € M(XA) and 0 denoting the null measure. We then have
N = N — N with the compensator N(ds,du) = dsf(vs,dp) and f(vs, dp) given

by
/M()E)f(u)ﬁ(vs,du)= /X / f(ub o)z, du)ws(dz), (3.5)
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for f € B(M(X),R) and N(ds,dyu) the corresponding compensated random
measure.

Let us provide some specific examples of Assumption 3.1 (vii), in order to show that a
large class of dynamics can be included.

Remark 3.5. Suppose that there exists a sequence (ax )k of positive real numbers such
that ax — oo and b (-)/ax — 1 (uniformly on X), as K — oc. For ¢ € B(X, R), suppose

also that
x _e@\ g _emN _ ¢(h)  P(x) 1
g (x,x,e K ) g (Jr,h,e K )— w K +o Kax )’

for x,h € X and where the small o term is uniform on X' x X.

(a) Consider the case when X' = [z1, 2] with —co < 27 < x93 < 4+00. Then the mutation
kernel mg (x,dh) can be a Gaussian distribution (conditioned to be in [z, x2]) with
mean r € [z1, ;] and variance 6% /ay such that (0%/ax )bk (-) — 02 € R, (uniformly
on X), as K — co. In this case, we have A¢ = %qﬁ” for ¢ € CZ([z1,22],R) such
that ¢'(z1) = ¢'(x2) = 0. If in addition mg(z,-) has mean x + vk such that
Yibr () = v € R (uniformly on X), as K — oo, corresponding to a mutational drift,
then Ap = L¢" +~¢'.

(b) Consider the case when X = R!, [ > 1. For z € X, let the mutation ker-
nel mg (xz,dh) be the density of a random variable with mean vector x and co-
variance matrix X(z)/ax = (8;(x)/ax,1 < i,j < l). Moreover, assume that
the function ¥ is bounded and that the third moment of mg(x,dh) is of order
1/a3 uniformly on z € X. Then, the generator A is for ¢ € C%(RY, R) given by

Ag(z) = %Zé,j:l Yi;(z) 3?8(2 For instance,

ax 1/2 ag|h — x|?
mK(ﬂf, dh) = 27702(1') exp _T(;L') ]l{hE]Rl} dh,

for € R! and #?(x) positive and bounded.

(c) Take X = R, and for z € X, let the mutation kernel m k (z,dh) be the distribution
of a Pareto random variable with index v € (1,2) divided by K#/7, for 8 € (0,1]. It
has been proved by Jourdain et al. [29] that for ¢ € CZ(R, R),

lim sup
K—oo zeX

K? [ (60h) = ofa)mac(a.h) = T Do) =0

where
dh N
D0(e) = [ (0o +1) = 6(a) = b DL g T

is the fractional Laplacian of index . Thus, in this example, Assumption 3.1 (vii) is
satisfied with A = %D’Y as long as we take ax = KB,

(d) An interesting example is when X = {z, 2} is a set of two traits. Consider the
mutation kernel

mg (€, dh) = Lga—g,y (42 62, (dR) + (1 — ¢} )8z, (dB))
+ ]l{z:xz} (Qm25m1 (dh) + (1 - qg)émz (dh)) s

where ¢ ¢ € (0,1) such that axg¢X — ¢, and axqt — ¢.,, as K — oo, with
4z, 9z, € (0,1). Thus, Assumption 3.1 (vii) is satisfied with

AP(x) = Lio—a,} 2, (P(72) — H(21)) + Ljams,} Go, (¢(71) — G(2)),
where ¢ € Cp(X, R).
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Remark 3.6. Let X = [z1,23] with —0co < z1 < 23 < 400 and suppose that there
exists a sequence (ak )k of positive real numbers such that ax — o0, ax = O(K) and
br(-)/ax — 1 (uniformly on X)), as K — oco. We consider a reproduction law that satisfies

g5 (@, h, 2) = zexp(—ag Plz — h|(1 - 2)), @,h€lx1,25] and |z < I;

recall the example in Remark 3.3 (c). For ¢ € B(??, R), note that

(
K K 2K?2 2K?2

h) _ 1
+—¢( )a 1/2xh+o()»

gk (%x,e‘ ¢§f)) — gk (x,h7e‘%h)) _ o) o) o(x)*  ¢(h)?

K K Kag

for z,h € [x1,22] with a small o term that is uniform on [z, z2] X [z1,22]. Assume
that the mutation kernel mg (z,dh) is the Gaussian distribution (conditioned to be in
[z1,72]) with mean = € [z, 5] and variance 6°/ax as in Remark 3.5 (a). Then an
elementary computation shows that A¢ = §¢” +/2/70¢, for ¢ € CF([x1,22],R) such
that ¢'(z1) = ¢'(22) = 0.

Remark 3.7. In this remark, we consider [-stable branching that allows for jumps in
the limit and present an example of a mutation kernel that satisfies Assumption 3.1. Let
X = R and suppose that the reproduction law is given as in Remark 3.3 (b) with 5 € (0, 1].
For simplicity, we also assume that «¥ (z, )by (z) = dj(z) = K? for all 2 € X.(Indeed,
K (z,2) = (1+ B)/B.) For ¢ € B(X,R), note that

o (e ) o (e ) < L (S 42

1 (¢(x)'tF g(h)'HFP 1
*3 ( KitB K18 ) +O<K1+ﬂ) )

forz, h € X with a small o term that is uniform on X’ x X'. Assume that the mutation kernel
m(x,dh) is given by the distribution of Pareto random variable with index v € (1, 2)
divided by K A/7 as in Remark 3.5 (c). In this case, Assumption 3.1 (vii) is satisfied with
A = 1D7, where D7 is the fractional Laplacian of index 7. Here we have used that it
also follows from the convergence result of Jourdain et al. [29] (see Remark 3.5 (c)) that

lim sup
K—oo reX

/X<¢><h>1+ﬂ — ¢(2)"P)ymg (z,dh)| = 0,

so that the second term vanishes.

We state the following result on uniqueness of the limiting process of Theorem
3.4. Recall that Cy(X, R4 )" denotes the subset of functions in C,(X, R, ) that can be

extended continuously to A and that are bounded away from zero.

Theorem 3.8. Let 1 € M(X) be non random and suppose that the coefficients in
the martingale problem (M) are as in Assumption 3.1 and such that in addition o €
Cy(X,R,)*. Then uniqueness holds for the martingale problem (M) and it is thus well
posed. In particular, (QX)y in Theorem 3.4 converge to this unique solution of the
martingale problem.

Finally, we provide a criterion to check that no mass escapes.

Theorem 3.9. Assume that X is not compact and that Assumption 3.1 is fulfilled with
o € Cy(X,R4)T. Moreover, suppose that there exists a sequence (¢, )n>1 C 2(M) such
that
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(i) for every n > 1, limg (. 0)—0 ¢n(x) = 1, limgy 5)—0 Adn(x) = 0 (Where d is some
metric in the Polish space X),

(ii) sup,,>1 SUP,cx ¢n(r) < 00 @andsup,,>; Sup,cy Adn(r) < oo. Furthermore, ¢, — 15}
and A¢, — 0, asn — oo, pointwise.

For a non random p € M(X), let Q,, be the unique solution to the martingale problem
(M). Then, Q, is actually the law of a measure-valued process in D([0, T], M(X)).

Remark 3.10. We give an example that satisfies the conditions of Theorem 3.9. Consider
the framework of Remark 3.5 (b) where X = R!, [ > 1. In this case, A is given for

C2(RL,R) by Ap(z) = LS % (2) 2% Forn > 1, let
NS 8( ,R) by A¢(x) 221,3:1 %J(x)ariaxj~ orn =1, 1€

1 i
sy = { o0 (carm) i el >
0 if |z| <n.
Then, one can easily check that (¢,,)n,>1 C Z(M) and that the conditions of Theorem 3.9
are satisfied.

Remark 3.11. We notice the following:

(a) Following the terminology of the theory of superprocesses (see for example [13],
[23] and [32]), one could refer to the solution of the martingale problem (M) as
the (A, v, c)-superprocess with competition, i.e. a superprocess with spatial motion
governed by the infinitesimal generator A, reproduction mechanism or branching
mechanism v, and with competition kernel c.

(b) In the non-spatial setting (i.e. one type setting without mutation), Lambert [30]
introduced a class of general branching processes with logistic growth, abbrevi-
ated LB-processes. These processes may be viewed as continuous-state branching
processes (CSBP’s) with an extra negative interaction between each pair of individ-
uals in the population. Then the solution to the martingale problem (M) can also
be thought-out as a generalization of L B-processes to model spatially structured
populations.

(c) The solution of the martingale problem (M) generalizes the models proposed by
Méléard [24], Champagnat, et al. [8], Jourdain, et al. [29]. These can be recovered
by considering 9 (z, 2) = —b(x)z + o(x)2% for x € X and z > 0, and A the Laplacian
or the fractional Laplacian. The solution to (M) can also be seen as an extension
of the model of Etheridge [20] by taking ¢(z,z) = —bz + o022 forz € X, 2 > 0, b,o
constants, A the Laplacian and ¢(z,y) = h(|z — y|), for ,y € X, with a nonnegative
decreasing function h on R, that satisfies [~ h(r)r?~!dr < co.

(d) It is important to point out that we were not able to show uniqueness in general
for the martingale problem (IM). More precisely, the case when the diffusion part
in the branching mechanism 1, i.e. ¢ in Assumption 3.1 (iv), is not bounded away
from zero is not covered in Theorem 3.8. We could not obtain a useful Girsanov
type theorem in this case (see Section 5.2) to get rid of the nonlinearity problems,
which prevent us to use Laplace-transform techniques as in the classical theory of
superprocess. It seems that this is a really hard problem.

Section 4 is devoted to the proof of Theorem 3.4. We firstly establish in Section 4.1
the tightness of the sequence (%), i.e., Theorem 3.4 (a). In Section 4.2, we identify
its limiting values v, and we show that they satisfy the properties of Theorem 3.4 (b).
In Section 5, we prove Theorem 3.8 about uniqueness of the limiting process and the
convergence of the sequence (/). Finally, we show that there is no escape of mass
for the limiting process, i.e. Theorem 3.9, in Section 6.
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4 Proof of Theorem 3.4

Throughout this section we assume that the assumptions of Theorem 3.4 are fulfilled.

4.1 Tightness

For 0 < T < +oo and u® € M(X ) recall that QX = L(uX) is the law of the process
vE = (v t € [0,T]) such that Q¥ (v = u¥) = 1. We denote by EX the expectation with
respect to Q.

We shall prove that:

Proposition 4.1. The sequence of laws (QX)x in P(D([0, T}, M(X))) is tight.
First, we obtain the following moment estimate.
Lemma 4.2. For all 0 < T < oo, we have that

supEX [ sup (v, 1)1 < 400,
K te[0,T]

where o € (0, 1] is as in Assumption 3.1 (ii).

Proof. Following a similar construction as in Section 2.1, one can define a M* ()3 )-valued
Markov process 7 = (75, ¢ > 0) with infinitesimal generator LK given by

PR = K [ S b0 =) ) ( (0452 ) = 1659 ) )

k=1

VK [ S bela) /X w (e by (1 (W K ) = 105 ) el @)

X4

K [ dio <f (uK - i) - f(uK)) W (),

for all ¥ € MX(X) and f a measurable and bounded function from MX(X) to R.
This process can be associated with a stochastic interacting individual system where
individuals behave as in the model described in Section 2 but with the difference that
there is no death due to competition.

Note also that the processes ({(vf,1),t > 0) and ((#5,1),t+ > 0) can be coupled
together such that (v, 1) = (7, 1) and (v, 1) < (7/,1) for all t > 0. Therefore, it is
enough to prove the following moment bound to finish the proof,

supEX [ sup (7,1)'7] < +o0. 4.1)
K t€[0,7)

Following a similar argument as in the proof of Theorem 2.8 (i.e., a Poissonian construc-
tion for the system associated to the operator .# %), one can deduce that

EK [<l~/tl(7 1>1+a] S EK [<Vé(7 1>1+a]

t ) ibx(x)(l —pla) 7 (@, 2, k) | | (75, 1) + % e (9K )it
0 JX N =1

S 14«
+ ;bx(x)p(x) /)eﬂ'K(x, h, k)ymp (z, h) <<(f/§, 1) + Ik;) _ (K, 1>1+a> m(dh)

+ dx (z) ((@75, 1) — ;{)Ha — (K, 1>1+a> )ﬁf(dx)d517
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for t > 0. Note the following inequalities
(x+ k)T — 2T < (14 ) (2% + E*) and (z — 1) — 2 < (1 +a)(1 — %),
for z,k € N and « € (0, 1]. Then,
EK[<Z~/tK,1>1+a] < EX [<Vé(’ 1>1+a]

/Ot//? ((bK(l')liK(l‘,x) —dge (@)K, 1)°

+ K (br (2)R1 o (2, 2) + die (2))
+ <DSK, 1)%x (z)p(x) /X)(FaK(ac, h) — IiK($7.’E>)mK(Z‘, h)m(dh)

+(1+a)EX

Kb (2)p(a) / A

(nﬁa(a@, h)— Ii{<+a(l‘, x))mg(z, h)m(dh)) ﬂf(dx)ds] .
X

It follows from Assumption 3.1 (ii), (iii), (v) and (vi) that
EX[(5F, 1)1 ] < EX[(nf, 1)1+ +C/ EX[1 + (9K, 1)1 ]ds,

for some positive constant C' (that does not depend on K). For all 0 < T' < oo, Gronwall’s
Lemma and Condition (3.1) allow us to conclude that there exists another constant
Crt > 0, not depending on K, such that

EX[(pf,1)!T*] < COp forall te (0,7 (4.2)

On the other hand, it is not difficult to see that the process M% = (MtK ,t > 0) given by
]\thK (7f1) — W, / LKy

where g(7X) = (7K, 1), is a martingale. Recall that (z+y+2)1T* < C(zlto4ylte 14,
for x,y,z > 0 and some constant C' > 0. Then, by Doob’s maximal inequality and the
previous inequality, there exists a constant C’ > 0 (that does not depend on K) such that

EK[ sup <’7tKvl>1+a] < C/EK[<I/O 71>1-‘,—a] +C/EK[|MK|1+a]

te[0,T)
1+«
+ C'EF (/ | LK g(i7! )|ds>
0

Note that Assumptions 3.1 (ii), (iii), (v) and (vi) imply that there is a constant C” > 0, not
depending on K, such that

2% ()] </A(bK(I)RK(M)—dK(x))ﬁsK(dw)
X

[ oo ([ (65 = 8 o), mym(an) ) oK o),
X X
<"k 1), (4.3)
for s € [0, T]. Then the above inequality together with Jensen’s inequality shows that

EX[ sfépT]@f )] < CER [, 1))+ C'ER[IMF
telo,

+ O sup EX[(0F 1)1, (4.4)
t€[0,T]
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for some constant C7. > 0 that does not depend on K. Finally, the claim in (4.1) follows
by combining andition (3.1), the inequalities (4.2), (4.3), (4.4) and the expression for
the martingale M¥. O

Proof of Proposition 4.1. Notice that M(P?) is a Polish space by [21, Theorem 3.1.7]

which implies that D([0, T], M (X)) is also a Polish space. We use Jakubowski’s criterion
for tightness [28, Theorem 3.1] that gives necessary and sufficient conditions for tight-

ness in D([0,T], M(X)). More precisely, let & be a family of continuous functions on
M(X) that separates points in M(X) and is closed under addition. We show that

(a) For each ¢ > 0 there exits I' > 0 such that

QK< sup (v 1) <F> >1—¢, Kel.
0<i<T

(b) The family (Q¥) is &-weakly tight, i.e. the laws of (f(vf) : ¢ € [0,7]) under Q¥
are tight for each f € &.

We define the family of functions
&= { ie NP e M(X), Mi€Ry, 6; €R and ¢; € ca(x,m)}.
n=1 \i=1

Observe that it separates points on M()e ) (it follows from Dynkin’s 7-\ Theorem; see for
example [4, Theorem 1.3.2 and 1.3.3]) and that it is closed under addition. On the other
hand, Lemma 4.2 implies (a). Therefore, it only remains to show (b). We consider f € &,
ie.,

Flp) = 000 neN,
=1

where p € M()?), Xi € Ry, 0; € Rand ¢; € Cop(X,Ry), fori = 1,...,n. It has been
shown in Remark 2.10 that f € & satisfies condition (2.6) in Proposition 2.9. Then,

2% 10i1= K [ S bre(e)(1 — pla))7 (2.2, k) (7 (w052 ) = 1089 ) i a0

X p=1

[ gbm)p(x) [ anary (1 (€ 152 ) = 708 ) s an)of

+K/)2 (dK(x) +K/)ecK(x,y)ytK(dy)> <f <yf< - i;) — f(VtK)) vE (dz)
Sé: |65 N9 /X K (bK(a:) (g (x,x,e—*”ié‘“’) _ 1) ¥ de(z) (e diggm) 1)) VK (dz)

Ai#i(h)

- /X Kbie(@p(e) (9 (0,2, %) = g (2,07 ) ) e, hym(ah)f (da)

+ /X K? ( /X cK(x,y)VtK(dy)> (7% = 1) v ()

We now use Assumption 3.1: We apply condition (iv) to the fourth line, (v) and (vii)
to the fifth line, and (i) to the last line together with (2.7) which implies that writing

. (4.5)
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FWE) =2 f;e=2".#) this last line can be bounded by

/}2 K </X c(:c,y)v{{(dy)) (f <u{( - Il(a> - f(uf)) v (dz)

<we [ [ | (€= o) = )| (@i a)

< C{f,1),

where C' is a nonnegative constant (not depending on K and whose value changes from
line to line). Thus, we obtain

sup ‘D%Kf(VtK)‘ <C sup <VtK’1>)
te[0,T] t€[0,T]

for a positive constant C' (that does not depend on K). Note that Lemma 4.2 implies that

supEK[ sup |.,2”Kf(1/tK)|] < 400
K t€[0,T]

and that [43, Theorem 1.51] implies also that for each f € &, the process MK(f) =
(MtK(f)v t € [Oa T]) given by

ME(f) = ) — FA) — / LK F(F)as
0

is a martingale. It then follows from [21, Theorems 3.2.2 and 3.9.4] with p = o0 and
Lemma 4.2 that the laws of (f(vX) : t € [0,T]) under Q¥ are tight. This shows (b) and
our claim follows from [28, Theorem 3.1]. O

Remark 4.3. Alternative to show tightness of (QX)x in P(ID([0, T], M(X))), it suffices,
following [13, Theorem 3.7.1, Chapter 3], to show that for any continuous function
é :+ X — R, the sequence of laws of the processes ((WE,¢)e,t € [0,T)) is tight in
D([0,7],R). From the moment estimate in Lemma 4.2, we believe that this can be
achieved by using Aldous criterion [1]. We refer to [12, Proof of Theorem 5.5.3], where
this approach is implemented in a similar setting.

4.2 Identifying the limit

Recall that QX = L(uX) denotes the law of the process v* such that Q¥ (v =
pf) = 1, and denote by Q,, a limiting value of the tight sequence (Q)x. Recall
also that ([0, T], M(X)) is a separable space; see for example [5]. By Skorokhod’s
representation (see [21, p. 102]), we may assume that the cadlag processes (I/tK,t €[0,7])
and (,t € [0,T]) with distributions Q¥ and Q,, respectively are defined on the same
probability space and that the sequence (v5,t € [0,7]) converges almost surely to
(v, t € [0,T]) on D([0,T], M(X)). Define D(v) = {t € [0,T] : P(v; = v;_) = 1}. Then the
complement in [0, 7] of D(v) is at most countable by [21, Lemma 3.7.7]. It follows from
[21, Proposition 3.5.2] that for each t € D(v) we have limg o, v = v; almost surely.

In this section, we show that the limit point Q,, of the sequence (Q¥) satisfies the
properties stated in Theorem 3.4 (b).

Proof of the moment bound. The first moment bound of the limiting process (v, €
[0, T1]) follows from condition (3.1) together with Fatou’s Lemma and Lemma 4.2 (we have
implicitly used that D(v) is at most countable [21, Lemma 3.7.7] and right continuity).
Proof of the martingale property. Recall from Theorem 3.4 that

Z(M) = Co(X,R4)" N Z(A),
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where Z(A) is defined in Assumption 3.1. Let ¢ € (M), Theorem 2.11 (b) implies that
EX(¢) = (EE(¢),t € [0,T]) given in equation (2.10) is a martingale. More precisely,

B (¢) = exp(— (" 7¢>)—exp( (1", )
—K/ / bi (x x x,e_%) - 1) + dg(x) (ed);) - 1)) exp(— W, o))k (dx)ds

+K/O /XbK(x)p(x)</X (gK (m,x,e_d);?)) — g (:E,h,e_%(h))>mK(x,h)m(dh)>

x exp(—(v, ¢))v* (dz)ds

K / / ( / cxc(z, y)v (dy))( 1) exp(— (v, @) (dr)ds, (4.6)

for t € [0,7T]. Assumption 3.1 (by applying condition (iv) to the second line, (vii) to the
third to fourth line and (i) as well as (2.6) to the last line) now shows that if a subsequence
(vk,)n converges to a v then we obtain that £~ (¢) converges weakly to E; (v, ¢) where

Eu(v,6) = exp(~(v1,6)) — exp(~(v0, 6 //) 2) exp(— (v, ) (d)ds
/ | 7@ expl= (.. 0w (da)as
//(/ ﬂ¢)1HMMMWM%mP%MM@MS
/ | pla)Adta) exp(— v, 0)us(do)as

/ / (/ c(z,y z/s(dy)) o(x) exp(—(vs, ) vs(dz)ds. (4.7)

This also suggests that E;(v, ¢) for any limit point v of the sequence (v¥)x should be
a martingale. To justify this conclusion we need to know that the martingale property
was preserved under passage to the limit. Therefore, it is enough to check that for each
leN, (s ) 1 C D), s,te D) with0 < sy <--- <3, <s<t<T, some continuous
and bounded maps h1, ha,...,h; on M(z’\?),

E[(E:(v,¢) — Es(v,9))h1(vs,) - - hi(vs,)] = 0. (4.8)

It follows from Theorem 2.11 (b) that
0=E[(E{(¢) = BES(¢))(vs) - hu(vy)]
=E[(E(v",¢) = B.(v",9) = Rc(t,8)) a(v) -+ a(v)]
where
Ri(ts) = B[ (¢) — ES (6) — E1(vF,¢) + B, (V" ).
We notice that Assumption 3.1 implies due to ¢ > 0 that

(K (WK ¢ (WK
B, (v, ¢) — E;(S,¢)| <e 9 te <~<’¢>+/ et ’¢>(||b||oo Wk, ¢)

S

+ 110 llsoll ¢ llo (v, @)

+<sug/ooo(u/\u) xdu>||¢00<u7 )

A oo 1) € e (0 ,1><u5<,¢>)du. 4.9)
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Recall that ¢ is bounded away from zero such that (v, 1) < C(vX | ¢) for some constant
C > 0. Using that (z V 22)e~" is bounded with z = (v} ,qb) we thus obtain

sup |Et(VK7¢) - ES(VK7¢)‘ S Clu

s,t€[0,T]

for some positive constant C; that does not depend on K. By using (4.6) above and a
little bit of extra effort (similar computations have been done in (4.5)), one can check
that

sup |Rp(s,t)| < Ca,
s,t€[0,T)

for some positive constant C; that does not depend on K. Now we see that for a
subsequence (vk, ), that converges to a v we have, by the Dominated Convergence
Theorem, since all the h; are also bounded that

0= lim E|(E(¢) — EL(9)hi () - l(v))
= E[(E(v,¢) — Es(v, )i (vs,) - hu(vs,)]

which shows (4.8). Thus, E(¢) = (E(v, ¢),t € [0,T]) defined in (4.7) is a Q,-martingale.
Next, we show that M(¢) defined in (M) is a martingale with the desired decomposi-
tion. Our proof follows similar ideas to those of [13, Theorem 6.1.3] or [32, Theorem 7.13].
We show that Z = (Z;(¢),t € [0,T]) given by Z;(¢) := e~ 9} is a special semimartingale,
e., it has a representation

Zt((b) :ZO(¢)+Wt+‘/;57 te [O,T],

where W = (Wy,t € [0,T]) is a local martingale with Wy = 0, V = (V;,t € [0,T]) is a
process of locally bounded variation that has locally integrable variation; see, e.g. [33, p.
85]. In the following, we abbreviate

1) i= (wp40) (@) = [ ([ etemiian)) olapatao)

where () := 9 (x, ¢(x)) for z € X with ¢ defined as in Assumption 3.1. We now consider
the processes Y = (Y;,t € [0,7]) and H = (H,,t € [0,T]) given by

W@:W%KAWM)HM HL(6) = Z(0) Vi(6).

We note that E;(v,¢) = Z;(¢) — ) + fo ¢)ds. Using this and integration
by parts together with the fact that Y((b) isa process of locally bounded variation we

obtain that
/Y VdEs( /Y )dZs( /Y Zs(d)ds

/Y(M /swmw
= Hy(6) — Ho(6) = Hy(6) — Zo(0)

is a Q,-local martingale. We have Z;(¢) = H¢(¢)Y:(¢) " with Y;(¢) ! of locally bounded
variation and so, again by integration by parts,

dZy(¢) = Yi(¢) " dH(¢) + Hy(¢)dY(¢) ™
= Yi(¢) ' dH(¢) — I,(¢) Z— (¢)dt. (4.10)
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Then Z = (Z,(¢$),t € [0,T]) is a special semi-martingale (one can follow a similar
estimation procedure as in (4.9) in order to check that the locally bounded variation
term of Z has locally integrable variation). On the other hand, using It6’s formula [43,
Theorem I1.32] we conclude that (v.,¢) = —logZ.(¢) is also a semi-martingale. Let
Mo(X ) denote the space of signed Borel measures on X endowed w1th the o- algebra
generated by the mappings p — u(B) for all B € B(X). Let M3(X) = M4 (X)\ {0}
(where 0 denotes the null measure). We define the optional random measure N (ds, du)
on [0, 00) x M%(X) by

N(ds,du) =D Tyav,£010(s,a0,) (ds, dp),
s>0

where Av, = v, — v, € M%(X). Let N(ds,du) denote the predictable compensator of
N(ds,dy) and let N(ds dp) denote the compensated random measure; see [33, p. 172].
It follows that

(e, 8) = (vo, d) + Un(@) + M7 (9) + M(9), (4.11)
where U(¢) = (U(é ) t € [0,77]) is a predictable process with locally bounded variation,
Me(¢) = (Mf(¢),t € [0,T]) is a continuous local martingale with increasing process

C(¢) = (Ce(¢),t € [0,T]) and M4(¢) = (M{(¢),t € [0,T]) given by

//O A, N(ds,dw), tel0,T],

is a purely discontinuous local martingale; see [27, p. 85]. We apply It6’s formula [43,
Theorem I1.32] to exp(—{(v., ¢)), with (v., ) given by (4.11), and we get that

Ey(¢) = 2:1(¢) — Zo(¢)

t 1 i
+ /0 Z,—(9) (dUs(¢)—2dCs(¢)— /Mim (e {0} —1+<u,¢>) N(ds,du)> (4.12)

is a local martingale. Note that
0< Z,_(¢) (€7<Ays’¢> -1+ <A1/5,¢>) <C (|<AI/57(;5>‘ A |<AVsa¢>2|)
for some constant C' > 0. According to Theorem 1.4.47 of [27], Zs<t<AVS7 ¢>2 < 0o. Thus

the second term in (4.12) has finite variation over each finite interval [0,T]. Since Z is a
special semi-martingale, Proposition 1.4.23 of [27] implies that

/Ot Zs(9) /Mi(zé) (e*<#’¢> — 14 (u, (b)) N(ds,dp)

is of locally integrable variation. Thus it is locally integrable. According to Proposition

11.1.28 of [27],
t
[ze@ [ (09 -1 () Rds.dw)
0 My (X)

is a purely discontinuous local martingale. Therefore,
Ei(¢) = Z(9) — Zo(9)
t
+ [ 2@ (dUsw) = 50C@) — [ (e 1 0)) (s, du)) (4.13)
0 2 M (%)
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is a local martingale. The uniqueness of canonical decomposition of special semi-
martingales (see, e.g. [33, p. 85]) allows us to identify the predictable components of
locally integrable variation in the two decompositions (4.10) and (4.13) to obtain that

2 (O)L(@)ds=Zs(9) (—dUt<¢>)+;dct(¢)+ [ (et e) M, du)) .
My (X)
Then
_ -, n —(u,¢> V(ds, dp). .
1(9) = ~U(@) + 5Cul / /MM L+ () M. (@19

It is not difficult to deduce that U;(A¢) = AU;(¢) and C;(Ap) = A\2Cy(¢), for A € R,.
Replacing ¢ by A¢ in (4.14), we have

2
~L(A) = AU(6) + 5 Cu(o) + / /M X) A 14 A, 0)) N(ds. dp).

This allows to conclude (in the semimartingale representation of (14, A¢)):

Ci(9)

t
2/ (v, 0¢%)ds (4.15)

/ [ ot ( - [ clepntan +ata >A¢<:c>)us<dx>ds

t
/0 /Mim (e_w’@ -1+ <u,¢>>) N(ds,dp)

/Ot /X /Ow@‘“d’(” — 1+ ug(2)TI(z, du)vy(dz)ds.

That is, the jump measure of the process v has compensator given by (3.5). In particular,
this implies that the jumps of the v are almost surely in M(?E ).

Finally, from the identity (4.11), we observe that M (¢) = M¢(¢) + M%(¢). Therefore,
it is enough to show that M°(¢) and M%(¢) are actually martingales to conclude that
M(¢) defined in (M) is a martingale. Following the argument in Section 2.3 of [31] we
obtain the martingale property of M%(¢). We consider M1 (¢) = (M>(¢),t € [0,T)]) and
M%2(¢) = (M{?(¢),t € [0,T]) given by

M (g / / () >1y N (ds, dpa)
M(X)

Ue(9)

and

and

ME2(6) / / OV ({09 <1y N (ds, ),
M(X)

for t € [0, T]. We observe that M%(¢) = M4 (¢) + M%2($) and that

t
E // A<#v¢>ﬂ{<u,¢>zl}N(ds,du)1<oo
0 JMX)

/ / O Lguay<y N (ds, du)]
M(X)
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due to Assumption 3.1 (iv) for ¢ € 2(M) and where N is given by (3.5). Hence,
Proposition I1.1.28 and Theorem I1.1.33 in [27] show that M%!(¢) is a martingale and
M%2(¢) is a square-integrable martingale with quadratic variation process given by

Md2 / / ]l{ M¢><1}N(d8 d,LL)

which implies that MY(¢) is a martingale. On the other hand, recall that the continuous
local martingale M¢(¢) possesses an increasing process C(¢) given by (4.15), and such

that
E[C; {// x)vs(dz)ds| < oo

by the moment property in Theorem 3.4 (b). Hence Corollary 1.25 in [45] implies that
M¢€(¢) is a square-integrable martingale. This conclude the proof of Theorem 3.4 (b).

5 Proof of Theorem 3.8

In this subsection, we will prove that uniqueness holds for solutions of the martingale
problem (M). Our approach is based on the use of a Girsanov type transform and the
localization method introduced by Stroock [50] in the measure-valued context (see He
[25]). More precisely, we first introduce in Section 5.1 the “killed” martingale problem
associated with the martingale problem (M). The “killed” martingale problem may be
seen as the martingale problem (M) where the randomness is eliminated from the big
jumps. Secondly, we develop a Girsanov type theorem in Section 5.2 for the “killed”
martingale problem in order to get rid of the non-linearities (caused by the competition)
which allows us to deduce uniqueness for the “killed” martingale problem. Finally, we
develop a localization argument to show that uniqueness of the “killed” martingale
problem implies uniqueness for the martingale problem (M). In this section, we always
assume that Assumption 2.2 and 3.1 are fulfilled.

It is important to mention that the use of Girsanov type transforms was first applied
in the measure-valued diffusions setting by Dawson [11, Section 5] (or [22, Theorem
2.3]). However, in our case Dawson’s Girsanov Theorem is not applicable since the
measure-valued process possesses jumps. Thus, we shall extend Dawson’s result to our
setting.

5.1 The killed martingale problem
In this section, we introduce the killed martingale problem. The measure-valued
process v/ € D([0,T], M(X)), or equivalently its law Q/,, solves the killed martingale

w
problem at the fixed level 1 < I < +oo if for p € M(&X), Q;, (g = p) = 1, and for any
¢ € (M), the process M'(¢) = (M](¢),t € [0,T]) given by

M) = (v}, 8) — (v, / / V! (d)ds

_/0 /X¢(g;) (b(x)—/[lm) uH(x,du)—/Xc(x,y)z/;(dy)> vi(dz)ds (M)

is a Q),-martingale that admits the decomposition M'(¢) = M '(¢) + MY (¢), where
M¢€ (¢) is a continuous martingale with increasing process as in (3.2) and M% (¢) is a
purely discontinuous martingale, defined as in (3.3) by

t
MY (¢) = N'(ds.d 1
4 (9) / /M(X)w,w (ds, du), (5.1)
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where N’ is the compensated random measure of an optional random measure N’ defined
as in (3.4) and where N’ is characterized analogously to (3.5). The only difference is that
in the definition of the compensator

N'(ds,dp) = dsd/ (v, dp) (5.2)

in equation (3.5) is replaced by
[ fwhdn= [ [ fasnedwv@) for  f e BM@E)R).
M(X) X J(0,0)

Let us note that for the rest of the section 1 </ < oo is a fixed number and we will
thus not specifically mention the dependence on [. For example, we will refer to the
killed martingale problem at level [ simply as the (IM’) martingale problem. Heuristically,
we observe from the decomposition of the martingale (M’) that the randomness of “big”
jumps of size larger than [ are suppressed by replacing them by the immigration term
added in the drift. The latter yields an additional drift in the compensator of such “big
jumps” in (M').

It is important to point out that the killed martingale problem also arises as a limit of
a sequence of interacting particle systems as described in Section 2, where Assumption
3.1 (iv) is satisfied with

! = | =b(x ull(z, du) | 2 + o(z)2? e P — 2 (z, du
wm@<bu+ﬁm)m,d0+<>+1@< 1+ 2u)TI(z, du),

forz € X and 2 > 0; see proof of Theorem 3.4. We now show that each solution of
the killed martingale problem has bounded moments of any order. We write E;L for the
expectation with respect Q;.

Lemma 5.1. Suppose that the M(X)-valued cadlag process v/ = (v}, t € [0,T]) with law
Q; is a solution of the killed martingale problem. Then forn > 1, we have

EL[(, 1)) < (0, 1)" + 1)e =1, t€[0,T],
where 0 < C),, < +00 is a constant which depends on n.

Proof. We stress that the value of the non-negative constants C,, appearing in the proof
rnay change from line to line. Moreover, C,, denotes a constant depending only on n. Let

=inf{t € [0,T]: (v, 1) > m}, for m > 1, and note that 7,,, — oo as m — oo Q),-almost
surely. We also observe that (M, (¢),t € [0,T]) is a Q),-martingale. Setting ¢ = 1, It6’s
formula implies that forn > 1 and ¢ € [0, 7],

/ / ( /Uw)“n(xad“)> <Vg/\7-m71>n_1V;AT7n(dx)d31
n(n—1)E, { / / Vg >n_2V;ATm(dx)ds}

///(01) U D7) L (7N 1>n*nu(1/;,\7m71>”’1> (z,du)vg,,. (dz)ds]

where we have used that A¢ = 0 and omitted the negative competition term on the right
hand side. Since b € Cy(X,R), 0 € Co(X,Ry)T, c € Co(X x X,Ry) and sup, 5 [, (u A

E;L [<Vt/\rm 1>n

< (u, )" +nE,

+E),
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u?)II(z,du) < +oo (by Assumptions 3.1), we conclude with the binomial formula that
there is a positive constant ), such that

E,/U,[<I/£/\T7n7 1" < (p, )"+ Cy <Z/ E,Iu RV;/\T,H» 1>k] ds)
k=170

t
<{(u,1)"+C, / (1+E, [(Wirr,,, 1)"]) ds,
0

for ¢ € [0,7]. Then, the moment estimate follows by Gronwall’s Lemma, first for (v, ,1)
and by letting m — oo and using monotone convergence for (v}, 1). O

5.2 Dawson’s Girsanov type Theorem

We next develop a Dawson’s Girsanov type theorem. Recall that foreach 0 < T < +o00,
the process v/ = (v;,t € [0,T]) € D([0,T], M(X)), with law Q/,, denotes a solution of the
(M) martingale problem. Informally, we want to find a measure Q,, under which, for all

¢ € I2(M),
t
- [ [ ] st ptianianas
is a Q,-martingale.

To achieve this we will use the fact that the continuous part M® (¢) = (M¢ (¢),t €
[0,7]) of the martingale M’(¢) can be expressed as an integral with respect to an
orthogonal martingale measure (see [11, Section 7.1]). As in Walsh [52, Chapter 2], we

write
/ / o(x)W(ds,dz), t>0,

where W (ds, dz) is an orthogonal continuous martingale measure with covariance given
by
d[W(dz), W(dy)]; = R(v;, dz, dy)dt,

and R is defined by R(y, dx,dy) = 20(z)d, (dz)u(dy), for p € M(X).
We consider the continuous local martingale L = (L, t € [0,7]) given by

L, = / / W(ds, dz), (5.3)

a(Vl,z) = (/X c(z,y)u;(dy)> (20(z))™" for zeX

Recall here that the function ¢ is bounded away from zero and that the competition
kernel ¢(z,y) is bounded such that

where

a(V,,z) < C(v.,1) uniformly over =€ X. (5.4)
Then, the stochastic linear equation
t
3t = 1 +/ 3des
0

has a unique nonnegative solution (see for example [18]) known as the Doléan-Dade
exponential,

3t = exp (/ / W (ds,dz) / / / s,y)R(yg,dx,dy)ds) )
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It is well-known that 3 is a nonnegative local martingale (see [18]), and therefore it is
a supermartingale with E[3;] < 1 for any ¢t > 0. Moreover, if there exists 7' > 0 such
that E[37] = 1 then 3 = (3:,t € [0,7]) is a martingale. The martingale property plays
an important role in many applications. In particular, 3 usually plays the role of the
Random-Nykodym derivative of one probability measure with respect to another, and
thus, this will allow us to generalize Dawson’s Girsanov Theorem [11] in our setting.

Theorem 5.2. Under Assumption 3.1 such that o € Cy(X, R, )", we have that

(a) The process 3 = (3:,t € [0,T]) is a martingale for any T > 0.
(b) Moreover, under the probability measure Q,, defined by

dQ, _,
aqQ, "
the process v' = (v;,t € [0,T]) solves the following martingale problem: For

pw e M(X), Q.(vy =pn) =1 and for any ¢ € (M), the process M (¢) = (My(¢),t €
[0,T]) given by

3(6) = Mi0) - | ] ot upitanvianas

is a Q,-martingale.

(c) Furthermore, M(¢) admits the decomposition M(¢) = M¢(¢) + M9(4), where
M¢(¢) is a continuous martingale with increasing process as in (3.2) and M4(¢) is
a purely discontinuous martingale defined as in (3.3). That is, M°(¢) has increasing

process
/ / v (dz)ds,

and MY(¢) has optional random measure given by N(ds,du) := N’(ds,du) on
[0,00) x M(X), where its compensator and compensated random measure are

N(ds,dp) == N'(ds,du) and N(ds,dp) == N'(ds,dp),
respectively, with N, N’ and N’ defined in (5.1) and (5.2).

Proof. First, we prove point (a). We fix ' > 0 and let 7,, = inf {¢ € [0,T] : (v;,1) > n} for
n > 1. Note that 7, — co as n — oo, Q;L—almost surely. We now note that by Assumption
3.1 and (5.4) we have that

exp< /TM”/ (!, )2/ (de)ds )] < .

This allows us to conclude by the so-called Novikov condition [41] that (3¢, ),t € [0,77)
is a Q;,-martingale.

We write E; and IE,, for the expectation with respect Q; and Q. Our aim is to show
that E/ [37] = 1 for which it is enough to prove that Q,(r, < T) — 0 as n — co. By [43,
Theorem II1.39, p. 134], we get that under Q,,, the process (M;n-,(¢),t € [0,T]) is a
martingale. By the same argument as in the proof of Lemma 5.1, we have that

Ey [(Winr, )™ < (0, )™ + 1) =1, m>1, (5.5)

for ¢ € [0, 7). This implies that (M-, (¢),t € [0,T)) is a square integrable Q,-martingale.
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Claim. M., (¢) can under Q,, furthermore be decomposed into a continuous and purely
discontinuous martingale M.x-, (¢) = M. (¢) + M3 (¢) which are up to the stopping
time 7,, characterized as in (c) of Theorem 5.2. That is, M, (¢) has increasing process

/ o / V. (da)ds,

and M9, (qb)A has optional random measure given by N,,(ds,du) := 1(s<,, }N(ds,dyu) on
[0,00) x M(X), where its compensator and compensated random measure are

ﬁn(ds, dp) = l{ngn}ﬁ(ds,du) and ﬁn(ds,du) = ]l{sgm}ﬁ(ds, dp),

respectively. We postpone the proof of this claim to the end of the proof.
Recall that we want to show that Q, (7, <T') — 0 as n — oco. For this we take m =1
in the inequality (5.5) and we integrate to obtain that

T
1
/ B, [(Vinr, D] dt < (1) + (T = 1) = T. (5.6)
0

The Burkholder-Davis-Gundy inequality applied to the Q,,-martingale (M;a,, (1),t € [0,7)
gives that there is a constant C’ > 0 (the value of C’ changing from line to line) such that

te(0,T]

E, ( sup MM‘M(U) < C'Ey [(M(1))7Ar,] -

On the other hand, it is not difficult to see that

TATy, TATn
(M(1))rar, —2/ / ' (dz) ds—l—/ / / I(z, du)v,(dz)ds,
0,0)

under Q. Then, Assumption 3.1 implies that
T
| i s
0

< (C{l(m, 1) +1)(eT —1) — T) . (5.7)

te[0,T]

2
E, < sup Mt/\Tn(l)) < C'E,

We observe that

Ve V) < S, (W a0y [ [ (b(m)— /[l )uﬂ(x,dm) v, (dz)ds

Then, (5.6) and (5.7) as well as Assumption 3.1 imply that

E#[ sup <V2€/\7-n71>} < C(C/’OlaT7 <N7 1>) : (5.8)
t€(0,T]

where C (C’,Cy, T, {u,1)) is a positive constant. We observe that

t€[0,T]

Qu(mn <T)<Q, < sup (Vin, ,1) > n) ;

and we notice that the Markov inequality together with the estimation (5.8) implies that

Q.| sup (Vjr,, 1) >n| =0, as n— oo
t€[0,T]
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Finally, we have shown that Q,, (7, <T) — 0 asn — oo and so, we deduce that E/ [37] = 1.
Therefore, 3 is a martingale as required. A

Proof of Claim. We first check that the random measure N,, is a Q,-compensator of the
optional random measure N,,. Let #,, be a stopping time such that 6,, < 7,, for n > 1. Let

B C M(X)\ {0} be a measurable set. Then,

E,

t
// ) ﬂ{5<9n}ﬂ{n€B}<na¢>Nn(dsadn)]
0 JM(X)

[ tATn B

= B / / . 1{s<0n}1{ne3}<n,¢>N(ds,dn)1
L 0 M(X)
I tATh

b ‘””"/ / . Lszo.3Lgneny (0, 9)N'(ds, dn)
L 0 M(X)

[ tAT,
= Elt dtAT, / / R ]l{sgé)n}]l{nEB} <777 ¢>N, (dsv dn)‘|
L 0 M(X)

+E,

tATH .
/ / A n{sgen}ﬂ{@}m¢>N’<ds,dn>]
0 M(X)

:]E’u

t ~
/ / N 1{85971}1{77€B}<na ¢>Nn(d5ad77)] )
0 JM(X)

where we have used the fact that

E,

tATh _
dtATy / / . ﬂ{sgen}]l{nEB}<na ¢>N/(dsa dﬁ)]
0 M(X)

NTn _
<3~Am/ / . 1{Sé9n}]l{n€B}<77,¢>N/(d3,d77)> ] =0.
0 M(X) ,

This follows from well-known results of square integrable martingales (recall Lemma
5.1), and the fact that 1.,,, N’(ds, dn) has bounded variation while 3.,,, does not. Then
our first claim follows in view of the arbitrariness of #,, and B; see [33, Chapter 4, Section
5, p. 222] and [27, Proof of Theorem II1.3.17].

Recall that 3.+, M,CA/Tn (¢) and M,%Tn (¢) are square integrable martingales (recall
also Lemma 5.1). Moreover, their quadratic characteristic are defined as

(3070 M1, ()

:E#

tATH
/ / p(@)sealv), 2) R, dz, dz)ds
0 X

/Omm /;egs(x)zs </X C(m,y)y;(dy)) V (dz)ds,

and <5.ATH,M_dA/Tn (¢)> = 0. By [33, Theorem 2, Chapter 4, Section 5] (see also [43,
t
Theorem 39, p. 134]), we know that

t

M (0) = M, (0) = [ 55 (300 MK, (0))

and
W18 () = M3 (0 = [ 50 (3 M, (0)) = M (0)

are continuous and purely discontinuous Q,-martingales. Therefore, we conclude that
under Q,, the martingales M,CA/T,L (¢) and MFIA/T” (¢) obey the desired representations and
it shows our Claim.

EJP 26 (2021), paper 153. https://www.imstat.org/ejp
Page 32/41


https://doi.org/10.1214/21-EJP707
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Trait-dependent branching particle systems with competition and multiple offspring

Finally, the points (b) and (c) follow from [33, Theorem 2, Chapter 4, Section 5] and a
similar argument as the Claim. O

The following proposition shows uniqueness for the killed martingale problem.

Proposition 5.3. Under Assumption 2.2 and 3.1, there is a unique solution of the killed
martingale problem, or equivalently, for the (M') martingale problem.

Proof. The result is a direct consequence of Theorem 5.2 (see for example [11, Section
5] or [22, Theorem 2.3] in a similar setting). More precisely, under the measure Q,
(that is equivalent to the measure Q/,), the martingale problem M (¢) = (M(¢),t € [0,T])
corresponds to the one of general measure-valued Markov branching processes studied
by Dawson [13, Theorem 6.1.3] and Fitzsimmons [23]. O

5.3 Localization method

In this section, we will consider the localization procedure introduced by Stroock
[50] and generalized to the measure-valued context by He [25] in order to show that
uniqueness for the martingale problem (M) follows from the uniqueness of the martingale
problem (M’). We briefly describe the idea. First, we show that each solution of the
martingale problem (M) behaves in the same way as the solution of the killed martingale
problem until it has a “big jump”. Since we have proven uniqueness for the killed
martingale problem, the solution of the martingale problem (M) is uniquely determined
before it has a “big jump”. Furthermore, we show that when a “big jump” event happens,
the jump size is also uniquely determined. Finally, we prove by induction that the
distribution of the branching particle system corresponding to the martingale problem
(M) is uniquely determined, since after the first “big jump” event happens, the system
also behaves in the same way as the solution of the killed martingale problem until the
second “big jump” event happens. We point out that the arguments and results of this
section are similar to those of [25, 50], thus we are going to provide as many details as
necessary for clarity and the convenience of the reader but leave out cumbersome steps
that are entirely analogous. In order for this to be possible, we translate our set-up to
the notation used in [25]. We first start with some preliminary notation and definitions.

Definition 5.4. For € M(X) and 0 < T < oo, we say that a stochastic process
v € D([0,T], M(X)), or equivalently its law P,, solves the (£, 2(%), i)-martingale
problem if P, (vp = ) = 1 and

t
F(n) — F(w) — / ZLF(vs)ds, t 10,7,
0
is a P,-martingale, for all F' in some appropriate domain of functions on 2(.Z) C

B(M(X),R).

We consider the following two operators,

) (58 Yutao)+ [ (b6~ [ ctamian)) 5 o)

2F) = |

* op() (@)
> OF (1) ) / 3°F(p)
+ Fu+uoy) — F(p) — (x,d dz) + dx
[ [ (P s = po = S8 ) e duntan) + [ o) S uta
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and

270 = [ a)a (51 ) nian)

SF(p)
+/{€ (b(w)—/[m) uH(%du)—/XC(w,y)u(dyO 51() p(dz)

/( N (Fr+ua) - #0500

2
I(z, du)p(dz) + / o(x) (;NI;E})Q p(dz)

X

+

X

defined for some appropriate functions F in B(M(X), R), where the so-called variational
derivatives are defined by

SF(p)
Sulw) :

F(u+héy) — F(p) _ %F(ﬂ +hdy)|heo, T EX

and , i
62F (1) o )
= F(p + h1g + had 1=h2=0 z,y € X.

du(x)ou(y)  Oh10hy (i +ha 20y)|hy=hy=0 y

For n > 0, we define the function F#*¢ on M(X) by

F;f’)\’e(ﬂ) — Z 91'6_)”'(“’¢i> ,
=1

where € M(X), \; € Ry, 6; € Rand ¢; € Cy(X, R, ), fori =1,...,n. We also define
the family of functions

= {Ff’”(u) e M(X), N € Ry, 0; € Rand ¢; € Cp(X, Ry), fori =1, ... n}
n=1

that is a subset of B(M(X),R).

Remark 5.5. Recall that X is the one-point compactification of X'. Thus M(XA ) equipped
with the weak topology is also compact. On the other hand, recall from the proof of
tightness (Proposition 4.1) that & separates points on M (X)) (this follows from Dynkin’s
7-A Theorem). Moreover, & has the non-vanishing property, i.e, for every u € M(X) there
exists F$M € & such that F?*?(u) # 0. Therefore the Stone-Weierstrass Theorem (see
for example [3, Appendix A7, Theorem 5, p. 393]) implies that & is dense in Co(M(X), R).

We make the link between the martingale problems (M), (M’) and Definition 5.4.

Corollary 5.6. Let

L) = J{FM e&:dic 2M), fori=1,...,n}.

n=0

Then, Q, (resp. Q),) solves the (£, 7(Z), u)-martingale problem (resp. (<", 7(£), n)-
martingale problem) if and only if it solves the martingale problem (M) (resp. (M’)).

Proof. The result is a consequence of Theorem 3.4 (b) and its proof as well as an
application of It6’s formula. O

By Proposition 5.3, we henceforth assume throughout this section that for u € M(X),
there is a unique solution to the martingale problem (M’) which is the killed martingale
problem.
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Let w = (wy,t € [0,7]) denote the coordinate process of D([0,T], M (X)) and let Q’
denote the unique solution of the killed martingale problem. For 0 < s < T < 400 and
pe M(X)let Q;, = Q(-lws = ). Hence Q; , is also a unique solution of the killed
martingale problem starting from time s at the value u. We set

Q=D([0, T, M(X)), Fi=o(w::0<s<t<T) and F'=o| |J %],

t<s<T

for 0 <t < T. In particular, we write F = F°. For u € M(X) let Q, be a solution of
the martingale problem (M). Then, for ¢ € 2(M) the process M (¢) = (M:(¢),t € [0,T])
defined in (M) (with w instead of v) is a Q,-martingale. We set

t
wi =Wy — / / p ]l{<H71>Zl}N(dS,d[L), te [O,T],
0 JM(X)

for 1 <! < oo and where N is the optional random measure on [0, 00) x M(X V) associated
with the purely discontinuous part of M in Theorem 3.4. Recall that N and N denote
the compensator and compensated random measure of N, respectively. Recall also that
M¢($) denotes the continuous martingale part of M. Then, Theorem 3.4 implies that

(Wi, @) = (wo, & / / x)ws(dz)ds
.//¢ ( —/(xWMMO%@@®
+ MP (¢ / /M(X) VL {1y <3V (ds, dp)

_// A<Ma¢>]l{<,u,1)2l}]\7(d87d:u)7
0 JMX)

for t € [0,T]. Thus, by It6’s formula (see also the computation in (4.7)) the process
I" = (I}*,t € [0,T]) for n > 0 an integer given by

t
Iy = F9M () — M) — | 2PN (Wlds

n
0

is a local martingale under Q,,, where \; € R, §; € Rand ¢; € (M), fori =1,...,n.

Let 71 (w) = inf{t > 0 : (w;, 1) > I+ (wo, 1)} AT and 72(w) = inf{t > 0 : [{w;, 1) —
(wi—,1)| > 1}. Set 7(w) = 7! (w) A 72(w). The following lemma gives another martingale
characterization for w'.

Lemma 5.7. For i € M(X), let P,, be a probability measure on (2, F) such that P,,(wy =
w) = 1. Then the process I(¢) = (I:(¢),t € [0,T]) given by

tAT(w)
I;(¢) = exp ( wMT(w), / / x)Ad(z)ws(dz)ds

/tAT(UJ)/ ( / c(z,y)ws(dy) — /l uH(a:,du)> d(z)ws(dz)ds

- /WM / / 67u¢<m>f1+u¢(:r)) $@)(z, dujws(dz)ds

[ )

is a P,,-martingale for every ¢ € (M) if and only if (I}, ,,t € [0,T]) is a P,-martingale
for eachn > 1.
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Proof. The result follows from the formula for integration by parts and the same argu-
ment as in the proof of Theorem 7 in [19]. Here, it is used that up to time 7(w) we have
(wt, 1) bounded almost surely. O

The next two theorems correspond to [25, Theorem 2.4 and Theorem 2.5]. The
first result shows that the solution of the martingale problem (M) is determined by the
martingale problem (M’) before it has a jump of size larger than 1 < [ < +o00. Define

Frw) ={E€F: En{r<t}eF forallte0,T]}
It is not hard to see that 7.,y = o(w(t A7) : t € [0,T]). We also define
Frw)-=0({E € F: ENn{r >t} c F forallte[0,T]}).

Theorem 5.8. For o € M(X), let P, be a probability measure on (2, F) such that
Py(wo = p) =1and (I}, .t € [0,T]) is a P,,-martingale for each n > 1. We define the
measure S, = 6, @ Q’ . on (Q,F) that satisfies

T(w) aWT(W)

Sw<E1 n Eg) =1g (w)Q EQ), for E; € ]:'r(w)f and FE, € ]:‘r(w)~

!
T(w),wh ) (
We set

P, (E)=Ep,(S,(E)), EcT,

and define F, = o(w

wt/\‘r(w
problem and P, = Q; on ]-"i(w)f. In particular, we can take P, = Q,,.

) 1t € [0,T]). Then P), is a solution of the killed martingale

Proof. The statement is obtained along exactly the same lines as the proof of [25,
Theorem 2.4]. O

We now see that uniqueness of the killed martingale problem implies uniqueness for
the solution Q,, of the martingale problem (M) on F i (w)—* Our next step is to show that
uniqueness of the killed martingale problem implies uniqueness of Q,, on 7). The next
theorem shows that when a jump of size larger than 1 < [ < +oo happens, the jump size
is uniquely determined by F. i (w)—* We denote by E,, the expectation with respect to Q,,.

Theorem 5.9. For 1 < [ < +oo let M;(X) = {u € M(X) : (u,1) > I}. There is an
Fl -measurable function 7’ : Q — [0, T such that for E € B(M;(X))

7(w)—

E, [N((Om(w)],E)‘fi(w)—} -

T’ oo t
/ // exp (—/ // H(m,du)wim(w)(dx)ds> ]lE(véy)H(y,dv)wim(w)(dy)dt
o JxJo 0 Jx J[i,00)

holds for any solution Q,, of the martingale problem (M). In particular, given fi(w)_ the
distribution of the random measure N up to time 7(w) is uniquely determined.

Proof. The formula for the conditional expectation follows from [25, Theorem 2.5] by
using Theorem 5.8 and Lemma 5.7 to show that the requirements of [50, Theorem
3.2] are satisfied. Since the distribution of the random measure N up to time 7(w) is
characterized by its intensity the result follows. O

Since

Wr(w) :wi@ﬁ/ / B Ly N (ds, dp),
0,7(@)] JM(®)

we see that the distribution of w;(,) under Q,, given F j (w)— is uniquely determined, and
therefore Theorem 5.8 implies that the measure Q,, is uniquely determined on 7.
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Lemma 5.10. Let Q,, be a solution of the martingale problem (M). Let $(w) be a finite
stopping time and let O, be a regular conditional probability distribution of Qu|f5(w).
Then, there is a set E € Fp(,, such that Q,(F) = 0 and whenw ¢ F,

tvVB(w)
FM (wivpw)) — oM (wpw)) —/ LFPM (ws)ds,  te(0,T]
5

(w)
is a Q,,-martingale for F¥*% € 9(.%).
Proof. The result is proved in the same way as [51, Theorem 1.2.10]. O

We now state the main theorem in this section.

Theorem 5.11. Suppose that for 1 <[ < +oo there is a unique solution of the martingale
problem (M), or equivalently the killed martingale problem. Then there is a unique
solution of the martingale problem (M).

Proof. The argument of this proof is exactly the same as that in [25, Theorem 2.6]. Thus,
we only sketch it here. Suppose that Q, is a solution of the martingale problem (M) and
observe that (IfAT(w),t € [0,71) is a Q,-martingale for each n > 1. Define the following
sequence of stopping times, 5y = 0 and

Br41 = (inf{t > B : [{wi, 1) — (wi—, 1) > 1 or (wy, 1) —{wg,, 1) >1}) A (Bn+1).

Notice that for each n > 1, 3, is bounded by nl/. By Lemma 5.10 and Theorem 5.9, we
can prove by induction that Q,, is uniquely determined on Fg, for all n > 1. Therefore, it
is enough to check that Q, (8, <T) — 0 as n — oo for each T' > 0, which follows along
exactly the same lines as in [25, Theorem 2.6]. O

Finally, the previous result together with Proposition 5.3 concludes the proof of
Theorem 3.8.

6 Proof of Theorem 3.9

In this section, we just check that no mass escapes for the unique solution to the
martingale problem (M). The proof follows exactly as in [25, Theorem 3.1 and Theorem
3.2]. Specifically, one first shows that the solution to the killed martingale problem (M)
is actually the law of a measure valued process in D([0, 7], M(X)). From this one builds
a solution to the martingale problem (M) that is the law of a measure valued process in
D([0,T], M(X)) and concludes by uniqueness.

Recall that we are assuming that

Assumption 6.1. There exists a sequence (¢, )n>1 C Z(M) such that

(i) forn > 1, limg(, 9)—0 ¢n(z) = 1, limg(y 9)—0 Adn(z) = 0 (Where d is some metric in
the Polish space X'),

(i) Sup,,>; SUP,cx @n(r) < 00 andsup,,~; sup,¢ y Adn(r) < oo. Furthermore, ¢, — 1)
and A¢,, — 0, as n — oo, pointwise.

Theorem 6.2. Suppose that Assumptions 3.1 and 6.1 are satisfied with o € Cy(X,R).

For a non random p € M(X) let v’ € D([0,T], M(X)), or equivalently its law Q/,, solve
the martingale problem (M') for some 1 < [ < +oo. Then,

Q,(v({0}) =0 forall tel0,T])=1.

EJP 26 (2021), paper 153. https://www.imstat.org/ejp
Page 37/41


https://doi.org/10.1214/21-EJP707
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Trait-dependent branching particle systems with competition and multiple offspring

Proof. Let ¢ € 2(M). By Lemma 5.1, the process M'(¢) = (M/(¢),t € [0,T]) given by

M{(6) = (Vs 6) — (v, / / V! (d)ds

_ /O /X ¢() (b(x) /[l - ull(z, du) — /X c(x,y)u;(dy)> vi(dz)ds  (6.1)

is a square-integrable Q’H-martingale with quadratic variation process given by

t72// ! (dx)ds + ///Ol u?¢? (x)(x, du)vl(dz)ds, t € [0,T],

Let (¢n)n>1 C Z2(M) be a sequence that fulfills Assumption 6.1. Then, using Doob’s
inequality, we obtain

E,

sup | M;(¢7) Mt’(abjﬂ

t€[0,T]
| @)= @) <2o<z:>+ / u2H<x,du>) /(da) | ds
X (0,1)

T

<4 / E, )
0

for i, j > 1 Therefore, Assumptions 3.1, 6.1 and the moment bound sup;¢(y 7] E},[(;,1)"]

< 0o,n > 1 (from Lemma 5.1) together with the Dominated Convergence Theorem imply

that

lim Ej,
%] 00 te[0,7)]

sup | M{(¢;) — M{(@-)f] =0.

So M/(¢,) converges uniformly on [0,7] in mean square as n — oo to a limit that
we denote by M? = (M?,t € [0,7]) and with probability one along an appropriate
subsequence. By [26, Lemma 2.1.2] we obtain that M? is a cadlag square-integrable
martingale with E/ [M?] = lim,, o E WM (¢n)] = limy, s B} [M(¢)] = 0. Then from
(6.1) we deduce by Lebesgue’s convergence theorem that

o __ _ ' — U u) — C v v S
M = (o)) / <b<a> /U . /X @.y) s<dy>> [({03)d

Taking expectations in the last equality and using Gronwall’s inequality (with Assumption
3.1) yields E/ [;({0})] = 0, for all ¢t € [0, T]. Hence v;({0}) = 0 with probability one, for
all t € [0,T] and now the conclusion follows from the right continuity of (v;({9}),t €
[0,T7). O

Proof of Theorem 3.9. By Proposition 5.3 and Theorem 6.2, there is an unique solution
to the martingale problem (M’). Then one may follow exactly the same argument as in
the proof of [25, Theorem 3.2] to conclude that there is a process v>° € D([0, 7], M(X))
that is a solution to the martingale problem (M). Therefore our claim is a consequence
of Theorem 3.8. It is important to point out that in order to be in the framework of [25,
Theorem 3.2] one needs to put the martingale problems (M) and (M’) in the form of
Definition 5.4 by Corollary 5.6 (recall also Remark 5.5). O
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