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Abstract

The symbiotic branching model describes a spatial population consisting of two types
that are allowed to migrate in space and branch locally only if both types are present.
We continue our investigation of the large scale behaviour of the system started in
[BHO15], where we showed that the continuum system converges after diffusive rescal-
ing. Inspired by a scaling property of the continuum model, a series of earlier works
initiated by Klenke and Mytnik [KM12a, KM12b] studied the model on a discrete space,
but with infinite branching rate. In this paper, we bridge the gap between the two
models by showing that by diffusively rescaling the discrete space infinite rate model
we obtain our continuum model.

2010 Mathematics Subject Classification: Primary 60K35, Secondary 60J80, 60H15.

Keywords. Symbiotic branching model, mutually catalytic branching, stepping stone
model, rescaled interface, moment duality, Meyer-Zheng topology.

1 Introduction

1.1 The symbiotic branching model and its interface

In [EF04] Etheridge and Fleischmann introduce a spatial population model that describes
the evolution of two interacting types. On the level of a particle approximation, the dynam-
ics follows locally a branching process, where each type branches with a rate proportional
to the frequency of the other type. Additionally, types are allowed to migrate to neigh-
bouring colonies. In the continuum space and large population limit, the frequencies up] (x)
and UP] (x) of the respective types are given by the nonnegative solutions of the stochastic
partial differential equations

Gu'(@) = Su’ (@) + \fyup (@) (@) W (@),
cSBM(0,7) .00 ‘ (1)
2001(2) = Suf(x) + vl @i ()

with suitable nonnegative initial conditions ug(z) > 0,vo(x) > 0,z € R. Here, v > 0 is the
branching rate and (W®, W®) is a pair of correlated standard Gaussian white noises on
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R4 x R with correlation governed by a parameter ¢ € [—1,1]. Existence (for ¢ € [—1,1])
and uniqueness (for p € [—1,1)) was proved in [EF04] for a large class of initial conditions.

The model generalizes several well-known examples of spatial populations dynamics. In-
deed, for p = —1 and ug = 1 —vg, we have u; = 1 —wv; for all t > 0 and the system reduces to
the continuous-space stepping stone model analysed in [Tri95], while for ¢ = 0, the system
is known as the mutually catalytic model due to Dawson and Perkins [DP98]. Finally, for
0 = 1 and the extra assumption ug = vg, we find that u; = v for all ¢ > 0, so that the
model is an instance of the parabolic Anderson model, see for example [Mue91].

One of the central question is how the local dynamics, where one type will eventually
dominate over the other, interacts with the migration to shape the global picture. A
particularly interesting situation is when initially both types are spatially separated and
one would like to know how one type ‘invades’ the other, in other words we would like
to understand the interface between the two types. Mathematically, this corresponds to
‘complementary Heaviside initial conditions’, i.e.

uo(x) = 1p-(z) and vo(z) = 1g+(x), z€R.

Definition 1.1. The interface at time ¢ of a solution (u}”, v]");>¢ of the symbiotic branching
model ¢SBM(g, ¥)uyv, With 0 € [-1,1], v > 0 is defined as

Ifc, = cl{z e R: uy (2)o] (x) > 0},
where cl(A4) denotes the closure of the set A in R.

The first question that arises is whether this interface is non-trivial. Indeed, in [EF04] it
is shown that the interface is a compact set and moreover that the width of the interface
growths at most linearly in ¢. This result is strengthened in [BDE11, Thm. 2.11] for all o
close to —1 by showing that the width is at most of order \/tlog(t).

Especially the latter bound on the interface seems to suggest diffusive behaviour for the
interface. This belief is supported by the following scaling property, see [EF04, Lemma 8]:
If (ut, ve)e>0 is a solution to cSBM(g,¥)ug,, then if we rescale time/space diffusively, i.e.
if given K > 0 we define (ui™ (z),v;"(z)) := (u[;{]zt(Ka:),vf%]zt(Kx)) for z € R,;t > 0, then
we have that

(K) ) (K)

d
(ug v )0 = (ULKW]

, ) >0, (2)

where the RHS is a solution to ¢SBM(p, K'y)u(K> ) with correspondingly transformed
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initial states (uy*,v{").

Provided that the initial conditions are invariant under diffusive rescaling, then a diffusive
rescaling of the system is equivalent (in law) to rescaling just the branching rate. Since the
complementary Heaviside initial conditions are invariant, we will in the following always
consider the limit v — oo. This scaling then includes the diffusive rescaling, while also
giving us the flexibility to consider more general initial conditions.

For the continuous space model this programme has been carried out in [BHO15]. We
define the measure-valued processes

w(de) = ' (z) d, v (dx) = v (x) dz (3)



obtained by taking the solutions of cSBM(g, 7)., as densities, where the initial conditions
remain fixed.

The following result was proved in [BHO15, Thm. 1.10]. We denote by Miem(S) the
space of tempered measures on a space S, and by M., (S) the space of rapidly decreasing
measures. Similarly, B, (S) (resp. B, (S)) denotes the space of nonnegative, tempered
(resp. rapidly decreasing) measurable functions on S. We collect all the relevant formal

definitions in Appendix A.1.

Theorem 1.2 ([BHO15]). Let p € (—1,0). Suppose the initial conditions satisfy (uo,vo) €
(B (R))? resp. (o, v0) € (B (R))? and for each v > 0 we let (uf, viM)>0 be a solution
to ¢SBM(0,7)uowo- Then the measure-valued process (u;", v )i>0 defined by (3) converges
as y — 00 in law in Djy 5 (Miem(R)?) resp. in Djg o) (Murap(R)?) equipped with the Meyer-
Zheng “pseudo-path” topology to a measure-valued process (, vt)e>0 satisfying the following
separation-of-types condition: for any x € R, t € (0, 00)

Eio,00 [Sette () Sevi(x)] — 0, ase — 0, (4)
where (St)i>0 denotes the heat semigroup.

Remark 1.3. (a) We call the limit (p, v¢)1>0 the continuous-space infinite rate symbiotic
branching model cSBM(p, 00).

(b) We recall the definition of the Meyer-Zheng “pseudo-path” topology in the appendix
A.3. This topology is strictly weaker than the standard Skorokhod topology on Djg o).
Under the more restrictive condition that (i, ) = (Ig-, Ig+) and g € (—1, —%), we

can also show tightness in the stronger Skorokhod topology, so that then in particular

(u), v01) converges as v — 00 in Clg o0) (M), of. Theorem 1.5 in [BHO15]. Also,

we show that in this case, the limiting measures p, 4 are absolutely continuous with

respect to Lebesgue measure and if we denote the densities also by u; and vy, we can
derive the more intuitive separation-of-types condition:

pe()ve(-) =0 P® f-a.s. (5)

For o = —1 and complementary Heaviside initial conditions, the analogue of Theorem 1.2
was already proved in Tribe [Tri95] for the continuum stepping stone model, as one of the
steps of understanding the diffusively rescaled interface. Under these assumptions it was

shown that the process (u}"”,v;)i>o converges weakly for v — oo to

(Lo<pyy dv, Ugy> g,y dT) >0, (6)

for (Bt)t>0 a standard Brownian motion. Unfortunately, our previous work does not give
such a truly explicit characterization of the infinite rate system for ¢ > —1. However, we do
have a characterization in terms of a martingale problem (which we will recall below). This
allows us to show that the limit is not of the form (6), see Remark 1.14 in [BHO15], even
if we allow the position to be a general diffusion rather than a Brownian motion. Still we
do not yet have an explicit description of the dynamics of the position of the interface and
we leave open the question whether the rescaled interface shrinks down to a single point.
In fact, even the case o = —1 with general initial conditions is not covered by [Tri95] and
remains open.



In order to take a first step towards a more explicit characterization of the limit in Theo-
rem 1.2, our aim in this paper is to make the connection to related results on the discrete
lattice Z. We first recall that the discrete-space finite rate symbiotic branching model is
given by the nonnegative solutions ((u}(x), v} (x)),z € Z,t > 0) of

grur () = G’ () + \Jyu (@) (@) W (@),

dASBM(0, %)y 0y * : (7)

gt (@) = Su (@) + [y (@) (2) W (@),

with suitable nonnegative initial conditions ug(z) > 0,vp(z) > 0,z € Z. Here, v > 0 is the
branching rate, A is the discrete Laplace operator, defined for any f :Z — R as

Af(x)=flz+1)+ f(z—1) = 2f(x), z€Z, (8)

and the pair (W1(z), W?(z)) is a g-correlated two-dimensional Brownian motion which is
independent for each = € Z.

Prior to our work, but also inspired by the scaling property (2) for the continuous model,
Klenke and Mytnik consider this discrete space model, where the branching rate is sent
to 0co. Indeed, in a series of papers [KM10, KM12a, KM12b] show that a non-trivial limiting
process exists for 7 — oo (on the lattice) and study its long-term properties. Moreover,
Klenke and Oeler [KO10] give a Trotter type approximation. Their results concentrate on
the case o = 0, i.e. the mutually catalytic model, however analogous results have been
derived by Doéring and Mytnik in the case p € (—1,1) in [DM13, DM12|, We will refer
to the limit as the discrete-space infinite rate symbiotic branching model, abbreviated as
dSBM(, 00).

What makes the results on the lattice especially interesting for our purpose of identifying
the continuous infinite rate model is that there is a very explicit description of the limit
dSBM(p, 00) in terms of a infinite system of jump-type stochastic differential equations
(SDEs).

As noted in [EF04] the continuous symbiotic branching model can be obtained as a diffusive
time/space rescaling of the discrete model. Therefore, it seems natural to expect that by
rescaling the discrete system with infinite branching rate diffusively we obtain the infinite
rate continuous space system of Theorem 1.2. In other words, we expect that the following
diagram (Figure 1) commutes.

Indeed, this will be one of our main results in this note. In future work, we will attempt
to exploit this commutativity to give a more explicit description of the limiting object in
Theorem 1.2 by rescaling the jump-type SDEs of [KM12a].

1.2 Main results

In order to state our main result, we first recall the martingale problem that characterizes
the limit in Theorem 1.2. This martingale problem is very much related to the martingale
problem for the discrete space model dSBM(p, c0) of Klenke and Mytnik [KM12a].

We can formulate the martingale problem in both discrete and continuous space simulta-
neously and throughout we use the notation define in Appendix A.1. Therefore, let S be



discrete SBM [KM12a, DM12] discrete SBM

finite v — 00 7 =00
space/time scaling | [EF04] space/time scaling
continuous SBM [BHO15] continuous SBM
finite ~y vy — 00 =00

Figure 1: A commuting diagram.

either Z or R. We recall the self-duality function employed in [EF04]: Let ¢ € (—1,1) and
if either (,LL, 208 1/)) € -/\/ltem(‘s)2 X Brap(8)2 or (Ma v, ?ba"?b) € -/Vlmp(s)2 X Btem(8)27 denote

(v, 0,0)) = =/ 1 =0+ v, 0+ ) +i/140(p—v,6 — ), 9)

where (11, ¢) denotes the integral [¢ ¢(x)p(dz), for 1 a measure and ¢ a measurable function.
Then, we define the self-duality function F as

F(,Ua v, ¢>¢) = exp((,u, v, ¢?¢>>Q (10)

With this notation, we define a martingale problem, which in the continuous setting was
called MP’ in [BHO15].

Definition 1.4 (Martingale Problem (MPp)%, ). Fix ¢ € (—=1,1) and (possibly ran-
dom) initial conditions (g, v0) € Miem(S)? (resp. Mpap(S)?). A cadlag Miem(S)?-valued
(resp. Miap(S )2-valued) stochastic process (u, v¢)1>0 is called a solution to the martingale
problem (MPz(S))%,,1 if the following holds: There exists an increasing cadlag Miem(S)-
valued (resp. Myap(S)-valued) process (A¢)e>o with Ag = 0 and

E 0,00 [At(d:z)] € Miem(S)  (resp. Eug v, [At(dx)] € Mpap(S)) (11)
for all ¢ > 0, such that for all test functions ¢, the process
F(Nh U, ¢a ¢) - F(MOa Lo, d)a 7/1)

t
_;/0 F(M57V57¢7¢) <<M55V85A¢7 A¢>>Qd‘s (12)

(- o) /[ 1 0 600) 6@)0) M,

is a martingale, where if S = R then ¢, € (cﬁ%)* (resp. ¢, € (Ct(i)][l)Jr) and A is the
continuum Laplace operator, while if S = Z then ¢, ¢ € Bap(Z)" (vesp. ¢, € Biem(Z)1)

and A is the discrete Laplace operator.

In (12) we have interpreted the right-continuous and increasing process t — A;(dz) as a
(locally finite) measure A(ds,dx) on RT x S, via

A([0,4] x B) := Ay(B).



In order to characterize ¢SBM(p, c0), it does not suffice to require that the martingale
problem (MP )2 ., is satisfied, since it holds for ¢cSBM(p,~) for arbitrary v < oo, see
Proposition A.5 in [BHO15]. However, we do get uniqueness if we require additionally that
a suitable separation of types condition is satisfied, as we recall from [BHO15] (where the
martingale problem MP r(R) was denoted by MP'):

Theorem 1.5 ([BHO15]). Let o € (—1,0). The solution to ¢SBM(p, 00) in Theorem 1.2
is characterized as the unique solution to (MP g (R))8, . satisfying the separation-of-types
condition: for allt € (0,00), x € R and € > 0,

Sivehto()Seretto () = B v [Sepe () Ser()] =3 0. (13)

We note that in the discrete context our martingale problem is not exactly the same as
the martingale problem in [KM12a, Theorem 1.1]. Indeed, the main difference is the ap-
pearance of the measure A, which, in some sense that can be made precise, characterizes
the correlations. The reason why we need this extra term in the continuous case can be
understood if we recall that the martingale problem MP g is tailored to an application
of a self-duality (introduced in this context by Mytnik [Myt98]), which characterizes the
finite-dimensional distributions. In the discrete context it suffices to consider test functions
¢, that satisfy ¢(z)y(z) = 0 for all € Z, see Corollary 2.4 in [KM10]. However, the
same arguments do not carry over to the continuous space, where we need arbitrary test

functions ¢, € (ng)(S))+ (resp. ¢, € (Ct(ezr)n(S))Jr)

But obviously we note that any solution of our martingale problem MPr(Z) (together
with a separation-of-types) satisfies the martingale problem of Theorem 1.1 in [KM12a]
(respectively Theorem 4.4 in [DM13] for general p). So as a first preliminary result, we
show that the converse is also true and that there is a unique solution to the discrete
analogue of the martingale problem in [BHO15]. Moreover, we allow for more general
initial conditions. As for measures on R, we will freely use v(k) instead of v({k}) for a
measure v on Z (and vice versa).

Theorem 1.6. Assume that o € (—1,0). Consider initial conditions (ug,vo) € Myem(Z)?,
resp. (ug,v0) € Myap(Z)2.

(i) There exists a unique solution (u¢,v¢)i>o to the martingale problem (MP p(Z))3, v
such that almost surely for allt >0 and k € Z

us (k) (k) = 0. (14)

(ii) Moreover, for eachy > 0 denote by (u}”, v} )i>0 the solution to ASBM(0,7Y)ug ., given
in (7), considered as measure-valued processes. Then, as v T 0o, the sequence of pro-
cesses (uy), v )0 converges in law in Dio,00)(Miem(Z)?) resp. in Dig oo)(Miap(Z)?)
equipped with the Meyer-Zheng “pseudo-path” topology to the unique solution of the

martingale problem (MP g (Z))% v, satisfying (14).

Following [KM12a, DM13], we call the unique solution to the martingale problem (MP )2 .,
satisfying (14) the discrete-space infinite rate symbiotic branching process and denote it by
dSBM(, 00).



Remark 1.7. As noted above our martingale problem is more restrictive than the version
of [KM12a, DM13], since we require the martingale problem to hold for a larger class of
test functions. Thus, our theorem generalizes their results in two ways: we show that
their solution also satisfies our stronger martingale problem. Further we allow for more
general initial conditions, while [KM12a, DM13] require separation-of-types also for the
initial conditions, i.e. po(z)vp(z) = 0 for all = € Z. If this holds, by uniqueness our solution
coincides of course with the infinite rate process constructed in [KM12a] and [DM13].

Nevertheless, the work in [KM12a] goes beyond what we claim here in the sense that
they are also able to show that the solution of dSBM(p,c0) can be characterized as a
solution to a jump-type SDE, see [KM12a, Thm 1.3] for ¢ = 0 and [DM13, Prop. 4.14].
Moreover, [KM12a] considers more general operators than the discrete Laplacian. Also,
they define solutions as taking values in a Liggett-Spitzer space (characterized by a suitable
test function B : Z — RT), whereas we follow [DP98] in using tempered measures as state
space. By choosing § in a suitable way, one can show that for initial conditions that
satisfy (14) our solution agrees with theirs.

The method of proof for Theorem 1.6 is in fact very similar to the continuous-space case
considered in [BHO15], and also to the proof of the convergence of the discrete to the con-
tinuous model. Therefore we have decided to give only a sketch of the proof, see Section 3.

Now, we can finally state the main result of our paper, which states states that for
0 € (—1,0) the discrete-space infinite rate model dSBM(p, c0) converges under diffusive
rescaling (in the Meyer-Zheng sense) to the continuous-space model cSBM(p, o) introduced
in [BHO15]. More precisely, given initial conditions (u, ) € B, (R)? for ¢SBM(p, o),
for each n € N define (u{”,v{"”) € Miem(Z)? by

(k+1)/n (k+1)/n
uy” (k) := n/ po(x) dz, oy (k) == n/ vo(x) dx (15)
and denote by (u{™, v\ );>0 the solution to dASBM(g,0) ) (). Now define approximating
Up "»Y
processes by diffusive rescaling, as follows:
pe (@) = (nxl), v (@) =0 (ne)), €20, xR (16)

We will consider p{™ and v{™ as densities w.r.t. Lebesgue measure and use the same

symbols to denote the corresponding measures on R. From (15), it is clear that

(1g”, v5") = (10, v0)
in Miem(R)? as n — oco.

Theorem 1.8. Let p € (—1,0). Consider absolutely continuous and tempered initial condi-

tions (1o, v0) € (Bifn)?. Define (ul”,v{™) by (15) and denote by (uf”,v{" )i the solution

to dSBM(p, oo)u(n) NO) from Theorem 1.6. Then as n — oo, the sequence of measure-valued
0 %0

processes (11", v V>0 from (16) converges weakly in Dip,00) (Miem(R)?) equipped with the
Meyer-Zheng “pseudo-path” topology to the unique solution (i, v)i>0 of cSBM(0,00)u0,u0
from Theorem 1.2.



For the proof of the convergence of the discrete to the continuous model, we need some
moment properties of the solution, which might be of independent interest. These estimates
have direct continuous-space analogues that are implicit in [BHO15], but were not stated
explicitly there. In order to formulate them, it is convenient to introduce the following
notation:

Again let S be either Z or R, and let (S;):>0 denote the usual heat semigroup on S, i.e. the
semigroup of simple symmetric (continuous-time) random walk if S = Z and the semigroup
of standard Brownian motion if S = R. Further, we write (S{>)¢>o for the corresponding
two-dimensional semigroup on S2. Finally, we define a semigroup (St)tzo of the respective
process killed upon hitting the diagonal in S?, i.e.

Sef(z,y) =By [F(X, X)) e 1] f:8% R, (z,y) € S% (17)

where 712 := inf{t > 0: X" = X;”} denotes the first hitting time of the diagonal. Here
obviously (X®, X®) denotes simple symmetric (continuous-time) random walk if S = Z
and standard Brownian motion if S = R.

Proposition 1.9 (Moments). Assume that p € (—1,0).

For 8§ = Z, consider initial conditions (po,v0) € Miem(S)? (resp. (po, ) € Muap(S)?),
and let (p,v¢)i>0 denote the solution of dASBM(p,00)u.,- Then we have the following
estimate on the second mized moment:

EHOJ/O [<Mtv (Z)) <Vta 1/}” < <¢ & ¢, St(NO & V0>>52 (18)

for all t > 0 and test functions ¢,v € Uyoq B \(S) (resp. Uyoo By (S)). Further, the
process (A¢)i>o in the martingale problem (MP (8))8,.0, can be chosen such that for all
such test functions and t > 0 we have the following first moment estimate:

E,uo,uo [/ Stfsgb(l‘)stfsw(m) A(dS, dl’)]
[0,]] xS (19)
< ;<¢ @, (S = 50) (10 ® 1)) go-

If S = R, the bounds (18) and (19) hold for initial conditions (ug,vo) € By, (S)? (resp.
(1o, v0) € Bty (8)?), with (pu,v¢)i=0 denoting the solution of cSBM(0,00)u0.u,-

Remark 1.10. In the discrete-space case S = Z, and for integrable initial conditions with
disjoint support, the second mixed moment bound in (18) is already known, see [DM12,
Theorem 1.2]. For the continuous-space setting, it is implicitly shown in the proof of
[BHO15, Lemma 4.4], see in particular the derivation of inequality (51). Moreover the
bound (19) follows by taking the limit v — oo in [BHO15, Lemma 3.1], see (35) there.
These arguments carry over to the discrete case, see Prop. 3.4 below.

The remaining paper is structured as follows: In Section 2, we prove Theorem 1.8 by
showing that the diffusively rescaled solutions of the discrete model are tight and that the
corresponding martingale problem converges to the continuous version. Finally, in Section 3
we sketch the proof of Theorems 1.6 and 1.9 by showing how to adapt the corresponding
arguments from [BHO15].



Notation: We have collected some of the standard facts and notations about measure-
valued processes in Appendix A.1. In Appendix A.2, we recall some standard results for
the (killed) heat semigroup and in Appendix A.3 we recall the Meyer-Zheng “pseudo-path”
topology. Throughout this paper, we will denote by ¢, C' generic constants whose value may
change from line to line. If the dependence on parameters is essential we will indicate this
correspondingly.

Acknowledgments: This project received financial support by the German Research
Foundation (DFG) within the DFG Priority Programme 1590 Probabilistic Structures in
Evolution, grant no. BL 1105/4-1.

2 Convergence of the discrete to the continuous model

In this section, we prove Theorem 1.8. Recall that given initial conditions (ug,vy) €
(B, (R))? for ¢SBM(g,00), we define (u™,v™) by (15)-(16), and our goal is to show
that (u{", 1\")i>0 ——— (1ut, v¢)s>0 as measure-valued processes, where (u,v) denotes the
(unique) solution to cSBM(p, 00) 4,1, introduced in [BHO15]. The strategy of proof is famil-
iar: First we prove tightness in the next subsection, then we show that limit points solve the
martingale problem (MP r(R))? from Definition 1.4 and the ’separation of types’-property
(13).

We begin with some preliminaries. Note that if ¢ € [, C/J\r is a test function and for each
n € N we define a function ¢ : Z — R* by

(k+1)/
6 (k) = /k e ket (20)

then ¢ € (Jyoo By (Z) and

W) = [ @6 de = SuB o) = (g o) e

kEZ

and analogously for v™.

For each n € N, since (u{", v )> is a solution to the martingale problem (MPE(Z))° ) )5
- UO 7U0

there exists an increasing cadlag Miem(Z)-valued process (L{™);>o fulfilling the require-
ments of Definition 1.4. We define an increasing cadlag process (Aff"))tzo taking values in

Mtem (R) by

n 1
<Aé >7¢> = )

3 (L 90 /m) (22)

for each ¢ € [y~ Cy

In the following, we will need to distinguish the discrete-space versions of the semigroups
and generators introduced in Section 1 from their continuous-space counterparts. Therefore,
from now on we shall use the notations (4S;);>0 and YA for the discrete heat semigroup on
the lattice Z and its generator, the discrete Laplacian. Moreover, we will write (de))tZO for
the corresponding two-dimensional semigroup on Z? and (dSt)tzo for the discrete version
of the killed semigroup introduced in (17). The symbols Sy, A, S{* and S, will be reserved
for the continuous-space versions of the above.



The following easy lemma will be used several times in the sequel:

Lemma 2.1. Given py € B (R), define uy” by (15). Then we have for all T > 0 and
A >0 that )
sup sup — (6x(/n), “S,aguy” ) < oo. (23)
neNtelo,T] 1

Proof. Choose \ € (0,A). Since by assumption g € B, (R), there is a constant C' = C(\)
such that po(z) < C¢_5(x) for all x € R. By (15), it follows that for some constant

C'=C'(\)
ul” (k) < C'¢_s5(k/n)

for all k € Z. Now we use [DEFT02, Cor. A3(a)] (see also Lemma A.2 b) for a reformulation
to our context) to obtain

S2pug” (k) < C'48,2,(¢_5(-/n)) (k) < C(X, 1) ¢_5(k/n)

for all k € Z, where the constant C(A,t) := C’2exp(t X2 e;\g) is independent of n and
bounded on compact time intervals. This shows that

sup — <¢))\( /n), @ nztugl)> < Clpo, A\, T) Z(m (k/n)o_5(k/n)

tefo, 7] ez
Clpo, M T) Ze (A=N)|k|/n
keZ
— C(po, A\, T) /e_()‘_;\)“”| < 00
R
as n — 00, since A < \. ]

2.1 Tightness

Lemma 2.2. Suppose 0 < 0 and (uo,v0) € (B, (R))2. Then for all T > 0 and ¢ €
UssoCy we have

SUpE ) )| sup (o, )2 ] 00, supE (n) u(">[ sup (¢, v,™)?| < oo, (24)
neN Ho Yo Licio ] neN Ho Yo Licio )
and
supE ) <n){ sup (&, Ai’”)} < 00. (25)
neN Ho Yo

te(0,7)

Proof. Fix T > 0 and assume w.l.o.g. that ¢ = ¢, for a suitable A > 0. Evidently, we
have ¢{" (k) < Lergr(k/n) for all k € Z and n € N. Further, by Lemma A.2(b) there is a
constant C' = C(\,T') independent of n such that

oa(k/n) < CS,2p_o(9a(-/n))(k) (26)

10



for all s € [0,n2T], k € Z and n € N. Using this together with the Green function
representation for the discrete model (see Lemma 3.7 below, with [0, 2T in place of [0,7T7),
we get

(1, 03) = (3, 657) < - (i, “S - (2(/m))

= = (. 1S on(/m) + MIET (6(/n)) )

S\Qﬁ\Q

where the second moment of the martingale term is bounded by

E, o ”WLGSFP L] (6a(-/n))| }

Ug "5V

5 {610/m) @ r(/m), (U858 — Bar) ) @) (28)
3 {030/, 95,075 ) {0r(/m), 18 70l

\9\

IQ\

for all n € N (see the estimate (52)). Combining (27)-(28) with Lemma 2.1, the first
inequality in (24) follows easily, and the proof of the second one is analogous.

For the increasing process A™, we observe that

1
) teS[lé?T}WA, ¢) S Em o [(@a(-/n), L))

= E W Kﬁb,\/z /n)% L]

C 2
—E o m [/ (dsn2T—s¢)\/2(k/n)) L(")(ds,dk)]
0o v | Jon2T)xz

c1 2 G
< s (Onal/m) © s /), (1518 = "B o @)

| /\

72’

where we used again (26) for the first inequality and estimate (46) for the second one.
Now we can argue as before to conclude that the RHS of the previous display is bounded
uniformly in n € N. O

Corollary 2.3 (Compact Containment). Suppose o0 < 0 and (uo,vo) € (B, (R))?. Then

the compact containment condition holds for the family (,uffn),yt") A("))t>0, i.e. for every

e >0 and T > 0 there exists a compact subset K = K. 7 C Miem(R) such that

inf P{ " K.r f Htel0,T); 21—
1r€1 {ut € KT Jor a € [0, ]} g,
and similarly for yé") and Aft").

Proof. Given the uniform first moment bounds from Lemma 2.2, the proof is virtually
identical to that of Corollary 3.3 in [BHO15]. O

o (R)2. Then the family of processes
(ut ,l/t") A( ))t>0 is tight with respect to the Meyer-Zheng topology on Dig oo)(Miem (R )3).

Proposition 2.4. Suppose 0 < 0 and (uo, ) € (B

11



Proof. Suppose (10, 10) € (B, (R))2. We aim at applying [Kur91, Cor. 1.4], which requires
us to check the Meyer-Zheng tightness condition (see e.g. (66) in the appendix) for the
coordinate processes plus a compact containment condition. Let ¢ € (Clﬁfﬁ))+ and fix T' > 0.

By Lemma 3.6, we know that

2

(6,1} = (w75, 6™) = (ug”, 6) + 2/0 (uf” IAG™)) ds + Myzy(6™),  (29)
where M,,2,(¢™) is a martingale with second moment bounded by

(n) [ (n)\2
Euén)wén) [\Mn'zt((ﬁ )| ] < il;%)E () [<L7:2t’ (o'"™) >] .

Now fixing T > 0, choosing a suitable A > 0 and using the lower bound from Lemma A.2
b), we see that there is a constant C' = C(\,T') such that the previous display is bounded
by

C

- supE (n) ,(n) [/ (dSn2tfs¢/\(-/n)(k;))2 Lh](ds,dk)]
’Y>0 Yo Yo 0,02 xZ
C 1 2 ~

< 2 T (OO @O, (48,5, = B ol

for all ¢t € [0,T], where we have also used estimate (40). But the last display is bounded
uniformly in ¢ € [0,7] and n € N by Lemma 2.1 (see also the proof of Lemma 2.2), hence
we get

sup sup B o) o [[My24(6™)[?] < o0

neNt€[0,T] o
for all T'> 0. This implies immediately the Meyer-Zheng tightness condition (66) for the
sequence of martingales in (29).

In view of (29), it remains to show tightness of the term

n2t t
X = /0 (ul, A (™)) ds = n? /0 (), "A(¢™)) ds, te0,T).

But Lemma 2.2 implies that this term is tight in the stronger Skorokhod topology, as
follows: Since ¢ € (Ciap)™, there is a suitable A > 0 and some constant C' = C(¢) such that
[TA(¢™) (k)| < Soa(k/n) for all k € Z, n € N, thus we get for s < t,s,t € [0,T] that

2

n t 1 n
0 70 0 70 s n

(30)
¢ 1
<c-9 [Egp o [n2< 5 or(/m) }
where we have used Jensen’s inequality. But again by (the proof of) Lemma 2.2, the
integrand in the above display is bounded uniformly in n € N and s,t € [0,7], whence we

get
Eué">,vé") [|Xt<"> — Xs<">|2] <C(t—s)?,

confirming Kolmogorov’s tightness criterion for the Laplace term.

12



This shows that the sequence of coordinate processes ((¢, uy”))i>0, n € N, is tight w.r.t
the Meyer-Zheng topology. The same argument works for ({(¢, ,™))¢>0. For the increasing
process ¢+ (¢, A{™), condition (66) reduces to

SupEum) o [(8,AF)] < o0
neN 0

which is also ensured by Lemma 2.2.

The above argument shows that the Meyer-Zheng tightness criterion is satisfied for the
coordinate processes. The compact containment condition has already been checked in
Corollary 2.3. Applying [Kur91, Cor. 1.4], we are done. O

2.2 Properties of Limit Points

In this subsection, we check that limit points (jus, 14, A¢)e>0 of the sequence (ué"), 1/(") A("))t>0
satisfy the martingale problem (MPg(R))%, ., and the separation of types-property (13).

By Theorem 1.5, this implies that the rescaled discrete processes converge indeed to the
unique solution of ¢SBM(g, 00).

Proposition 2.5. Let o < 0 and (110, 0) € (B, (R)2. If (e, v, At )i>o0 € D[Ooo (Miem(R)?)
1s any limit point with respect to the Meyer-Zheng topology of the sequence (ut , I/t") A<"))t>0,

n € N, then (us, vi)t>0 solves the martingale problem (MPg(R))%, .., where the process

(At)e>0 satisfies the requirements of Definition 1.4.

Proof. First of all, the limit point (A;);>o of the sequence (A{"”);>0, n € N, has the properties
required in Def. 1.4: It is clear that (A¢):>0 is increasing with Ag = 0, and from the first
moment estimate (25) we see by an application of Fatou’s lemma that for all ¢ € [, C/\+

E 0,00 [(At, 9)] < 00,

thus also condition (11) is satisfied.

It remains to check that for all test functions ¢, € ( r(a%) the process
Mt(¢a ¢) = F(,uta U, d)a w) - F(:u(]a o, Qb, w)

1 t
- 2/0 F(:U’S’Vs’gbﬂﬁ) <</“L87V57A¢7 A¢>>Qd‘3 (31)

—4(1- ) /[ g v 0.4 6O Al ), 20

is a martingale.

Since (u™,v™) solves the discrete martingale problem (MPg(Z))°,, ., we know that
uy g

Mn2t(¢(n>7¢<n)) = F(u nn2)t’ ,(17;),57¢<n) w(n)) _ F(uém,vé"),(b("),lb(n))

1

n2t
1 / Ful, o0, 609, 40) (), 00, LA (6), LA 5)) , ds
2 Jo

) [ a6, B 6 (R ) L s, d
[0,n2t]XZ
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is a martingale for each n € N.

Choose a sequence ny 1 oo such that (p (n’“), t("’“) A( k))t>0 converges to (fu, Ve, A)i>0 w.r.t.

the Meyer-Zheng topology on D »)(Miem(R)?). In view of (21) and (22) (and also using
the usual approximation of the Laplace operator by its rescaled discrete counterpart), we
get that (M,2,(¢™, ™)) converges to (My(¢,1))¢>0 w.r.t. the Meyer-Zheng topology
on Djg o)(R) as k — oo. In addition, by estimate (44) in Prop. 3.3 we know that

Euén) ol | M2 (0™, )2 < 8(1 — 0?) SHPE o) (LD ™)) .
b ,y>

Now we fix T' > 0 and argue as in the proof of Prop. 2.4: Choosing a suitable A > 0 and
combining the lower bound from Lemma A.2 b) with estimate (40), we see that there is a
constant C' = C(\,T") such that the previous display is bounded by

8(1—o ): SUupE ) () [/[O . (dSnzt_sgm(-/n)(k:))2 L”](ds,dk)]

v>0 “0 ”0

<81 = ) 1 o (/m) @ a(e/m), (OS5 = 5,00 (0 @ 07,

for all ¢t € [0,7]. As in the proof of Lemma 2.2, the last display is bounded uniformly in
t €[0,7] and n € N by Lemma 2.1, hence we get

sup sup B o) o) [|M 2¢(0™, ™| } <00
neNte[0,T Yo

for all T > 0. Applying [MZ84, Thm. 11], we infer that the Meyer-Zheng limit (M (¢, 1))+>0
is again a martingale, which completes our argument. O

Proposition 2.6 (Second mixed moments). Let o < 0 and (u0,v0) € (B, (R))2. Suppose
(e, vi)e>0 € Dy, Oo) (Miem(R)?) is any limit point with respect to the Meyer-Zheng topology
of the sequence (ut ,1/,5 ))t>0, n € N, from (16). Then we have for the second mized moment

of (1,v)
Eyo.n ({10, 8) (v, 9)] < (6 ® , 8410 © o) ) (32)
for allt >0 and ¢, € Uy BY (R) .

Proof. By [MZ84, Thm. 5] (see also [Kur91, Thm. 1.1(b)]) we can find a sequence nj 1 oo
and a set I C (0, 00) of full Lebesgue measure such that the finite dimensional distributions
of (14 () énk))tej converge weakly to those of (g, 4)ier as k — oco. Fix t € I. Then for all
test functlons ¢,y we have weak convergence

kToo

(™, )™ ) ==

in R. Using Fatou’s lemma, we get

— (e, @) (vt, ¥) (33)

]Euo,uo [<,U'ta ¢> <Vtv¢>] < liminf £ (ng)  (ng) <:u1(£nk)7 ¢> <V1§nk)aw> .
k—o0 Ho 7 5V

14



But for all n € N we have by estimate (45) in Prop. 3.4 that
E, o o (i, o) (v, )] = E, i o [y, ™) (v, ™))

N (34)
< (8" @0, 18y (uf” @ ("))

72’

As the usual discrete heat semigroup converges to its continuous counterpart under diffusive
rescaling, the same holds for the killed semigroup (dS’t)tZO, see e.g. Lemma A.3 for details.
Thus the RHS of the above display converges to the corresponding continuous quantity,
namely to the RHS of (32), which is thus shown for all ¢t € I. Using the fact that [ has
full Lebesgue measure together with right-continuity of the paths of (4, v4):>0 and Fatou’s
lemma, we get the same estimate for all t > 0. O

Corollary 2.7 (“Separation of types”). Let 0 < 0 and (po,v0) € (B, (R))2. Suppose
that (pie, vi)i>0 € Diy o0) (M2, is any limit point with respect to the Meyer-Zheng topology
of the tight sequence of measure-valued processes (i, v\ )10 from (16). Then for each
t>0,x€R and e > 0 we have

Stetto(x) Sterevo(x) > By [Sepe(w) Sen(2)] 2% 0. (35)

Proof. Having shown the upper bound (32) for the second mixed moment, the proof of the
'separation of types’-property is basically the same as that of Lemma 4.4 in [BHO15]: For
each € R and € > 0 fixed, letting ¢(-) := ¥ (+) := pe(x — -) in (32) gives

By e[St () Seva(2)
< / / dydz pe( — y)pe(z — 2) Sy(o ® o) (1, 2) (36)
< Stiepo(x) Styevo(),

for all z € R and ¢ > 0. Now we can argue as in [BHO15, Proof of Lemma 4.4] to complete
the proof. O

3 Existence and uniqueness of solution to (MPr(Z))? .

In this section, we sketch a proof for existence and uniqueness (subject to the separation of
types-property) of the solution to the martingale problem (MP g (Z))%, ., for o € (—1,0)
and general initial conditions (with possibly non-disjoint support). As for the continuous-
space case considered in [BHO15], the solution is given as the v 1 oo-limit in the Meyer-
Zheng topology of the finite rate processes dSBM(p, ). Since most of the steps in the
existence and uniqueness proof are analogous, we mostly only state the results, referring
the reader to [BHO15] for the details. Also, the general method is very similar to the
approach in Section 2 above.

In this section, for initial conditions (ug,v0) € Myap(Z)? resp. Miem(Z)? we denote by
(ul[;’],vy])tzo € C[OW)(/\/lmp(Z))2 resp. C[O’oo)(Mtem(Z))z the solution to dSBM(0,7)ugv

15



with these initial conditions and finite branching rate v > 0. Further, we define another
continuous Myap(Z)- resp. Miem(Z)-valued increasing process (L), by

t
LI (k) := /0 u?l (K)o (k)ds, t>0, k€ Z. (37)

Now fix T' > 0. By the Green function representation for dSBM(g, ¥)y, v, (see e.g. [DPIS,
Thm. 2.2(b)(ii)] for the case o = 0, cp. also [EF04, Lemma 18/Cor. 19] for cSBM(p,)) we
have for every v > 0 and ¢ € (Jy5o B-A(Z) (resp. ¢ € [Uyso Br(Z)) that

MPT () = <u;ﬂ,dsT_t¢>> — <u0,dsT¢> . telo,T],

(38)
NPT (g) = <U£7],dST—t¢> - <UO,dST¢>» t€[0,T]
are martingales with quadratic (co-)variation
(MO (), M ()]s
2
=N Nl = [ (fsrem)” . (@)
[0,t]xZ

(M), NPT ()], = o /[O ) ZdST_m(k) IS rap(k) LV (dr, dk).

with LY from (37).

Proposition 3.1. Suppose ¢ < 0 and (ug,v9) € Myap(Z)? (resp. Miem(Z)?). Then the
family of processes (u)[tV],vP],LP])tZO is tight with respect to the Meyer-Zheng topology on
D[O,oo)(Mrap(Z)g) (Tesp' D[O,oo)(Mtem(Z)3))~

As in the continuous-space case, the key step in the proof of the Meyer-Zheng tightness is
the following lemma which relies crucially on the colored particle moment duality for finite
rate symbiotic branching, see [EF04, Prop. 9]. The estimate shows that (39) is bounded
in expectation, uniformly in v > 0. We omit its proof since it is virtually identical to that
of the corresponding Lemma 3.1 in [BHO15], replacing the Brownian motions by simple
symmetric random walks and the corresponding local times. Recall that (dSt)tZO resp.
(45,50 denotes the one- resp. two-dimensional discrete heat semigroup, and that (4S;);
denotes the discrete version of the killed semigroup from (17).

Lemma 3.2. Suppose 0 < 0 and (ug,vp) € Muap(Z)? (resp. Miem(Z)?). Then for all

t>0,7>0 and ¢,v € Uyoo B \(Z) (resp. Uy By (Z)) we have monotone convergence
1

B B z

(40)

/ "Se-r§ (k) "Se-rib (k) L7 (dr, dk)] 1o (60, (157 = 15w @ w) )
[0,t]xZ

as v T oo.

Observe that in view of the definition of the semigroup (%S;)¢>0, the RHS of (40) is indeed
an exact discrete-space analogue of (35) in [BHO15]. Also note that the RHS is finite since

it is bounded by
1
m<¢7dstuo> (¥, dStU0> < Q.
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With estimate (40) at hand, Prop. 3.1 is proved along the same lines as Lemma 2.2 above:
First use the Green function representation (38)-(39) combined with the lower bound from
(61) (for n = 1), the Burkholder-Davis-Gundy inequality and the upper bound (40) to
derive uniform moment estimates

2 2
supEuO vo[ sup (u), @) } < 00, supEuOWO{ sup (v, ¢) ] < 00, (41)
7>0 0<t<T 7>0 0<t<T
supEuO’vo[ sup <LP],¢>] < 0. (42)
>0 0<t<T

As in [BHO15, Prop. 3.3], these estimates in turn imply the compact containment condition
for the family of processes (ut ,vt”], L[7 )t>0, 7 > 0. Tightness in the Meyer-Zheng topology
is then proved similarly to Prop. 2.4 above, using the martingale problem formulation of
dSBM(p, v) together with the bounds (41)-(42).

Next, one has to check that limit points of the family (Ut ,vtﬂ, Lh) solve the martingale
problem (MP r(Z))%, v, and satisfy the separation of types-property for positive times. The
following corresponds to [BHO15, Prop. 4.3]:

Proposition 3.3. Let o < 0 and (uo,vo) € (Map(Z))? (resp. (Miem(Z))?). Suppose
that (ug, vy, L)i>0 € Diooc)(Mrap(Z)?) (resp. Dy oo)(Mtem(Z)3)) is any limit point with
respect to the Meyer-Zheng topology of the family (ul”, vl L) >0, v > 0. Then for all
test functions ¢, € Bt (Z) (resp. € B, (Z)), the process

Mt(¢7 ¢) = F(Ut,vt,¢,¢) - F(UO’UO)vaw)

1 t
- 2/0 F(“sﬂa@"‘/’) <<us7vsvdA¢7dA¢>>st (43)

40 ) [ Pl v ,0) S00(8) Lids,ab
[0,t]XZ
18 a martingale with second moments bounded by

IEuo,vo |:|Mt(¢a @Z))’ﬂ < 8(1 - 92) ?YL;I()) E“O»UO |:<L£fﬂ’ ¢w>:| < 0. (44)

In particular, (ug,v)i>0 solves the martingale problem (MP p(Z))%,v,, where the process
(Lt)¢>0 satisfies the requirements of Definition 1.4.

As in the proof of [BHO15, Prop. 4.3], this follows from the fact (43)-(44) hold for the
finite rate model dSBM(p, ), by taking the limit v — co. Note that finiteness of the RHS
of (44) follows by combining estimate (40) with the lower bound from (61).

We now turn to the separation of types. This property is easier to state in the discrete-
space than in the continuous-space context, since here it means just mutual singularity of
the measures. But as in the continuous-space case, we will derive it from a bound for second
mixed moments. Therefore we first restate the discrete-space version of Prop. 1.9:

Proposition 3.4 (Moments). Let o0 < 0 and (ug,v0) € (Myap(Z))? (resp. (Miem(Z))?).
Suppose that (ug, ve, Lt)i>0 € D[O’W)(Mrap(Z)?’) (resp. D[o,oo)(Mtem(Z)g)) is any limit point
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with respect to the Meyer-Zheng topology of the family (ut ,U{’],Lfﬂ])tzo, v > 0. Then for
all o9 € U,\>0 “\(Z) (resp. Uyso B+( )) we have

Eugan (10, 9) (00 0)] < (6@, (o © v0) ) (15)
and
1 (2) _dd
Bugen | [ 500s06 "S-t s, )| < (1 (094 (57 ~"S0 @ )
(16)

The second mixed moment estimate (45) is again a consequence of the colored particle
moment duality and is proved exactly as in [BHO15, Prop. 4.4] (see in particular ineq.
(51)). The first moment bound (46) for L follows by an application of Fatou’s lemma by
taking v 1 oo in estimate (40).

Choosing ¢ := 1) := 1y, in (45), we get immediately
Corollary 3.5 (Separation of Types). Under the assumptions of Theorem 3.4 we have for

allt >0
ug(k)ve(k) =0 forallk e Z (47)

Puo,vo-almost surely.

M) = (0 0) = () = 5 [ i A7) ds
< ¢
o

We also note the following two lemmas, showing that for limit points we have analogues of
the martingale problem formulation of (7) and of the Green function representation (38).
The difference to the finite rate case is that we cannot (but also need not) identify the
quadratic (co-)variation structure. However, we can still estimate the second moments:

Euo,v0 [ sup [M{"(¢)]*| < (48)

te[0,7

<<z5 ® ¢, (157 —487)(uy @ U0)>

72’

Lemma 3.6. Let o < 0 and (ug, vo) € Myap(Z)? (resp. Miem(Z)?). Suppose that (ug, vt)i>0 €
Di,00)(Mrap(Z)?) (resp. Dig ooy (Miem(Z)?)) is any limit point with respect to the Meyer-
Zheng tapolagy of the family (u}’, v >0, ¥ > 0. Then for all ¢, € Usso B5\(2) (resp.
Usso By (Z)) we have that

My(6) = (ur, &) — {up, ) — = /0 (110, ) ds

2
L (49)
M) = (o) = (00) = 5 [ (0 B0 ds
are square-integrable martingales with second moments bounded by
Eug,vo [‘Mt(@ﬂ < sup Eug,v, [<L7[tﬂa¢2>] <0
>0 (50)

EUO,UO [‘Nt(¢)’2] < SH%EUO,UO [<L1[5ﬂ/]7w2>] < o0
>

for allt > 0.
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Proof. If ~;, 1 oo is a sequence such that (u;*', v."");50 converges to (ug,vt)i>0 w.r.t. the

Meyer-Zheng topology as k — oo, then also (M*'(¢));>0 converges to (M;(¢))i>0, where
MM (@) is defined as in (49) but with u replaced by the finite rate process ul”. By (7), it
is clear that M (¢) is a martingale for each v > 0 with quadratic variation

[Mh](d))]t — zy/t(qu]vLW]’ ¢2> ds = <L1[EW]7 ¢2>,
0

thus
Euowo [IM{(9)*] = Eugwp (L7, 67)] -

But combining the lower bound in (61) with the estimate (40), we see that the previous
display is bounded uniformly in 4 > 0 (and also uniformly on compact time intervals).
Applying [MZ84, Thm. 11|, we conclude that the Meyer-Zheng limit point M (¢) is again a
martingale, and an application of Fatou’s lemma yields

Eugo [|Me(6)?] < liminf Bug,ug [|M](6)?] < 5upEuga ({7, 6%)] < oc.
k—o0 >0

O]

Lemma 3.7 ('Green function representation’). Under the assumptions of Lemma 3.6, we
have for all T > 0 and ¢, € Uyoq BT\ (Z) (resp. Uyso By (Z)) that

<ut7dST—t¢> - <u07dST¢> + MtT((b% <Uta dST—tw> = <v07dST¢> + N;T(w)7 (51)

for t € [0,T], where (M{(¢))iejor] and (NE (¢))sejor] are square-integrable martingales
with second moments bounded uniformly by

Euon | sup [MI@)P] < {99 6,(155 ~ Br)wo o w)) .
te[0,T) o] z? (52)

(v ©v, (157 = *Sr)(wo @ v0))

Evg,v0 [ sup |NtT(¢)2] <
t€[0,T]

Proof. Let vy, T 0o be a sequence such that (up’“], vthk])tzo converges to (ug, vg)i>p w.r.t. the

Meyer-Zheng topology as k — oco. Fix T > 0. From the Green function representation
(38) for the finite rate model, we get that the sequence of martingales (Mt[””“’T](qb))te[o’T}
converges to

ME(¢) := (us, 2S7_10) — (ug,4S7d), te[0,T]

w.r.t. the Meyer-Zheng topology as k — oco. Further, by (39) combined with the Burkholder-
Davis-Gundy inequality and estimate (40) we have

(kT 2 d 2 k]
Eugwo | sup [M ()] < 4Ey.0, (“s7ro(k)) LW (dr, dk)
te[0,7] [0,T]xZ (53)
4 ~
< {96,057~ Sr)(w © w))

ZQ

uniformly in & € N. Applying [MZ84, Thm. 11], we deduce that (M (¢));e[o,r] is a mar-
tingale.
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It remains to show the upper bound (52). (Note again that we do not know here that
the quadratic variation converges along with the martingale.) Since we are interested in
proving only a distributional property of the limit, we may assume that the convergence
MUwT(¢) — MT(¢) takes place not only in law but almost surely. Moreover, using [MZ84,
Thm. 5] and arguing as in the proof of Prop. 2.6, we may assume that there is a set of
time points I C [0, T] of full Lebesgue measure such that M, (¢) — M (¢) for all t € I,
almost surely. Now observe that for all ¢ € I we have

M7 ($)[2 = liminf M7 (6)[? < Timinf sup_ [M7(0)]
k—o00 k—o0 te[0,7]

almost surely and thus also

sup | M (¢)]* = sup | M (¢)[* < liminf sup [M*"(¢)]?,
te[0,T] tel k—oo 4efo, 1]

where we have also used the right-continuity of the paths of M*(¢). Now we obtain by an
application of Fatou’s lemma and (53) that

Euowo | sup [M{ ()| < liminfEupu | sup [M*"(9)P
te[0,7) oo te[0,T] 54
\ (54)
<2 do® _dg
< (9@ (8~ Bnmaw))
O

Finally, we have uniqueness in our martingale problem under the separation of types-
condition, which as in the continuous-space case follows from self-duality:

Proposition 3.8 (Uniqueness). Fiz ¢ € (—1,0) and (possibly random) initial conditions
(ug,v0) € Miem(Z)? or Myap(Z)?. Then there is at most one solution (ut,vi)i>0 to the
martingale problem (MP g (7)), v, satisfying the separation of types-property (14).

Proof. As in [BHO15, Prop. 5.1], one shows that any two solutions to (MPr(Z))%, v
satisfying the separation of types are self-dual w.r.t. the function F' from (10). In fact,
the proof simplifies considerably, since we can apply the discrete Laplace operator directly
to the solution (u,v) and do not need to perform a spatial smoothing via the heat kernel
Se. See also the proof of [KM12a, Prop. 4.7] for the slightly different martingale problem
employed in that paper, or the proof of [DP98, Thm. 2.4(b)] for the discrete finite rate
model. With the self-duality at hand, uniqueness follows by the usual arguments, see e.g.
[KM12a, proof of Prop. 4.1] or [DP98, proof of Thm. 2.4(a)] O

A Appendix

A.1 Notation and spaces of functions and measures

In this appendix, for the convenience of the reader, we have collected our notation and
we recall some well-known facts concerning the spaces of functions and measures em-
ployed throughout the paper. Most of the material in this subsection can be found e.g.
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in [DEF102], [DFM*03] or [EF04]. We can develop the notation for both the discrete and
the continuous setting simultaneously, so throughout we let S be either Z or R.

For A € R, let
QZ))\(‘T) = 67)\|w" €S,
and for f: S — R define
[fIx == 11F/Ealloos
where || ||« is the supremum norm. Let B)(S) denote the space of all measurable functions

f S — R such that |f|y < oo and with the property that f(x)/¢x(z) has a finite limit as
|z| — oo. Next, introduce the spaces

Beap(S) == [ BA(S)  and  Biem := [ ] B-x(S) (55)
A>0 A>0

of rapidly decreasing and tempered measurable functions, respectively.

For & = R, we write Cy,Crap,Ctem for the subspaces of continuous functions in By(R),
Brap(R), Biem (R) respectively. If we additionally require that all partial derivatives up to
order k € N exist and belong to Cy, Crap, Ctem, We write C/(\k), Cr(;?), Ct(fr)n

space C.° of infinitely differentiable functions with compact support.

We will also use the

For each A € R, the linear space C) endowed with the norm |- |\ is a separable Banach
space, and the spaces Crap, Crem can be toplogized by a suitable metric to turn them into a
Polish spaces, for the details see Appendix A.1 in [BHO15].

If F is any of the above spaces of functions, the notation F* will refer to the subset of
nonnegative elements of F.

Let M(S) denote the space of (nonnegative) Radon measures on S. For p € M(S) and a
measurable function f, we will use any of the notations

. f). /8 u(dz) f(z), /S £() ulde)

to denote the integral of f with respect to the measure p (if it exists). For integrals with
respect to the Lebesgue measure ¢ on R, we will simply write dz in place of ¢(dx). If
€ M(R) is absolutely continuous w.r.t. ¢, we will identify p with its density, writing

plde) = p(x) d.

Similarly, for p € M(Z), we will often write p(k) := u({k}).

For A € R, define
MA(S) = {p € M(S) : (1, ¢x) < o0}

and introduce the spaces
Miem(S) 1= [V MA(S),  Map(S) = [ M_a(S)
A>0 A>0

of tempered and rapidly decreasing measures on S, respectively. Again by defining suitable
metrics it can be seen that these spaces are Polish. Moreover, u, — p in Miem(R), resp.
Miem(Z), M {pin, ) = (1, ) for all o € [Jy50Cx, resp. ¢ € [Jyso Ba(Z). Denote by My (S)
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the space of finite measures on S endowed with the topology of weak convergence. Note that
we have M;ap(S) € M¢(S). The space Myap(S) is then topologized by saying that p, — u
in Myap(S) iff o, = pin M#(S) (w.r.t. the weak topology) and sup,,cy(tn, $x) < oo for
all A < 0 (see [DFM103], p. 140).

It is clear that C;-  may be viewed as a subspace of M (R) by taking a function u € C;f,
as a density w.r.t. Lebesgue measure, i.e. by identifying it with the measure u(z)dz. It is
also clear that the topology of Miem(R) restricted to C;  is weaker than the topology on

tem

Ctem introduced above. The same holds for the relation between C;f ) and M;ap(R). Thus

rap

we have continuous embeddings C;. < Miem(R) and Cf ) < Miap(R).

tem rap

A.2 Semigroup estimates

Let (pt)i>0 denote the heat kernel in R corresponding to A,
(z) LI [2I* t>0,zeR (56)
T) = ———>5€xXpy ——— x
Y43 (27Tt)1/2 p 2% ) ) 3
and write (St)¢>0 for the associated heat semigroup (i.e. the transition semigroup of Brow-
nian motion).

Similarly, let (dSt)tZO denote the semigroup corresponding to a continuous-time simple

random walk (X;);>0 with generator $?A, the discrete Laplace operator as defined in (8).

For p € M(R) and z € R, let Syu(z) := [ppi(z — y) u(dy) and similarly for 2S. The
following estimates are well known and can be proved as in Appendix A of [DFM103] (see
also [Shi%4, Lemma 6.2 (ii)]):

Lemma A.1. Fix A€ R and T > 0.

a) For all ¢ € By (R), we have

sup St@(m) < C()‘aT> |90|)\ gb)\(ﬂ?), zeR. (57)
t€[0,T]

Moreover, there is a positive constant C'(X\,T) > 0 such that we have a lower bound

inf Sipr(x) > C'(\,T) da(x), z €R. (58)
t€[0,T]

b) Let 0 < e <T. Then for all p € M)(R) we have

SPI;] Sip(x) < C(A, T, e) (i, o) P (), reR. (59)
tele,

In particular, the heat semigroup preserves the space By(R) and maps My(R) into By(R).

We have analogous estimates for the discrete space semigroup.

Lemma A.2. a) Let p° denote the usual two-dimensional heat kernel, and dpf) its

discrete counterpart. Then for all t > 0 we have

lim sup |n? dpfgt(x) —p?(x/n)| = 0. (60)

n—oo xEZQ
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b) Let A € R and T' > 0. Then there are constants c¢(\,T),C(A,t) > 0 such that for all
neN, ke€Z and allt € [0,T] we have

(A, T) ¢a(k/n) < 4821 (dx(/n)) (k) < C(A,T) dx(k/n). (61)
Proof. Part (a) and the upper bound in (b) are just a reformulation of [DEF*02, Lemma
2(a)] and [DEFT02, Corollary A3(a)].

For the lower bound in (b), let X; be a continuous time random walk with generator ¢A
started in 0. If we define X" := X,2,;/n, then we know from Donsker’s theorem that
(X{™)i>0 converges in distribution to a standard Brownian motion B. Fix T > 0, by
Skorokhod’s representation theorem, we can choose a common probability space P (with
expectation [E) such that sup;¢(o 1 | X" — By| — 0 almost surely.

For A > 0, we can estimate using the triangle inequality
_axm _ A x ™
“Sn20(da(-/n)) (k) = Ele X HH] > AN IE AR,

So it remains to show that the expectation on the LHS is bounded from below uniformly
in t € [0,7] and n. Now, choose ng large enough such that for all n > ny

IP’{ sup |Xt<") — By| > %} < %E[67A|BT‘].
te[0,7)

Using the above estimate and the fact that t — E[e~ 5] is decreasing, we thus obtain for
n > ng

—AX ™) —1x —|B|
Ele J 2 e Bl X p<y]

Y

e P (Ble P~ Bf sup X[~ Bi| > 1}) > Je BN,
te[0,7)

This proves the claim for A > 0, since for any n < ng we can use the trivial estimate
(n)
Ele X7l > P{X™ =0 for all s € [0,#]} > P{X™ =0 for all s € [0,T]}.

so that we choose the constant ¢(\,T') as claimed.

Finally, if A < 0, we can use that
. n C\k/n (n)
18,21 (0(- /) () = Ble™MXactHl/n] > o=/l oA x(l)

and the latter expectation can be bounded uniformly in n and ¢ € [0,7] as in case A > 0. [

Recall that (S;)i>0 (resp. (?St)i>0) denotes the semigroup of two-dimensional standard
Brownian motion (resp. simple symmetric random walk) killed upon hitting the diagonal
in R? (resp. Z?).

Lemma A.3 (Convergence of killed semigroup). Suppose (19, 1p) € (Bi;,m(R))Q and ¢, €
Usso BY (R). Then we have

n—oo

(67 & w98l ©1")) , “T (00 . 5o © ) (62)

for allt > 0.
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Proof. The transition density p¢ of S; is given by
Sy ) — | Ma<t) (p7 (@ —a,y=b) —p? (@ —by—a) ifz<y
T | PN (pf)(x —a,y —b) —p(x — b,y — a)) ifx>y (63)
= (]1{1<y,a<b} + ]l{:r>y,a>b}) (pf)(x —a,y— b) - p1(£2) (x —by— a))7

where p{> denotes the usual two-dimensional heat kernel.

The corresponding discrete-space transition density reads

Uik, b:a,b) = (Lpepacn) + Lpsrasny) (90 (k —a, 0 —b) —p,” (k —b,0 —a)).  (64)

In particular, by the above form of the density (and the symmetry of the usual heat kernel)
it is immediately seen that these semigroups are symmetric.

Now we have

<¢(n) ® 7’/}(n)’ dgth(u(()n) ® ,U(()n))>z2 — <d§n2t(¢(n) ® w(n))’ u[()n) ® ,U(()n)>

ZQ
= > uR) e () Y Pane (kG ) (K (¢
= 2=
1 )
=3 > uf? (k) v (0) > pelk/n, bfn; K fn, 0 /n) ¢ (K ) (€)
k,leZ k07, (65)
1 n n
oz D U (k) g ()
=
x 3 (n2 A5 ok, 6 k' ) — By (k/n, £/ 0 k’/n,z//n)) o (k)™ ().
K 0T

By definition of ¢, 1™, u{” and v{” (see (15) and (20)), the first term on the RHS of
the above display converges to

// dzxdy ¢(x)y(y) gt(,uo ® vo)(x,y),

as desired. We show that the second term converges to 0: By (60) combined with (63)-(64),
we get that
02 B (k, G K 0) — (ke /n, /s K fn, € fn) “= 0

uniformly in k,/,k',¢ € Z. Since ¢,1) are integrable, we can deduce that for all fixed
k.t € Z, the inner sum ), , -+ in (65) converges to 0 as n — oo. Then we use the

upper bound from (61) together with the assumption that jg, vy € Bit (R) and dominated

tem
convergence to conclude that also the big sum on the RHS of (65) converges to 0. O

A.3 The topology on path space

For a Polish space F and I C R, we denote by D;(FE) resp. C;(F) the space of cadlag resp.

continuous E-valued paths ¢ — f;, t € I. (In our case, we will always have I = [0, c0)
or I = (0,00) and E € {(C£,)™, (CH,)™ Miem(S)™, Mrap(S)™} for S either Z or R and
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some power m € N.) Endowed with the usual Skorokhod (.J;)-topology, D;(FE) is then also
Polish. In this paper, we will use the Skorokhod topology only in restriction to C;(E) where
it coincides with the usual topology of locally uniform convergence.

For processes which are cadlag but not continuous, we will instead use the weaker Meyer-
Zheng ‘pseudo-path’ topology on Dy ooy(E). To describe the Meyer-Zheng topology, intro-
duced in [MZ84], let A(dt) := exp(—t)dt and let w(t),t € [0,00) be an E-valued Borel
function. Then, a ‘pseudo-path’ corresponding to w is the probability law v, on [0,00) x E
given as the image measure of A\ under the mapping ¢ — (¢, w(t)). Note that two functions
which are equal Lebesgue-a.e. give rise to the same pseudo-path. Further w +— 1), is one-
to-one on the space of cadlag paths Dy o)(E), and thus yields an embedding of Dy ) (E)
into the space of probability measures on [0,00) X E. The induced topology on Dip,o0) 18
then called the pseudo-path topology. Very conveniently, convergence in this topology is
equivalent to convergence in Lebesgue measure (see [MZ84, Lemma 1]).

For E = R, [MZ84, Thm. 4] provides a rather convenient sufficient condition for relative
compactness of a sequence of stochastic processes on Djg .y (F) equipped with this topology.
The condition can be stated as follows: If (Xén))tzo, n € N is a sequence of cadlag real-
valued stochastic processes, with (X\™)¢>0 adapted to a filtration (F™);>o, then Meyer
and Zheng require that

sup <VT(X(")) + sup EHXIS")H) < 00 (66)
neN t<T

for all T > 0. Here Vp(X™) :=supE [EZ

over all partitions of the interval [0, T], denotes the conditional variation of X™ up to time
T. In [Kur91], this tightness criterion was extended to processes taking values in general
separable metric spaces F, which is the version we need for our measure-valued processes.
In fact, by [Kur91, Cor. 1.4] we only have to check condition (66) for the coordinate pro-
cesses and in addition a compact containment condition in order to obtain tightness of
our measure-valued processes in the pseudopath topology (which again is equivalent to the
topology of convergence in Lebesgue measure).?

BLX(, - X0 A

tit1

], where the sup is taken
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