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Abstract

We establish an explicit rate of convergence for some systems of mean-field interacting
diffusions with logistic binary branching, towards solutions of nonlinear evolution
equations with non-local self-diffusion and logistic mass growth, which were shown
to describe their large population limits in [12]. The proof relies on a novel coupling
argument for binary branching diffusions based on optimal transport, allowing us to
sharply mimic the trajectory of the interacting binary branching population by means
of a system of independent particles with suitably distributed random space-time
births. We are thus able to derive an optimal convergence rate, in the dual bounded-
Lipschitz distance on finite measures, for the empirical measure of the population,
from the convergence rate in 2-Wasserstein distance of empirical distributions of i.i.d.
samples. Our approach and results extend propagation of chaos techniques and ideas,
from kinetic models to stochastic systems of interacting branching populations, and
appear to be new in this setting, even in the simple case of pure binary branching
diffusions.

Keywords: branching diffusions; population dynamics; mean-field limit; rate of convergence;
optimal transport.

MSC2020 subject classifications: 92D25; 60J85; 60H30; 35Q92.

Submitted to EJP on September 27, 2021, final version accepted on October 31, 2022.
Supersedes arXiv:2101.04099.

1 Introduction and main result

Mathematical models of interacting and randomly evolving populations have been
intensively studied the last decades through probabilistic and analytic approaches.
Both viewpoints are able to integrate several biologically or ecologically meaningful
features including: individuals’ displacements, reproduction and deaths, competition
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for resources, selection, and dispersive or attractive interactions. While PDE and
analysis methods can provide aggregate deterministic descriptions of the collective or
macroscopic behavior of such populations (see [16, 2, 3, 10, 11] and [6], to name but
a few works), probabilistic methods have successfully been employed to describe the
random behaviors and interactions of individuals at the microscopic (or finite population)
level. Moreover, probabilistic weak convergence tools can be used to justify, in a
rigorous way, how certain nonlinear evolution PDEs arise as limits in law of the empirical
processes of individual-based models, when the population size goes to infinity (see for
example [14, 1, 12, 5] and [4]). Nevertheless, although it is clear that certain law of large
numbers for exchangeable random systems underlies the passage from the microscopic
to the macroscopic scale in branching population models, the speed of this convergence
is not explicitly known, even in the simple case of pure binary branching diffusions.

In this work, we develop a probabilistic approach to obtain quantitative convergence
estimates for the large population limit of a general class of spatially branching diffusions
with logistic growth and mean-field interactive spatial dynamics. The population and its
evolution are described by a right-continuous measure-valued Markov process taking
values for fixed K € N\ {0} in the space of weighted finite point measures over R¢

N
ME(RY) = {;{z(&zn ca" € R4 N € ]N\{O}} C MH(RY).

Here, M (R?) stands for the space of finite nonnegative measures on R¢ endowed with
the weak topology and J,, is the Dirac mass at 2 € R?. We denote said process by

NK
1 t
Mf:? E 5th,K, tZO,
n=1

where NfX = K(uf,1) € IN, with (-,-) denoting the integral pairing, is the number
of living individuals at time ¢ > 0 and th’K, e ,XtN'K K are their positions in R?. The
parameter K measures the population size and can be interpreted as the carrying
capacity of the underlying environment (see [1]).

The dynamics of (uff);>o is summarized as follows:

* The initial population is described by a random measure pf € M (R?).

* Each living individual carries at each instant ¢ > 0 two clocks independent between
them: one reproduction clock, exponential of parameter » > 0 and independent of
everything else in the system, and one mortality clock, conditionally exponential of
parameter ¢cNX /K, for ¢ > 0, given the population size NX. If the reproduction
clock of a particle rings at time ¢ when at position z, it gives birth to a new
particle at that same position. If the mortality clock rings the particle disappears.
Equivalently, the process jumps from p to uf = pf + K~1§, in the first case and
to uX = pu£ — K=14, in the second.

+ Between birth or death events, for each n = 1,..., NX, the individual X' K evolves
according to the diffusion process

AXT = b(XPRH S (X)) dt + o (X5, G o S (X]0F)) dBY,

where (B"),>; are Brownian motions in R?, independent between them and in-
dependent of ;¢ and of the birth and death clocks. In particular, the drift and
the diffusion coefficients are affected by the local concentration of individuals,
through the convolution of the empirical measure 1 with the kernels H and G,
respectively.
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This model is a subclass of the non-local Lotka-Volterra cross-diffusion systems
introduced in [12] as a microscopic, individual-based counterpart of the celebrated
Shigesada-Kawasaki-Teramoto cross-diffusion system [16]. Here, we consider a sim-
plified setting, consisting in one single species with self-interaction at the individuals’
displacements level, and we assume that the demographic parameters determining
births and deaths are spatially homogeneous. In particular, the competitive pressure
exerted on each individual is global and proportional to the population size, which
corresponds to a constant competition kernel in the general model of [12].

Following [12] one can prove that, when K goes to infinity, for each 7' > 0 the
empirical measure process (u’ )tefo,r] converges in law (in the Skorokhod space of
finite measure-valued paths on [0, T]) to a deterministic continuous measure-valued func-
tion (ut)sefo, 77, which is the unique weak solution of a non-local self-diffusion equation
(see (1.2) below). The following are assumptions that ensure this convergence and which
will be required to establish our main result.

Hypothesis (H):

H.1. po € MT(R?) is a given non-null measure and the random measures (1§ ) ke (o} €
MK (R?) are such that the sequence ({u{, 1)) ke 0} converges in law as K — oo
to (o, 1). Moreover, for each K € IN \ {0}, conditionally on (1, 1), the measure
ui is supported on N = K (¥ 1) i.i.d. random variables with common law not
depending on K and given by the normalized measure fig := po/{po, 1)-

H.2. The functions o: R? x R, — R%®? and b: R? x R, — R? (with R?®“ denoting the
space of d ® d matrices) are Lipschitz continuous. Moreover, there exists C, > 0
such that

lo(z,v)| < Cy(1+v), VzeRLveR,.

H.3. The functions G, H: R? — R, are bounded and Lipschitz continuous.

Remark 1. Given pg € M+(1Rd), it is always possible to construct a sequence of random
measures (u(ﬁ()K@N\{o} - .MK(]Rd), such that (H.1) holds. See Lemma 9 c) for an
example of such construction.

Under assumption (H), (uf);>¢ is a Markov process which has finitely many jumps in
each finite time interval and whose law is uniquely determined. See [12] for details and
[9] for general background on measure-valued Markov processes.

Let a := oo’ and, given € M*(R?), define an operator acting on C?(R?) functions
¢ by

Lub(r) = 3T (alr, G # (o) Hess(6)(@) + b(o, H » pu(x)) - Vo(a). (1)

Then, as a particular case of [12, Theorem 3.1], we have the following statement.

Theorem 2. Assume (H) with ;o € M*(R?) given and that SUP K e\ {0} E((ul, 1)P) < 0o
for some p > 3. Then, as K — oo, the sequence of processes ([LK)KE]N\{O} converges in
law in D(]0, 7], M*(R%)) to the unique (deterministic) continuous finite measure-valued
function (y¢)¢c[o,r) solution of

t
<,Ltt7 f(tv )> = <:U'Oa f(oa )>+/ <H’Sa asf(57 ')+L/Lsf(57 ')+(ric<.u87 1>)f(57 )> d57 vt e [O7T]7
’ (1.2)
for every f € C;’Z([O,T] x R?) such that SUDP(1,2)¢f0,7) xR (1 + [2))[V f(t, 2)] < o0.
Notice that the total mass n; := (i, 1) of the measure y; has an autonomous, logistic
evolution in (0, c0), that is
Oy = (r —eng)ng, ¢ 2> 0.
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Our main result is the quantification of the convergence to the large population limit
in Theorem 2. Recall that the weak topology on the space M*(R?) can be metrized by
means of the dual bounded-Lipschitz norm, which we denote by || - ||gL~ (see Section 2
for details). We have:

Theorem 3. Assume (H) with ;i € M*(R?) given, that SUP K eI\ {0} E((uk,1)P) < oo for
some p >4, and that [, [z|? po(dz) < oo for some ¢ > 2. Then, for all K € IN\ {0} and

T > 0 one has

tesE%]’pT] E(HMK - MtHBL*> <Cr (14(K) + \/ Rd,q(K))v
where C7p > 0 depends on T, p,¢, and on the data of the model, I,(K) = E(|(u{, 1) —
(po, 1)[*) %, and Ry 4: N\ {0} — Ry is the function defined by

K-z, ifd<4andq#4,
(a—2) 1
RiyK)=K "7 +{ K zlog(l+K), ifd=4andq#4, (1.3)
K-, ifd >4 and ¢ # 7%5.

The fact that (4, 1) converges at least as fast as K ~'/* in L* to (1, 1) can be granted
for large families of random measures satisfying (H.1) (see Lemma 9 in Section 2.2
for details as well as for possible relaxations of assumption (H.1)). The convergence
rate in Theorem 3 thus essentially depends non-increasingly on the dimension d, and
on the amount of finite moments of the measure p. For modeling purposes, the most
relevant setting is d = 3, in which case the rate is equivalent to K ~'/4 if ¢ € [4, +00),
or to the slower rate K~ (7=2)/(29) if ¢ € (2,4). We notice also that the same result can
be obtained in the case that each individual of the population additionally carries an
independent, autonomous exponential killing clock of a given fixed parameter (with the
natural modification of the limiting PDE).

To prove Theorem 3 we will extend to the branching populations setting some
probabilistic coupling techniques based on optimal transport, which were developed to
quantify propagation of chaos in binary interacting particle systems from kinetic theory
[7, 8]. See [17] and [15] for general background on propagation of chaos theory.

In the next section, we establish some preliminary results and present the strategy of
the proof of Theorem 3, along with an outline of the remainder of the paper. We shall
also discuss the ideas underlying our approach and some consequences of our main
result, in the light of propagation of chaos theory.

2 Preliminaries and strategy of the proof

Denote by BL(IR?) the space of real Lipschitz continuous bounded functions in R¢
with the norm () W)
PT) — Py
lellBL = sup ~—————===
TFY r—=y
and by ||-||pL+ the corresponding dual norm on the space M (R?) of finite signed measures
on R%. The induced distance

+ sup p(2)],
x

| —vlBLs = sup |[{(u—v,p)l,
lellBL <1

is well known to generate the weak convergence topology on M*(R¢). The subspace of
M (R?) of probability measures is denoted by P(R¢). Given a measure 1 € MT(R?),
its ¢g-th moment for ¢ € [1,00) is denoted by

00 = [ lal" (). 1)
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For p € [1,00), the p-Wasserstein distance W, (1, v) between two probability measures
w, v € P(R?) is defined by

1
W) = (ot [ ol atanan)
TEM(p,v) JRd xR

where II(, v) is the set of probability measures over R? x R¢ that have ;. and v as first and
second marginals respectively. A coupling 7 € II(u, v) realizing the infimum always exists
and is called an optimal coupling between p and v for the transport cost ¢(z,y) = |z — y|P.
W, defines a complete distance if restricted to the space {1 € P(R?) : M,(u) < oo} and
is equivalent therein to the weak topology strengthened with the convergence of p-th
moments. See [18] for background.

For every p € M*(R%), we will throughout denote by /i the probability measure on
R¢ obtained from it by normalization:

1
= Wt € P(RY). (2.2)

This notation is consistent with the relation between o and jiy in assumption (H.1).
The following simple relations for finite measures, proved in Appendix, will be useful.

Lemma 4. Let ;,v € M (R?) and let ji,7 € P(R?) be their corresponding normalized
versions defined as in (2.2). We have

= vlsLs < (w, DllE = 7llsr + [(u, 1) = (v, 1)],
and

ln=vlow < _int 1o =yl A2n(dedy) < WiGa0)
nell(f,v)

The basic estimate on which our main result relies, is the quantitative bound in
2-Wasserstein distance for empirical measures of i.i.d. samples, proved in [13] and stated
next for convenience.

Theorem 5. Let i € P(R?) be given and (X"),en be i.i.d. random variables with law

fi. Assume that M, (i) < oo for some ¢ > 2, with M,(f1) defined as in (2.1). Then, there
exists a constant Cy , > 0 depending only on d and ¢ such that, for all N € IN\ {0},

N
1 5 2z
(13 (5 X dxest) ) < Ca M (1) Rag ),
n=1

with Ry , defined as in (1.3).

We can deduce analogous estimates for random empirical measures in M* (R?) with
atoms satisfying a certain conditional independence property:

Lemma 6. Let 1 € M*(R?) be such that M, () < oo for some ¢ > 2, with M, (u) defined
in (2.1). Let also N be a random variable in IN with E(/V) < co and ¥ a random variable
in M¥(R?) that, conditionally on N, is supported on N atoms that are i.i.d. random
variables of law fi defined from p as in (2.2). Then, there exists a constant C,4, > 0 that
depends only on d and ¢ such that

E(RWE (X)) < CagMi (1) BV (N/K) Ry (K),

where 7% is the normalized version of ¥ as in (2.2) and with R4 defined as in (1.3).

See Appendix for the proof. Notice that under assumption (H.1), Lemma 6 immedi-
ately provides quantitative estimates for W2 (i, ji;) when ¢t = 0; however, the required
conditional independence property is lost as soon as ¢ > 0, even in the case of pure
branching diffusions.
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2.1 Proof strategy and plan of the paper

The proof of Theorem 3 is based on the construction, for each K, of a coupling
between the system (u);>o, and an auxiliary system of particles in M* (R?) denoted by

1 t
K ._
Vt = E Z JY;n’K’ t Z 0,
n=1

such that the following condition holds:
Condition (C):

C.1. vl = pff and K (v, 1) = K(uf,1) = N[ for all t > 0 almost surely.
C.2. For each t > 0, conditionally on (v/€, 1), the atoms of v/ are i.i.d. random variables

of law fiy = i /{p, 1).
C.3. For each T' > 0 there is a constant Cr > 0 depending on 7T and on the data of
Theorem 3 such that

E(SEWE (5 7)) < Cr (Ray() + 1K), W€ 0.7),

with I,(K) defined in the statement of Theorem 3.

Let us describe how this construction will be used and how the arguments of the
proof will unfold in the remainder of the paper:

e Thanks to condition (C.1), Lemma 4 and some auxiliary estimates, obtaining the
desired bound boils down, by triangular inequality, to Controlling uniformly on

t € [0,7] for each T > 0, the quantities IE (% W2 (7F, 1K) and BE(S: W2 (7, ).
+ Condition (C.2) and Lemma 6 together imply that the quantity lE( W2 (v, )
is bounded by Cr Ry 4(K) for all t € [0,T].

* The previous facts and the bound in condition (C.3), together, will imply the bound
asserted in Theorem 3.

In Section 3 we explicitly construct the coupled particle systems, (£ );>0 and (v );>0,
using common Brownian motions and a suitable Poisson point measure. In this con-
struction, condition (C.1) will be simply verified since the two systems will start from
the same state and their corresponding birth and death events will be simultaneous.
In order to ensure condition (C.2), each atom Yt"’K of v will be defined as a suitable
McKean-Vlasov diffusion (defined in Proposition 11), which will evolve independently of
everything else in the system after being born and will have the law [i; at each time ¢
from that moment on.

The crucial, far from obvious feature of the coupling is condition (C.3). Since we have

NK

N NK n, n, 1 & n n
B(Gewe.nt) <B( T NKZHX o) =B IR -,

n=1 n=1

and the coefficients are Lipschitz, coupling particles (X, K Yt”’K ) by using the same driv-
ing Brownian motion will allow us to keep their trajectories close and hence W3 (7€, if*)
small in between birth or death events. However, ensuring (C.3) will moreover require
that the birth positions of the two particles be coupled too, in the best possible way
(in the L? sense). This is where optimal transport ideas and techniques introduced in
[7, 8] will come into play. Indeed, on one hand, the birth position of a new particle in
the system (v/);>0, born at a random time s, is sampled in R¢ according to the law is.
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On the other, choosing randomly a particle that branches at time s in system (u~ )i>o is
equivalent to sampling a position in R? according to the empirical law i . Thus, the
optimal way to couple a pair of atoms in the two systems at their birth time s is to sample
them simultaneously from the optimal coupling for W of the law /i, and the (random)
law X . This joint sampling must be done in a measurable way in terms of the state
of the process at time s—, which requires adapting a non-trivial construction from [7],
which we do in Lemma 13.

In Section 4 we consider the simpler case of pure binary branching processes (i.e.
with no mean-field interaction between the particles nor competition). We establish
some auxiliary estimates, we prove that condition (C.3) holds in that particular case, and
we deduce Theorem 3 in this specific setting, with slightly better bounds. In Section 5
we follow similar steps to deduce the proof of Theorem 3 as stated in the general case.
Finally, in the last section, Section 6, we discuss potential extensions of the developed
ideas and results to more general branching population models.

Before delving into the proofs, we briefly discuss the relation of our results with the
propagation of chaos property, and comment on condition (H.1) and extensions of it in
that framework.

2.2 Propagation of chaos for interacting branching diffusions

It is well known that convergence of the empirical probability distribution of N
exchangeable particles to some deterministic probability measure, when N is a non-
random integer that goes to infinity, is equivalent to the property of propagation of chaos,
or asymptotic independence of the particles [17, 15]. The following generalization allows
us to see Theorem 3 as a propagation of chaos type result.

Definition 7. Let (NK)Ke]N\{O} be random variables in IN going in law to co as K — oo.
We say that a family (Y25, ..., YN K)o (o) of random vectors, (R%)N -valued
and exchangeable conditionally on N¥ for each K, is conditionally P-chaotic given
(NE) kemjoy if for some P € P(R?) and every j € IN\ {0} the (random) conditional
distributions (L(Y1 K, ... YIANTK | NK))KE]N\{O} given N¥ and the event {N¥ > j},
converge in law in P((R%)’) to P®/ as K — oc.

In the case that N¥ = K for all K € N\ {0}, one recovers the well known notion of
P-chaoticity [17, 15]. We deduce the following result, proved in Section 5.

Corollary 8. Under the same assumptions of Theorem 3, we have that for each ¢ > 0 the
family (X}*,..., X;“"K‘K))Kem\{o} is conditionally P;-chaotic given (N{€) ke (o}, With
Py = pe/ (e, 1).

We end this section gathering some remarks about assumption (H.1), including its
possible relaxation to a chaoticity condition. The proof of this result is given in the
Appendix.

Lemma 9. a) Under (H.1), (uf) ke (o} converges in law as K — oo to g € MT(R?).
b) Let jip € P(R?) be given and for each K € IN\ {0} let u& € M (R?) be a random
point measure. Assume that ((u{, 1)) ken o} converges in law as K — oo to a
constant in (0, c0) and that there exists a fig-chaotic family of exchangeable random
vectors
(YUN . YNNY N eI {0}),

such that for all K, conditionally on K (uf, 1) = N, the set of atoms of u£ has the
same law as (Y, ... YVN) Then, (uf) ke (o} converges in law as K — oo to a
(deterministic) limit py € M+ (R?) now given by

o = Klim (S, 1) fio. (2.3)

— 00
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and (with the notation (2.2)) one has jig = jig-

c) Given pp € M*(R?), assumption (H.1) holds if, for example, for each K we choose
Ku¥ to be a Poisson point measure on R? of intensity K. In this case I4(K)
given in Theorem 3 satisfies I,(K) < CK~1/2,

Remark 10. If instead of (H.1) we only suppose that (/Jé{)Ke]N\{O} satisfies the condition
given in Lemma 9 b), Theorem 2 still holds with ny given by (2.3), and Theorem 3 holds
but with an additional term on the rh.s. of generic form: CrE (& 3 [| X5+ — &%),
where ((Xé’K,...,XéV’K), (YOI’K,...,YON’K)) is for each N,K € NN, conditionally on
{N& = N}, a coupling of the N atoms of ;& and an i.i.d. sample of size N of the law jig.
See Remark 27 for details and for the optimal value of this term.

3 Pathwise constructions and coupling algorithm

For the rest of the article we will omit the superscripts K in the particles’ positions,
e.g. we write (X/,...,X;") = (X}*,..., X;""*) since we will be working with fixed
K € IN\ {0} and no ambiguity is possible.

We will construct both systems (uf = + ZQ;KI Sxp)i>o and (v = + ZQ;KI Sy )i=0
from the following set of independent stochastic inputs, defined in a common complete
probability space (Q2, F,P):

* A sequence (W7);>; of independent Brownian motions in R.

A Poisson point measure N (ds,dp, df) on [0,00) x [0,00) X [0,00), with intensity
ds ® dp ® d6.

* A sequence (Z(J))jzl of i.i.d. random vectors of law iy, defined from g as in (2.2).

* A random variable N in IN.

We will also make use of a special diffusion process considered in [12], which can be
seen as a nonlinear process in the sense of McKean [17, 15]. In the current setting, this
process is characterized in the next result:

Proposition 11. Assume (H) and let (u;);>0 be the unique weak solution in M*(RY)
given by Theorem 2 of the nonlinear equation (1.2) with initial condition pg, written for

short as 5

% =L e+ (r—clpe, 1)) e, £>0,
with L}, denoting the adjoint operator of L, in (1.1). Let W be a d—dimensional Brownian
motion and Yy an independent random variable in R? with law jig = j0/ (0, 1). Then,

there is pathwise existence and uniqueness for the SDE
t t
Y; =Y, +/ b(Ys, H * ps(Ys)) ds Jr/ o(Ys,G* ps(Ys))dWs, t>0. (3.1)
0 0

Moreover, the flow of time-marginal laws of (Y;);>¢ is the unique weak solution (fi;)¢>0
in P(R?) of the linear, non-homogeneous in time Fokker-Planck equation

Ofu _

—=L" i, t>0, 3.2

ot ll,tll't e ( )
(w.r.t. test functions as in Theorem 2) with initial condition iy = fi9, and for allt > 0
we have [; = [i;, the normalized version of u; (see (2.2)). Last, for every bounded
measurable function f: R? — R we have (i, f) = E(f(Y:)n:), where n; is the unique
solution with ng = (1o, 1) of the logistic equation

dn; = (7" — cnt)nt dt. (3.3)
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The proof of Proposition 11 is postponed to Section 5.

Remark 12. a) The pathwise properties of the SDE (3.1) stated in Proposition 11
imply for fixed 7 > 0 that if Y/ is a random variable of law /i, independent of W,
then the solution (Y} );>, of the SDE

t t
V=Y [ (D) s+ [ oYL G (Y)W, e

has the same law as (Y;);>.. In particular, Y/ has law f; for all ¢t > 7.

b) When ¢ and b in (H.2.) depend only on the position x and not on the nonnegative
real variable v, the process (3.1) is the standard diffusion associated with the
generator acting on C?(R9) functions ¢:

Lo(z) = %Tr(a(m)Hesscf)(x)) +0b(z) - Vo(z),

which in that case also drives each of the particles of the branching system (1f);>0.
Notice also that in this setting, thanks to the Lipschitz character of the coefficients,
if fip has finite moments of order ¢ > 2, then finiteness of these moments is
uniformly propagated over any time interval [0, 7.
Last, the following construction, based on optimal transport and adapted from [7],
will allow us to couple the births positions in the two systems in the most efficient way,
as discussed in Section 2.1.

Lemma 13. Let i: R — IN denote the function defined by

p—i(p) = p] +1,

and N be a positive integer. Let also (fi;);>0 be a given weakly continuous flow of
probability measures on R¢ with finite second order moments. There exists a measurable

mapping
AV Ry x (RDY % [0,N) 5 R, (t,x,p) = A (x, p),

with the following properties:

* Foreveryt > 0and x = (z!,...,2V) € (R%)Y, if p is uniformly chosen from [0, N),
then the pair (AN (x, p),#()) is an optimal coupling between ji; and & S5 8,
with respect to the cost function (u,v) — |u — v|%.

« If Y is any exchangeable random vector in (R%)", then E( fjj,l (AN (Y, 7))dr) =
(fit, @) for any j € {1,..., N}, and any bounded measurable function ¢.

* The function A: N x Ry % (Uyem (o RDY) x Ry — R? given by
AN, t,x,p) = AY ((@")2y, p A N),
ifx = (z")_, € (RY)Y, and 0 € R? otherwise, is measurable.

Proof. The proof of the first and second assertions is essentially the same as in [7,
Lemma 3] (the only difference being that we do not remove one particle from the vector
x to construct an empirical measure). The last assertion follows noting that A=1(A) =
Unzo{N} X (AN)~1(A) is a measurable set for any Borel set A € R such that 0 ¢ A, and

A0} = (Unpof N} X Ry X Unan (R x Ry ) U (Unof N} x (A%)71({0D). O
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3.1 Coupling algorithm

K K

We now give an algorithm to construct (u = & 3N 6xn),50 and (F = £ 3207,

dy; )0, jointly in the same probability space. Before doing so, we also introduce a
sequence of labelling processes

(Je(n) : t > 0)p>1,

taking values in the positive integers, that will be dynamically defined to select from
(W7);>1 the Brownian motions driving each coupled pairs of particles (X}, Y;"), between
reproduction or death events.

In the algorithm and in the remainder of this Section, (u:):>o denotes the unique
weak solution in M*(]Rd) of the nonlinear equation (1.2) given by Theorem 2, and A
stands for the function constructed in Lemma 13 with (f;):>0 = (fit)¢>0, the normalized
version of (p)>o.

Algorithm (A):

Ng*
n=1

0. Weset Yy = Xg = Zy forn € {1,...,NE} and puf = vff = L %

set two counters: N? = N and m = 0, and we define Ty = 0. Last, we initialize
jo(n) =nforalln > 1.

dzp. We also

1. Fort > T,,, we set js(n) = jr,,(n) and dB}* = thjt("), n > 1, and we define the
dynamics of the two populations by:

t t

b(X7, Hxpl (XI)) ds+/ o (X0, Grpl(X1)dBE, n=1,...,Nf |

th = XTm—f—/ »
T

T

and

t t
}Q”:YTM+/ b(}/;”,H*us(}/;”))ds+/ o (Y, Grps(Y))ABE, n=1,...,NE |

m m

until the first time ¢ > T,,, with (¢, p, §) an atom of A, such that

K NE,
p < Nr  and Qgr—i—c?’"’.

We then set T}, =t.
2. For (t,p,0) = (Tynt1, p,0) as before,

- If6 < r, we update NX := N +1and N, := N, + 1, then we define:

NE i NE _ NE [ (NE
Xt o= Xt(fp) and Y, = Ay ((th)n:bp)‘

- Ifr <0 <r+cNf /K, weupdate NS := N — 1, then we redefine:

(i) xi+t Ny o (xioH xie+2 ,va_ﬁ),

. . . . K
(Ytl(p)’ Ytl(P)-&-l’ - 7YtNtK) — (Ytlﬁp)ﬂ, )/tlip)-ﬁ-Q’ - ’thi’t_)’

and we set ji(n) = ji—(n+ 1) for all n > i(p).

3. We increase m by one and go to Step 1.
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Let us explain in words how the algorithm works. The systems (1 );>0 and (vf);>0
start at time ¢ = 0 from the same empirical measure, and pairs of particles are given
birth or die in the two systems simultaneously from then on. The variable N/ counts

the current number of living particles in each system at time ¢. The variable Nf in turn
counts how many particles have been alive in each of the two systems or, equivalently,
how many Brownian motions from (W/7),>; have been used, during the whole time
interval [0, ¢]. The usefulness of this counter will come clear shortly.

Now, given an atom (¢, p, ), its coordinate ¢ is used to sample a proposal of a birth
or dead time, and # an “action” among those two, according to whether § < r or
r <0 <r+cNE /K respectively.

In a birth event, p < N{i samples two positions in space, one distributed according
to i for the system p*, where X is the normalization (see (2.2)) of uX , and one
according to ji; for the system v*, which are optimally coupled as explained before. The
pair of newborn particles picks upon birth at time ¢ a new, common driving Brownian
motion (W K)szt that is independent of the past of the systems.

In a death event, p < N{ﬁ samples a uniformly distributed atom from ﬂf_ for the
system ;% and from 7% for the system v*, with equal index i(p), where 7 is the
normalization (see (2.2)) of thi . The two corresponding particles are then removed, and

their common driving Brownian motion, which corresponds to some W7 with j < Nf( , is
discarded forever. The indexes of the particles in the two systems are then updated, as
well as the Brownian motions from (W7);>; labelled Bi(») Bile)+1 " in order that the
particles still alive remain indexed by a full discrete interval of the form {1,..., NX},
and that the underlying Brownian motion W7 driving each pair is preserved. Notice that,
due to this updating rule, for all times ¢ > 0 we have j;(NX) = Nf( .

The system (v )i>0 satisfies condition (C.1) by construction. In the next paragraph,
we will check that it also satisfies condition (C.2).

3.2 Verification of condition (C.2)

We will denote by (F;):>0 the complete filtration generated by all the random objects
effectively employed in the algorithm until each time:

.....

Fi=0 (N(A)K7 (Zél)ne{l,...,l\/'({( 7(N((Oa 5]7 ] ) 15 < t)? (B? HEIS t)ne{l NfK}>7 (3.4)
and by (G);>o its subfiltration
G =0 (NE:s<). (3.5)

Notice that N is an (F;);>0-Poisson process, and that (N/):>o, (WtK)tZO and (ji(n) :
t >0), n > 1 are processes adapted to (G;)¢>o.

Remark 14. Thanks to Lemma 13, the mapping

N’fi n NtIi i n NtIi i
(t,w, p) = <At ((Xt—)n_pp)aXt(—p)) = (A(Ntff,t, (Xt—)n_hp/\NtIE)»Xt(—p)) )

is measurable with respect to Pred(F;) @ B(R), with Pred(F;) C B(R)®F the predictable
sigma-field associated with (F);>o.

The following identity in law is crucial to check (C.2).

Lemma 15. Assume (H). Let (t);>0 be the unique weak solution in M*(R?) of equa-
tion (1.2) in Theorem 2, and A denote the function constructed in Lemma 13 with the flow

of probability measures (fi;);>o, the normalized version of (;)¢>0. Let (T;);>1 denote the
sequence of consecutive birth times in (0, c0) of one new particle in the system (1)
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constructed with algorithm (A), and (Tj, pj) be the first two coordinates of the atom

(t, p,0) corresponding to ¢t = T;. Then, conditionally on 77 _ and {pj < N%{j_ },

n \NE _
T L AN *((Xt )t l,pj> has law fiz .

Proof. Let f: R? — R be a bounded measurable function and (U;);>0 a bounded (F;)s>0-
predictable process (with F; given in (3.4)). We have

f<YTV;> l{p»SNE }UTJ

K
/ / / ( X )"tl’p)) 1{p§N{£,ﬁt,—NK+J 1,0<r} Up N(dt, dp, d6).

By Remark 14, we can use the compensation formula with respect to the filtration
(Ft)e>0, and deduce with Lemma 13 that

1\"%
E(f (7%, )1{p,-szv;<.}UTf)
N / / (s f 1{Nf:N§+jfLe§r}Ut) dodt
" </[o o P I e W g, 02 Ve N dp, de))

E(<uTj,f>1{,)j§N;fj_}UTf>'

Since any bounded random variable measurable w.r.t. ]-" _ can be written as UTj for
some predictable process (Uy);>o, the statement is proved O

Proposition 16. Assume (H). For each ¢t > 0, conditionally on (v 1), the K(vX, 1)
atoms of the measure l/tK constructed in algorithm (A) are i.i.d. random variables of law
fie = e/ (e, 1), with (ps)s>o0 the unique weak solution in M+ (R?) of equation (1.2) given
by Theorem 2. That is to say, condition (C.2) holds.

K
Proof. The proof will be done constructing an alternative system (75 = % zf;l Opn )0

with the same law as (v )t>0, for which the required property is easily checked. This
system is defined on the same probability space as (l/tK )t>0, by means of a variant of the
construction of (v/);> in algorithm (A). This algorithm is as follows:

0. Define for all j > 1:
. . t t
Zg:Zé—i—/b(ZjH*,ué( ))ds—i—/ o(Z3,G*pg(Z1))daw!, t=>o.
0 0

Set Yyt = Zp forn € {1,...,N&} and pE = e ZNO 09, As before, we set the

same counters N(I)( = N(f( and m = 0, we define Ty =0 and we initialize jo(n) =n
foralln > 1.
1. Fort > T,,, we set j;(n) = jr, (n) and dB? = dW?*™, n > 1, and we take

Y=z n=1,... NE,

until the first time ¢ > T, with (¢,p,0) an atom of A, such that p < Nf and
0 <r+cNf /K. We then set T,,,;1 = t.
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2. For (t,p,0) = (Tynt1, p,0) as before,

- If < r, we update NX := N5 + 1and N, := N, + 1, then we define:

R K
v =Y

- Ifr <0 <r+cNf /K, we update N := NK 1, and we redefine:
o~ o~ o~ K o~ o~ ~ K
(VOO ) = (RO RO Y,
and j(n) == ji—(n+1) forall n > i(p).
3. We increase m by one and go to Step 1.

Plainly;, instead of sampling at each birth time T'; the position of a new independent
particle Y™ from the atom (Tj,p, #) of A as in (A), we now add a new particle Y™ to
the system by “turning on” at that time the nonlinear diffusion process 75, = ZNe+3,
which has evolved independently since time ¢ = 0, driven by the same Brownian motion

W' +i that drives the process (Y;N?’ St > Tj) in the construction (A). Call now

Fma(Fv (25 NE vk <T)).

(with F; as in (3.4)) the filtration containing the information effectively employed to
construct the process (7{€), and let (V;);>0 be a bounded left continuous process adapted
to (]-'t)t>0 Conditionally on Nf, Vi . depends only on N and (WF, Zk) for k < N + j,

while (Z NG+ ) is independent of them. Therefore, we have

>0

]E(f(?;j)l{/oﬂNf.}VTj) B E(f<Z£$+j)1{P1<N;{-}VTJ>

= ]E<</1Tj7f>1{pj<N?}VTj>,

by Remark 12 a). This implies that, conditionally on ]?Tj— and {pj < Ng }, the random
-

variable ?TA?’ has the law BT, - Comparing this to the setting in Lemma 15, one can check
J

by induction on j that the processes (vf);>¢ and (/) have the same law on each of
their (common) time intervals [0,7’;], hence over all [0, c).

To conclude, notice that the i.i.d processes (Z} )t>0,] > 1 have law ji; at each t > 0,
and they are independent of the filtration (G;);>¢ defined in (3.5), with respect to

~ K
which the process (N[);>o is measurable. Moreover, for eacht >0, {V},....Y, N =
{tht(l) ZMN )} is a random subset of {Z},...,Z } selected in a way that is
measurable w.r.t. G;. This readily implies that, condltlonally on {NK =N}, {V},...., YN}
are N i.i.d. random variables of law ji;, as required. O

4 Proof of Theorem 3: pure binary branching case

We consider in this section the case where interactions take place only through
the reproduction events, that is, due only to the fact that the position of a newborn
individual coincides at its birth with that of its parent (after which all individuals evolve
completely independently). We provide the complete proof for this case as it might be
of independent interest, since convergence bounds are neither available in this basic
setting, and also because it is useful to illustrate directly the main arguments.

We assume the following throughout this section.

Hypothesis (H’):
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H.1’. (H.1) holds.

H.2’. The coefficients o: R? — R4 and b: R? — R? do not depend on ;€ and, moreover,
they are Lipschitz continuous with ¢ bounded (for simplicity).

H.3’. The individual instantaneous birth and death rates are time inhomogeneous, spec-
ified by two measurable functions r,¢: [0,7] — R, bounded by some positive
constants 7 and ¢, respectively.

Notice that, since r and c are deterministic measurable functions of ¢, they are pre-
dictable when seen as processes (cf. the sigma-field generated by continuous functions
on R, is the Borel sigma-field).

The analog of Theorem 2 is standard in this scenario (or can be proved by the same
techniques used in [12]), and the limit in law of the process (/j,{()tz() is given by the
unique weak solution in M*(R9) to the linear evolution equation with initial condition

Ho:

t
<,LLt7 f(tv )> = <1u'0a f(07 )> +/0 <,U'S7asf(57 ) + Lf(37 ) + (T(S) - C(S))f(s, )> dS, vt € [OvT]v
(4.1)
for each f € C12([0,T] x R?), where L is the time-homogeneous operator on C?(R%)
functions ¢:

Lo(x) = %Tr(a(a:)Hess¢(a:)) +b(z) - Vo(a). 4.2)

The construction of the coupling with the auxiliary system is essentially the same as
in Section 3, using algorithm (A) with two minor modifications:

- Step 1 is carried out until the first time ¢ > T,,,, where (¢, p, 0) is an atom of A/ such
that p < N and 6 < r(t) + c(t), at which time we set T}, 11 = .

- The updates in Step 2 are carried out according to whether 6 < r(¢) or otherwise
r(t) <6 <r(t)+c(t).

In between birth or deaths events, individuals X" in the system (1{);>¢ evolve according
to the SDEs
dX7 =b(X)dt + o(X)dB!, n=1,...,Nf,

as also do the individuals Y in the system (v/);>.
We establish some controls for the mass of the process (uX);>o.

Lemma 17. Under assumption (H’), foreach 7" > 0 and p > 1 there is a constant C7, > 0
such that

sup 1E< sup <uf(,1>”) <Crp sup B((ug,1)").
KeN\{0} t€[0,T] KeN\{0}

Moreover, if sup i (03 E((1); 1)) < oo, for all T > 0 we have
E(|(uf,1) — (e, 1)|) < Cr(Ii(K) + K~%), vt e[0,T],
for some Cr > 0, with
L(K) =E(|(kg 1) — (o, 1))

Proof. The first claim is shown as in [12, Lemma 3.3] in a more general setting. For
the second assertion, we write the dynamics of the number of particles in the system in
terms of the Poisson point measure N used in algorithm (A). We obtain for all ¢ > 0 that

t
NtK = N({( +/ / / 1p§NSK_ (]-Ggr(s) - 17‘(s)<9§r(s)+c(s)) N(dsvdpv do)
0 JRy JRy
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= NK ¢ /t(r(s) —c(s))NK ds + M,
0

where (MX),;> is a martingale since, for all ¢ > 0,

! t
E(/ / / ‘1PSN§< (19§T(5)_1T(5)<9§r(s)+c(s)) ’ dePd9> < (r+c)]E</ NE ds) < o0,
0 JRy JRy A

by the first part and the assumption on the total mass. Comparing this evolution to the
ODE (4.3) satisfied by the total mass of the limiting measure, we get the estimate

E(;Ng ~ (1)) < B( N?oK N <r+c>/0tm( fgf — () dsm(‘ﬂf').

The last term is controlled using the Burkholder-Davis-Gundy (BDG) inequality as follows

| M| 1 !
Bl =)= ¢E Lip<nN K o<r(s)+e(s)} NV (ds, dp, d6)
0 Jry JR,

E((f;(r(s) + c(s))NX ds)?
K

=

IA

N

CT K _ N 7
< — sup E({(ug, 1) (F+c)et| ,
¢K<mmm}“° N+ )

for all ¢ € [0,7]. We conclude by Gronwall’s lemma that

E(NtK ( 1>D<c IE(NOK ( 1>D+ ! Ve [0,7]. O
K Ht, >~ LT K Ho, \/E ) ) .
The analogue of Proposition 11 in this section’s setting is rather elementary, yet
illustrative for the general case, so we state it in full details and prove it next.

Proposition 18. Assume (H’) and let (y);>0 be the unique weak solution in M*(R%) of
the linear equation (4.1) with initial condition ug, written for short as

O

A= L+ () = el 20,

with L* the adjoint of the operator L given in (4.2). Let (Y;);>o be the unique pathwise
solution to the SDE

t t
Yt:YO+/ b(Ys)der/ o(Yy)dW,, t>0,
0 0

where W is a d-dimensional Brownian motion and Y, an independent random variable
in R? with law jig = Jip. Then, the flow (fir)e>0 of time-marginal laws of (Y;);>¢ is the
unique weak solution of the Fokker-Planck equation

Ofit

— =L, t>0

ot Lt — Y
with initial condition fig = ji9p and one has ji; = fi; for all ¢ > 0. In particular, for each
bounded real function f we have (u¢, f) = E(f(Y:)n:), where n; is the unique solution
with ng = (o, 1) of the linear differential equation

dng = (r(t) — c(t))n; dt. (4.3)
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Proof. The first claim is standard and easily seen using It6’s formula (uniqueness is
also standard using e.g. the Feynman-Kac formula). The relation between the law of Y;
and p; for all ¢ > 0 is easily shown considering the function h(t,z) = (u, 1) f (¢, z) and
computing

<ﬁta h(t7 )>

= G (0. + [ G, Duhs.) + Lhls, ) ds
= <<M07 1>/107 f(07 )> + /0 </157 f(sv ')85<NS7 1> + </1’S7 1>asf(87 ) + </st7 1>Lf(87 )> ds

= ({0, Do, f(0,-)) +/0 ((pss Vs, 05 f (,-) + Lf (s, ) + (r(s) — c(s)) f(s,-)) ds.

This means that ({u, 1)/i:):>0 satisfies equation (4.1). Uniqueness for that equation
yields (u, 1) iz = p¢ for all ¢ > 0 as claimed. Consequently,

<;u’ta f> = E(</‘Lt7 1>f(Y;))7
for all bounded f, and the fact that ({u, 1)):>0 satisfies (4.3) is immediate. O

In order to prove that condition (C.3) holds, one last additional estimate is needed,
which will be used to control the joint evolution of coupled particles, in between birth or
death events.

Lemma 19. Assume (H.2’) and let X = (X;);>0 and Y = (Y});>0 be two diffusion
processes with generator L given in (4.2), both driven by a given Brownian motion B in
R?. For each T > 0 there exists Cr > 0 such thatforall 0 <u <t < T

t
E(IXe = Y| = [| X0 = Yal?) < CT/ E(||IXs - Ys[*) ds.

Proof. Let (7,)nen be the sequence defined by 7, == inf{s > 0 : || X,|* + ||Ys]|* > n},

which localizes the local martingale parts of X and Y. We first establish a control on the
running suprema of the processes. Using the fact that b is Lipschitz we obtain

t
sup HXuH2 < 2||X0H2—|—C’T—|-C’T/ sup ||XuH2ds
w€E[0,tATy] 0 u€l0,5ATy]
>2

/ o0 (X,) dBY)
0
With the BDG inequality and the fact that ¢ is also Lipschitz we then get

d
+2 < sup
Z w€[0,tAT,]

ij=1

¢
IE)( sup ||Xu|2) <2E (| Xo|?) + Cr + CT/ E( sup ||Xu||2> ds.
ue 0 ]

[0,tAT,] w€[0,8ATy
Applying Gronwall’s lemma and then Fatou’s lemma upon letting n — co we deduce
B( swp 1X.I2) < Cr(E(IXl) + 1) (a.4)
s€[0,T

and a similar estimate holds for the process Y. Now, It6’s formula shows that

X = Yll? = [P = Yall? + [ 20X, = Yo' 00X.) ~ b)) ds

u
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+/t2(Xs — Vo) (o(Xs) — ) dB, + Z/ oD (X,) — o) (Y,))2 ds.

i,j=1

The sequence (7,,), localizes the local martingale on the right hand side. Taking ex-
pectation for the stopped process and using the Lipschitz character of b and o leads
to

E([| Xtnr, = Yiar, 2) ds.

t
) SB(X, - YalP) 4 C [ E(1Xuns, = Yan,
By dominated convergence using the bound (4.4), we can take n — oo and conclude. O
Now we can state the bound leading to condition (C.3), and to the proof of the main

result, in the case of pure binary branching.

Lemma 20. Assume (H’) and let (fi;);>0 and (Df()tzo be the normalizations (see (2.2)) of
the solution (1;)¢>0 of (4.1) and of the process (v );>0 constructed using algorithm (A)
(modified as mentioned at the beginning of the section) respectively. Then, there exists a
constant Cr > 0 depending on d and ¢, such that for all K € IN\ {0} and ¢ € [0, 7]

NS

1 n n !
B( 5 X1 -vR) sor [ B(SEwies ) as

n=1

K
Proof. Consider the product empirical measure TltK = % Eg;l d(xp,v) and the sequence
of jump times (7,)men Of the process (N5 );>o, defined through algorithm (A). We
decompose the evolution of n’ in terms of (T}, ).,en as follows

0t =g =g+ Z Lior, (0f, = w40l =l ),

m=1

where AF =Y __,|ANK| with ANK = NK — NX | The aim of this decomposition is to
control separately what happens in between jumps and at the jump instants. Integrating
the function ds(z,y) = ||z — y||* and taking expectation yields

E((ni*,d2)) = E((ng", da)) 'HE( i ]—tZTm(<77T,,L7d2> <777]~(m7d2>>)

+ E<<ntde2> = <U¥A{<,d2> +> o, <<n§;,d2> - <771]§n,1ad2>> )
) m=1
(4.5)

By Lemma 19, and since the evolution of 7f is independent of the sigma-field (G;);>0
(defined in (3.5)) on each interval [T},—1, Ty, ), we get

E(lesr, (07, d2) = (07, . d2)) | G) (4.6)
K
m—1
=(KZ Xpo = VP~ X, ~ YA, I? |G o,
. =
Ty 1 T
Z / E(|| X3 =Y | G) dslis,
— 'm 1
Tﬂl
= C/ E((nk, ds) | Gt) dsli>r,,, 4.7)
Trm—1
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and similarly, for the remaining time interval,

E(E((nf(,d2> (0 da) ‘ gt)) <cC E(<n§7d2> | G) ds

T4K

Recalling Step 2 of the variant of algorithm (A) used in this section, the term involving
the jumps of the processes can be written as

E (Tiltﬂm ((ﬁﬁ ) = (0 d2>))

1

( / ( K (|2
K 1 x o<y,
K [O,t]X]R+><]R p<NS_ < (9)

NE N
Xs® =Y

. . 2
- lpSNSK_ ]-T(s) X;(_p) - )/sl(_p) H )N(dS dp, dG))
1 i(0) _ ANE (g \NE
SE% B S (b BT
+ xRy
_]E / = r(s)W3 (5 ) ds ) 4.8)

where we used Lemma 13 and Remark 14 in the last equality. Since E((n{,dz)) = 0,
combining the two previous estimates and writing C' for some constant that may change
from line to line, we deduce

E((n/, d2)) <C/ (ns 7d2>)d8+E(/tA;: (s)W3 (uf,us)ds>

<C/ (X, d2)) ds+c/ SW2 S,ﬁs))ds
+C/ (N W2 (X, q))ds

<C/ 775>d2 dS+C/ S W2 S,ﬁs>)d87

where in the last inequality, we used the fact that

K
NtK 1 < n n|2
B(=-WE (7)) <B( = D 1x7 - v)12)), (4.9)
n=1
K
since W3 (i, v*) < 7= SN |IXP — Y;"||2. We conclude by Gronwall’s lemma. 0

Corollary 21. Under (H’) condition (C.3) holds with the improved bound: CrRy ,(K).
Proof. Combine inequality (4.9) with Lemma 20 and apply then Lemma 6. O

We now have everything that is needed to prove our main result in the case of pure
branching diffusions.

Proof of Theorem 3 under (H’). Since (uX,1) = NX /K, applying Lemma 4 and the tri-
angle inequality for W; we get for all ¢ € [0, T] that

K
B (luf — o) < B( e Wl(vt ) +B(S Wl(v-tK,m))+E(|<ut7> (e, 1))
NK>%

< ( ( W2 (7 ,pt))% +E< VV2 (7, i ));)E<[t(
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+E([(uf, 1) = (e, 1)), (4.10)

where we also used the Cauchy-Schwarz inequality and the inequality W2 < W2 in the
second line. Thanks to Lemma 17 we obtain, for all ¢ € [0, 77,

NE

NK 1 1
E (|t = uelloe-) < OT(JE(IQWS(vf,m))QHE( - Wi(vf,uf())2+h(K)+K”2)-

Now, thanks to the first bound in Lemma 17, the uniform moment control stated in

Remark 12 b), and conditions (C.1) and (C.2), we can apply Lemma 6 to 7 = 75, N = NX,
and i = ji; to bound the first term in the right hand side by R;{ q (K). The second term is

bounded by C’TR;{;(K), due to Corollary 21. Since K ~1/2 < Rcli/q2 we conclude that
E (|t = mullpr-) < Cr(Rag(K)? + (K)), Ve [0,T]. 0

5 Proof of Theorem 3: general case

We now consider processes (uX )i>0 satisfying the general assumptions of Theorem 3.
We start by establishing bounds for the mass of the process, analogous to the bounds
in Lemma 17. The convergence bound is less sharp and more difficult to establish now
because of the nonlinearities coming from the interaction.

Lemma 22. Assume (H) and let (x;);>0 be the unique solution in M*(R4) of (1.2). For
each T' > 0 and p > 1 there is a constant Cr;, > 0 such that

up E(sup <M£<,1>p)<cT,p sup (k< 1)7).
KeN\{0} t€[0,T] KeN\{0}

Moreover, if sup g o} E((ud;1)*) < oo, for all T > 0 we have
4 _
B( (1) (1)) < Cr(I(K) + K1), vee[0,7],

Proof. For the first bound on the moments of the total mass we refer to [12, Lemma
3.3]. To prove the convergence bound in the second part, we resort to algorithm (A) to
represent the dynamics of the number of particles by the SDE

t
NE = NE 1 lg<, — 1 ¢ ds,dp, d6
; 0 +/O/ p<N§<<9§v r<99+61§>/\/( s,dp,do)
t

K NEN vi K
=Ny + T N ds+ M;*.
0

Notice that the process (M[X);>¢ is a martingale since, for all ¢ > 0,

t t
E(/ / / 1, K (16@ -1 N ) ‘ ds dpd9> <(r+ C)E(/ (NE)? ds> < o0,
0 JRy JRy - - r<O<r+c—~ 0

by the previous part and the assumptions on the total mass of the system. The limiting
mass in turn satisfies the dynamics

(1) = paon 1) + / (r — c{jisr 1)) {j1s, 1) ds.

We will first establish an L? convergence bound for the total mass. Using It6’s formula
we get

(- <ut,1>)2 - (- <ﬂ°’1>>2+/0t2(N5‘ “e) o)
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(M ) - () (2 )] as
/{ (K K K

0
t 1 2
o / 1PSN9K_ 17~<QST+C N;’i <K> N(ds, dp, d@)

K

t 132
+/ /1p<NK 19<r(> N (ds,dp,dd).
0 - K

Bounding above the negative term in the second line by 0 gives us
NE > [NE 2ot (NE 2 br (NE
—t _ ) < (=22 - 1 2 S (us, 1)) d —(=)d
(G - en) = (G5~ won) + [or(e - wn) as [ (5 )
te [NEK\? b (NE MK - -
() a o 5= (e 1 d( s ) ME 4+ K

NE 2 t NE 2 rT
< | = —<uo,1>) +/ 2T(S_<N871>> ds+—= sup (i, 1)
< K 0 K K s€[0,T]

+

cr K 1\2 ! NSI(; MSK K K
+K sSup </’[/8’1> +/0 2( K _</’[/3*’1> d( K )+Mt +Mt ’

s€[0,T]
(5.1)

where (M[);>0 and (M/<);>o are compensated Poisson integrals. Let now (7,,),, be the
sequence of stopping times defined by 7,,, = inf{t > 0 : NtK > m} form > 1 and 79 = 0.

K —K
g > N, _forallr > 7, > s we

Since Nf is increasing by one and N,{i >m+1=N_

have

[ o) 2 100 (B a2

t
= /0 [ ots.p.0187(as,dp. o),

with A the compensated measure associated with A and ¢ the predictable process

1 NE
QS(S’ P 0) - 1N§7§m1pSNSK* E <10<T B 1r<0<r+cN§) < K B <us*’ 1>>

K

The inequality NX < Nf implies that

E(/Ot/om/:o|¢(s,p,9>|dsdpde>
t K K K
§]E(/O 1Nf§m(8)]\;; (r+cj\;z_ )(]\;; +<us,1>) ds)

B[Rl (o) as)

S CVT,I(,'m (1 + sup <,U/87 1>>7

s€[0,T]

K
for each ¢t € [0,7], and so the integral w.r.t. d(MT) in (5.1) is a martingale. By

similar reasonings, the stopped processes (M/X, )i>o and (M/5, );>¢ are also seen to
be martingales. Taking expectation in (5.1) we get

NE 2
o{(2 - b))
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<o o) )5 ([ ) )
<u((3E - o) ) o [lorm((M - ) s S

for all ¢ € [0, T]. Using Gronwall’s lemma we obtain for all ¢ € [0, 7] that

NE., 2 NE N\ c©
E((tf{ - (uwm,l)) ) < (E(<Ig - (uo,1>> ) + ;)ew- (5.2)

By Fatou’s lemma, we then get E(((u{(,n — (e, 1))2) < Cr(I3(K) 4+ K1), but the

bound (5.2) will be more practical for our purposes. Let us now address the L* bound.
Applying It6’s formula again we get for all ¢ > 0 that

) () [o(F )55
w [ (52 <us,1>>44(A§ <u5,1>>4<N5+<us,1>)]ds
+/Ot/1p§Ngle<r[<N§ —<u571>+[1()4
+ /0 1p<N‘5_1r<ggr+cN§[<Nz§ <“S—’1>f1()4

x

(- <u571>)4+4<N§ - <u571>>311(]/\f(d8adﬂa a0).

=

Bounding the negative term in the second line by 0 and compensating the Poisson
integrals gives us

(J\g(—</it71>>4

(AE( - <uo,1>)4+/ot4r(NI§< - <us,1>>4d8
+/(:7~N5<6(]\§ - <Ms,1>>2;2+4(]\§ - (us,1>>;3+ ;4) ds
s [ B (o2 —<u5,1>>2[;2—4<]\§< D)) 5+ g ) 4
+/0t4(N§ —<u371>)3d<]\§()+35+1?57

for all t > 0, where (Rf);>0 and (RX);>¢ are compensated Poisson integrals. Using
Young’s inequality we deduce for all ¢ € [0, T] that

K Ht, >>
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Cr % Cr Cr K 1\4
+ —5 sup (uf, 1)+ — sup (uf,1)*+— sup (ul* 1)
K3 o) K oo, K oo,
t NK 3 MK _
4 == — (uy-,1) ) d == ) + RX + RE. 5.3

Proceeding in a similar way as in the proof of the bound (5.2), we can verify again that the

three processes in the last line are martingales if stopped at 7,,, = inf{¢t > 0: Wf( > m}.
Thus, stopping the inequality (5.3) and taking expectation yields for all ¢ € [0, 7] that

(o))
* % /t]E«J\?{" (s 1>>2) ds

CT ¢ stf\r !
<I K - — = 97'71
< 1)+ G0 BT funno1) Y as

+ G (1800 + 1)

where we used (5.2) to obtain the second inequality. Gronwall’s inequality and then
Fatou’s lemma yield at last

E((J\g{ — (e, 1>>4> <I}(K)+Cr (Il{ + 1221(([;)), vt € [0, 77,

and we obtain the asserted bound noting that I3(K) < \/I}(K) <1+ I}(K). O

We prove now Proposition 11, which relates the solution (1;);>¢ of equation (1.2) to a
nonlinear process of McKean-Vlasov type.

Proof of Proposition 11. Pathwise existence and uniqueness for the SDE (3.1) comes
from the fact that the (non-homogeneous) coefficients are Lipschitz functions of Y,
thanks to (H.2). In order to characterize the flow of time-marginal laws of (Y;);>0,
consider a function f € C2([0,7T] x R?) satisfying the conditions in Theorem 2. By It6’s
formula we obtain

0f(s,Ys)

f(um:f(o,YoH/O CIGLON +/ V£ (s, Vo) b(Ya, H # 1s(Ys)) ds

+/Vf(s,Ys) o(Ys, G * ps(Ys)) dWs +;/Tr( (Ys, G * pus(Ys))Hessf(s, Yy)) ds.

0 0

Taking expectation shows that the law of the time-marginal is a weak solution of
equation (3.2) with respect to that set of test functions. Now, consider the function
h(t,z) = (u+, 1) f(¢, ). By equation (3.2) we get for all ¢ > 0 that
(i, h(t,-))
t
= {0, (0.5) + [ (s Dul(s, )+ Ly s, ) ds
0
t
= <</t0,1>ﬂ0,f(0,~)> +/ <ﬂ87f(8a')as<:us’1> <:ub’ >a f( ) <:U’871>Lusf(57')>d8
0

= <<;U'Oa 1>/~1'Oa f(ov )> +/0 <</’l‘57 1>/-st asf(sv ) + L)usf(87 ) + (T - C<ﬂsa 1>)f(sv )> dS,
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which implies that (&)¢>0 = ({1, 1)[i)s>0 satisfies the following “linearized” version of
equation (1.2):

<£t7 f(ta )> = <,lt0, f(07 )> +/O <58785f(55 ) + Lusf(sa ) =+ (T - C<,LLS, 1>)f(57 )> ds, (54)

where (1);>0 is the given solution to equation (1.2). With similar (indeed simpler)
arguments as in the uniqueness part of Theorem 2 (see [12, Section 4]) one can show
that uniqueness of weak solutions (with respect to the same class of test functions) of
equation (5.4) holds. But (&;);>0 = (u)i>0 is also solution of the linear equation (5.4),
because (ft)¢>0 solves (1.2). We deduce that (p, 1)ji; = ¢ for all £ > 0, and in particular
that gy = 1.

The previous identity yields (u, f) = E({us, 1) f(Y3)) for every bounded measurable f,
and the fact that ({u,1)):>0 is the unique solution of equation (3.3) is readily obtained
by taking f = 1 in Theorem 2, recalling also that the local Lipschitz character of the
ODE's coefficient ensures uniqueness for it. O

The following propagation of moments result for the unique solution of equation (3.2)
will be needed.

Lemma 23. Assume (H) and let (u;);>0 be the unique solution in M*(R?) of (1.2).
Letting (fi;);>o be the normalizations of (y;);>o, for each T > 0 and ¢ > 2 there is a
constant C’, > 0 such that

sup M, (fir) < Cp(1+ My(fin)).
te[0,T

Proof. We will use the fact that diffusion process (Y;);>o studied in Proposition 11
satisfies E(||Y;||?) = M, (i) Applying It6’s formula to ||Y]|7,¢ > 0 with ¢ > 2 yields

t t
IYell* = 1Yoll* + /Q\\Ysllq_21?b(Ys,H*us(Ys))dSJr/o qIIYll*=?Y o (Y, G pus(Yy)) d By

L3S [ a2 O i)
i,j=1k=1
x o)V, G x s (V) o UR) (Y, G % pg(Ys))) ds. (5.5)
Since b is Lipschitz we have [|b(Yy, H  115(Y5))|| < C(1 + [|Ysl| + [H * ps(Ys)]) with [H
ps(Yo)l = | [ H(x — Y)ps(dz)| < || H|oo supsefo, 7y [{11, 1)| and similarly for o and G. We
thus get that
16(Ys, H # p1s(Y)) || < Cr (1 + || X5]]) and [|o(Xs, G # ps (X)) < O (1 + || X))

for all s € [0, 7] and some constant Cr > 0. Using this in (5.5) gives us the bound
t t t
illr < Yol € [ vgetds e C [y tas e [ vieds
0 0 0
t
+ [ Vit G (V) dB., Ve 0.T)
0

Let now (7, )nen be a localizing sequence for the local martingale on the right hand side.
Taking expectation of the stopped process yields, for all ¢ € [0, 7], that

=1y ds

t t
E([Yinr, ) < E(Yal) + € [ E(¥onr, 72 ds+ € [ E(Yonr,
0 0
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t
+C [ B(Yon, |7 .
0

Notice that by Holder’s inequality, one gets

t t 1 t
/ E([Yanr, I71) ds < / E([Yanr, |9) 7 ds < O + C / E([Yanr, ||9) ds,
0 0 0

for all t € [0, 7], and a similar bound holds for the term of order ¢ — 2. Combined with
the previous, this entails

t
E([Yinr, |7) < E(|¥a])? + Cr + C / E(|[Yanr, ||9) ds,
0

from where Gronwall’s lemma yields, for all ¢t € [0, T,
E(|[Yirr, [|7) < O (E([[Yol)? + 1).
We conclude with Fatou’s lemma taking n — oc. O

In order to check that condition (C.3) holds, we need some additional bounds stated in
the next two results (respectively analogous to Lemmas 20 and 19 in the pure branching
case). In particular, the following result will be used to control the joint evolution of
coupled particles in the two systems, between birth and death events.

Lemma 24. Assume (H.2) and (H.3). Let N and K € IN\ {0} be deterministic and fixed,
and consider the diffusion processes (X™)Y_, in (R%)" evolving according to

dX]' = b(X]" H =& (X]") dt + o (X[, G = €8 (X]") dBy, ¢ >0,

where (B™)N_, are independent Brownian motions in R? and ¢ stands for the empirical
measure (& = L Zgzl dxp of constant mass N/K. Consider also N i.i.d. copies (Y")I_,
of the process (3.1),

AV} = bV H # (V7)) dt + 0(¥7, G # (V7)) dB}, 120,

driven by the same Brownian motions (B"))_; and where (u;);>0 is the unique solution
of (1.2). For each T > 0, there is Ct > 0 not depending on K nor on /N such that for all
O<u<t<Tandeachn=1,...,N,

t
E(|Xp — Y7 — X0 - Y |?) < Cr /

t
u u

E(XE -y Py ds+ [ (e~ ) ds

Proof. We first check that the running supremum of each process (X") is square inte-
grable. Using similar bounds as in the proof of Lemma 23, we get for each ¢ € [0,T],

t t
X712 < X3 + / DX [B(XT, H  £5(XT)) | ds + / XY o (XTI, G+ K (X)) dB,
t
+ / lo(X7, G * €K (X)) ds
0
t t t
§|\X5|\2+0T+c/ HX:Hdsw/ ||X£||2ds+0/ IXTIIH €5 (XT)| ds
0 0 0
t t
+C / G # €K (XM ds + / XY o (XD, G x X (X7)) dB,
0 0
ni|2 2 N 2 2 N ? K n| 2
< I+ Or v oTH|% () +oTielk (%) o [ Ixzas
0

t
+ / XY o(X, G * €5 (X)) dB,,
0
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since, in the present lemma’s setting, (¢X,1) = N/K for all s > 0. Let (7,,)men be a
localizing sequence for the local martingale in the previous inequality. As in the proof
of Lemma 19 we localize and then we take supremum until time ¢ A 7,,, on both sides,
obtaining that

NY® N
up X2 < X1+ Cr -+ orE () +eTion ()
wE[0,tAT, ]

t

+C sup | X}][* ds
0 u€[0,5ATm]

(L

w€[0,tAT]

u
/ XY D i) (X7, G x £ (X)) dBY)
0

)

4,J=1

The expectation of the last term is controlled using the BDG inequality by

)

<y B(([ (o6 e <X:>>)2ds)é)

4,j=1

tATm %
<0E(( / ||X:||2|o<X:,G*a§<<Xs>>||2ds) )

<on((1+1en (X)) : ([ 1eeas) é)
< <1 + @)2) (CT v Cr /Ot]E(HXQMmHQ)ds).

This allows us to deduce for all ¢ € [0, 7] that

d

Z E( sup

ij=1 wE[0,EAT, ]

| 20000 (1,6 < € () aBY
0

t
E( sup |X:}|2)SE(nXgn?)+CT,N,K+CT,N,K / E( sup ||X;%||2)ds,
0

UE[0,tATm,] u€[0,5ATm]

where Cr n Kk is a constant depending on 7', N and K (recall N and K are deterministic
in the setting of this lemma). From this last inequality, Gronwall’s lemma and monotone
convergence when m — oo yield

E( sup ||th||2> < 0.
t€[0,T]

A similar argument can be applied to the process (¥;"):> in order to obtain the same
conclusion. We now apply It6’s formula for each fixed n to get

t
X7 =y = 11X = v +/2(Xs” = YI)(0(XE H €5 (XT)) = b(Y", H x (YY) ds

u

t
+ / AXT — Y (o(XT,C K (X)) — (VPG x ra(Y))) ABT

d ¢
+ Z / (o'(ij)(X;l7G * ff(Xg)) _ U(ij)(YS”, G * ,Us(Ys")))2ds.

i,j=1""4

The Lipschitz character of the coefficients granted by (H.2) imply the bound
X7 = Y2 < Xy - v
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t
e / (IXT = Y2I2 4+ | X7 — Y2 H * €5(XT) — H ox pa(Y2)]) ds
e / (IXT — Y2I? 4 |G % €5 (X)) — G # pa(Y7)[?) ds
t
+ / AXT — Y (o(XD, G €5 (X)) — o (YT, G x pua(¥))) dBL.

Assumption (H.3) implies that the function H(- — z) is bounded and Lipschitz for each
x € R%, hence

|H o« €85(X2) — Hxpg (V)| < [H = 5(XD) = Hox po(X2)| 4 |H # pg(X7) — H o pg (Y]
< OlEF = psllBLe + Cllps|lsL 1 X2 = Y,

holds for all s > 0, and similarly for the terms involving G. Then, the uniform bound on
the mass of (1;):>0 on finite time intervals allows us to deduce for all 0 < u < ¢t < T that

t
X7 =Y < 1X = Y2+ C/ (X2 = Y22+ X7 = YOS = psllpe-) ds

u

0 [ - YR+ 1€ — ) ds

+f (XT VIO (XD, G €N (X)) — oV G x ua(Y))) dBE
<ixp-vel+c [ XTI € — el s

+f KT Y o(XD, G €N (X)) — o (VG n aa(YT))) BT,

where we used Young’s inequality for the second inequality, and where C' is a constant
depending on 7" > 0 but not on K nor N that changed from line to line. By considering a
localizing sequence (7,, ), for the local martingale on the right hand side, we can take
expectation of the stopped processes to obtain

t
E(|X7hr,, = Yire,I?) SE(HXZ—YJ’H?HC/ E(| X5, = Y3;

SATm SATm

%) ds

2BL*) ds,

t
+/ E(Hug\nn — HsATy,
u

forall 0 < w < t < T. Thanks to the second moments controls on the running suprema
of X™ and Y™, and since the total mass of ;{<is constant in the context of the present
lemma, we can use dominated convergence to take m — oo and conclude the proof. O

The following bound gathering all the previous estimates will allow us to check that
condition (C.3) holds.

Lemma 25. Assume (H) and let (u;);>0 be the unique solution in M*(R9) of (1.2) and
(it)e>0 its corresponding normalization. Consider (Y;*);>0, (X}")i>0, and (vf);>0 as
constructed in algorithm (A). Then, for all ¢ € [0, T] we have

N[ T NK
(g 3o I ) < i)+ (T

WS(DSK,;)S)) ds] :
where C'r > 0 is a constant that depends on 7" and on the parameters of the model.
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Proof. As in the proof of Lemma 20 we consider the product empirical measure nX =

NE .
% Sty 5(th’ytn) and decompose again

NE
IS n n
(e 2o IXF Y7 ) = Bl da)),
n=1

in terms of the sequence of jump times (7}, )men, as in (4.5). We can proceed in a similar
way as in (4.6) to control the evolution between jumps, now with help of Lemma 24, and
control the contributions in the jump instants in the same way as in (4.8), to obtain for
all t € [0, 7] that

NK
K

t/NE 2
+C [ B(T Ik ) s,
0

where C' is a positive constant depending on 7. We observe that, compared to the case
dealt with in the previous section, the interaction at the level of the dynamics only results
in the addition of the last term in the previous inequality. In order to bound this new
term, we use Lemma 4 to get

NK 2
E(?Huf - “SHBL*)

< B( % (a0 — il + S — 1))

(0t ) < © [ B as o [ B(SEwREE ) as

K
NE NK | NK 2
<2 sup Mu712E( > /jf_IZSQ *)+2E(7S > _Msal‘)
uem]< VE( = %1, |5~ (1)
NE o NE
< CB(S- 1K = 7 e ) + CB (5 s — 713y )
NK NK 2
QE(—S Y _ 1‘) 0,7,
+ |7 ke D) s €[0,T]

using also the uniform bounds for the mass of the solution to equation (11) on finite time
intervals. To control the first term of the right hand side, we relate it to the Wasserstein
distance using again Lemma 4, which yields

NE o NK
B( =k - o1 ) <B(=2

We do the same with the second term to get

Wi, 75)) < Bk, d2), Vs> 0.

NS NE o
B( =l — 7 - ) < B(Z=W3 (e, 7E) )

We thus obtain the inequality

t t NK
E((f,d2)) < C [ E( ) ds+C [ B(TEWEEE ) ds
0 0

K
t K
N,
+2 / pIES
0 K
for all s € [0,T], where only the last term needs to be controlled. Using Hoélder’s
inequality yields

NE 2
K _<"L5’1>‘ )ds’

NE|NE 2 NEN2\3 NE 4\ 3
B( |5~ een) <2((55) ) B( 5 - een])”
| = — ()| ) < B((2 = — (s, 1)
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where the first factor on the r.h.s. is controlled by Lemma 22. Thanks to the second
bound in Lemma 22, we obtain that

t

¢ NE 1
B ) < © [ B s +0 [ B(TEwies p) as+ Co(B) + ).

for each t € [0, T]. Finally, Gronwall’s lemma yields

E((n/,d2)) < Cr {14 +—+/ vl ,ug)) ds}eCT, vte[0,T). O

We deduce the following result.

Corollary 26. Assume (H). Then, condition (C.3) holds for the systems (Nf()tzo and
(vf)i>0 constructed in algorithm (A).

Proof. Applying Lemma 25, Lemma 6 and noting that 1/ VK < CRg,4(K), we obtain the
bound

E((nX,ds)) < Cr (IZ(K) + Rd7q(K)), vt € [0, 7. (5.6)

It suffices to combine this with the inequality

NE
<K W3 (:ut7 Yy Z”Xn YnH

to conclude. O
Finally, everything is in place to prove the main result.

Proof of Theorem 3 under (H). Following (4.10) and using Lemma 22, we get
E (|luf — pellse-)
NK 1 NK 1 NK 1
< (e(wer.m) (G waer.a) )
1
+B((uf 1) = 1))
NE ok V)2 NE ok oy 2 —1/2
< Cr IE(?WQ (7 ,,ut)) +E(7W2 (7, i )) +L(K)+ K ,

forallt € [0,T]. As in the previous section, thanks to condition (C), Lemma 22, Lemma 23,
and Lemma 6 we obtain for all ¢ € [0, T that

B (lif = pallpr-) < Cr(Raqg(K)} + 1(K)),
since I>(K) < I,(K), concluding thus the proof. O

We end this section proving the conditional propagation of chaos property stated in
Corollary 8.

Proof of Corollary 8. Let ¥, ,(K) denote the function of K appearing on the right hand
side of the bound in Theorem 3. By exchangeability of ((X},Y}),..., (X, Y;‘)) condi-
tionally on N[, for all t > 0 we get

NK
NK n n
B I ) =B 1 ) <au,m0, 6
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thanks to (5.6). By Proposition 16, we have £(Y;!,...,Y/ | Nf) = i’ on the event
{j < NEK}. Now, letting c; := (uu¢, 1) € (0, 00) denote the limit in law of N5 /K, and using
the second inequality of Lemma 4 in the third bound below we get, for all € > 0, that

IP(HC(th"”’XZANtK ‘ NtK) _ﬁ?j"BL* > e N Zj)

N[ : Py NENT'  eep 2 _
<e(Gleletent | o) i, () > 52 nr i)

2 Ct7
N 1 j K ®j G K S
<P 7Hﬁ<Xt,...,X§’Nt )—ﬁﬁ > NK >

HBL* 2
NK Ct
Pl <« =2
¥ (K < 2)

2 NE J NE ¢
< “ER(ZELE § X _yr| | NE )1 Pl <t
S ( K (n_1 [1.X¢ il ‘ t ) {NtKZj}) + ( % < >

2j /NK NE ¢
<—E<—t Xl—Yl) P2t <&
o KHt ell)+ K <2

2] g2 NS o
< =CV; (K)+P| — < =
—Ectct d,q( )+ K < 9 )
using also the Cauchy-Schwarz inequality, the estimate (5.7) and the fact that
E(N//K)'? < cc in the last inequality. Since N/X/K — ¢, in law, the last term goes to 0
when K — oco. The convergences P(NX > j) — 1 and ¥, ,(K) — 0 as K — oo then yield

JP(Hz(Xg,...,Xg ’NtK) —a;‘”H >€‘ N = j) =0,

BL*

as K — oo, as required. O

6 Extensions

We end with some remarks regarding possible extensions of our approach, and the
technical issues that must be solved in order to establish similar results in some related,
more general settings.

Remark 27. If instead of (H.1) it is assumed that the initial data u({( satisfies the condi-
tion in Lemma 9 b), the arguments and construction leading to the proof of Theorem 3
must be modified, along the following lines:

« In condition (C.1), v = pf is not enforced, but K(vX,1) = K(uX,1) = NEK is
kept.

e In the construction of the coupling using algorithm (A), the random variables
(Y*)x>1 are chosen as before while, for any K and N, the random vectors (X¢, ...,
X{V) are chosen on the event { N = N}, suitably coupled with (Y{,...,Y{"). This
results in an extra term of the form E({n{, dz)) on the r.h.s. of the bounds in the
statement and proof of Lemma 25 which in turn translates into an additional term
CrE((n{,d2))"/? on the r.h.s. of the bound in Theorem 3.

e In order to minimize the value of this additional term, the coupling of the variables
(X¢,...,X{") and (Y, ..., Y{¥) must be chosen on each event { N¥ = N} so as to
realize the squared 2-Wasserstein distance between the laws of (X{¢, ..., X{") and
SN in (R4)N. Denoting

—~ N 1 B
W3 (L(Xg, ., X0) i5™) = W3 (L(Xg, -, X3'), 5™),
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the normalized squared 2-Wasserstein distance, the additional term FE((ns, d2))/?
then writes

K __ 1/2
B 2 (e x0T | ) )

The ideas and techniques developed in this work can in principle also be extended to
more general systems of interacting branching populations, including the general setting
of [12]. Nevertheless, this requires to deal with significant additional technicalities, and
we have chosen to focus here on the basic ideas. The following possible generalizations
are left for future work:

* The case of populations with spatially or density depending birth or death events, as
in the more general setting studied in [12], seems feasible but presents one major
additional difficulty, namely that the jump times are correlated with the spatial
dynamics. The main consequence of this is that, in any coupling with some auxiliary
system of conditionally independent (or less dependent) particles, the jump times
cannot be expected to happen simultaneously. However, under the condition of
spatial Lipschitz continuity of the reproduction rate and the competition kernel, it
should be possible to keep at least some subsystems effectively coupled on finite
time intervals, while controlling explicitly the discrepancy between jump times in
the two systems, in terms of the distance of the empirical measures of the systems
themselves, in such a way that the discrepancies asymptotically vanish as the
population size goes to infinity.

e A further desirable generalization regards the case of branching events more
general than binary ones. The natural extension of the argument used here would
consist in coupling all the offspring of a branching particle in the original system,
with a set of equally many independent new particles given birth at the same time
in the auxiliary system. However it is not clear how to make compatible the use
of optimal transport plans to couple the branching particle and the positions of
the new particles in the auxiliary system, with the independence requirement in
the auxiliary system. A possible way of coping with this problem could be to make
a two-steps coupling construction: first, between the branching particle in the
original system and the positions of new particles in the auxiliary system (which
would define an exchangeable random vector of particles in any case) and, in a
second step, coupling those positions with independent particles with the required
law.

Appendix

Proof of Lemma 4. Since ||7|gL+ = (7,1) = 1, we have

1 1) (5 =) + 7 ({u, 1) = (v, 1)) gL+
= <U7 1>||ﬂ - D”BL* + |<.u71> - <V71>|'

|1 — v||BL"

A

Now, for any u,v € P(R9),

= vl = S, < | o (9(2) — 9(0) 7(d, dy)| for
all coupling 7 € P(R??) of y and v. Using the fact that |p(x) — ¢(y)| < |z — y| A 2 when
lloller, < 1 and taking infimum over all 7 € II(u,v) we conclude that ||y — v|pL <
inf e, f |z — y| A 27 (de, dy) < Wi(u,v). O

Proof of Lemma 6. Write & = 1/2 when d < 4 or a« = 2/d when d > 4. Thanks to
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Theorem 5, for some Cq 4 > 0,

B W2 0.) =B (B30 | X))

< Coy M () E(%(N*“ )

cuotd (s B(() ) <57 R((§)))
< Cug My () (K*“E(%)l_a + K_;E(%)i)

using Jensen’s inequality in the last line. This implies the result for d # 4. When d = 4
we get the bounds

E(%WQQ(EK,[L)) scd,qu(m( E(( )é10g1+N>+K_TE(]IX>3)
< o] () (K B(3) "E(og’(c + M)+ k- 7'B(3) ).

The function z € [e, 00) — log?(z) being concave, it can be extended linearly on (—oo, ¢)
to get a C'!' concave function on R. Jensen’s inequality then yields

1
2

E(log2(6+N)) < 10g<e+KE(%)) <1+log(l+K) —i—log(l \/E(%))

Using this bound, we finally obtain that

E( W2(p 7))<qu 2()(K"E(K)%+K_%log(l+K)

E
() (D) e )
and the case d = 4 follows since K2 < K~z log(1 + K) for K € N\ {0}. O

Proof of Lemma 9. Since condition (H.1) assumed in a) is a particular case of the as-
sumptions in b), it is enough to prove b) to get both parts. Denote by m € (0,00) the
limit in law of ((u{, 1)) ke (0}~ Taking p = mfio and v = x in Lemma 4, we get

limsup P([[mfio — g |lgr- > €) < limsup P(||fio — fig' |- > €/(2(mjfio, 1)), (A1)
K K
K
with i = +¢ SN s x;i- On the other hand, for each 6 > 0 and M >0,
0

P(lio — i lor- > 8) < 3 B [P0 — il Iow- > SINE = N)1yge_y | +PONE < M)
N>M

N
1
< sup P (g — — Oy, N
N>M (/«Lo N;Y BL

Since (uf,1) converges weakly to a non null constant, the last term goes to 0 when
K — oco. Now, it is well known that the assumed [ip-chaoticity is equivalent to the
convergence in distribution of the random probability % Zf\; 1 0yi.n to fig as N — oo. If
follows that lim sup_, . P(||fi0 — il | > §) = 0 which entails the claim in view of (A.1).
c) The rv. N = K{uf,1) is Poisson of parameter K (o, 1) and equals in law the
sum Y% N’ of independent Poisson r.v. (N?)X, of parameter (ug,1). By the law
of large numbers, (uf,1) = NE/K converges in law to the constant (ug,1). It is
immediate from basic properties of Poisson point measures that the NX atoms of i
are i.i.d. of law fiy given (uX,1). Last, NI being Poisson of parameter K (y, 1), we have
I{(K) = K72 ({10, 1) + 3K (no, 1)*) < CK 2. O

> 5) +P((u,1) < M/K).

EJP 27 (2022), paper 150. https://www.imstat.org/ejp
Page 31/32


https://doi.org/10.1214/22-EJP874
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Quantitative mean-field limit for branching diffusions

References

[1] Vincent Bansaye and Sylvie Méléard, Stochastic models for structured populations, Math-
ematical Biosciences Institute Lecture Series. Stochastics in Biological Systems, vol. 1,
Springer, Cham; MBI Mathematical Biosciences Institute, Ohio State University, Columbus,
OH, 2015, Scaling limits and long time behavior. MR3380810

[2] José A. Carrillo, Yanghong Huang, and Markus Schmidtchen, Zoology of a nonlocal cross-
diffusion model for two species, SIAM J. Appl. Math. 78 (2018), no. 2, 1078-1104. MR3783102

[3] José Antonio Carrillo, Young-Pil Choi, and Maxime Hauray, The derivation of swarming
models: mean-field limit and Wasserstein distances, Collective dynamics from bacteria to
crowds, CISM Courses and Lect., vol. 553, Springer, Vienna, 2014, pp. 1-46. MR3331178

[4] Li Chen, Esther S. Daus, Alexandra Holzinger, and Ansgar Jungel, Rigorous derivation of
population cross-diffusion systems from moderately interacting particle systems, J. Nonlinear
Sci. 31 (2021), no. 6, Paper No. 94, 38. MR4319922

[5] Li Chen, Esther S. Daus, and Ansgar Jungel, Rigorous mean-field limit and cross-diffusion, Z.
Angew. Math. Phys. 70 (2019), no. 4, Paper No. 122, 21. MR3989190

[6] Xiuging Chen, Esther S. Daus, and Ansgar Jungel, Global existence analysis of cross-diffusion
population systems for multiple species, Arch. Ration. Mech. Anal. 227 (2018), no. 2, 715-747.
MR3740386

[7]1 Roberto Cortez and Joaquin Fontbona, Quantitative propagation of chaos for generalized Kac
particle systems, Ann. Appl. Probab. 26 (2016), no. 2, 892-916. MR3476628

[8] Roberto Cortez and Joaquin Fontbona, Quantitative uniform propagation of chaos for Maxwell
molecules, Comm. Math. Phys. 357 (2018), no. 3, 913-941. MR3769742

[9] Donald A. Dawson, Measure-valued Markov processes, Ecole d’Eté de Probabilités de Saint-
Flour XXI—1991, Lecture Notes in Math., vol. 1541, Springer, Berlin, 1993, pp. 1-260.
MR1242575

[10] M. Di Francesco, A. Esposito, and S. Fagioli, Nonlinear degenerate cross-diffusion systems
with nonlocal interaction, Nonlinear Anal. 169 (2018), 94-117. MR3761096

[11] Marco Di Francesco and Simone Fagioli, Measure solutions for non-local interaction PDEs
with two species, Nonlinearity 26 (2013), no. 10, 2777-2808. MR3105514

[12] Joaquin Fontbona and Sylvie Méléard, Non local Lotka-Volterra system with cross-diffusion in
an heterogeneous medium, ]J. Math. Biol. 70 (2015), no. 4, 829-854. MR3306618

[13] Nicolas Fournier and Arnaud Guillin, On the rate of convergence in Wasserstein distance
of the empirical measure, Probab. Theory Related Fields 162 (2015), no. 3-4, 707-738.
MR3383341

[14] Nicolas Fournier and Sylvie Méléard, A microscopic probabilistic description of a locally
regulated population and macroscopic approximations, Ann. Appl. Probab. 14 (2004), no. 4,
1880-1919. MR2099656

[15] Sylvie Méléard, Asymptotic behaviour of some interacting particle systems; McKean-Vlasov
and Boltzmann models, Probabilistic models for nonlinear partial differential equations
(Montecatini Terme, 1995), Lecture Notes in Math., vol. 1627, Springer, Berlin, 1996, pp. 42-
95. MR1431299

[16] Nanako Shigesada, Kohkichi Kawasaki, and Ei Teramoto, Spatial segregation of interacting
species, ]. Theoret. Biol. 79 (1979), no. 1, 83-99. MR540951

[17] Alain-Sol Sznitman, Topics in propagation of chaos, Ecole d’Eté de Probabilités de Saint-
Flour XIX—1989, Lecture Notes in Math., vol. 1464, Springer, Berlin, 1991, pp. 165-251.
MR1108185

[18] Cédric Villani, Optimal transport, Grundlehren der mathematischen Wissenschaften [Funda-
mental Principles of Mathematical Sciences], vol. 338, Springer-Verlag, Berlin, 2009, Old and
new. MR2459454

Acknowledgments. We thank an anonymous referee for helpful comments and sugges-
tions that allowed us to improve the presentation of the paper, and Roberto Cortez for
carefully reading the final version of the manuscript.

EJP 27 (2022), paper 150. https://www.imstat.org/ejp
Page 32/32


https://mathscinet.ams.org/mathscinet-getitem?mr=3380810
https://mathscinet.ams.org/mathscinet-getitem?mr=3783102
https://mathscinet.ams.org/mathscinet-getitem?mr=3331178
https://mathscinet.ams.org/mathscinet-getitem?mr=4319922
https://mathscinet.ams.org/mathscinet-getitem?mr=3989190
https://mathscinet.ams.org/mathscinet-getitem?mr=3740386
https://mathscinet.ams.org/mathscinet-getitem?mr=3476628
https://mathscinet.ams.org/mathscinet-getitem?mr=3769742
https://mathscinet.ams.org/mathscinet-getitem?mr=1242575
https://mathscinet.ams.org/mathscinet-getitem?mr=3761096
https://mathscinet.ams.org/mathscinet-getitem?mr=3105514
https://mathscinet.ams.org/mathscinet-getitem?mr=3306618
https://mathscinet.ams.org/mathscinet-getitem?mr=3383341
https://mathscinet.ams.org/mathscinet-getitem?mr=2099656
https://mathscinet.ams.org/mathscinet-getitem?mr=1431299
https://mathscinet.ams.org/mathscinet-getitem?mr=540951
https://mathscinet.ams.org/mathscinet-getitem?mr=1108185
https://mathscinet.ams.org/mathscinet-getitem?mr=2459454
https://doi.org/10.1214/22-EJP874
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

	Introduction and main result
	Preliminaries and strategy of the proof
	Proof strategy and plan of the paper
	Propagation of chaos for interacting branching diffusions

	Pathwise constructions and coupling algorithm
	Coupling algorithm
	Verification of condition (c2C.2)

	Proof of Theorem 3: pure binary branching case
	Proof of Theorem 3: general case
	Extensions
	References

