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1 Introduction and main results

In a series of outstanding papers, Pakdaman, Perthame and Salort (PPS) [11,
12,13] introduced a versatile model for the large-scale dynamics of neuronal
networks. These equations describe the probability distribution of the time
elapsed since the last spike fired as an age-structured nonlinear PDE. In-
spired by the dynamics of these macroscopic equations, we propose here a
microscopic model describing the dynamics of a finite number of neurons,
and that provides a realistic neural network model consistent with the PPS
model, in the sense that in the thermodynamic limit, propagation of chaos
and convergence to the that equation is proved. Let f = f(¢,2) > 0 be the
density of neurons in the state x € Ry at time ¢ > 0. The dynamics of the
age-structured PPS model are given by the following nonlinear integral and
partial differential equation
of | of

= + B +a(z, M(t)f(t,z) = 0, (1)

f(t,:L':O):N(t),

where N(t) and the network activity function M (¢) are defined by the relation

M(t) = / by) N(t—y)dy, Nit):= / T Ko M) f(t,2)dz, (2)

i.e., M(t) is the convolution between the instantaneous total activity of the
network N(t) and a delay kernel b(dy).

Using similar ideas, let us describe the neuronal network we propose. For
any N > 0 we consider a set {1,..., N} of interacting neurons. The state of

each neuron i is described by a R, -valued variable XZ’N corresponding to
the time elapsed since last discharge. This approach is quite different from
classical literature, where the key variable is the voltage, and constitutes an
important originality of the PPS model. Neurons interact through the emis-
sion and reception of action potentials (or spikes), which are fast stereotyped
trans-membrane current. The spiking rate essentially depends on the global
activity M of the network. Specifically, a neuron with age 2 (duration since
it fired its last spike) fires an action potential with an instantaneous intensity
a(x, M). Subsequently to the spike emission, two things happen: the age of
the spiking neuron is reset to 0, and the global variable M increases its value
by an extra value of J/N. The coefficient J represents a mean strength of



connectivity of the network. When no spikes occur, the global variable M is
supposed to decay exponentially to 0 at a constant rate a.

For each N € N, let us consider a family (N}, ..., N );>0 of i.i.d. stan-
dard Poisson processes and a family (71, ..., 7x) of i.i.d. real valued random
variables with probability law b. These coefficients represent delays in the
transmission of information from the cell to whole network. Furthermore, we
assume that the family of delays is independent of the Poisson processes.

Throughout the paper we assume chaotic initial conditions, in the sense
that the initial states of the neurons are independent and identically dis-
tributed random variables. Therefore, for gg and mg two independent proba-
bility measures on R, (go®my)-chaotic initial states consists in setting i.i.d.
initial conditions for all neurons with common law equal to gg, and setting
independently, for the global activity variables, another i.i.d. initial values
with common law equal to mg.

Our aim is to understand the convergence of the R? -valued Markov pro-
cesses

(XtNa MtN)tZO = ((XLNv MtLN) R (XtN1N5 MtNﬂN))tZ()?

solving, for each i =1,..., N and any ¢t > O:

t e}
X;vN:X@NH—/ Xgﬁv/ Lppca(xi arivyy N (du,ds), — (3)
0 0 T s e

with the adapted set of coupling variables given by

t
MmN = MmN — a[/ MN ds
0

J t—7; 0 )
— NZ/O /0 l{uga(Xg;N,IV[g;N)}Nj(du7ds) . (4)

J#i
The presence of 7; in the total activity variables is a consistency restriction
on the spiking times: when a neuron j sends a signal at a time t > 0, it is
taken in consideration by the i-th global variable only with after a delay T;.
Finally, we make some physically reasonable assumptions on the intensity
spike function of the system:

(5)

{a(-, -) is a continuous non decreasing function in both variables,
a(0,-) = 0,

representing that neurons have a higher probability of spike if the have been
in repose for a long time or if the activity of the networks is high. We also
impose a consistency restriction

(60 > 0)(Vd € (0,d0))(3 ;5 > 0) such that a(z,m) <5, VmecRy (6)

representing that, independently of the level of the network activity, a neuron
cannot spike two times in an arbitrary small period of time.
For the previous setting, we have directly the



Proposition 1 Under hypotheses (5) and (6), let N > 1 be fized and assume

that a.s.,
max |(X1N MZN)| < 00,
1<i<N

then there exists a unique cadlag adapted strong R? -valued solution (X7¥, M} )¢>0
to (3)-(4).

Under suitable conditions (to be preciser later on) we show that the so-
lution (X7V)i>o behave, for large values of N, as N independent copies of
the solution to a nonlinear SDE that we introduce now. Let (Xg, Mp) be a
(9o ® my)-distributed random variable and N; a standard Poisson process
independent of Xy and M. We analyse the existence and consistency of a
]R%r-valued cadlag adapted process (X, My)i>o solving for any ¢ > 0

t [e'e]
Xy =Xo+1t— / Xs— / 1fu<a(x._ v, )y N(du,ds), (7)
0 0

Ofa/Mdsf // Xy M) bdw)ds] . (8)

Remark 2 Let us assume for a moment an hypothesis of instantaneous
membrane decay, i.e. « — 00. In that case equation (8) writes

and

M; = J/O E[a(Xt—w, Mi—w)] b(dw),

in particular, My is a deterministic function of t. Then, if the probability
density of X; is given by fi(dx), the previous relation is reduced to

// aa, M(t = w)) fi—(dz) b(duw).

Coming back to equation (7), we have that fi(x) solves in the weak sense
equation (1)

The nonlinear SDE is clearly well-posed if we, for instance, make a Lips-
chitz continuity assumption on the intensity function. In order to avoid this
simplification, here we try to use the approaches of Fournier-Locherbach [5]
and/or Robert-Touboul [15]. The second natural result of the manuscript is

Theorem 3 Let us assume that hypotheses (5)-(6) hold, then there exists a
weak solution (X, My)i>o0 to (7)-(8) such that

// Xowy My_y)| b(dw) ds < 00, Vit >0. (9)

Moreover, if the law of (Xo, My) is compactly supported, then there exists a
unique strong solution (X, M;)i>o to (7)-(8) in the class of functions such
that there are deterministic locally bounded functions A, B : Ry — R4 such
that

sup || X, /A(t)]|oc < 00, sup |My/B(t)]lw <00, YT 0. (10)
te[0,T] te[0,T]



Under some extra assumptions on the growing of the intensity function,
the existence and uniqueness result still hold true if the initial datum has a
fast decay at infinite. More precisely, let us consider that

(3€>2) @ alz,m) < Ce(1+ 2572 4 ms2), (11)

and that the intensity function is such that there is a positive constant Cj
such that

la(z,m) — a(z’,m")| < Coa(x,m) A a(x’,m") [|x — 2|+ |m— m’|], (12)
for all z, ', m,m’' € Ry.

Theorem 4 Let us fixw > 0. There exists a unique strong solution (X, My)i>0
to (7)-(8) in the class of functions of locally bounded exponential moments:

sup E[e(XIHMIN] < oo vT >0, (13)
t€[0,T]

Finally we analyse the chaoticity of the system. To do so, a few more
notations must be introduced. We denote by D(R%) the set of cadlag func-
tions on Ri endowed with the topology of the convergence on compact time
intervals. By definition, each pair (X", M}"™),>0 belongs to D(R?%), and
then the sequence of empirical measures

N
_ n—1 ) )
pn =N Zé{(XZ’NvMZ’N)tZO}’

=1

is well defined and belongs to P(D(R2)). The third and last main result of
the manuscript is

Theorem 5 Let us assume that hypotheses (5)-(6) hold, and that the law
of (Xo, My) is compactly supported, then the sequence of empirical processes
un(t) converges in distribution to the law of the process (Xi, My)i>0 with
(9o ® mg)-chaotic initial states solution to (7)-(8).

If the initial datum has a fast decay (in the sense described in Theorem /),
and if moreover continuity assumption (12) holds, then the convergence of
un (t) remains true.

Mathematical overview. As we already said, the aim of the present work
is to give a new microscopic point of view of the age structured equation
considered in Pakdaman-Perthame-Salort [11,12,13]. Therein, the model is
proposed as a reinterpretation of the well known renewal equation and the
microscopic derivation is omitted. In Tanabe-Pakdaman [19] and Vibert-
Champagnat-Pakdaman-Pham [22] authors propose a particle system but
the question of convergence and chaos propagation is not addressed either.
Nevertheless, the questions of existence of stationary solutions for the PDE
and the numerical/simulation aspects of both: the particle system and the
limit equation, are deeply studied and several very interesting results, re-
garding the existence of oscillatory solutions, are given. Moreover, the effects



of the finite size of the populations are contrasted with the solutions of the
limit equation.

From the mathematical point of view, we use the ideas of propagation of
chaos which is a very well known and popular topic since the seminal works
of Kac [3], McKean [9,10], and Sznitzman [17]. The idea of convergence
and chaos propagation is classical: when the number of particles is going to
infinity, each one of them behaves as independent copies of the solution of a
mean field equation. The nonlinearity is characterized by the presence of the
law itself in the dynamics on the process. In PDE terminology the problem
is a integro-differential nonlinear equation.

The specific mathematical tools used in the present work can be easily
traced down to two recent manuscripts addressing the question of chaoticity
of a unidimensional model: Founier-Locherbach [5] and Robert-Touboul [15].
The first paper solves the problem under the merely assumption of inte-
grability on the initial condition, which is a remarkable weak hypothesis.
Nevertheless, the path-wise uniqueness proof (which is at the end the key
point of the method) uses a particular distance that is closely related to the
equation itself. A different approach, based on the discretization of the limit
equation, is presented in [3]. There, the convergence is proved imposing com-
pactness on the support of the initial conditions. In [15], the authors also
assume boundedness of the initial conditions, and provide a qualitative char-
acterization of the qualitative properties of stationary solutions and their
stability in the finite-size and mean-field systems, and a detailed discussion
of bifurcations, stability and multiple stationary solutions is given.

To prove the chaos propagation property there are two classical approaches:
whether we use the coupling method or an abstract compactness argument.
The coupling is very intuitive and apply in a very wide range of applications.
Nevertheless, usually it is assumed that functions involved are Lipschitz con-
tinuous (for a very nice review see [21]). Moreover, the method provides the
rate of convergence by explicitly estimate the difference between the empiri-
cal measures. In Bolley-Canizo-Carrillo [2], it is proved that the method still
apply in the case of locally Lispchitz continuity, but imposing some exponen-
tial moment conditions. The second method is much more general and uses
a more abstract framework. It was introduced by Sznitman [16], and it is
useful to prove also the existence of solutions to the SDE, but do not provide
the rate of convergence.

The present model has two main novelties. The first one is that the system
is not one-dimensional but add an extra equation for the coupling variable.
This issue implies in particular that attempts to use the distance of Founier-
Locherbach [5] fail unless a more suitable distance is found. Moreover, the
two-dimensional nature of the empirical measures makes that the rate of
convergence attained for a L' Wasserstein distance is lower than N'/2. A
perspective of the work is to use a combined PDE/SDE approach to find
a sharper entropy function that allows us to have the necessary uniqueness
result (see e.g. Godinho [6]). The second novelty of the present work is the
presence of delays, that is central in the original PPS model. This issue
is solved by using the independence of the random environment (see e.g.
Touboul [20,14]), in particular, the extra terms are treated as locally square



integrable processes.

Plan of the paper. The paper is organized as follows: Section 2 deals
with the well-posedness of the particle system by finding some nice a priori
bounds of the solutions. Section 3 is related to the path-wise uniqueness
question of the mean field system. Well-posedness of the mean field system
is studied in Section 4 and Section 5, in particular, we use a compactness
argument to find that the sequence of empirical measures converges to a
weak solution of the SDE. Finally in Section 6, we use the coupling method
to study the rate of convergence. Appendix A completes the present work
with some general well known results in stochastic calculus theory that are
useful to our developments.

2 The particle system

Throughout the present section we fix the number of neurons N > 1. For
p € P(D(R?)) and ¢ € C(R?), let us denote the duality product,

W) = [ e utn.d)

+

Lemma 6 Any solution (X, M}>™N), ... (XN, MNN))so to (3)-(4)
satisfies a.s.
max X7V < max X0V 44, Vt>0. (14)
1 N 1 N

..........

Moreover, there is a positive constant Cy, depending only on the param-
eters of the system, such that for any t > 0

N t 0
1 ) ) _
N2 / (1+X;£v)/ Lucapxi arin N (du,ds) < O+ X57) + 27,
i=1 70 0
(15)
where

N t o0
1 .
zN = N E /o /o 1gu<soy N7 (du, ds).
i=1

As a consequence, there is another positive constant C1, such that a.s.

nax M < Jnax MYN oyt + XY+ zZN), >0, (16)

yenny

Proof Inequality (14) is direct from the definition of XZ N and the positivity
of initial conditions. Moreover, denoting by X}V the (empirical) mean of

(X}, it follows that

N t 00

N 1 1- :

X = X0+t NZ/O Xs’—N/O Lugaqxi aren N (du, ds),
1=1



and using that X}V is nonnegative,

N t 00
1 i, N 7 v N
Y /O X /0 Lcane apooy N (du,ds) < X9(0) +1.
=1

Next, we fix some 6 € (0,d0), and use the consistency condition (6) to get
that
@e3) (Vm € Ry v <a),  ale,m) < bo, a7

in particular, using that > x5 (1 — 1,<,:), we have

N t i
1 (2
N Zl/o ‘/0 1{u§a(X2;N,M;;N)}N (du, ds)

N t o]
1 - 1 .
< =X HD+ = 1 "(du,d
> ZCE( 0 + )+N1_1/0/0 {ugéo}N(uv S)a

and inequality (15) follows.
To control (M;");>0, we notice that equation (4) implies that

(8] .

N t—Tj 00
. . J J
i, N i, N
MY < MY+ 25 /O /O 1yca(xcin apsvyy N (du, ds),
=1

but a is nonnegative, therefore

N t o0
i, N i N aJ )
My < My ) 1/0 /O uga(xi aggvyy N (du, ds)
=

<MPN +ad (Ci(t+ X)) + 21,

and we find another positive constant Cf, depending only on C7, « and J,
such that inequality (16) holds.
|

A side result of the previous Lemma is the

Proof (Proof of Proposition 1) Let us notice that for any fixed random en-
vironment', we can construct explicitly a unique solution to the problem.
Therefore there is a unique strong maximal solution (X, M""));o de-
fined on a time interval of the type [0, 7*), where 7* is given by

7 = inf {¢t > 0 : min(|(X,)", M), XOY M) = oo}

But, inequalities (14) and (16) imply that a.s. the solutions to (3)-(4) are
locally bounded, therefore 7 = oo. In conclusion, the particle system (3)-(4)

is locally strongly well-posed.
|

LA random environment is any realisation of the initial conditions, the Poisson
processes and the delays at t = 0 and frozen during the evolution of the dynamics.



Corollary 7 There exist constants Cpy > 0 such that if the initial laws mg
and go are compactly supported, then for any fized i € N, it holds

P(sup |(XZ’N,MZ’N)| > C’M) <cpe TN VT >0,
[0,7]

for some c;, Cr depending on the parameters of the system and the time
horizon T.

Proof Let ¢ € N be fixed and consider C(gg) any upper bound of the support

of go. From (14), we have that X" < C(go)+1T for any t € [0, T]. Moreover,
using Markov’s inequality, we have that

P(ZN > 280T) < e 20 NTE[N?T],

but ZN = N1 Z;VZI fOT 060 N (du,ds), is the mean of N i.i.d. Poisson ran-
dom variables with parameter (dp T'), therefore

P(Z) >26,T) < e %0 NTB=e),

If C'(my) stands for an upper bound of the support of mg then we conclude
that

IP( sup M"Y > C(mo) + C (T + C(go) + 260 T)

) N—o00
[0,7]

— 0, VT >0,

and the conclusion follows.

3 Path-wise uniqueness of the mean-field system

The object of this brief section is to prove under what circumstances the
mean field equations (7)-(8) are likely to be well posed. Before that, we
need to state some equivalent upper bounds on the solution to the limit
equation (3)-(4) for the mean field system, that will be useful to prove the
pathwise uniqueness result we are looking for. The proof of the next lemma
is very similar to the arguments used to get (14) and (16) and therefore we
do not go into full details.

Lemma 8 Any solution (M, X¢)i>o to (7)-(8) satisfies a.s.
X < Xo+t, YVt >0. (18)

Moreover, there is a positive constant Co, depending only on the parameters
of the system, such that

/tIE[(l + X)) a(Xs, My)]ds < Co(E[Xo] + 1), Vi>0. (19)

As a consequence, there is another positive constant CY, such that a.s.

M, < My + C5(t + E[Xo)), Vit > 0. (20)
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Proof Inequalities (18) is easily checked by recalling (7). Inequality (19)
and (20), are a consequence of a change of variables. Indeed, we have that

/Ot /OsE[a(Xsw,Msw)] b(dw) ds/otb(dw) /:]E[G(Xsw,Msw)] ds

< / b(dw) / Efa(X,, M) ds.

Finally, we use again that 2 > x5(1 — 11;<4}) to get

/0 Ela(Xs, Ms)]ds < xgl(IE[Xo] +t)—|—/0 Ela(zs, Ms)] ds,

the conclusion follows by recalling that a(xzs, M) < do.
|

Proposition 9 Path-wise uniqueness holds true for the mean field system (7)-
(8), in the class of processes such that there exist deterministic locally bounded
functions A, B : Ry — R such that a.s. (10) holds.

Proof Let us consider two solutions (X, My)i>o and (X/, M{);>0, driven by
the same Poisson process (NV;):>0 and identical initial conditions (Xo, My) =
(X{§, M{). It holds

¢
Mtht':—oz/ (Ms — M) ds
0

t s
+ aJ/ / E(a(Xs—w, Ms—w) — a(X]_,,, M]_,)] b(dw)ds
0o Jo
then, using the arguments of Lemma 8, we have
t
E[|M, - ][] < a/ E[|M, — M[] ds
0
t s
tad [ ] Bla(en Mo~ a(X] . ML) b(du)ds
0o Jo
t t
< a/ E[|M, — M]|] ds + aJ/ E[la(Xs, M) — a(X], M)|] ds.
0 0

For the X; — X/ contribution we get similar bounds, indeed, we notice that

t 00
X — X,; = —/ X / 1{u§a(X571N157)}N(du, ds)
0 0

t [e%e)
+ / X, / Liu<a(x:_ N (du,ds),
0 0
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then, thanks to It6’s formula (using a regular version of | - | and then passing
to the limit), we get

S

t
E[|IX: — X{] g/ E[|Xs — X! a(Xs, My) A a(X], M])] ds
0

S

t
+/ E[| X A X[ |a(X,, M) — a(X2, M])|] ds.
0

We know that a is a regular differentiable function, therefore it is Lipschitz
continuous and bounded on compacts. Since both coordinates are bounded
for some deterministic (A(t), B(t)) locally bounded functions, it follows that
there exists Cr a constant depending only on an upper bound of A and B
and the time horizon T' > 0 such that

t
E[|1X:—X{|+|M—M]|] < CT/ E[|Xs—X.|+|M;—M]|]ds, YO<t<T,
0

and the conclusion follows by applying Gronwall’s lemma.
O

We can relax the previous assumptions by asking fast decay on the initial
conditions. More precisely, if initial conditions are such that (13) holds, then
thanks to Markov’s inequality we have

(X0 B) < R B] < Lot

for a positive w and £ given by (11). Moreover, thanks to (18), it follows that

P(X; > R) < P(Xo > R—1t) < Cye 1" < 0y (1) e 37

for some constant C,(t) depending only on the time ¢ and the coefficients of
the system, and any & < £. Moreover, since the exponential moments of X
exist, then any polynomial moment also does and E[X)] is finite. We get an
equivalent inequality for M;:

P(M; > R) < P(Mo > R~ Ch(t +E[Xo])) < O, e Calt+EXD),

Proposition 10 Under growth restriction (11) and mean field condition (12),
path-wise uniqueness holds true for the mean field system (7)-(8), in the class
of processes (Yy, My)i>o such that (13) holds true.

Proof We start by noticing that since exponential moments are bounded,
then all polynomial moments are bounded. In particular,

Ela(X:, My)*] <E[CH1 + X772+ M{2)1] < oo,
for any time ¢ > 0. Moreover, thanks to hypothesis (12), we have that

la(Xs, M) —a(X], M})| < Coa(Xs, Mo)Na(X], ML) (| Xs— X[+ |M;—M)).
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Consider now

e(Y,M)={ sup |(X,,M,)| <R},

0<s<t
then, for any R > 0, we have that
t

E[|X:—X/|] < Co (1+R) a(R, R) /tIEUXS—X;H ds—i—CoRa(R,R)/ E|[|M,—M|] ds
0 0

- /t E[(X, — X)']YE|a(X,, M) A a(X], M)
0 « Pe(X, M)C)1/4P(€(X/,M/)C)1/4 ds
+ /t E[(X, A X)) E[Ja(X,, My) — a(X], MD[*]]
’ x P(e(X, M)) V4P (e( X', M'))Y* ds,
and that
¢
E[|M; — M{|] < aJCoa(R, R)/ E[| Xy = Xy[] ds

0
t

+a(l+JCoa(R,R)) | E[|My —M,|] ds
0

t
Cad / E[ja(Xe, Me) — a(Xs, M1)P]
0

x P(e(X, M))YAP(e(X', M')%)/* ds.

Using Gronwall’s lemma, we conclude that there exists a constant Cp
depending only on the parameters of the system, such that

E[|X: = X{| +|M; — M{|] < OperRe(BRP(e(X, M)*)V/AP(e(X', M')%) /4,
but using the fast decay at infinite

E[|X, — X]| + M, — M{|] < CpeCrRalR)—grT

)

where the constants depends on the time horizon T', the coefficients of the
system, but not on R. Finally thanks to hypothesis (11), we get that

exp <CTRa(R, R) — %Rf_%) Lo, o,

and the conclusion follows.
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4 Consistency of the mean field system

So far, we know that, for each N > 1 and (go ® mo)-chaotic initial states,
there exists a unique solution to (3)-(4). We now study the convergence of
the this set of solutions as N goes to infinity, i.e. the tightness of the sequence
of empirical measures py. To that aim, we start by recalling (see e.g. Jacob-
Shiryaev [7, Theorem 4.5, page 356]):

Aldous tightness criterion: the sequence of adapted processes (th’N, M}N)
is tight if
1. for all T > 0, all € > 0, it holds

lim limsup  sup IP’(|M51JN — MEN |+ XN - XN > €) = 0;
§—0t Nooo (S,8")€As. 1

where As is the set of stopping times (S,S") such that 0 < § < 5" <
S+0<T a.s., and
2. forallT >0,

lim sup IP’( sup (MY + x> K) = 0.
K—oo N>1 t€[0,T]

Proposition 11 Assume hypothesis (5) and (6). Consider two probability
distributions go,mo compactly supported or such that (13) holds, and the
correspondent family of solutions to (3)-(4) indexed by N, starting with some
i.i.d. random variables (Xé’N, Mé’N) with common law go ® mg. Then

(i) the sequence of processes (X'~ , M} )0 is tight in D(R?);
(ii) the sequence of empirical measures p is tight in P(D(R2)).

Let us remark that the sequence Z' := (XZ"N,MZ’N) is exchangeable,
then (ii) follows from (i) thanks to Sznitman [18, Proposition 2.2-(ii)]).

Proof We only need to show the Aldous tightness criterion. We start by the
second condition, from estimate (14) we get that

E[ sup X}V <E[XgN+T < oo,
0<s<T

and recalling (16), we notice that

E[ sup M) < E[MyN]+ O{(T +E[XY]+ E[ZF]) < o,
te[0,T]

because Z¥ is the mean of N i.i.d Poisson(8T')-distributed random variables.
We deduce that the expectation of the lefthand side is finite independently
of the value of IV, and the conclusion follows.

To prove the first point, we notice that by definition

S’ 0o
x5V - xgN| < (S’—S)+/S / Xo M cairm a N (du, ds),
0



14

and

S/
1,N 1,N ae
Yo < T3 [

g ST

—T;

/0 luga(xg;N,Mg;N)N](deds)

S/
+a/ MY ds.
S

Moreover, using Markov’s inequality

s’ 00
1,N
P(/S /0 XN i aaw N (duyds) > 0)

S+0
§E[/ a(Xsl’N,MSN)ds]
S

T 1/2
< 512 xE[(/ a(Xsl’N,MjV)st) }
0

which is finite thanks to the initial conditions. All other terms can be handled
in a similar way, and the conclusion follows.

O

The natural next step, in the proof of existence of solutions to the non-
linear SDE, is to show that any limit point of the tight sequence uy is a
solution of the mean field limit system, which is usually called consistency of
the particle system. This result is stated in the following

Proposition 12 Under the same hypotheses of Proposition 11, any limit
point p of un a.s. belongs to

S = {E((Xt,Mt)tzo) 0 (Xy, My)e>o is a solution to (7)-(8) such that
L((Xo, My)) = go @ mg and such that for any t >0

/Ot /OS]E[a(Xsw,MSw)b(dw)] ds < OO}.

A previous step that simplifies the proof of this result is the
Lemma 13 Let us consider t > 0 fized and define m : D(RZ) — R2, by
(7, 8) = (v, Br)-
Then, Q € P(D(R3)) belongs to S if the following conditions are satisfied:
(a) Qomy ' = (9o ®mo);
(b) for allt >0,

t s
s—wsy Ms—w b(d d d ,d :
/HJ)(R?)/O/OG(7 Bs—w) b(dw) ds Q(dv,dB) < oo

+
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(c) for any 0 < 51 < ... < sp <s <t any o1,...,¢r € Co(R2), and any
¢ € CZ(R3), it holds

F(Q) / / QUdy",d8Y) Q(dr, dB) o (7L, BL) .. pn(7  BL )
D(R2) /D(RZ)

[@(% ,Bt) —e(ve, BY)

’

t S
- / Dsp(vl M) [ — Bl + 0] / (Vs o) b(dw)] d
s 0

t t
—/ 5w<p(7§r,ﬁir)d8’—/ a(ve, BY) [0(0, BY) — e(7d, BY)] dS’} =0.

Proof Let us consider a process (X, My);>o of law @ which satisfies (a), (b)
and (c). From (a) and the independency of mg and go, we have

E((XOa MO)) = 9o ® mo,

and from (b) we have that

/ / 5 w s w)] b(dw)dS<OO, VtZO
Finally, from (c) we have that for any ¢ € CZ(R%), the process
@(Xt, M) = o(Xo, Mo)

- / (X0 0y) [~ aM, +aJ / Ela(Xo g M) b(ds)] ds

7/ &ng(Xs,Ms)dsf/ a(Xs, M) (9(0, M) — (X5, My))ds,
0 0

is a local martingale. The conclusion follows as an application of Jacob-
Shiryaev [7, Theorem I1.2.42 page 86] and [7, Theorem II1.2.26 page 157].
This result is classic, but for completeness of the present manuscript, we

provide some remarks on Appendix A.
O

We finish this section by giving the proof of Proposition 12. To that aim,
let us recall some general results of stochastic calculus for jump processes.
Let ¢ € C'(R%) a regular test function, the Ito’s formula writes

i N i, N i, iN N
P(Xe, M) = MWN(t)+<P(X0 , My
¢ t
+/ Orp(X, M) ds —a / MEN 9o (XIN, MEN) ds
0 0
t
*/ [0(0, MIN) — (XN MY (XN, MEN) ds
0

t—Tj J . . . .
e300 [ o 5 — o M) N 2.
J#i
(21)
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where the respective local martingale (MY (s)) is defined by

t
M) = [ o0, M) - N 2]
0
X {/0 l{uga(X;LN,M;-;N)}Ni(du,ds)—a(X;"N,M;"N) ds}
t—7; J
X’LN MZN _ Xi,N M’L,N:|
+§/ + o) — (XN, M)

x [ / Ly copxr apry N (du, ds) —a(Xg"N,MSj’N)ds}. (22)
0 — s— s8—

Proof (Proof of Proposition 12) At this point, the problem is reduced to
prove that conditions (a), (b) and (¢) of Lemma 13 hold. Since we do not
have much information about 1 we cannot work directly with it. On the other
hand, we know that py (up to subsequence) is converging to p, therefore, it
seems natural to use equations (3)-(4) adequately and then pass to the limit.

Step 1. Let us recall that for any N > 1, the random variables Xé’N are i.i.d.

with common law gg, and that the random variables Mé’N are also i.i.d. with
common law mg. It follows that

N

pomy ' = 15DOONZ(5(X’~NMN) = (90 ® mo).

We also have, by the Fatou’s lemma and inequality (15), that

e [ - /0 t /O " [0 Bam) A K] ) ds ey, dB)]

< - i, N N
lim inf - Z// a(XPN  MN )]b(dw) ds,

is finite for any ¢ > 0. Letting K — oo we get (b).
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Step 2. It only remains to prove (c¢), to that aim, we start by noticing that
F(un) writes

Flun) = %i‘ﬁl(Xsi;NnglN) o (XEN MG
i=1
[N, M) = (XN MEN)
[ iy as v a [ A osa0c, M as
- / t [p(0, MEN) — (XN, MEM ] a(XEN, MEN) ds’

t N
- / 8a<p(XZiN,M5N)O‘—‘]Z / a(XLN,, MEYN,) b(dw) ds' |
s s s N st o s'—w s/ —w

At the same time, using the It6’s formula (21) to the test function (-, -), we
have

t
(XN M) = w(Xé’N,MS’N)Jr/ Orvp(X5N, MY ds'
0
t
—a / MM ogp(XEN, MY ds’
0
i i\ N i, N i\ N > i
+/0 [£(0, M) — (X7, M )]/o 1{u§a(X;';N,Mj;N)}NZ(du’dsl)
t—T15
J . . J . .
Xl;N Mz;N Oé_ o XZ}N Mz;N
+JZ#/O I:SO( S ? S + N ) 90( S Y S )]

) / Hu < a(X3N, MEY)INY (du, ds'),
0

implying, that F(uy) can be rewritten by

N
Fuy) = 5 > er(XEN MEN) - on(XGN, MGY)

=1

iN i, iN i
[(Rt 7R5N) + (At o ASN):Ia
where
RV = / (0, M) — (XN, 1N)]
0

X |:/O l{uga(Xzfv,Msi;N)}Ni(duvds) - G(Xzfvazf\])dS )



18

and

g [ e
J#i
i,N i, N j
p(X 0, M2 )] {u<a(X3N Mj,N)}N](du,dS)

J .
/ DXV MM L2 Z/ (X2N MY ) b(dw) ds.

Using that the Poisson processes N are i.i.d., we get that the compensated

martingales Ri’N are orthogonal, and thanks to the exchangeability, we get
that

C
E[lF(un)l] < \/—%E[(Ri’N = Ry 4 CREIAY] 4 1AVY]

for some positive Cr depending on the upper bounds of the test functions
composing F. Moreover, the first expectation is bounded uniformly on N:

t
E[(R/™ - RMV)?] < CF/O Ela(X2N, MN)] ds,

which is finite thanks to (15).
For the second expectation, we split A,‘} N in four quantities that can be
handled separately:

N
LN 4 ,1,N
— @(Xsf S M- )|1{u§a(X51;N,]MSl;N)}N1(dU’ds)

t—T7; alJ
MUN L& LN LN
—WZ/ (XY MEY 4 &) (AN ML)

t—71
aJ
A< [ e N 4 5
0

X {/0 l{uga(xg;N,Mg;N)}Nj(du’ds) —a(XIN MIN) ds]

+z/

N Waﬁ (X2 Ak N)]a(Xg’N,MSj’N)‘ ds

ad
s— 7MsL—N + W) - SD(X517—N7 M:;N)

s—

+CF_‘Z(/t a3 M) ds
// Xg]fu,MﬂN)b(dw)ds)‘

=N+ D+ T+ T
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The first three terms are controllable simply using that ¢ € CF (Ri) Indeed,
for any (z,m) € R%, we have that

aJ

<p(:c,m+ %J) = o(z, m)—l——(’)gap(x m)+2(W) pep(z,m)+O(N~?),

using again (15) we get that the respective expectations are going to 0 when
N goes to infinity (using Holder’s inequality to find the convergence).

The contribution of .7; must be handled more carefully. Nevertheless, we
have that

t—7;
Edelays[/ a(XIN, MPN) ds / / a(XIN, MPN) ds b(dw)
0

/ / (XPN MY b(dw) ds.

for any 1 < j < N, therefore, each term defined by

t—7; ) )
iy = [t yas— [ o002 0% vaw) s,
0
has zero expectation. Using that the delays 7; are i.i.d, we get that
E[Zja(t) x Zea(t)] = E[Eactays[Zj.4(5)] X Edelays[Tr.a(s)] =0,
if 7 # k, then

N

E[ﬂ]<C’F—<ZE x%4()])1/2ds

7,k=1

Finally, we see that

Bl7a07] < 2E[([ a(X;*N,M;*NMs)Q

w ([ [ oo ot s as)’)

and the righthand side is upper bounded independently of N

Step 3. Before passing to the limit we still need to be sure that no mass is
added in the discontinuity points of the paths, i.e. we need to check that for

any t > 0, a.s.,
n({(v,8) + A(v,B)(t) # 0}) = 0.

The proof is exactly as in [5, Theorem 5-(iii)-Part 2] but for completeness
we give some remarks. In order to get a contradiction, we assume that there
are some b,d > 0 such that

PIE] >0, with E:={u({(y,8): max(|Ay(t),|AB(t)]) > b}) > d}.
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Therefore, for any € > 0, it holds

BC{u(B)>d). Byi={n: _swp max(49' ()], |47(5)) > b}
se(t—e,t+e

Moreover, Bf is an open subset of D(RZ ), then
Pia={Q € P(R) : Q(Bf) > d} C P(D(R})

is also an open set. Thanks of Portmanteau theorem we get that for any
e >0,
lg\rfninf P(un € Py 4) > P(u e Py ,) > P(E) > 0.
—00 ’ ’

On the other hand, for N large enough, the jumps in equation (4) are
smaller than b and then the problem is reduced to control the size of the
jumps in equation (3), and in particular to show that

b)—>0,

Y

N
1
IPJ(MN € rplj,d) S P(N Z 1{ ft+e 1 )
i=1

— i\N
€ Tugax,

| >
4;;£V)}N1(du,ds)21}

which can be easily done using the same arguments of the proof of Proposi-
tion 11.

Step 4. Now we see that F'is a continuous function at any point Q) € P(D(Ri)
such that

QUM B) + A, B)(s1) = ... = A(7, B)(sk) = A7, B)(s) = A(y, B)(t) = 0})

and
t s
s—wsy Ms—w b(d d d ,d )
/H)(Ri)/o/oa(7 Bs—w) b(dw) ds Q(dv,dB) < oo

Thanks to Step 2 and 3 we know that our limit belongs to this subset of
P(D(R?.)), and therefore

E[IF(u)] < lim limsupE[|F(ux)| AK] = 0.

5 Uniqueness of the weak solutions

We start this section by proving the existence and uniqueness for the nonlin-
ear mean-field system (7)-(8). To that aim, we will use that if if the initial law
(go ® mg) is compactly supported, then thanks to inequalities (18) and (20),
we get that a.s.

Xt < Xo+t < Clgo)+t=: At),

and
M; < Mo+ Cy(t +E[Yp]) < C(mo) + Cy(t + E[Yp)]) =: B(t),

with C'(go) (respectively C(mg)) any upper bound of the support of go (re-
spectively my).
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Proof (Proof of Theorem 3) Proposition 12 gave us the existence in law of
the solutions, such that (9) holds true. Furthermore, Proposition 9 implies
that there is unique path-wise of the solutions in the compactly supported
case, and this solutions is exactly a process with law p (it suffices to pass to
the limit in the associated particle system).

O

The existence of a strong solution in the case of exponential decay of
initial conditions (ie. Theorem 4) is similar and therefore omitted.

So far, we have proved that the particle system is consistent with the
mean field representation, and that there are weak solutions to (7)-(8), but
to prove the convergence of the empirical mean towards the solution to the
mean field limit equation, it is necessary to prove first that the set of solutions
in the space of compactly supported or exponential decay of the initial data
is a single element. This result is stated in the following:

Lemma 14 Consider f:(x,m) and g:(x, m) be two compactly supported func-

tions for any t > 0 or with exponential decay at infinite in the sense of (13).
Assume furthermore that for all p € C? (Ri) and that for all t > 0 it holds

J

w(x,m)ht(dx,dm):/ o(z, m)ho(dz, dm)
=
Oz, m)hs(dx,dm)ds

t
Y
o Jr2

—a/ot /]R2 [m—J/OS /RZ a(y,r)fs_w(dy,dr)b(dw)} Om(x, m)hs(dz,dm) ds

2
+

+/0 /]Ri (¢(0,m) — @(x,m))a(z, m)hs(dx, dm)ds, (23)

for hy = fi or hy = g¢, then g; = f;.

Proof For simplicity we divide the proof in 4 steps.
Step 0. Let us fix some ¢ € CZ2(R3) and ¢ > 0, and set

Avo(z,m) = dpp(x, m)
-« |:m - J/O /]Ri a(ya r)ft—w(dya dr)b(dw)} am(p(xa m)
+ (cp((), m) — @(x,m))a(z, m).

If we prove that for any p € P(R%) compactly supported (respectively with

exponential decay at infinite), there exists at most one  in Lg% ([0, 00), P(R2)),
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compactly supported for any time (respectively exponentially decaying), such
that for all ¢ > 0, and ¢ € C(R%),

J

. o(x, m)h(dx,dm) = /R2 o(x, m)p(dx, dm)

t
+/ Aso(x, m)hs(dx,dm)ds, (24)
0o JrR2

then we will conclude the proof since f and g solve the equation with u = fy.

Let us recall that for any p € P(R%), a continuous adapted R -valued
process (X;);>0 on some filtered probability space (£2, F, (F;)i>0, P) is said
to solve the martingale problem M P((A;)i>0, 1) if P o Xy ' = p and if for
any ¢ € C2(R2), (M{);>0 is a martingale on (£2, F, (F¢)i>0, P), where

t
M = () — / Aup(X,) ds.
0

Moreover, using [1, Theorem 5.2, Remark 3.1] uniqueness for (24) holds if

(i) there exists a countable set (¢x)p>1 C CZ(R3) such that for all ¢ > 0,
{(p, Arp), ¢ € C2(R2)} is contained in the closure for the bounded point
wise convergence of {(pg, Aipr), k > 1},

(ii) for each (zg,mo) € R%, there exists a solution to MP((As)i>o, O(wo,mo))s

(iii) for each (xo,mo) € R%, uniqueness in law holds for M P((At)¢>0, 0(z4,m0))-

The rest of the proof is devoted to prove that the previous conditions hold.

Step 1. Let us take a countable set (15 )r>1 dense in CZ(R%), i.e, such that
for any 1 € C?, there exists a subsequence (1, ) such that

liH;O (Hwkn = Plloo + IVem®k, — Vam¥Plloo + HDi,mWn - Di,mw”m) =0.

n—

Let us notice that for any (x, m) fixed, it holds
| Ay, (z,m) — Avp(z,m)| < |02k, — Oxlloo + 2|k, — Yllocalz, m)

t
F a9, — Do [m 47 /O [, o)ty dripian)] 2250

Secondly, we notice that since vy, and its derivatives up to second order are
going to v in norm L*°, then necessarily the support of vy, is going to the
support of ©. Therefore, there is a constant C' depending on the support of
1 such that for any n large enough

| At g, (2, m)| < [0xr, oo + 2C |9k, lloo

t
t Ot (€4 [ [ty fimatdy.driplan)].
0 Ri

using that f; is compactly supported (or in the exponentially decaying case
using (9)), we take sup,, and conclude (i).
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Step 2. We observe that a process (X, M;);>0 is a solution to the martingale
problem M P((At)t>0,0(z0,m0)) if and only if there exists a (F)s>o-Poisson
process (Nt)i>o such that

t 00
Xt =wo+t— / X / 1{u§a(X5,,M57)}N(dua dS), (25)
0 0

and
My =mg — a[/ot Msds — J/Ot /05 /}R2 a(y,r) fs—w(dy,dr)b(dw)ds|. (26)

Moreover, the proof of path wise uniqueness for (25)-(26) is identical with
the proof of uniqueness of (7)-(8) and left it to the reader.

Step 8. It remains to prove the existence of solutions to the martingale prob-
lem to conclude. To that aim, we can use a Picard iteration argument. Indeed,
consider the constant process (X7, M) = (29, mg) and define recursively

t o)
thJrl =x0+1— / X / 1{u§a(X;L,M;L)}N(dUa ds)
0 0

and

t t s
it —mo—a [arzas =g [ oty sy aripiawas]
0 o Jo Jr2

We first notice that

T
E[sup |Mt"+1 — Mt"|] < a/ IE[|M;’ — Msnflﬂ ds,
(0,77 0

and with the same arguments of the proof of Proposition 9 we can find a
positive constant C, depending on xq, mg and T', such that

T
E[| X7 — X7] < c/ E[ X! — X2+ M) — MP ] ds.
0
We deduce that Y-, supg ) E[ (| X2 =X+ [MP—M~'])] < oo, therefore
there is a continuous adapted process (X, M;);>0 such that

lim supE[(|X;’—Xs| +|MS_MS|)] =0.

n—oo [07T]

This convergence in L' implies that (X:, M;)¢>0 is a solution to (25)-(26)
and concludes the proof.
(]
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6 Quantification of the mean-field convergence

In this last section we use the coupling method to quantify the convergence
of the empirical laws py towards the law of the unique process that solves (7)
and (8). We start by noticing that, thanks to Theorem 3, there exists a family
of stochastic processes

((}/tLvatLN)v'- '7(}/15N1N5PtN7N))t207 (27)
such that

t 0
i, N i, N i, N 0
Y, =X+t - /0 Y, /0 l{uga(YSiLN7PSi,7N)}N (du,ds),
and

t t s
PN = MmN — a[ / PN ds —J / / Ela(YN, PN )] b(dw)ds} ,
0 0 JO

where the initial conditions and the Poisson processes are exactly as described

in the introduction. In the following, we use the shorthand notation ny(t)
for the empirical mean associated to the exchangeable family (Y;"™, M;"™).

By the definition of X", it follows that

t [e%}
i\, N i, N i,N
X Y :/ / N o iy
0 JO
i, N i
+}/S_ l{uSa(Y;LqusiLN)}}N (du,ds),

then
t
E“XZ’N*}/;’NH < / E|:|X;7N7Y511N| a,()(;vN7 M‘z,N)/\a(YsivN, Psz,N):| ds
0
t
+/EkﬁWAmmeww@%—mmMmWMw.@&
0

Since initial distribution are compactly supported, we notice that Yti’N <
A(t) and M}"™ < B(t) for some locally bounded functions A, B independent
of N. Moreover, for any i € N we also have that X" < A(t) and

P(sup Mj"N > Cyp) 22250,
(0,77
exponentially fast. Therefore, conditional to the event e(M?) = {supjo, 1 MN
Cr}y ais bounded and Lipschitz continuous (with a Lipschitz continuity con-
stant independent of N) in both variables. For any ¢ = 1,..., N, we conclude
that

MWWWWHSQAEMHWHW+WNKMH®

+ CrP I:]_e(l\/[N)c:I .



25

for some positive constant C7 independent of N. Similarly, by the definition
of M}"N | we have

N N oot
1 N _ pi,N o WN _ pi.N
SOV AIES DY | By =P as
aJ N ! i i i i
iy / E(la(X}", MIY) — (Y)Y, PPN)[] ds
=170

N t—T1; t s
J o o
+%IEH§:</ a(Y:*N,P;’N)ds—/ / E[a(YY, PPN b(dw)ds)
= Jo o Jo

)
(29)

we finally see that using the arguments of Step 2 of the proof of Proposi-
tion 12, we notice that there is another positive constant, that we also call
C'r, such that

1 N

N ZE“M;N - P51N|:| < Nlj;g

1=1
N t - . . .
T % Z/ E[(1XEY = VN | 4+ [MEY = PEN) ] ds + CrP(Loavye),
i=1"0

getting the

Proof (Proof of Theorem 5 - (compactly supported case)) Gathering (28)
and (29) and using the Gronwall’s lemma and the fact that P(1.pvye) is
going exponentially fast to 0, we get that

N

1 ] _ _ . C
= SE[(IXY - YN N - PEV))] <
1=1

To finish, we apply Fournier-Guillin [4, Theorem 1] with d = 2, p = 1,
q = 2 + €, to find that there exists a positive constant C' independent of N
such that

1/2+elog(1 + N)

E[W (v (1), £, M) | < CRIY, M) N

but, since the initial laws (go ® mg) are compactly supported, all polynomial
moments of the solution are upper bounded by a constant independent of N.
Using triangular inequality we get that

E Wi (un (8), £, 1Y)

<EW (v (8, v (8))] + E W (v (8), LGN 2N))]
log(1 + N)

< CT N1/2 )
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since S has only one element we conclude that locally in time uy N=eo,

L(YLN, MYNY), as log(1 + N)/vV/N.
Ul

A General Theorems for Stochastic Processes

Remarks on the proof of Lemma 13

Let us recall that the last thing we got in the main text was that for any ¢ €
CZ(R%), the process

o(Ye, My)—p(Yo, Mo)f/ot Omp(Ya, M,) [faMera e /OT Ela(Ys_s, My_y)] b(ds/)] ds

f/Otayga(Ys,Ms)dsf/Ota(YS,MS)(ga(O,MS)—ga(Ys,MS))ds, (30)

is a local martingale.
Let us recall now the Jacob-Shiryaev [7, Theorem 11.2.42 page 86]

Theorem 15 There is equivalence between:

— (Y, My) is a semimartingale, and it admits the characteristics (B,0,v); i.e.,
(Y, My) writes

(Y;? Mt) = (Y07 MO) + M+ B7

where M€ is the continuous local martingale of the canonical decomposition, B
is predictable and v is a predictable random measure on Ry x RL, namely the
compensator of the random measure associated to the jumps of X.

— For each bounded function ¢ € C*(R3), the process

t t
PV M) = (Yo, Mo) — [ Dyp(Ve M) dBY = [ Onp(Yeo M) BT
0 0

t
- / {SO(}/;* + v, M- + l’) - SD(}/;&f, Mtf)
0
—y Oyp(Yem, Mi—) = mOmep(Ye—, Mi—)} v(ds, dy,dm)

is a local martingale.
Then, in our case of study, by choosing the characteristics

t
BY :/ [1+Ysa(YS,,MS,)] ds,
0

t s
B = / [faMs +as/ Ela(Yy_y, Ms_y)] b(ds’)] ds,
0 0
and by
v(ds,dy,dm) = a(Ye—, Ms—)dsd_vy, (dy)do(dm),

we get that (Y, M) is a semi martingale.

As for the second important Jacob-Shiryaev [7, Theorem II1.2.26 page 157]
cited in the main text, let us now rewrite their general result to our study case.
Consider the stochastic differential equation

{(YO,MO) — (€4+&m) (31)
d(Ye, My) = B(t, Y, M) dt + 3(t, Yie, Mo, 2) (N (du, dt) — q(du, dt)),

where N is a standard Poisson process with intensity measure q(du,dt) = du dt.
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Theorem 16 Let 1 be a suitable initial condition (i.e., a probability on R3), and
5,0 be

B = (B, 8%), a Borel function: Ry x R%. — R,

§ = (64,6%), a Borel function: R+ x Ry x R — RZ.

The set of all solutions to (31) with initial condition n is the set of all solutions
to a martingale problem on the canonical space where the characteristics (B,0,v)
are given by

Bi(w) = /Ot B(s, Y(w), Ma(w)) ds, v(w,dt x dydm)
= dt x K¢(Yi(w), M¢(w), dy,dm),

with -
Ki(y,m,A) = / 1ra\(033(0(t,u, y,m)) du.
0

We notice that (Yz, M) indeed solves the Martingale problem given by (30),
therefore it is a solution to the equation (31) for some standard Poisson process,
and therefore Lemma 13 is proved.
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