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ABSTRACT. The notion of propagation of chaos for large systems of interacting
particles originates in statistical physics and has recently become a central no-
tion in many areas of applied mathematics. The present review describes old
and new methods as well as several important results in the field. The models
considered include the McKean-Vlasov diffusion, the mean-field jump models
and the Boltzmann models. The first part of this review is an introduction
to modelling aspects of stochastic particle systems and to the notion of prop-
agation of chaos. The second part presents concrete applications and a more
detailed study of some of the important models in the field.
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1. Introduction. When Boltzmann published his most famous article [24] one cen-
tury and a half ago, the study of large systems of interacting particles was entirely
motivated by the microscopic modelling of thermodynamic systems. Although it
was far from being an accepted idea at that time, Boltzmann postulated that since
a macroscopic volume of gas contains a myriad of elementary particles, it is both
hopeless and needless to keep track of each particle and one should rather seek a
statistical description. He thus derived the equation that now bears his name and
which gives the time evolution of the continuum probability distribution (in the
phase space) of a typical particle. With the H-theorem, he also extended and justi-
fied the pioneering works of Maxwell and Clausius for equilibrium thermodynamic
systems, paving the way alongside Gibbs for a consistent kinetic theory of gases.
The Boltzmann equation is derived from first principles under a crucial assumption,
called molecular chaos. This assumption was already known from Maxwell and is
often called the Stosszahlansatz since Ehrenfest. Informally, it translates the idea
that, despite the multitude of interactions, two particles taken at random should
be statistically independent when the total number of particles grows to infinity.
It is not so clear how the appearance of probability theory should be interpreted
in this context. In the following years, the Stosszahlansatz and its consequences
(the H-theorem) were the object of a fierce debate among physicists as they seem
to break the microscopic reversibility. Beyond the scientific debate, it has raised
metaphysical and philosophical questions about the profound nature of time and
randomness.

The rigorous justification of the work of Boltzmann and the status of molecular
chaos became true mathematical questions when Hilbert addressed them in his Sixth
Problem at the Paris International Congress of Mathematicians in 1900. Quoting
Hilbert, the problem which motivates the present work is to “/develop] mathemati-
cally the limiting processes [...] which lead from the atomistic view to the laws of
motion of continua”. Our starting point will be the seminal article of Kac [104].



PROPAGATION OF CHAOS: A REVIEW 1 3

More than half a century after Hilbert, Kac gave the first rigorous mathematical
definition of chaos and introduced the idea that for time-evolving systems, chaos
should be propagated in time, a property therefore called the propagation of chaos.
Kac was still motivated by the mathematical justification of the classical collisional
kinetic theory of Boltzmann for which he developed a simplified probabilistic model.
Soon after Kac, McKean [125] introduced a class of diffusion models which were not
originally part of Boltzmann theory but which satisfy Kac’s propagation of chaos
property. In the classical kinetic theory of Boltzmann, the problem is the derivation
of continuum models starting from deterministic, Newtonian, systems of particles.
In comparison, the fundamental contribution of Kac and McKean is to have shown
that the classical equations of kinetic theory also have a natural stochastic inter-
pretation. This philosophical shift is addressed in the enlightening introduction of
Kac [105] written for the centenary of the Boltzmann equation.

Kac and McKean introduced a new mathematical formalism, gave many in-
sights on the stochastic modelling in kinetic theory and proved the two building
block theorems (Theorem I1-3.1 and Theorem I1-4.1). Their works have stimulated
the development of a rich and still active mathematical kinetic theory. Keeping
strong connections with the original theory of Boltzmann, some fundamental ques-
tions raised several decades ago have been answered only recently (see for instance
[17, 83, 130]). On the other hand, systems of interacting particles are ubiquitous
in many applications now and over the last two decades, the tools and concepts
developed in kinetic theory have somehow escaped the realm of pure statistical
physics. This review paper is motivated by the growing number of models in ap-
plied mathematics where the notion of chaos plays a central role. Some recent
new domains of applications include the following ones. In mathematical biology
and social sciences, self-organization models describe systems of indistinguishable
particles (birds, insects, bacteria, crowds...) with a behaviour which can hardly
be predicted at the microscopic scale but which are (sometimes) well explained by
continuum models derived within the framework of mathematical kinetic theory
[8, 9, 134, 132, 59, 2, 157]. In another context, the recent theory of mean-field
games studies the asymptotic properties of games with a large numbers of players
[30, 29, 36, 37]. Even more recently, systems of particles have been used to model
complex phenomena in data sciences, with applications in Markov Chain Monte
Carlo theory [63, 64, 65], in optimization [139, 155, 90, 39], or for the training
of neural networks [126, 142, 147, 47, 56]. Compared to the models in statistical
physics, many aspects should be reconsidered. To cite a few examples: the basic
conservation laws (of momentum, energy...) do not always hold for biological sys-
tems and may be replaced by other types of constraints (optimization constraints,
geometrical constraints. . . ); the intrinsic randomness (or uncertainty) of the models
in applied sciences is often a crucial modelling assumption; the complexity of the
interaction mechanisms entails new analytical tools etc. These differences have mo-
tivated many new techniques, new insights on the question of propagation of chaos
and in the end, new results.

This review article on propagation of chaos is not the first one on the subject.
The course of Sznitman at Saint-Flour [151] studies many of the most important
historical probabilistic models. The probabilistic methods are explained in details in
the book [152] (in particular the courses of Méléard [127] and Pulvirenti [140]). More
recently, the review of Jabin and Wang [98] focuses on McKean mean-field systems
and PDE applications. By its nature, the notion of chaos lies in the interplay
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between probability theory and Partial Differential Equations. The present review
discusses both analytic and probabilistic methods and includes many (very) recent
results. We also refer to the article by Hauray and Mischler [94] which is to our
knowledge, the most complete reference on Kac’s chaos (without propagation of
chaos). For deterministic systems which will not be considered here, we refer to the
very thorough reviews [97, 85].

Outline. The article is organised as follows.

Section 2 introduces the setting and the conventions that will be used through-
out the article. A gallery of the models which will be studied is presented; we
will distinguish McKean’s mean-field jump and diffusion models (Section 2.2) and
Boltzmann-Kac models (Section 2.3).

Section 3 is devoted to the description of the fundamental tools and concepts
needed in the study of exchangeable particle systems. The central notions of chaos
(Section 3.3) and propagation of chaos (Section 3.4) are defined in this section.

Section 4 is a review of the methods used to prove propagation of chaos. Several
probabilistic and analytical techniques are described as well as abstract theorems
which will be applied to specific models in the second part of this review.

Finally, for the reader’s convenience, we collect in Appendix A useful notions and
results in Probability theory regarding stochastic processes in the Skorokhod space,
Markov processes, martingale methods, large deviations, the Girsanov transform
and the theory of Poisson random measures. Some corollaries of the quantitative
Hewitt-Savage theorem are gathered in Appendix B.

The second part of this review will be devoted on the one hand to the classical
models introduced by Kac and McKean and their recent developments and on the
other hand to a gallery of recent applications in applied mathematics and beyond.
Throughout this first part, references to the second part are indicated by “II-” (for
instance Section II-2 refers to the second section of the second part).

Notations and conventions.
Sets.

C(I,E) The set of continuous functions from a time interval I = [0, 7]
to a set E, endowed with the uniform topology.

Cy(E), CF(E) Respectively the set of real-valued bounded continuous func-
tions and the set of functions with £ > 1 bounded continuous
derivatives on a set E.

C.(E) The set of real-valued continuous functions with compact sup-
port on a locally compact space F.
Co(E) The set of real-valued continuous functions vanishing at infinity

on a locally compact space E, i.e. p € Co(E) when for all e > 0,
there exists a compact set K. C E such that |p(z)| < € for all
x € FE outside K..

D(I,E) The space of functions which are right continuous and have left
limit everywhere from a time interval I = [0,7] to a set E,
endowed with the Skorokhod J1 topology. This is the space of
the cadlag functions. This space is also called the Skorokhod
space or the path space.
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The set of measurable functions ¢ defined almost everywhere
on a measured space (E, u) such that the |¢|? is integrable for
p > 1. When p = 4o0, this is the set of functions with a
bounded essential supremum. We do not specify the dependency
in ¢ when no confusion is possible.

The set of d-dimensional square real matrices.

The set of signed measures on a measurable space F.

The set of positive measures on a measurable space E.

The set of probability measures on a space E.

The set of probability measures with bounded moment of order
p > 1 on a space F.

The set of empirical measures of size N over a set E, that is
measures of the form y = % Zf\il 84, where 2* € E.

The set [0, 4+00).

The permutation group of the set {1,..., N}.

The sphere of dimension d — 1.

Generic elements and operations.

A: B and ||A

VA%

1q
Id
(z,y) or -y

A generic nonnegative constant, the value of which may
change from line to line.

A generic nonnegative constant which depends on some
fixed parameters denoted by a1, ..., a,. Its value may
change from line to line.

The d-dimensional diagonal matrix whose diagonal
coefficients x1,...,x4 are the components of the d-
dimensional vector z.

The divergence of a vector field V : R* — R? or of a
matrix field V : R? — My(R), respectively defined by
V.-V = Z?:l 0x, Vi or componentwise by (V- V); =
S0, Vi,

The Frobenius inner product of two matrices A, B €
Mgy(R) defined by A : B == Y0 Y% | A;B;; and
the associated norm || Al := VA : A.

The Hessian matrix of a scalar field V : R? — R defined
componentwise by (V2V);; = 5%1_71,]_ V.

The d-dimensional identity matrix.

The identity operator on a vector space.

The Euclidean inner product of two vectors z,y € R¢
defined by (z,y) =z -y := E?:l z'y’. One notation or
the other may be preferred for typographical reasons
in certain cases.

The (4,7) (respectively row and column indexes) com-
ponent of a matrix M.

The projection matrix P(u) := I, — %24

Tz on the plane

orthogonal to a vector u € R%.
A generic bounded continuous test function on E.
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A generic bounded continuous test function on the
product space EV.

A generic bounded continuous test function on the set
of probability measures on E.

URV, f RV Or Y QY Respectively, the matrix tensor product of two vectors

u,v € R? defined componentwise by (u ® v);; = u;vj;
the product measure on E x F' of two measures pu,v
respectively on F and F'; the product function on Ex F'
defined by (@) (z,y) = @(z)1(y) for two real-valued
function ¢, 1 respectively on E and F'.

Tr M The trace of the matrix M.

MT The transpose of the matrix M.

xN = (21,..., 2N) A generic element of a product space EV. The com-
ponents are indexed with a superscript.

xMN = (1. 2M) The M-dimensional vector in EM constructed by tak-
ing the M first components of xV.

r=(z1,...,74)T and |z| A generic element of a d-dimensional space and its

norm. The coordinates are indexed with a subscript.
The norm of x denoted by |z| is the Euclidean norm.

Probability and measures.

Kxpu

The convolution of a function K : E x F' — G with a measure u
on F' defined as the function Kxp: 2 € E— [, K(z,y)u(dy) €
G. When E = F = G = R? and K : R? — R? we write
Kxp(x) = [pa K(z — y)p(dy).

The Dirac measure at the point .

The empirical measure defined by e~y = %Zf\; 0,: where
xN = (2',... 2N).

Alternative expression for (u, ) when p is a probability mea-
sure. When p =P on (Q,.7, (%), P), the expectation is simply
denoted by E.

The relative entropy (or Kullback-Leibler divergence) between
two measures p, v, see Defintion 3.10.

The integral of a measurable function ¢ with respect to a mea-
sure p.

The law of a random variable X as an element of P(E) where
X takes its value in the space F.

A filtered probability space. Unless otherwise stated, all the
random variables are defined on this set. The expectation is
denoted by E.

The o-algebra generated by the random variables X!, X2, .. ..
The pushforward of the measure p on a set F by the measurable
map T : E — F. This is a measure on the set F' defined by
Typ(o/) = p(T~1(<)) for any measurable set & of F.

The Total Variation (TV) norm for measures.

The Wasserstein-p distance between probability measures (see
Definition 3.1).

It means that the law of the random variable X is pu.
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(Xe)t or (Zy)s The canonical process on the path space D(I,FE) defined by
Xi(w) = w(t).

(XN), or (ZY), The canonical process on the product space D(I, E)" with com-
ponents XV = (X},..., XN).

Systems of particles and operators.

E The state space of the particles, assumed to be at least a Polish space.
N The N-particle distribution in P(E”Y) at time ¢ > 0.
il The k-th marginal of f/V.

N The N-particle distribution on the path space in P(D(I, EY)) or
P(C(I,EN)) for a time interval I = [0,T]. We identify D(I, EV) ~
D(I, E)N.

fi The limit law in P(E) at time ¢t > 0.

fr The limit law on the path space in P(D(I, E)) or P(C(I, E)).

FN The law of the empirical process in P(P(E)) at time ¢t > 0.

FN The weak pathwise law of the empirical process in P(D(I,P(E))) on the
time interval I = [0, T].

FN The strong pathwise law of the empirical process in P(P(D(I, E))) on
the time interval T = [0,T].

Ly The N-particle generator acting on (a subset of) C,(EYN).

LN The N-particle generator acting on P(E”) defined as the formal adjoint
of ﬁN

Lo; on The action of an operator L on (a subset of) Cy(FE) against the
i-th variable of a function ¢y in Cy(EY), defined as the func-
tion in (a subset of) Cy(EN) L o; pn : (x',...,2Y) = Lz
on(@t, .. 2z 2ttt 2V)](2). The definition readily extends to
the case of an operator L(?) acting on Cy(E?) and two indexes i < j in

which case we write L2 ©ij PN-

(XN),  The N-particle process, with components XN = (X}, .. xVN) e
EN . Often we write X" = Xi and (XN), = X0 11

(ZN),  An alternative mnotation for the N-particle process with ZY =
(Ztl’N, ey ZtN’N). Often used for Boltzmann particle systems or kinetic
systems.

2. Models and properties.

2.1. Particle systems, setting and conventions. The starting point of this
review is a system of IV particles

1,N N,N
XIN = (XtN)tEI =X, 00X )tEIa

where each particle (X ’N)t€ 1 is a stochastic process with values in the state space
E which is at least Polish (i.e. separable and completely metrizable) and defined on
a time interval I = [0,T] with T € (0, +00]. When no confusion is possible, we drop
the N superscript and only write X} = XZ’N for the i-th particle. The N-particles
are not independent; they are said to interact.

Throughout this review, (X/), is a nice stochastic process in EYV which satis-
fies the strong Markov property and which has cadlag sample paths (the related
topology is the J1 Skorokhod topology, see definition A.5). Several examples will
be given in the next sections but to fix ideas, the particle system will either be
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a Feller diffusion process in £ = R¢ (or in a Borel subset or in a manifold) or a
jump process in a more general state space which satisfies the Cp-Feller property
(i.e. the transition operator is strongly continuous and maps Cy(E™N) to Cy(EN)).
One may also consider mixed jump-diffusion processes. The N-particle process will
often be given as the solution of a Stochastic Differential Equation (SDE) but in
full generality, it will be described by its generator denoted by Ly acting on a
domain Dom(Ly) C Cy(EYN) or Dom(Ly) C Co(EYN) (a detailed description of
the analytical setting for Markov processes and their generators is provided in Ap-
pendix A.4, see in particular Definitions A.25, definition A.27 and Theorem A.29).
The generator determines what is called the interaction mechanism. The only but
crucial assumption that is made on this interaction mechanism is the symmetry or
exchangeability.

Definition 2.1 (Exchangeability). A family (X*);cs of random variables is said to
be exchangeable when the law of (X%);c; is invariant under every permutation of a
finite number of indexes i € I.

In a dynamical seting, the pathwise exchangeability is assumed in the sense that
exchangeability holds for the family of processes (X}"N)Ki< N at the level of tra-
jectories. Taking the time-coordinate (i.e. the push-forward of the family law by
the map w — w(t)), this implies the pointwise exchangeability i.e. exchangeability
for the position vector (X, ..., &™) at any time ¢ > 0. Formally, X can be
seen as an element of BN /G, where G denotes the group of all permutations of
{1,..., N}, although for simplicity we will keep using EV as the state space. Such
a particle system will be called exchangeable.

The statistical description. In statistical physics, the previous description in terms
of stochastic process is sometimes called the microscopic scale because the trajectory
of each individual particle is recorded. When N is large, the microscopic scale
contains too much information and a statistical description is sought. There are at
least three statistical points of view on the particle system, detailed below.

1. The easiest one, is simply given by the N-particle distribution f¥ € P(EV) at
time ¢ € I. From the general theory of Markov processes (see Appendix A.4),
I satisfies the forward Kolmogorov equation written in weak form:

Von € Dom(Ly), %<ffv,soN>=<ffv,ﬁNs0N>~ (1)

Here and throughout this review, the bracket notation (-,-) denotes the in-
tegral of a test function (here ¢y ) against a probability measure (here f1V).

Remark 1. Note that

<ftN7 ¢N> = <fON7uN(ta )>7
where for xV € BN, uy = un(t,xV) := Elpn(XN)| Xy = x| solves the
backward Kolmogorov equation

(‘3tuN = £NuN.
The equation (1) thus describes the dynamics of an observable of the system.

Equation (1) is also called the master equation in a probabilistic context and
is better known as the Liouville equation in classical (deterministic) kinetic
theory. In this review, we follow this latter terminology and Equation (1) will
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be called the (weak) Liouville equation. The forward Kolmogorov equation,
or (strong) Liouville equation, reads

aff =LNfY,

where LV = L%, is the dual operator of L. In general, no explicit expression
for £V is available and it is thus easier to focus on the weak point of view.
From the weak Liouville equation, it is possible to compute the time evolution
of any observable of the particle system, that is of any of the averaged quan-
tities (f{V,on) for a test function . The drawback is that f¥ € P(EYN)
belongs to a high dimensional space (since N is large). However, by the ex-
changeability assumption, the law f{¥ is a symmetric probability measure and
it is thus possible to define for any k € N the k-th marginal fF € P(E¥) by:

v@k € Cb(Ek)7 <ftk7Na<pk> = <ftN7(10k ® 1®(N7k)>'

The exchangeability ensures that the term on the right-hand side does not
depend on the indexes of the k variables; for instance, it would be equivalent
to take 1%(N=F) @4, as a test function instead of ¢, @12V —F) Each marginal
distribution satisfies a Liouville equation obtained from (1) by taking ¢y as a
test function. This equation may not be closed in the sense that, depending
on Ly, the right-hand side may depend on f or on the other marginals.

Remark 2. Note that with a slight abuse we take ¢ in the space C,(E¥)
although we should say that ¢, belongs to a subset of Cy(E*) and is such
that ¢ ® 12V=F) belongs to Dom(Ly). We will often keep doing that in the
following.

. From the point of view of stochastic analysis, the particle system X7V can be
seen as a random element of D(I, EV) ~ D(I, E)" so its law is a probability
measure on the path space, denoted by f~ € P(D(I, EV)). This pathwise law
is generally given as the unique solution of the following martingale problem
(probability reminders can be found in Appendix A).

Definition 2.2 (Particle martingale problem). Let T' € (04 oo]. A pathwise
law f[ON,T] € P(D([O, 7], EN)) is said to be a solution of the martingale prob-
lem associated to the particle system issued from f& € P(EY) whenever for
all oy € Dom(Ly),

t
MEY = o (XN) — on (X)) — /0 Laveon (XN)ds, (2)

is a f[ON, r-martingale, where (XN)i>0 denotes the canonical process on the
Skorokhod space D([0,T], EY) defined for w € D([0,T], EY) by X{¥(w) =
w(t).

Note that the time marginal or pointwise law is given by f&¥ = (XN)4fN.
The weak Liouville equation (1) can be recovered by taking the expectation
in (2). This description is called pathwise and the previous one pointwise.

. Finally an exchangeable particle system can also be described by its empirical
measure:

N
1
/,LXtN = N ;(SXZ,N € P(E) (3)
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Contrary to f, the measure Pxn is a random object: it can be seen as a
measure-valued random variable whose law is the push-forward measure of f¥
by the application py : xV € EN s py~ € P(E). Thanks to the exchange-
ability, the P(E)-valued process (px~)i>0 is a Markov process. Moreover the
expectation of the empirical measure gives the first marginal of f/ :

1,N
Vo € Cy(E), E</‘XtN>90> =" )
It follows that from the empirical measure, it is possible to reconstruct the law
of any individual particle. As we shall see later, in fact, it characterises the
full N-particle distribution f{V. Its pathwise version is the empirical measure
on the path space:

N
1
Papy =& E ox; € P(D(I,E)),
i=1

where each particle X¢ is seen as a D(I, E)-valued process.

The mesoscopic scale. The main concern of this review is the description of the limit
dynamics when N — +o00. This will be given by a nonlinear object which describes
the average behaviour of the system. Various points of view may be adopted:
from the previous discussion, a natural idea is to study the limit N — 400 of the
statistical objects ftk’N, for all kK € N, or p xy - The central notion of this review
is the Propagation of Chaos property which states that for all ¢ € I there exists
ft € P(E) such that,

VkeN, fN — PR (4)

N—+o00
for the weak convergence of probability measures and provided that this property
holds true when ¢ = 0. As we will see in the following, the property (4) is equivalent
to

HxN N::OO ft, (5)

for the convergence in law (note that the limit is a deterministic object). The term
propagation introduced by Kac [104] refers to the idea that the above convergence
at t = 0 is sufficient to prove the convergence at a later time. As we shall see in
the following, the status of the time variable is a central question: one may try to
quantify the convergence speed with respect to ¢, analyse its behaviour when I =
[0, +00) is infinite or study the more general question of the pathwise convergence
of the trajectories. All these aspects will define as many notions of propagation of
chaos.

In (4), the tensor product indicates that any k particles taken among the N
become statistically independent when N — +o00. Any subsystem of the N-particle
system thus behaves as a system of i.i.d processes with common law f; (note that
the particles are always identically distributed by the exchangeability assumption).
This translates the physical idea that for large systems, the correlations between
two (or more) given particles which are due to the interactions become negligible.
By looking at the whole system, only an averaged behaviour can be observed instead
of the detailed correlated trajectories of each particle. This level of description is
called the mesoscopic scale in statistical physics.

The central question is therefore the description of the limit law f;. In turns out
that in most cases, it is relatively easy to see that f; is formally the solution of one
of the following nonlinear problems.
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1. The solution of a (nonlinear) Partial Differential Equation (PDE) obtained
from the Liouville equation by some closure assumption. In some cases, f;
can also be seen as the law of a nonlinear Markov process in the sense of
McKean, typically the law of a nonlinear SDE (these notions will be properly
defined later). Just as in the classical case, the two approaches are linked by
Ito’s formula.

2. The solution of a (nonlinear) martingale problem. This description is more
detailed than the previous one, since it gives the probability distribution on
the path space fr € P(D(I, E)) with time marginals (f);.

For each of the particle systems considered in this review, the program is thus the
following:

(1) Prove that some limit point (4) or (5) exists in a suitable topology.

(2) Identify the limit as the solution of a nonlinear problem.

(3) Prove that the nonlinear problem is wellposed so that the limit is uniquely
defined.

Note that the three steps can be carried out in any order. In this review the main
concern will be the first step, which is the core of the propagation of chaos property.
This also provides an existence result for the nonlinear problem of the second step.
The third step is often proved beforehand. Actually, in many cases, the nonlinear
problem has its own dedicated literature; many of its properties are known and may
be useful to carry out the first step.

We conclude this introductory section by a brief overview of the models studied
in this work and which will be detailed in the following subsections.

Section 2.2.2 is devoted to the description of various diffusion processes, starting
from the prototypical example introduced in the seminal work of McKean [125, 123].
At the microscopic scale, the particle system is defined as a system of interacting
Ito processes, where the interaction depends only on (observables of) the empirical
measure (3). Physically, it means that each particle interacts with a single averaged
quantity in which the other particles contribute with a weight of the order 1/N. This
type of interaction is called mean-field interaction and the propagation of chaos is
a particular instance of a mean-field limit. In section 2.2.3 the diffusion interaction
is replaced by a jump mechanism.

Section 2.3 presents another class of models which extends the work of Kac
[104] on the Boltzmann equation. The N-particle process is driven by time-discrete
pairwise interactions which update the state of only two particles at each time. In
classical kinetic theory, the particles are said to collide.

Remark 3 (Notational convention). We will adopt the following notational con-
vention: the N-particle mean-field processes are denoted by the letter X and the
Boltzmann N-particle processes by the letter Z. Historically, many of the Boltz-
mann models that we are going to study are spatially homogeneous versions of a
Boltzmann kinetic system. We thus also use the letter Z for kinetic systems, that is
systems where each particle Z; is defined by its position and its velocity, respectively
denoted by the letters X} and V.

2.2. Mean-field models.
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2.2.1. Abstract mean-field generators and mean-field limits. A mean-field particle
system is a system of N particles characterised by a generator of the form

N
Lyon(xN) = Ly oion(xY), (6)
i=1

where given a probability measure y € P(E), L, is the generator of a Markov
process on E. Throughout this review, the notation L ¢; ¢ denotes the action of
an operator L defined on (a subset of) Cp(E) against the i-th variable of a function
on € Cy(EN); in other words, L o; ¢y is defined as the function:

Lojon:(z',...,2N) e EN = Lz — on(zt, ... 2z, 2 2N)](2%) e R.

There are two main classes of mean-field models, depending on the form of the
generator L,,.

1. In Section 2.2.2, L, is the generator of a diffusion process, and the associated
N-particle system is called a McKean-Viasov diffusion.

2. In Section 2.2.3, L, is the generator of a jump process and the N-particle
system is called a mean-field jump process. When L, is the sum of a pure
jump generator and the generator of a deterministic flow, the process is called
a mean-field Piecewise Deterministic Markov Process (PDMP for short).

It is also possible to consider mived processes when L, is the sum of a diffusion
generator and a jump generator.

It is classically assumed that the domain of the generator L, does not depend
on p. This domain will be denoted by F C Cy(E).

In that case, it is easy to guess the form of the associated nonlinear system
obtained when N — +oo. Taking a test function of the form

pn(x") = p(ah),

where ¢ € F, one obtains the one-particle Kolmogorov equation:

d
GUINe = [ Lela Y (@)

Note that the right-hand side depends on the N-particle distribution. As already
discussed in the introduction, if the limiting system exists then, its law f; at time
t > 0 is typically obtained as the limit of the empirical measure process: when
XtN ~ ftjva

N — .
Hx; Notoo Tt

This also implies ftl’N — f+. Reporting formally in the previous equation, it follows
that f; should satisfy

Vo€ F Slfug) = fuLlse) @

This is the weak form of an equation that is called the (nonlinear) evolution equation.
Note that the evolution equation is nonlinear due to the dependency of L on the
measure argument f;. With a slight abuse, we will often simply write Cy,(E) instead
of F in the following.

This is a very analytical derivation. Its probabilistic counterpart is the following
nonlinear martingale problem.
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Definition 2.3 (Nonlinear mean-field martingale problem). Let T' € (0, +oc0] and
let us write I = [0,T]. A pathwise law fr € P(D([0,T], E)) is said to be a solution
of the nonlinear mean-field martingale problem issued from f, € P(E) whenever
for all all p € F,

MF = (Xe) — p(Xo) — / Ly p(X)ds, (8)

is a f; martingale, where (X;); is the canonical process and for t > 0, f; := (X¢)# fr.
The natural filtration of the canonical process is denoted by .%.

Note that f; contains much more information than the evolution equation (7)
and as the notation implies, f; = (X¢)%fr € P(E) solves the evolution equation. If
the nonlinear martingale problem is wellposed then the canonical process (X;); is a
time inhomogeneous Markov process on the probability space (D([0,T], E), %, f1).
This may seem a little bit abstract for now but in what follows, we will see that most
often, given the usual abstract probability space (€2, .%,P), one can define a process
on ) such that its (pathwise) law is a solution of the nonlinear martingale problem.
Such process is called nonlinear in the sense of McKean or simply nonlinear for
short.

2.2.2. McKean-Vlasov diffusion. Let be given two functions
b:RYx P(RY) = RY,  o:R? x P(RY) = My(R) (9)
respectively called the drift vector and the diffusion matrix. For a fixed p € P(R?),
the following generator is the generator of a diffusion process in R¢:
d
1
V(,O € CE(Rd)v Lugo(:r) = b(xhu) . V‘P + 5 Z aij(xaﬂ)afﬂiazj(p7 (10)
ij=1
where a(z, i) == o(x, p)o(x, u)T. The N-particle generator (6) associated to this
class of diffusion generators defines a process called a McKean-Viasov diffusion

process. The associated N-particle process is governed by the following system of
SDEs:

Vie{l,...,N}, dxX;V =b(X;N, pyy)dt + o (X7, px,)dB; (11)
where B}, ..., BY are N independent Brownian motions.

Remark 4 (On the assumptions on b and o). Note that for simplicity, here, we
have implicitly assumed that Equation (11) has a strong solution: it may require
precise assumptions on the coefficients b and o (typically Lipschitz assumptions
as in Proposition 1 below). This will also be the case for Equation (12) below.
However we stress out that these assumptions are not satisfied in many important
cases. In this introductory section, such strong formulations are only used for better
readability but in the following and in particular in the second part of this review,
the assumptions on b and ¢ will play a crucial role. Example 1 below present some
important models where b and o are singular and for which Equations (11) and (12)
are not defined in strong form. These models will be thoroughly reviewed in the
second part.

Remark 5. Note that in the system (11) there are actually dN independent one-
dimensional Brownian motions. This remark may be helpful in cases where the
Brownian motions in the different directions are different. In particular, for kinetic
particles defined by their positions and velocities, the noise is often added on the
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velocity variable only (this case is nevertheless covered by (11) with a block-diagonal
matrix o with a vanishing block on the position variable).

In this case, the evolution equation (7) can be written in a strong form (at least
formally) and reads:

d
atft(aj) = _vﬂc : {b(‘T7 ft)ft} + % Z 8118% {aij(‘r7 ft)ft} (12)
i,j=1
This is a nonlinear Fokker-Planck equation which is used in many important mod-
elling problems (see Example 1). This equation was obtained (formally) previously
using only the generators when N — +4o00. Here, there is an alternative way to
derive the limiting system: looking at the SDE system (11), the empirical measure
can be formally replaced by its expected limit f;. Since all the particles are ex-

changeable, this can be done in any of the NV equations. The result is a process
(X¢): which solves the SDE:

dX, = b(ytvft)dt"_a(ytaft)de (13)

where B; is a Brownian motion and X ~ fy. Moreover, since for all 1, Xti has law
ftl’N and since it is expected that ftl’N — fi, the process X, and the distribution
fi should be linked by the relation

ft = Law(yt)

The dependency on its law of the solution of a SDE is a special case of what is
called a nonlinear process in the sense of McKean. It would now be desirable to
prove that the process (13) is well defined or (equivalently) that the PDE (12) or
the martingale problem (8) are wellposed. The following result gives the reference
framework in which all these objects are well defined.

Proposition 1. Let us assume that the functions b and o are globally Lipschitz:
there exists C > 0 such that for all x,3y € R and for all p,v € P2(R?) it holds that:

|b(x7/1“) - b(y7 V)| + |U($,/J,) - U(yv V)' < C(|:C - yl + WQ(M» V)),
where Wy denotes the Wasserstein-2 distance (see Definition 3.1). Assume that
fo € Po(R?). Then for any T > 0 the SDE (13) has a unique strong solution on
[0,T] and consequently, its law is the unique weak solution to the Fokker-Planck
equation (12) and the unique solution to the monlinear martingale problem (8).

The proof of this proposition is fairly classical. In some special linear cases (see
below), it can be found in [125, Section 3], [151, Theorem 1.1] or [127, Theorem 2.2].
For the most general case which includes the above proposition, we refer to [35,
Theorem 1.7]. The proof is based on a fixed point argument that is sketched below.

Proof. Let us define the map:
U : Po(C([0,T],RY)) — Po(C([0,T],RY)), m— ¥(m),
where for m € P, (C([0, T],R%)), ¥(m) is the law (on the path space) of the solution
(X7")o<t<r of the following SDE:
dX7" = b(X]", my)dt + o (X[, my)dBy.

Note that the map ¢ € [0,7] — m; € Pa(R?) is continuous for the Wa-distance
where m; is the time marginal of m. The goal is to prove that ¥ admits a
unique fixed point. Let m,m’ € P2 (C([0,T],R?)) and let ¢ € [0,7]. Then by
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the Burkholder-Davis-Gundy inequality (see Proposition 16) and the Lipschitz as-
sumptions on b and o, one can prove that there exists a constant C' > 0 such
that:

E[ sup ‘X;” — X;”/F]
0<s<t

t t
< CT(/ IE[ sup | X" — X;ﬂ’ﬂ ds +/ sz(ms,m;)ds>.
0 0<r<s 0

A similar computation will be detailed in the proof of Theorem I1-3.1. By Gronwall
lemma, we obtain that for a constant C(T') it holds that:

E[ sup |X;” — Xsml

0<s<t

1saﬂéﬁamm@®

Let us denote by Wy, o the Wasserstein-2 distance on the space of probability

measures on a path space of the form C; = C([0,t], R?) endowed with the uniform
topology (see Definition 3.5) for a given ¢ € [0, T]. For any ¢ € [0, T], we also write
mpo, € P2 (C([O,t],Rd)) for the restriction of m on [0,¢]. In particular, note that
if s <t then Wae, 2(mjo,s), my o) < Wac, 2(mjo,1), My ). Then by definition of W
and Wy, 2, we conclude that:

t
Wiﬂﬂmw%ﬂﬁwﬂéﬂﬂ/mﬁmmmﬁ

0
t
< C(T)/O Wie. 2(mio,51,mfo ) ds.

By iterating this inequality, the k-th iterate ¥* of ¥ satisfies:

T k
s
WfCT,Q (\Ijk(m),\y’f(m/)) < c(T)’“/0 TW(?CS 2 (m[o,s],mfo’s])ds

- 1)
(c(T)T)*
S W(?CT’Q(m,m’),
from which it can be seen that ¥* is a contraction and thus admits a unique fixed
point for k large enough. O

Example 1. Depending on the form of the drift and diffusion coefficients, the
McKean-Vlasov diffusion can be used in a wide range of modelling problems. Some
examples are gathered below and many other will be given in Section I1-5.

1. The first case is obtained when b and o depend linearly on the measure argu-
ment. Namely, for n,m € N, let us consider two functions

K :R*xRY -5 R™, K,:RYxR?—R",
and let us take
b(z, p) = b(w, Ky * p(x)), oz, p) = &, Ko x p(z)),

where b : RY x R™ — R? and 6 : R? x R™ — My(R). When K;, Ky and
13,& are Lipschitz and bounded, the propagation of chaos result is the given
by McKean’s theorem (Theorem 11-3.1).

In many applications, o is a constant diffusion matrix, Ki(z,y) = K(y—x)
for a fixed symmetric radial kernel K : R* — R% and b(x,u) = K x p(x).
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The case where K has a singularity is much more delicate (see Section II-
3.1.2, Section I1-3.4, Section [1-3.2.2) but contains many important cases. For
instance, in fluid dynamics, when K is the Biot-Savart kernel K (z) = 2+ /|z|?
in dimension d = 2 (defining (z1,22)* = (—x9,21)) and o(z, u) = V201, for
a fixed o > 0, the limit Fokker-Planck equation reads:

Orft + V- (ft K % fi) = o Aft, (14)

By invariance by translation, the quantity w = f; — 1 is the solution of the
famous worticity equation which can be shown to be equivalent to the 2D
incompressible Navier-Stokes system (see [99]).

In biology, still in dimension d = 2 but with K(z) = z/|z|?, the equa-
tion (14) is an example of the Patlak-Keller-Segel model for chemotaxis (see
[28]). Other examples in mathematical physics and mathematical biology are
presented in Section [1-5.1.

Another important model of this form is the Kuramoto model obtained
when £ = R and K(0) = Kpsin(f) for a given Ky > 0. In this case, the
particles model the frequencies of a system of oscillators which tends to syn-
chronize, see for instance [1, 120, 13, 14] and Section 11-5.2.1.

. The case of gradient systems is a sub-case of the previous one when o(x, u) =

oly for a constant o > 0 and

b, ) = V() - / VW (x — y)uldy), (15)

Rd
where V, W are two symmetric potentials on R? respectively called the con-
finement potential and the interaction potential. The limit Fokker-Planck
equation

2
of, = %Aft FV (A + W f),

is called the granular-media equation and will be studied in Section [1-3.1.3.
An important issue is the long-time behaviour of gradient systems which is
often studied under convexity assumptions on the potentials (see Section I1-
3.1.3, Section 11-3.2.1, Section I11-3.2.3).

. A kinetic particle Z'N = (XN, V/N) € R? x R is a particle defined by

two arguments, its position XZ’N and its velocity Vf’N defined as the time
derivative of the position. The evolution of a system of kinetic particles is
usually governed by Newton’s laws of motion. In a random setting, the typical
system of SDEs is thus the following: for i € {1,..., N},

I A ‘
v = F(XPN VN pan)dt + o (X] VN s ) dBY,

where F' : R? x R? x P(R?) — R? and o : R? x RY x P(R?) — My(R).
Note that it is often assumed that the force field induced by the interactions
between the particles depends only on their positions, which is why we have
written

N
1 } : d
/,LXtN = N 2 5X21,N S P(R )
instead of iz € P(R? x RY). This special case of the McKean-Vlasov diffu-

sion in E = R% x R? is also often called a second order system by opposition
to the first order systems when E = R%. Note that when ¢ = 0, the limit
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Equation (12) is the renowned Vlasov equation which is historically one of the
first and most important models in plasma physics and celestial mechanics.
In the following, we will nevertheless most often consider stochastic models
although some of the results still apply in this deterministic case (in partic-
ular the important Theorem II-3.1). For a detailed account of the Vlasov
equation in this context, we refer to the review article [97]. Several examples
of stochastic kinetic particle systems are given in Section 11-5.2.2 which deals
with swarming models. For instance, the (stochastic) Cucker-Smale model
[51, 93, 38, 42] describes a system of bird-like particles which interact by
aligning their velocities to the ones of their neighbours:

AV = = S K(X] ~ XNV~ V)t + 0dB;,
J#i
where o > 0 is a noise parameter and K : Ry — R, is a smooth nonnegative
function vanishing at infinity which models the vision of the particles. Other
classical models of this form include the attraction-repulsion models [70, 41]
or the stochastic Vicsek models [62, 60, 61].

4. The general case (9), where b and o have a possibly nonlinear dependence on
1 can be extended to even more general cases. A simple extension is the case
of time-dependent functions b and 0. They may also be random themselves
and the x and p arguments may be replaced respectively by a full trajectory
on C([0,T],R%) and a pathwise probability distribution on P(C([0, T], R%)).
The most general setting is thus:

b:[0,T] x Q x C([0,T],RY) x P(C([0,T],R%)) — R<.

Such cases may be very difficult to handle but have recently been used in
the theory of mean-field games [30, 108, 36, 37, 29]. Under strong Lipschitz
assumptions (in the appropriate topology), some very general results can be
obtained by a relatively simple adaptation of the proofs valid in the linear case
(see Section I1-3.6.1). For more general systems, we will only briefly mention
some existing results in Section [1-3.6.2 and Section 11-3.6.3.

Remark 6 (Martingale measures). Starting from an arbitrary nonlinear Fokker-
Planck with operator (10), one may wonder if it can always be written (at least
formally) as the limit of a particle system. The McKean-Vlasov diffusion posi-
tively answers when the diffusion matrix in the Fokker-Planck equation is of the
form a(x, p) = o(x, p)o(z, ). For more general matrices a, the situation is more
complicated. For instance the Landau equation would correspond to a matrix of
the form a(x, ) = [zao(2,y)o(x,y) u(dy). In this case, the problem has been
studied with a stochastic point of view in [82] and later in [128] and [77] where
an explicit approximating particle system is given (see also Section 11-5.1.4). The
N-particle system is characterised as the solution of a system of N SDEs similar
to (11) but where the N Brownian motions are replaced by N martingale measures
with intensity p XN (dy) ® dt. The notion of martingale measure which originates in
the Stochastic PDE literature is studied for instance in [74]. Except for the cases
investigated in the aforementioned works and although it seems to generalise many
of the models presented in this review, there is, to the best of our knowledge, no
general theory of propagation of chaos for particle systems driven by martingale
measures.
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2.2.3. Mean-field jump processes and PDMPs. In this section E is any Polish space.
Let us be given a family of probability measures called the jump measures:
P:EXP(E)—PE), (z,u) = P,(x,dy),
and a positive function, called the jump rate:
A EXP(E) =Ry, (z,p0) — Mz, 1),

For a given pu € P(FE) the following generator is the generator of a pure jump
process:

Lp(@) = Mo) [ {o(0) = @)} Puta,dy).
We will also consider the case of a PDMP when

Lup(e) = a- Vi(z) + Az, 1) /E (o) — ()} P, dy), (16)

where, with a slight abuse of notation, a-V denotes the transport flow associated to a
function a : E — E. Using the family of generators (16), the N-particle system with
mean-field generator (6) can be constructed as follows (see [66, Theorem 13.2.5]).

e To each particle ¢ € {1,..., N} is attached a Poisson clock with jump rate
)\(uXtN,Xti). The jump times of particle i are denoted by (7}),. The jump
times can be constructed recursively by taking T¢ = 0 and

t
T, = inf{t > wa/

Ti

n

A(py, X1)ds > B},

where the random variables (EY),>o are i.i.d. and distributed according to
an exponential law with parameter 1.
e Between two jump times, the motion of a particle is purely deterministic:

vneN, Vte [T, T, .,), dX;=a(X})dt, (17)
e At each time T, a new state is sampled from the jump measure on E:
Xy ~ Py, (X;i,,dy) € P(E). (18)
-

One expects that in the limit N — 400, the law f; of a particle will satisfy the
evolution equation (7) which, in this case, reads:

G = (e Va4 [ Mef)et) - @) Pu o dn)fldo). (19

for all ¢ € Cy(E). Two important cases are given in the following examples.

Example 2 (Nanbu particle system). Let us take a = 0 and A = 1 for simplicity.
When the jump measure is linear in p, i.e. is of the form:

Puledy) = [ 0w,z dy)u(dz),
zelR
where T : E x E — P(E), then the mean-field generator (6) describes a N-
particle system where at each jump, a particle with state x chooses uniformly an-
other particle, say which has a state z, and sample a new state according to the
law T (x, z,dy). In [89], this particle system is called a Nanbu particle system
in honour of Nanbu who introduced a similar system in [135] and used it as an
approximation scheme for the Boltzmann equation of rarefied gas dynamics (38).
This equation will be described more thoroughly in Section 2.3.3. When I'™) is
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an abstract law, the associated mean-field jump particle system generalizes the one
introduced by Nanbu and the limit equation is the following general Boltzmann
equation (written in weak form):

a 1
GUeel = [ T ) flde) £1(d2) = (i),

for all ¢ € Cy(E). A more classical derivation of the general Boltzmann equation
will be given in Section 2.3 and the subsequent Example 7 provides an alternative
point of view on the Nanbu particle system.

Example 3 (BGK type model). In kinetic theory the state space is £ = R? x RY
and the N particles are given by Z! = (X}, V}') with X/ the position and V; the
velocity of particle i at time t. Without external force, it is natural to expect that
the particles evolve deterministically and continuously between two jumps as

dX! =Vidt, dV}=0.

Moreover, the post-jump distribution and the jump rate often do not depend specif-
ically on the pre-jump velocity of the jumping particle but only on its position and
on the distribution of particles. Thus we take:

P,((z,v),dz’,dv") = 6,(da’) @ A}, (v")dV',

where given u € P(E) and z € RY, .4, , is a probability density function. In this
case, Equation (7) becomes:

o) = o Vaght [ Miad el ol o)} o) fde o),

and its strong form reads:

Oufilw,v) + v+ Vo fulw,0) = Xw, f2) (s, (@) M,0(0) = ful,0)),
where the spatial density of the particles at time ¢ is defined by:

pr () = / fi(x,v)dv.
Rd
When .#;, . is the Maxwellian distribution

Py v —ul?
% T = )
1ool0) = g o (U5
with (pfu, prlul® + psT) = [ga(v,|v]?)fe(x,v)dv, then this equation is called the
Bhatnagar-Gross-Krook (BGK) equation [15]. It is used in mathematical physics
as a simplified model of rarefied gas dynamics (for a detailed account of the subject,
we refer the interested reader to the reviews [58] and [159] or to the book [45]).

In this review, we found useful to distinguish a class of mean-field jump models
that we call parametric models which are defined by a jump measure of the form

Pu(z,dy) = (w(w, -)#V) (dy),
where v € P(0) is a probability measure on a fixed parameter space © and
Y:EXPE)xO — E.
In this case, for all test function ¢ € Cy(E),

/ o(y) P, dy) = / o ((z, 11,6))1(dO).
E ©
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The N-particle process associated to a parametric model admits a SDE represen-
tation using the formalism of Poisson randon measure which is briefly recalled in
Appendix A.7.

Example 4 (SDE representation for parametric models). Let us assume for all
6 € O, the function ¥(-,-,6) : E x P(E) — E is Lipschitz for the distance on E
and the Wasserstein-1 distance on P(E), with a Lipschitz constant L(6) > 0 and
a function L € LL(©). This (classical) hypothesis will ensure the wellposedness of
the SDE representations of both the particle system and its nonlinear limit, see [4,
Section 3.1] and [87, Theorem 1.2 and Theorem 2.1].

To each particle ¢ € {1,...,N} is attached an independent Poisson random
measures N(ds, du, df) on [0, +00) x [0, +00) x © with intensity measure ds @ du®
v(df) where dt and du denote the Lebesgue measure. The N independent random
measures A? play a comparable role to the N independent Brownian motions which
define a McKean-Vlasov diffusion in (11). In the present case, the mean-field jump
N-particle process is the solution of the following system of SDEs driven by the
measures A

t
X;‘:X3+/ a(XHds
0

+/Ot /OJrOO/@ {¢<X277MXSJ\L,9) _X;}]I(O”\(X;MXSN_)}(U) Ni(dS,du,dH),
(20)

Remark 7. Parametric models are reminiscent but different from the so-called
disordered models where random i.i.d. parameters §° (called disorder) are attached
to each particle. For these models, various notions of propagation of chaos can
be defined, for instance one can prove a classical propagation of chaos result for
each realization of the disorder (quenched behavior) or the convergence of the joint
empirical measure of the processes and the disorder (quenched averaged behavior).
These problems are of particular interest from the point of view of Large Deviations.
The main case of application is the renowned Kuramoto model [1, 120, 52] which
will be briefly discussed in Section 11-5.2.1.

In neurosciences, the variable X} represents the membrane potential of a neuron
indexed by ¢ at time ¢ and the Poisson random measures model the interactions
between the neurons due to the chemical synapses. A random jump is called a spike.
In the model introduced by [79], the effect of the spikes is to reset the potential of
the membrane to a fixed value, fixed to 0. In Equation (20) this corresponds to the
simple case where X} € R, and 1 = 0. Note that in this particular case there is
no need to consider a parameter space © and N is a Poisson random measures on
[0, +00) X [0,400) only. Note that in [79], the deterministic drift a = a(z, 1) also
depends on the empirical measure of the system: it models the effect of electrical
synapses which tends to relax the membrane potential of the neurons towards the
average potential of the system. An additional interaction mechanism is described
in the subsequent example.

Example 5 (Simultaneous jumps). The neurons models [57, 79, 4] extend the
(parametric) mean-field jump model (20) to allow simultaneous jumps at each jump
time 7. It models the effect that at each spiking event of a neuron i, the membrane
potential of all the other neurons j # ¢ is also increased by a small amplitude.
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In the parametric setting with £ = R? (or more generally when E has a vector
space structure), the mean-field jump model with simultaneous jumps is a defined
by the following objects.

e The jump rate function:
Ai(z,p) € EXP(E) = Aa,p) € Ry

e A symmetric probability measure vy on the N-fold product of the parameter
space ©~. We also assume that there exists a symmetric probability measure
on ON such that vy coincides with the projection of v on the first N coor-
dinates. This assumption is natural to be able to take the limit N — +o0.
In [4], the parameter space is © = [0, 1].

e The main jump measure

Py (z,dy) = (w(:mu, -)#V) (dy),
where
Y EXPE)xO = E, (x,p,0)—z+ oz, pu,b),

and a: E x P(E) x © — F is the jump amplitude.
e The collateral jump measures

PN (@,2,dy) = (5% (2,21, ) g2 ) (dy),

where

~ 01,6
GV EXExPE)x 0> 5 B, (.2 1,601,05) — x + W
and & : E x E x P(E) x ©% — F is the collateral jump amplitude. It satisfies
a(x,z,p,01,602) = 0 for all x € E, p € P(E) and 61,02 € ©. In [79], the
amplitude is fixed a(z, z, u,01,02) = 1 for x # 2.
The N-particle process can be defined as before by an algorithmic description. At
each time T?, a parameter § ~ vy is drawn and then the state of particle i is
updated by adding the jump amplitude

«Q (X;w 5 MxNvi 5 07}> .
n T

But in this case, at time T, all the other particles j # i also jumps by the amplitude

~ J i . 0.
@ (XT:;/_ ) X;-‘zf ] /J“X;Yli 76_]7 01)

n

N

When the parameters o, & satisfy the Lipschitz integrability conditions of [4, Section
3.1], a SDE representation of the particle system can also be given. As before, let
Ni(ds,du,df) be a set of N independent Poisson random measures on [0, +00) x
[0, +00) x ON with intensity ds ® du ® v, where ds and du denote the Lebesgue
measure. The SDE respresentation of the N-particle system is given by the following
system of SDEs:

n

t
X;‘:X5'+/ a(X!)ds
0

+/0t /O+°<> /@N {’lp(Xé—thsf\i,ai) Xé_}]l(o,k(x;_ﬁuxiv)](“) N (ds, du, d6)
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+;/Ot/o+oo/@N {JN(X;,X‘Z,,MXS@,GZ-,QJ) —X;,}x

)] (u) N7 (ds, du, db).
(21)

Compared to the previous framework, in addition to the main jump operator
(16), each particle is also subject to the collateral jump generator defined for all
p € Cp(F) and z € E by:

PNo(z) = N // e o) — o@}BY (@ 2 dy)u(dz).  (22)
ExFE

Note that this generator depends on NN but it satisfies the weak limit: for all
p€ CHE),z€Fand ue PE),

ENota) 2 Lu@)i= [[ Aoz 00,00) Vola)n(dz)oa(d, a6o).
N—+o00 Ex©2

The N-particle system is thus defined by the mean-field generator (6) which takes

the form:

N
Von € Co(EN), Loy = {Lu o on + Ly o; SON}~

i=1

In the limit N — 400, the nonlinear evolution equation (7) is expected to become:

Vo€ CUE), Ll = (L) + (o Lne)

Note that this is the equation satisfied by the law of the solution of the following
nonlinear SDE:

¢
X = Xo +/ a(X)ds
0

t pdoo o
i /0 /0 /@N (X S, el)l(o,x(yr J2)] (u) N(ds,du,do)

t
+ /O / [E M LR o, O0) (A, ), (23)

with Law(X ) = fs. In the last equation, N(ds, du,d) is a Poisson random mea-
sure on [0, 4+00) x [0, 4+00) x O with intensity ds ® du ® v(df) where ds and du
denote the Lebesgue measure.

Mean-field jump processes and PDMPs are not so common in the literature
compared to the McKean-Vlasov diffusion models or the Boltzmann models (Sec-
tion 2.3). The Nanbu particle system serves as a simplified Boltzmann model (see
Example 7). Mean-field jump processes can also be used as an approximation of a
McKean-Vlasov diffusion. Since the dynamics only relies on a sampling mechanism
on the state space E, compared to diffusion processes, it allows more flexibility
and avoids some technicalities for instance when E has a more complex geometrical
structure, typically when E is a manifold. In applications, mean-field jump pro-
cesses model a motion called run and tumble which is classical in the study of the
dynamics of populations of bacteria. As already mentioned, Example 5 corresponds
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to a toy example of neuron model. More realistic examples often consider a combi-
nation of (simultaneous) jumps and a diffusive behaviour, see [4] and the references
therein. The nonlinear martingale problem associated to mixed jump-diffusion mod-
els is studied in [88] where the wellposedness is proved under classical Lipschitz and
boundedness assumptions on the parameters (see also Section 11-3.3). Other neuron
models based on a mean-field jump process will be described in Section [1-5.2.3.

2.3. Boltzmann models.

2.3.1. General form. Given a Polish space E, a Boltzmann model is a N-particle
system with an infinitesimal generator acting on ¢n € Cy(E™) of the form:

N
1
Lyoy =Y LW ooy + i > L® o 0N, (24)
i=1 i<j
where on = pn(zt,...,2Y) is a test function on the product space EV. The op-

erator L(?) acts on two-variable test functions and stands for binary interactions
between particles. The operator L(}) acts on one-variable test functions and de-
scribes the individual flow of each particle (and possibly the boundary conditions).

More explicitly, let us recall the notations, for (z!,...,2") € EN and i < j,
LW o, on(2, ..., 2") = L™ [u = oon(2h 2T e L ,ZN)] (2"
and
L® oy on (2t ..., 2")
=L® [(u,0) = on (", 27, 2T T ,zN)] (2%, 27).

These models are called Boltzmann models in reference to the famous Boltzmann
equation of rarefied gas dynamics which is a fundamental equation for mathemati-
cians, physicists and philosophers. It will be explained at the end of this section
(see Equation (38)) how it can be obtained as the limit of a general particle sys-
tem of the form (24). The specificity of Boltzmann models is that the particles
interact only at random times by pair and not individually with an average of all
the other particles as in mean-field models. In full generality, the state space F
is an abstract space. In classical kinetic theory, E = R% x R? is the phase space
of positions and velocities and two particles interact when they are close enough:
they are said to collide and by analogy, we will keep this terminology to refer to an
interaction between two particles even in an abstract space. In addition to these
pairwise interactions, each particle is also subject to an individual flow prescribed
by the operator L(!). Typical examples in kinetic theory include

e (Free transport) LM p(z,v) = v - V,p,

e (Space diffusion) LM p(z,v) = Agp.

e (Velocity diffusion) LM p(z,v) = A, .
When two particles collide, the effect of the collision is prescribed by the operator
L. In kinetic theory, this operator acts on the velocity variable only but in
full generality, in an abstract space F, it will be assumed to satisfy the following
assumptions.

Assumption 1. The operator L'?) satisfies the following properties.
(1) The domain of the operator L) is Cy(E?).
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(2) There exist a continuous map called the post-collisional distribution
T® . (21,2) € Ex Ews T3 (2, 29,dz},dzb) € P(E x E),
and a symmetric function called the collision rate
Ai(2z1,22) € EX Ew Az1,22) € Ry,
such that for all go € Cy(E?) and all 21,22 € E,

L® (21, 7) = A1, 22) / / {022}, ) — pa(1, 22) TP (21, 22, 42, d25). (25)
ExE

(8) For all z1,2z9 € E, the post-collisional distribution is symmetric in the sense
that
T® (21, 29,d2}, d2h) = TP (29, 21, d2h, d2)). (26)
(4) The function X\ is measurable on {(21,22) € E?, 21 # 22} and for all z € E,
A(z,2) =0.

Remark 8. The assumption that A is a (measurable) function prevents from
considering the true classical Boltzmann inhomogeneous case in kinetic theory
A(z1, 22) = 0z,=a, (that is, two particles collide when they are exactly at the same
position), which is beyond the scope of this review (see however Example 15). The
collision rate is often assumed to be uniformly bounded

sup A(z1,22) < A < o0.
z1,22€E

This cutoff assumption is unfortunately not physically relevant for many models
where an infinite number of collisions may happen in finite time.

Note that when E' is a locally compact Polish space, the Riesz-Markov-Kakutani
theorem states that any linear operator on the space of two-variable test functions
in C.(E x E) can be written in the form (25). The third assumption ensures that
the law f/ defined by the backward Kolmogorov equation remains symmetric for
all time provided that f& is symmetric. This follows from the observation that
under (26), the action of any transposition 7 € Gy on Cy(EY) commutes with £y:

Tﬁl,CNT =Ln.

Example 6 (Jump amplitude). When E = R? (or more generally when E has
a vector space structure), the interaction law I'® is often given in terms of jump
amplitudes. Given the law I'®) of the jump amplitudes of the form:

T® : (21, 29) € R x R? s TP (24, 25, dh, dk) € P(R? x RY),
the post-collisional law I'®) is the image measure of '@ by the translation
(h,k) € RT x R+ (21 + h, 20 + k) € RY x RY,
so that

//R2 y ©a(2), 25T P) (21, 29, d2}, dzb)
X

- //d a p2(21+ h, 22 + k)f@)(zh 2o, dh, dk).
RIxR

This is the case investigated in [127, 89].
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The N-particle generator can be interpreted as a generator of a Piecewise Deter-
ministic Markov Process in the space EY. Consequently, and similarly to the case
of a mean-field PDMP process (Section 2.2.3), following [66, Chapters 12 and 13,
Theorem 13.2.5], a simple N-particle process with generator £y of the form (24) is
given in the following proposition.

Proposition 2. Let ZN = (Z},...,ZN) be the N-particle process defined by the
three following rules.
(i) For each (unordered) pair of particles (i,7), consider an independent non ho-
mogeneous Poisson process with rate N(Zi, Z1)/N. The jump times (T/7), can
be constructed recursively by taking ng =0 and

o1t o g
—inf{t>77, — [ \zizZ])ds > B},
N T

T
where (E¥),, are i.i.d. random variables which follow an exponential law with
parameter 1.

(i) Between two jump times, the particles evolve independently according to LW,
(iii) At each jump time T of a pair (i,7), update the states of the particles by:

) ~T® (Zi

g
(i) Z

i i
(ZT?L-” 2 (T3)

i dzl,dz). (27)

Then the generator of (ZN), is Ln given by (2/) under Assumption 1.

Note that if A(z1, 22) remains of order 1, the factor 1/N on the right-hand side
of (24) ensures that any particle undergoes on average O(1) collisions per unit of
time, which is crucial to take the limit N — +oc0. Let us now describe what this
limit may look like. Ultimately, the goal is to describe the limiting behaviour of
the one-particle distribution function ftl’N. More generally, taking a test function
of the form

PN =Ps @ 1N_Sa
for s < N and s € Cy(E?), the weak Liouville equation (1) becomes:

S

d s s 1 s
&U}’NWQ:Z<ft’N,L(1)<>isos>+N DN LD 05 04)

i=1 1<i<j<s

N — 5, s
N Z(ft +1’N7L(2) <>'i,s+1 (SOS (9 1)>
i=1

+

This equation is not closed and involves the (s + 1)-marginal. This hierarchy of
equations is called the BBGKY hierarchy (see Section 3.2.1). The nonlinear model
associated to the Boltzmann particle system is obtained by taking the closure:
Vt>0,3f, € P(E),VseN, foN — fP*, (28)
N —+o0
which is called the chaos assumption. The fundamental question in this review is to
justify when this property holds. If the chaos assumption holds, then taking s = 1
in the Liouville equation shows formally that the one-particle distribution converges
towards the weak measure solution f of:

o) = Ui IO%) + (2 L (@ 1),
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which is called the general Boltzmann equation. Using Assumption 1, this equation
can be rewritten

) = (0 L)

+ [ Me ) = o)} T (120,051, Vi) fldz), - (29)

or in a more symmetric form, using (26):
d
— LM
dt<ft7<ﬂ> (fes ®)

43 [ Mmool — o) el I (o, 22,051, ) (o) o)
E4 (30)

All the Boltzmann type equations in this review are special instances of this gen-
eral equation for a specific choice of X\ and I'?. Note that the general Boltzmann
equation (29) is written in weak form. Examples of I'® which lead to more classi-
cal Boltzmann type equations used in the modelling of rarefied gas dynamics and
written in strong form are given in Section 2.3.3. Here, we can only formally write
the dual version of (29):

Ocfr = L(l)*ft + Q(ft, fr),

where @ is called the collision operator which is a (symmetric) quadratic operator
on P(E) x P(E) = M(FE), defined weakly, for ¢ € Cy(E), by:

(Qp1,s p2), p) =
1

5/}34 A1, 22){0(21) +0(2) —p(21) = 9(22) T (21, 29, d2] , dzh)pa (d1 ) o (dz).
Example 7 (Nanbu particle system, continuation of Example 2). The general
Boltzmann equation (29) only depends on the marginals of I'®. In other words,
the detail of the interaction mechanism at the particle level is lost in the limit.
As a consequence, one can construct different mechanisms which lead to the same
Boltzmann equation. For instance, let the marginal of I'®) be denoted by:

Y(z1,29) € E?, F(l)(zl,z%dzi) = F(Q)(zl,z'g,dzi,E).

Let us consider the new post-collisional law:

T® (21, 20,d2}, dz})
1 (1) / ! (1) ! !
=3 (F (21,22,d2]) ® 0., (dzg) + T (29, 21,d25) ® d,, (dzl)) )

and let us denote by £y the new corresponding N-particle generator (with L)
unchanged). This is the generator associated to a particle system such that when a
collision occurs, only one particle among the two updates its state (according to the
law T'M)) while the state of the other particle remains unchanged. Such mechanism
is called a Nanbu interaction mechansim following the terminology of [89, 135].
Nevertheless, one can check that the Boltzmann equation associated to this process
is exactly (29) with an interaction rate A replaced by A/2. In the limit N — +oo,
one cannot distinguish this system from the system where both the particles update
their states after a collision.



PROPAGATION OF CHAOS: A REVIEW 1 27

Note that as explained in Example 2 the Nanbu particle system is also a special
case of a mean-field jump process (see Section 2.2.3) with:

Az, 1) //\zz (dz") = (A xp)(2),

and
Lo Me, 200 (2, 2", d2")a(d=")

Jorep Mz 2 ul(dz")

The two following examples are two variants of the Boltzmann model.

P,(z,d2") =

Example 8 (External clock). The authors of [34] consider a model where the time
between two collisions is given by a Poisson process with fixed rate AN, A > 0,
independently of the particles. When a collision occurs, the pair (i,j) of particles
which interact is chosen among all the pairs of particles with probability p; ; zM),
normalised so that for all ZV ¢ EV

> pi(2N) =

i<j
In this case,

Lyen(2N) = Aszi,j(ZN)L(Q) o5 on(ZN).
i<j

The situation differs from the previous case where a collision rate is attached to each
pair of particles and no normalisation constraint is imposed. Dropping the normal-
isation constraint and taking p; ;(ZV) = MN(Z*%, Z7)/A would give exactly (24). In

the case
2

N(N —-1)’

that is when all the pairs are chosen with the same probability, then the situation is
equivalent to the previous case with all the collision rates equal to the constant A.
In [34], propagation of chaos is proved in this case only. It is believable that propa-
gation of chaos does not hold when interactions are driven by a clock independent
of the particles.

Vi<j, pij(ZN)=

Example 9 (Non cutoff models). In this review, we made the choice to distinguish
the jump rate X and the post-collisional distribution T'®). An alternative choice in
the literature (see for instance [127]) is to consider A =1 and a collision kernel

I (21,20) € Ex E s T® (2, 25,d2},d2)) € MT(E x E),
which is a positive measure but not necessarily a probability distribution. The

collision rate X is thus directly encoded in the total mass of the collision kernel.
Two cases may happen, for given 21, zo € E, either

I'® (2,29, E,E) < 400

or
F(Z)(Zl,227E, E) = +oo.

The first case is called the cutoff case. This case is equivalent to the previous

case (24) with Assumption 1 and the following post-collisional law and collision

rate:

I'®) (2, 29,dz}, d25)

m(2) / AN
Iz, 22,2y, dz) = T (21,20, E,E) '

5\(21, ZQ) = 1—\(2)(217 292, E,E).




28 PROPAGATION OF CHAOS: A REVIEW 1

In the second case, called the non-cutoff case, the lack of integrability means that
there are an infinite number of collisions in finite time. Such system therefore
cannot be simulated by a particle system as in Proposition 2. Nevertheless it still
makes sense to consider the abstract Markov process defined by the generator L.
Non-cutoff models are historically important as explained in Section 2.3.3. Non-
cutoff models are often handled by approximating them by cutoff models. In this
review we implicitly consider cutoff models but we will occasionally specify when a
technique can be extended to non-cutoff cases.

The nonlinear limit can also be defined as the solution of a more general martin-
gale problem.

Definition 2.4 (Nonlinear Boltzmann martingale problem). Let T > 0 and f; €
P(E). We write I = [0,T]. We say that f; € P(D([0,T],E)) is a solution to
the nonlinear Boltzmann martingale problem with initial law fy when for any test
function ¢ € Dom (L"),

MY = o(Z,) — o(Zo) /0 (LD p(Z,) + K(Zo, f2)}ds,

is a fr-martingale, where (Z;); is the canonical process, fs = (Zs)xfr and for
weP(E)and 7 € E,

Koz, 1) := //E B A1, 22){0(21) — 0(21) TP (21, 22, d2] ) p(dz2).

Existence and uniqueness for the nonlinear Boltzmann martingale problem holds
under classical Lipschitz and boundedness assumptions on the parameters. It is a
special case of the model studied in [88]. Note that this martingale problem is also
a special case of the nonlinear mean-field martingale problem (Definition 2.3) with

Lup(z) = LW o(2) + Ko(z, ).
This translates the fact that the Boltzmann equation is obtained as the limit of
both the Boltzmann model and the Nanbu particle system which is a special case
of mean-field jump process.
We end this section with a classical useful proposition which states that when
the collision rate A is uniformly bounded, then the situation is essentially the same
as when it is constant.

Proposition 3 (Uniform clock trick). Assume that

sup  A(z1,22) < A < oo, (31)
z1,20€FE
and let (étN)t be the process defined by the three following rules.
(i) To each pair of particles is attached an independent Poisson process with rate
A/N.
(i) Between two jump times, the particles evolve independently according to LW,
(itt) When the clock of the pair (i,j) rings at time T;j, then the states of the
particles is updated with probability N(Z}, Z])/A by:
( T+Z;+) ~T® (Z;_,_ V2 ,dz, dz’2>7
ij ij k¥ ij

and with probability (1 — N(Zi, ZJ)/\), nothing happens (this case is called a
fictitious collision ).
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Then the law of (Z~tN)t is equal to the law of the process constructed in Proposition 2.

Proof. Let us compute the generator Ly of the process (Z{V),. It holds that

Lyon = ZLU)O oN + ZL Qij PN

z<]

with, given ¢y € Cy(E?),

1
L@y (21, 22) A/ n<>\(z1 ) (// o(2), 2502 )(21,227d21,d22))
0 E><E

1,2 sz o(21, 22)}d77 — Apa(21,22)
= A
A
=A X % // o (2], 2T P) (21, 29, d2}, dzh)
ExXE
Az, 2
+ A <]. — (12)> QDQ(Zl, 22) — AQDQ(Zl, 22)
= L(z)@Q(ZlaZQ),
and thus £x = Ly and the two processes are equal in law. O

2.3.2. Parametric Boltzmann models. In many applications, the post-collisional dis-
tribution is explicitly given as the image measure of a known parameter space (0, v)
endowed with a probability measure v (or a positive measure with infinite mass in
the non cutoff case). Analogously to the case of mean-field jump models (see Ex-
ample 4), in this review, we distinguish this particular class of models and we call
them parametric Boltzmann models.

Definition 2.5 (Parametric Boltzmann model). Let be given two measurable func-
tions

PV EXExO—=FE Ys:EXExO—E,
which satisfy the symmetry assumption
V(21,22) € B2, (1, 902) (21, 22, ) g = (Y2, 91) (22, 21, ) e (32)
Let the function ¥ be defined by
v:EXxEx0O — E? (21, 22,0) — (wl(zl,zg,0),1/12(21722,0)).

A parametric Boltzmann model with parameters (©,) is a Boltzmann model of
the form (24) with Assumption 1 and a post-collisional distribution of the form:

V(z1,20) € B2, T3 (21, 29,d2},dzb) = (21, 20, gy

The symmetry assumption (32) is the equivalent of (26) in this special case. In
particular, for any two-variable test function s € Cy(E?) and any (21, 22) € Ex E,

/ / a2, )T (21, 25, A2}, d2h) = / (1 (21, 22, 0), (1, 22, 0))(d0)
ExE ©

:/@@2(1/12(2’2,2179)71/)1(22,21,9))”((19)7

where the last equality follows from (32). A sufficient condition for (32) to hold is
the case investigated in [149] with:

’lp2<2§1722,9> = ’(/}1(227'2179)-
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In terms of particle systems, following Proposition 2, in a parametric model, when
a collision occurs, a parameter 8 ~ v is sampled first and then the states of the

particle is updated by:
(1, 21;) = (74, 21.00)

Example 10 (Symmetrization). Wagner [162] treats the case of particle systems

with a generator of the form: for zV = (2%,...,2Y) € EN and pn € Cy(EN),
Lyen(z ZL Yo;on(zY)
77 LA [ fon (@ (1.9)) — ow ()}, (3
#J

where X : E x E — Ry, Oisa parameter set endowed with a probability measure
7 and zV (i, j,0) is the N dimensional vector whose k component is equal to
26 0f k#£i,j
i, 5.0) =< i(2,20,0) if k=i |
o (28, 29,0) if k=3
for two given functions 1,1, : E X E x © — E. The main difference with the
generator (24) is that Wagner distinguishes the pairs (4, j) and (j,¢) while in (24)
we consider unordered pairs of particles but add the symmetry assumption (26).
Consequently, the double sum in (33) runs over all indices ¢, j = 1,..., N while in the

sum (24), it runs over the indices ¢ < j. Nevertheless, using a simple symmetrization
procedure, the model (33) fits into the previous general framework with

0 =0x[0,1, v(df) =(df) ® do,

where 6 = (9~, o) € O, do is the uniform probability measure on [0,1] and for
21,22 € E we define

S\(Zl, 22) =+ 5\(22, Zl)

)\(21,22) = 9 5
w1(21a2279):]1 Mwl(zl72279)+10>M’&2(2272179~)a
—2A(zl 29) 2X(z1,22)
Pa(21,22,0) =1 M¢2(217Z279) 1 Sere Y1(22,21,0).
—2>\(zl z9) 2X(z1,22)

One can check that the functions ¢; and v satisfy (32) and that the generator (24)
of the associated parametric model (Definition 2.5) is equal to (33). In this case,
the Boltzmann equation (29) reads

%(ft,go} = (ft,L(l)go) + %/(:) e {;\(21,22)@(1;1(21,2279~)) - 90(21)]
+ A2 20) [p(Ba(22, 21, 8)) = 9(0)] }2(8) fi(d1) fu(dza),

or equivalently after the change of variables (21, z2) — (22, 21),
d - _ . _ -
a(ft,ap) = (fr, LM y) + % /é><E2 )\(21722){80@/}1(21,22,9)) + o(Y2(21, 22,0))
— pl(21) = p(z2) }o(A) fi(dzn) fuldza). (34)
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The introductory section of [162] contains many examples of such models, in
particular models (in Russian) due to Leontovich in the 30’s and Skorokhod in the
80’s that we did not manage to find. A more recent example inspired by economic
models of wealth distribution [122] is given in [48]. The authors assume E = R with
LW =0,A=1,0=R*and

12)1 (Zlv 22, (La Ra Ea R)) = LZl + R227

and
’(/)2 (Zl, 22, (L, R, E, R)) = EZQ + RZl.

In this model, the state of a particle represents the wealth of an individual and
the parameters (L, R, L, R) specify how a trade between two individuals affect their
wealth. This model generalises a famous model due to Kac [104] which will be
discussed in the next section. From the modelling point of view, it is more natural
to use generators of the form (33); several additional examples will be given in
particular in Section [1-5.2.4 for socio-economic models. On the other hand, the
generator form (24) will simplify some computations in Section [I-4.

In the parametric framework, the particle system can be advantageously written
as the solution of a system of SDEs driven by Poisson measures. In a famous
article, Tanaka [153] proposed a SDE approach to study the nonlinear Boltzmann
system of rarefied gas dynamics (which will be presented in the next section). He
introduced a class of nonlinear SDEs driven by Poisson random measures which will
be described in Section 11-4.4. As we shall see, although it is relatively easy to write
a system of coupled SDEs which describes the particle system, its relationship with
Tanaka’s SDE is not completely straightfoward. Around the same time, Murata
[133] tackled the question and proved the propagation of chaos (for a specific model)
using a coupling argument between the two systems of SDEs. The idea is of course
reminiscent of the well-known McKean’s theorem and all the works reviewed in
Section I1-3.1 for McKean-Vlasov systems. Note however that Murata’s work is
among the first ones which use the very fruitful idea of coupling to prove propagation
of chaos. His argument is based on a clever but not so easy optimal coupling
argument which seems to have been largely forgotten in the subsequent literature. A
recent series of articles [81, 48, 49] has proposed a more contemporary point of view
on the question. The arguments are very similar to Murata’s but take advantage
of the development of the theory of optimal transport. Let us also mention that
these articles seem to be based on [77] which also introduces an optimal coupling
argument reminiscent of Murata’s but in a different context, namely the derivation
of the Landau equation from a system of interacting diffusion processes. We will
continue this discussion in Section [1-4.4.

Example 11 (Semi-parametric model). A natural extension of the parametric
model would consider a measure on © which depends on the state of the parti-
cles, for instance one can consider a post-collisional distribution of the form

// 4102(2’1’Zé)F(Q)(ZlaZ%dZiadZé)
ExXE

:/@cpg(@[}l(zl,z2,9),1/)2(,2172279))q(21,zg,9)u(d9) (35)

where for all z1, 20 € E, q(21, 22, ) is a probability density function with respect to
the measure v € MT(FE). Wagner [162] considered such model that will be called
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semi-parametric in this review. If there exists M > 0 and go(6) a probability density
function with respect to v such that

Vz1,22 € E,V0 €O, q(21,22,0) < Mqo(0), (36)

then the situation can be reduced to the parametric case thanks to an accept-reject
scheme similar to the one in Proposition 3. Namely in the extended parameter
space

6 =0 x0,1],
endowed with the probability measure go(6)df ® dn, let us define the function

) 21,22, 0),ha(21, 22, 0)) if n < LeL=20)
Horyza @)y = V1000 0C0 22 0) L0 < ity
(21, 22) i 0> S

Then up to a time rescaling ¢ — tM, the parametric model (é, 1/;) is equivalent in
law to the semi-parametric model. Note that (36) automatically holds when © is
compact and ¢ bounded.

2.3.3. Classical models in collisional kinetic theory. The foundations of kinetic the-
ory lie in the seminal work of Boltzmann and Maxwell who attempted to understand
the large scale behaviour of a gas of particles defined in the phase space £ = R?xR?
by their position and velocity. Many interactions mechanisms can be considered,
depending on the physical assumptions. The starting point is the Newton equations
satisfied by the N-particle system (Z),, fori € {1,..., N},

dX; ;

e VtN 37)
dvy . )

o = 2L vv(x! - xj)

Jj=1

where V' is a (smooth) repulsive potential, typically an inverse power law. Another
important system is the hard-sphere system which will be described in Example 15.
Without any other assumption, it is not clear that this set of equations defines
a binary collision process. In fact, it is more reminiscent of a mean-field system
without the (crucial) 1/N scaling in front of the sum. Boltzmann and Maxwell
considered the case of dilute gases (also called rarefied gas), that is gases where the
density of particles is so small that in the sum in (37), there is typically no more
than one non-zero term. The dynamics of each particle is therefore mainly driven
by the free transport until the particle comes very close to another particle which
induces a deviation of its trajectory (as well as the trajectory of the other particle)
depending on the potential V. During this process, everything is deterministic and
the only source of randomness comes from the initial condition. The probabilistic
interpretation presented in this section is due to Kac. Boltzmann derived the equa-
tion satisfied by the one-particle distribution when N — +4oc. In its most general
form, the Boltzmann equation of rarefied gas dynamics reads (in strong form):

O fe(w,v) +v-Vafy

:/ ) B(v—v*,a)(ft(x,v;)ft(x,v’)—ft(ac,v*)ft(x,v)>dv*da, (38)
v Jsas
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where
oo vt v, v — v
N 2 2
, vtve  |Jv—wvs| (39)
vl = —
* 2 2

are the post-collisional velocities. The parameter o € S¥~! is often called the scat-
tering angle. This transformation preserves energy and momentum. The function
B :R? x 8%t 5 R, is of the form

B(u, o) = &(|ul)X(0), (40)

with cos@ = B 6 € [0,m]. The function ® is called the velocity cross-section
and the function ¥ is called the angular cross-section. The function B is referred as
the collision kernel (in the literature, it is also sometimes called the cross-section).
It is customary to write B(u,0) = B(Jul,cosf). Depending on the choice of the
potential V| some of the most important collision kernels derived by Maxwell are
listed below.

e (Hard-sphere)

O(ful) = [ul, X(0) = 1. (41)
e (Inverse-power law potentials)
—(2d—-1
aul) = 7, =" D sy

and ¥ has a non-integrable singularity when § — 0, so that
/07T X(6)df = +oc0
e (Maxwell molecules)
D(|u]) =1, /O7T 2(0)df = +o0. (42)
o (Maxwell molecules with Grad’s cutoff)
D(|u]) =1, /07r 2(0)df < +o0. (43)

We will not go further into the description of the Boltzmann equation. The
interested reader will find a thorough discussion and analysis of these different
models in the reviews [159, 58] or in the classical books [43, 45]. We also mention
the book [44] which contains a very interesting biography of Ludwig Boltzmann as
well as a scientific discussion of the physics of his time and of his legacy.

This review is focused on the rigorous derivation of the Boltzmann equation from
a system of particles. On the right-hand side of (38), the variable x (position) only
appears as a parameter: this is the limit where collisions between two particles
happen only when the two particles are at the same position. From a mathemat-
ical point of view, this purely local interaction mechanism makes the derivation
very difficult if not impossible with stochastic tools (see [127]). A deterministic
example (Lanford’s theorem) is nevertheless given in Example 15 and Section II-
4.6. Apart from this result we will focus on simplified mechanisms: either spatially
homogeneous Kac models (Example 12 and Example 13) or kinetic mollified models
(Example 14). Both cases have a natural probabilistic interpretation which fits into
the framework of Section 2.3.1.
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Example 12 (Spatially homogeneous Boltzmann equation). In the case of a spa-
tially homogeneous problem, the difficulty due to the local interaction does not
appear. In this case the spatially-homogeneous Boltzmann equation of rarefied gas
dynamics describes a gas of particles defined by their velocity only:

osto = [ [ Bu—o.o)(AEDAE) ~ RS0 dude, (@)

This last equation can be shown to be the strong form of the Boltzmann equa-
tion (29) with a parametric post-collisional distribution given by the cross-section B.
The N-particle stochastic process associated to this equation is given by Proposi-
tion 2. More precisely, the (spatially-homogeneous) hard-sphere model and the
(spatially-homogeneous) model of Maxwell molecules with Grad’s cutoff fit into the
framework of Section 2.3.2 with:

7/’1(070*,9):”/» wQ(va*ae):,U;a

and

Ao, v) = B[ — va)) /Oﬂ ()6,

b))
I'(v,v,,d?, dv,, dvl) = ¥ (v, vs, - —— .
( ) = (0,0, )4 <f0 E(W)
To be more precise, with this particular choice of the parameters, the weak-form of
the general Boltzmann equation (30) reads:

d
a<ft7(p>

1
-5/ [ +0() —0(v) — 0(02) } o(0) (02 B(o — 01, 0)dvdv, do
R XR4xS§d—1
The strong form (44) is obtained thanks to the following classical involutive unit
Jacobian changes of variables which allow to exchange (v,v,) and (v/,v)) :

(0, 04,0) = (0,00, K),  (0,00) = (04, 0),

A

with k& = (v—1v,)/|v—v,]| (see [159, Chapter 1, Section 4.5]). The collision kernel B
is invariant by these changes of variables so we can keep its arguments unchanged.

The non-cutoff cases are more difficult to handle due to the non-integrability of
the angular cross-section (see Example 9).

The following example describes the famous Kac model, which is a one dimen-
sional caricature of a gas of Maxwellian molecules. Beyond the relative simplicity
of the model, the seminal article of Kac [104] is of particular importance because it
introduces the mathematical definition of propagation of chaos.

Example 13 (Kac model). Within the framework of Section 2.3.2, the Kac model
is defined in F =R by L) =0 and the post-collisional distribution

//R i ©a(2), )T P (21, 29, d2}, dzh)
X
1 v

= by wa(2z1 €080 + 29806, —2z1 sin 6 + z5 cos 0)do
u —T
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and the collision rate \(z1, 22) = v = constant. Then the weak Boltzmann equation
becomes

et =g [[ [ totercost o sasing) = o)) fidon) o)

With the change of variable (with 6 fixed)
(21, 25) = (21 cos 0 + 29 8in 6, —z; sin 6 + 23 cos ),

followed by 6 — —6 (both changes of variable have unit jacobian), Kac obtained
the following equation in strong form:

o) = o= [ [ UGG = fia ez,
We refer the reader to [32, 129] for a thorough analysis and discussion of the Kac
model and its generalisations in kinetic theory. Keeping a collision rate A constant
the authors of [34] generalised the arguments of the proof of the propagation of chaos
to a larger class of models. This generalised result, that we will call Kac’s theorem,
will be discussed in Section [1-4.1. As already mentioned in Section 2.3.2, the Kac
model is also a special instance of the model studied in [48] within a framework
which will be described in Section [1-4.4.

The work of Kac had a very strong influence on the literature so that Boltz-
mann models with L) = 0 are sometimes called Kac models, or also homogeneous
Boltzmann models.

Example 14 (Mollified Boltzmann models). The interaction mechanism of a kinetic
particle system is said to be purely local when, within the framework of Section 2.3.1,
the collision rate is taken equal to

A(z1,v1), (22,v2)) = day 20+

This indicates that two particles interact if and only if they are exactly at the
same position. As explained in [127], the probabilistic interpretation of purely local
models is extremely difficult and one can rather consider the smoothened version:

A((w1,v1), (22,v2)) = K(|71 — 22]),

where K is a smooth mollifier with fixed radius (i.e. a non negative radial function
which tends to zero at infinity and which integrates to one). The post-collisional
distribution is unchanged and acts only on the velocity variable:

D) (21, 29,dz,,dzb) = T (01, vy, dv), dvh) @ 8y (d2)) @ b, (dahy).

This model is called a mollified Boltzmann model. Its probabilistic treatment is
discussed in [89] and [127]. Note that with a general state space E, all the models
in Section 2.3.1 and in particular the one in Proposition 2 are implicitly mollified
Boltzmann models. Most of the models reviewed in Section [1-4 are mollified models.
Purely local Boltzmann models can be recovered by letting the mollifier converge to
a Dirac delta K — §g (formally or with a quantitative control). Another example
of purely local Boltzmann model is the hard-sphere system defined in the next
Example 15.

Example 15 (Hard-sphere system). A hard-sphere is a spherical particle defined
by its position, its velocity and its diameter € > 0. Moreover, it is assumed that
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two hard-spheres cannot overlap. A system of N hard-spheres is thus defined on
the domain:

Dy = {ZN = (miavi)ie{l,...,N} € (Rd X Rd)N7 Vi 7é.]7 |‘TZ - xj| > 6}-

The dynamics of the hard-sphere system is a special degenerate case of (37) with
a vanishing potential but with an additional boundary condition which tells what
happens on the boundary of Dy, that is when two particles are at a distance €
(the term collision is here self-explanatory). The collision of two hard-spheres is
an elastic collision which preserves energy and momentum. Starting with a pair
of pre-collisional velocities (v, v7), writing down the conservation laws leads to the
following formula for the post-collisional velocities:

Vi* =t — i (v — )i
, L L (45)
pI* = pd 4 (yf — )i
where "I = (2! — 27) /|2 — 29| € S?71. This representation is not the same

as the representation (39) but it can be shown that they are actually equivalent
[159, Chapter 1, Section 4.6]. Pre-collisional means that (v’,v’) are such that
(v* —v7) -5 < 0. Tt can also be checked that the post-collisional velocities satisfy
(v™* —v7*) -7 > 0. Note that this transformation is an involution in the sense that
if (v? —v?) -5 > 0 (that is the v* and v/ are in a post-collisional configuration),
then (45) gives the pre-collisional velocities. Note also that this dynamical system
is completely deterministic.

The large scale behaviour when N — +o00 and € — 0 is given by the Boltzmann
equation (38) with the hard-sphere cross-section. Under the chaotic assumption
(28) at time ¢ = 0, Lanford’s theorem [110] states that in the Boltzmann-Grad limit
Ned=1 — 1, (28) also holds for later time. This scaling was introduced by Grad in
[86]. The proof of Lanford’s theorem is extremely difficult. We will briefly review
the main ideas in Section II-4.6. Our presentation will follow closely [83].
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3. Notions about chaos.

3.1. Topology reminders: metrics and convergence for probability mea-
sures. Since propagation of chaos is about the convergence of probability measures,
we first need to present the topological tools that will be constantly used in the fol-
lowing. The content of this section is fairly classical, most of the results specific to
our topic can be found in [94], see also [97, Section 3.4], [130, Section 2.5], [131, Sec-
tion 3] or [158]. A more general overview of the topology of the space of probability
measures can be found in the classical books [161, 16, 138].

3.1.1. Distances on the space of probability measures. Let (&,dg) be a Polish space.
For p > 1, a measure p in P(&) admits a finite p-th moment when there exists
To € & such that

Ex~plde(X,z0)"] == /gdg(m,xo)pu(dx) < 4o00.

This property does not depend on zy. The space of probability measures with finite
p-th moment is denoted by P,(&). The Wasserstein distance on Pp(&) will be the
most important one in the following.

Definition 3.1 (Wasserstein distances). For p > 1, the Wasserstein-p distance
between the probability measures p and v in P, (&) is defined by

1/p
W, p(p,v) :== inf / de(z,y)Pm(dz, dy) = inf E[dg(X, Y)p]l/p
’ m€l(pv) \Jexe Ken

where TI(u,v) is the set of all couplings of p and v, that is to say, the set of
probability measures on F x E with first and second marginals respectively equal
to pu and v.

The total variation distance can be understood as a Wasserstein-1 distance with
the trivial distance dg(x,y) = dy4-

Definition 3.2 (Total variation norm). The total variation distance between two
probability measures p and v in P (&) is defined by

e —v|rv =2 inf P(X #Y).
X~p
Y ~v

Since P(&) can be seen as a subset of the dual space Cp(&)*, natural strong
norms on P(&) are induced by usual norms on functional spaces. The following
proposition links these distances to dual norms:

Proposition 4 (Duality formulae). The total variation and Wasserstein-1 dis-

tances satisfy:
i vlry = Jip«{ [ etotan - [ ga(x)u(dm}

Waslp) = s { [ eman - [ etaptan}

lo(x) — ¢(y)]
P||Lip,dg = SUPp — -
lellLip,de P )

and

where



38 PROPAGATION OF CHAOS: A REVIEW 1

Proof. See [160, Theorem 1.14] O

Another important class of dual norms is given by the negative Sobolev norms
W=5P, Let us emphasize two special cases.

Definition 3.3 (Some negative Sobolev norms). When & = R? we define the
following norms.

e For yi,v € P(&) and s > &

e W GEGl

where [i is the Fourier transform of p.
e The dual norm of the Euclidean Lipschitz semi-norm

d¢
1+ 5

[ =vlw-1~ = sup (u—v,p)
HS"”WITOC <1

where the W Sobolev norm is [[¢||i1.0 = [|¢]lsc + |V co-

An important property of the negative Sobolev norm H~* is its polynomial
structure (see [94, Lemma 2.9]), in the sense that the definition of this norm only
involves the integration of some functions against tensor products of measures.

Lemma 3.4. The negative Sobolev norm H~°, s > d/2 on R satisfies for any
p,v € P(RY),

= vl = [ e =) ~ ) (da.dy) (16)
- /chz Oy(z —y)(v®? —v @ p)(dz, dy) (47)
B /de @, (x —y)(u — v)®*(da, dy), (48)

where () i= fue (14 |67

Remark 9. A similar distance has also been recently considered in particular in
the work of Serfaty [146] where it is called a modulated energy.

Proposition 5 (Comparison of distances). Assume the distance dg to be bounded.
The following uniform topological equivalences hold.

o The TV distance dominates the Wassertein-1 distance W7.

o || |lLip,ds 15 equivalent to || - |1 (see [94, Equations (2.4) and (2.5)]) and
this implies the same for Wy and || - ||w-1.« distances.

e The Wsy-distance dominates the W1 -distance, and for s > % the W1 -distance
dominates the square of the H~°-distance.

o For measures in Py(&) withp > 0 and s > 1, the H™*® distance dominates the
W1 distance up to a positive exponent.

o For measures in P, (&) withp > 2, the W1 -distance dominates the Wa-distance
up to a positive exrponent.

Proof. See [94, Lemma 2.1], which gives a quantitative version of this. O

Finally, let F = {¢*, k € N} be a countable and separating subset of C,(&) (see
Definition 3.7 below) and such that ||¢¥||oc < 1 for all k¥ € N. Then the following

expression defines a distance on P(E) for any p > 1
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+o0 1/p
Dp(p,v) == (Z %Iw -, s@’“>|”> : (49)

k=1
In the literature, the most encountered distances are D; and Dy which are used
as a convenient tool to metricise the notion of weak convergence defined below
(see Example 16). To conclude, we summarise the main cases of interest for the
Wasserstein distance and other related distances.

Definition 3.5. In problems related to propagation of chaos, the Wasserstein dis-
tances are often used in the following cases.

e When & = F is the state space of the particles, endowed with a distance dg,
we do not specify the dependency in dg:

WdE,p = Wp

When E = R9, the bounded moment assumption can be removed by using
the bounded distance dg(z,y) := inf(|x — yl, 1).
e When & = EF, k € N is a product space of the state space (F,dg), unless

otherwise specified we follow [94] and use the normalised distance: for x* =

(... 2F) and y* = (y',...,9"),

dpr (x*, y") =% Z dp(z',y")
and we simply write Wy _, , = W), When we use the non-normalised distance

JEk ,y ZdE

we write Wz . Wp. In the special case E = R? endowed with the Eu-
Bk
clidean norm, we will rather use the normalised distance,

k
1 )
e O B
i=1

and the non-normalised one

d

k
&, yh) = S — g,
i=1
so that /WV/Z?(,M, v) =kWp(p,v).
e The continuous path space & = C([0,T],.#) is endowed with the uniform
topology
de ((Xe)e, (V1)) := sup dz (X, V))
te[0,T
Two important cases are .# = E and .# = E* for k € N and is useful to note
that
c((0, 7], E*) ~ C([0, 7], E)"

e The Skorokhod space & = D([0,T],.%) is endowed with the Skorokhod dis-
tance (see Section A.2). It is often more convenient to use the uniform topol-
ogy although it does not make the space complete. However, as the uniform
topology is stronger than the Skorokhod topology, any estimate in Wasserstein
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distance for the uniform topology implies the same estimate for the Skorokhod
topology, see [4, Section 3].

e When & = P(.%) is a space of probability measures over a space .% which
is typically one of the aforementioned spaces, we will mainly encounter three
cases:

Wy = Ww,» Wp, == Wp, 1 Wre-s i = Wy o

3.1.2. Convergence in the space of probability measures. Since P(&) is a subset of
Cy(&)*, a weak topology is induced by the weak-x topology on Cy(&)*.

Definition 3.6. (Weak convergence) The weak convergence of a sequence of prob-
ability measures (un)n towards p € P(&) is defined as the related weak-x conver-
gence in Cy(&)*. More precisely, a sequence of probability measures (uy )y is said
to converge weakly towards p when
Vo € Co(&), (uns9) = (1)
—400

The corresponding topology is the weakest topology which makes the evaluation
maps v — (v, ) measurable. In probability theory, the related convergence for
pn-distributed random variables is also called convergence in law or convergence in
distribution (see for instance [16, Section 3]).

In many examples, the set of continuous bounded test functions is too large and it
is necessary to work with a smaller subspace, for instance the domain of a generator.
The minimal needed assumptions on a subspace of test functions are given by the
following definition (see [75, p.112]).

Definition 3.7 (Separating and convergence determining class). A subset F C
Cy(&) is called separating whenever for all u, v € P(&), the condition

Vo e F, ()= (e,
implies that u = v. The subset F is said to be convergence determining whenever
for any sequence (un)n in P(&) and p € P(&), the condition

Vo e F, (un,p) Nt {1 0),

implies that uy — p weakly. Note that a convergence determining set is also
separating (the converse is false in general).

Example 16. The following sets are convergence determining.

e By the Portmanteau theorem [16, Theorem 2.1}, the set UC,(&) of bounded
uniformly continuous functions on & is convergence determining (for any
equivalent metric on &).

e When & is locally compact, the space C.(&) of continuous functions with
compact support is convergence determining [75, Chapter 3, Proposition 4.4].
The space Cy(&) of continuous functions vanishing at infinity is thus also
convergence determining. Note that the space P(&) is not a closed subspace
of Ce(&)* (nor of Cy(&)*).

e When & is locally compact, the Stone-Weierstrass theorem implies that Cy(&)
is separable. Thus, any dense countable subset F = {©*, k € N} C Cy(&)
is convergence determining. Without loss of generality we can assume that
"o < 1 for all k € N. Consequently, the distance (49) metricises the weak-
convergence. Indeed, since each term of the series (49) is bounded by 27%, the
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convergence Dy, (un, 1) — 0 as N — +oo is equivalent to (pF, un) — (1, o*)
for all k € N. It is also possible to take ©* Lipschitz with a Lipschitz constant
bounded by 1 for all k € N and vanishing at infinity.

e In general Cy(&) is not separable so there is no obvious other countable con-
vergence determining set. There exists nevertheless another classical choice
when & is only separable. By a theorem due to Urysohn, any separable metric
space can be topologically imbedded in [0, 1] and it is therefore possible to
construct on & an equivalent metric dg which makes (&, CZg) a totally bounded
set. The completion & of this space is therefore compact and the set UC} (&)
under this metric is isomorphic to the set Cb(éB) which is separable since
& is compact (by Stone-Weierstrass theorem). In conclusion, there exists a
countable dense subset F = {¢*, k € N} in UC,(&). Up to replacing ¢ by
©*/||¢* |l one can assume that the ¢* are bounded by 1 and the distance
(49) thus metricises the weak convergence, see [138, Theorem 6.6] and [148,
Theorem 1.1.2]. Note that (P(&), D1) is separable and D; is equivalent to a
complete metric, see the remark which follows [148, Theorem 1.1.2] and [54,
Remark 3.2.2].

e Since the space Lip(&) is dense in the space Cy(&), the functions ¢ in the
above examples can be taken Lipschitz (with a Lipschitz constant bounded
by 1).

The weak convergence is thus metricised by a D; distance. Since this distance
is weaker than the Wasserstein-1 distance (it can be seen by Proposition 4), this
implies that the topology induced by the Wasserstein distance is stronger than the
topology induced by the weak convergence. The topology induced by the Wasser-
stein distance is described by the following theorem.

Theorem 3.8 (Wassertein topology). Let (&, dg) be a Polish space andp > 1. The
Wasserstein distance Wy, , metricises the weak convergence in P,(&), defined as
the convergence against bounded continuous test functions and the convergence of
the p-th moments.

Proof. [161, Theorem 6.9] O

In the following, an important case is the case & = P(E). Weak convergence of
measures in P(P(E)) is thus defined as the convergence against test functions in
Cy(P(E)). Their representation is not intuitive, except for linear test functions of
the kind g — (i, p) where ¢ belongs to Cy (E). The following results (stated in
a more probabilistic framework) show that these functions are sufficient to prove
weak convergence.

Proposition 6 (Measure-valued convergence in Wp,). Let Dy be a distance given
by (49) and Exzample 16 which metricises the weak convergence on P(E). Consider
a sequence (uy)n of P(E)-valued random variables and another random probability
measure . The following properties hold.
(i) If Wp, (Law(un),Law(p)) — 0 as N — 400 then (un)n converges in law
towards (.
(i) If El{un — p,0)] = 0 as N — +oo for all ¢ € UCy(E), then it holds that
Wp, (Law(un ), Law(u)) — 0 and (un)nN converges in law towards fi.

Proof. Let us recall [138, Theorem 6.1] that the space of bounded uniformly contin-
uous functions is convergence determining. Thus, let ® € C,(P(E)) be a function
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which is uniformly continuous for the metric D;. For any € > 0, there exists §(g) > 0
such that for any u,v € P(E),

Di(1,v) < 8(2) = [®() — D(v)] < e.
The first point then directly stems from the Markov inequality:

|(Law (pn) — Law(p), @) < E[®(un) — D(p)] < & + 2| @[ P(|2(un) — P(1)] = €)

2|2l
< ED .
<e+ 6(6) 1(MN7M)

Since this is true for any Law(py ), Law(p)-distributed random variables py, p this
finally gives

2||®
(Law(jux) — Law(yn), @)] < = + 200l
o(e)
and the conclusion follows. For the second point, using the expression (49) for
Dy (un, i), the monotonic convergence theorem gives

W, (Law (py), Law (1)),

+oo
1
WDl (La‘w(,uN)7 LaW(IUJ)) < Z Q?E‘ </U‘N - K ¢k>‘7
k=1

and then the dominated convergence theorem concludes the proof. O

Remark 10 (Comparison to Wy). For E locally compact, it has been proven at
the same time that

Wo, (Law(pn ), Law(p)) < sup  E[(un — p, 9)|.
lellLip<1

Since

sup  E[{(uny —p, o) SE| sup  [(un —p,9)|| =EWi(un, 1),
lellein<1 llplleip<1
this pinpoints, taking the infimum on the Law(uy), Law(u)-distributed random
variables ppn, p, that W; is stronger than Wp, and both are stronger than the
weak convergence on P(P(E)).

Corollary 1 (Sufficient conditions in a deterministic case). With the same assump-
tions as above, if u is a deterministic P(E)-valued random variable (i.e. Law(u) €
P(P(E)) is a Dirac mass), then the following assertions are equivalent.

(i) Wp, (Law(un), Law(u)) — 0 as N — 400
(ii) For all bounded uniformly continuous function ¢ on E, E|(uy — p, )| = 0 as
N — 4o0.

The second assertion is also equivalent to E|{ux — p, ¢)[*> — 0 as N — +oco for all
bounded uniformly continuous function ¢ on E.

Proof. The direct implication uses the fact Wp, metricises the convergence in law
of measure-valued random variables and that v — [(v — p, )| is continuous for the
weak-x topology on P(E) when p is deterministic. The converse implication is the
second point of the previous proposition. O

The previous results can be found in [63, Section 2] or in [158, Section 5,
Lemma 10] for an equivalent argument in £ = R?. In the previous lemma, only
linear test functions are used. This notion can be generalised by considering the
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algebra of polynomials on P(E). Its definition and main properties are stated in
the following lemma.

Lemma 3.9. Let E be a Polish space. For k € N and o, € Cy(E¥), the monomial
function of order k on P(E) is defined by:

Rﬂok : P(E) — R7 H = <H®k7$0k>-

The linear span of the set of monomial functions is called the algebra of polynomial
functions on P(E). The following properties hold.

(i) Every monomial is bounded and continuous on P(E) for the weak topology.
(ii) The algebra of polynomial functions is a convergence determining subset of
Cy(P(E)).
(iii) If E is compact then the algebra of polynomials is dense in Cy(P(E)).

Proof. (i) First it is clear that every monomial and thus every polynomial is
bounded. Let (un)n be a sequence in P(E) and p € P(E) such that uy — p
as N — +oo. For any k € N, and any tensorized test function ¢, € P! ®...®
©* € Cy(EF), it holds that

k
MN y Pk) H (un, e N_WX) <M®k,90k>~

Then using [75, Chapter 3, Proposition 4.6], the set Cy(E)®* C C,(E¥) is
convergence determining and thus u®k — u®% Tt implies that for all ¢, €
Cy(E®), Ry, (1in) — Ry, (1) and R, is therefore continuous.

(ii) From the first point, the algebra of polynomials is a subset of Cy(P(E)). Let
D; be a metric of the form (49) such that (P(E), D;) is a Polish space for a
metric Dy which is equivalent to D;. A set of functions F C Cy(P(E)) is said

to strongly separates points when for every u € P(E), and § > 0, there exists
a finite set {®!,... ®*¥} C F such that

f I (v) — d7 )
uDll(E y)>51glja§k| @) ()l >0

Since D; is equivalent to a complete metric, [75, Chapter 3, Theorem 4.5]
states that F is convergence determining if F strongly separates points. It
is thus enough to prove that the algebra of polynomial functions contains a
subset which strongly separates points. Let (), be the sequence of functions
in Cy(E) which defines D;. Then the set {R x, k € N} C Cy(P(E)) strongly
separates points. Indeed, let p € P(E), let § > 0 and let m € N be such that
27™ < §/4. For any v € P(E) such that Dy (p,v) > 4§, it holds that

> Ui e*) = (v, M) >

k=1

I\D\Oﬂ

and hence maxi<p<m | {1, ) — (v, *)| > §/(2m). The conclusion follows.
(iii) This follows from the Stone-Weierstrass theorem, since P(E) is compact in
this case.
O
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3.1.3. Entropic convergence. Powerful tools to compare measures are also given by
the Kullback-Leibler divergence, which is traditionally called the relative entropy in
our context, and the related Fisher information.

Definition 3.10 (Entropy, Fisher information and entropic convergence). Let &
be a Polish space. Given two probability measures u,v € P(&) (or more generally
two measures), the relative entropy is defined by

dv dv
H@W*[megﬁm>m“

where dv/du is the Radon-Nikodym derivative. When the two measures are mutu-
ally singular, by convention, the relative entropy is set to +oo (the same holds for
the Fisher information below). If moreover F is endowed with a smooth manifold
structure, the Fisher information can be defined as

I(v|p) :=/g Vlog (j:)

with the same conventions. These quantities are dimensionally super-additive,
equality being achieved only for tensorized distributions, in the sense that given
v € P(& x &) with marginals v1,vs € P(&) and u € P(&), then

H(v|p @ p) = H(vi|p) + H(vz|p),

equality being achieved if only if v = v ® v5. Moreover H(v|p) > 0 and H(v|u) =0
if and only if p = v. The entropic convergence of a sequence (uy)y in P(&)
towards p is defined by the convergence of the relative entropy:

2
dv,

H(un|p) Nt O

The relative entropy between two probability measures is also called the Kullback-
Leibler divergence.

Remark 11 (Towards dimension free quantities). For pu¥, v € P(EY), the nor-
malized entropy Hy (N [u) := L H(N|u™) can be handful, since it leads to
estimates which do not depend on N when N = u®" is tensorized; the same holds
for Wi (u®N,v®N) when W is defined using the normalized distance on EV, see
[94, Proposition 2.6]. An extension to random measures 7 € P(P(&)) is provided
in [94] setting H(7) = E,rH (v|p) for a given p € P(&).

The entropic convergence is stronger than the strongest distance.

Proposition 7 (Pinsker inequality). The following inequality implies that the en-
tropy convergence is stronger than the convergence in total variation norm:

e = vty < 2H(v|p). (50)
The link with the Wassertein-2 distance can be recovered through the following
proposition.

Proposition 8 (HWI inequality [137]). If dv = e~ Y@ dx is a probability measure
on R with finite second order moment, C?-reqularity for ¥ and D*¥ > Xy for
some real \, then for any u € P(RY) which is absolutely continuous with respect to
v, it holds that

H () < W, )/ T0T) — 513 ).
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Further results which link the relative entropy and the distances on P(&) will
be given in Section 4.4.3. The relative entropy will play an important role in Sec-
tion 4.4.2.

3.2. Representation of symmetric particle systems. This section introduces
the various points of view to describe a system of particles. So far, we have mainly
discussed the case of finite systems described by the N-particle distribution function
[ at time t. The first Section 3.2.1 will detail more of its properties. Then, as the
goal is to deal with the limit N — +o00, a framework for infinite particle systems is
needed, this will be described in Section 3.2.2.

3.2.1. Finite particle systems. Let N € N be a fixed finite number of particles. In
full generality, there is only one property of the N-particle distribution function that
is always true: at any time and for any of the models considered, it is a symmetric
probability measure on EV (the particle system is said to be exchangeable). Let us
therefore consider in this section a symmetric probability measure f~ € Pyym(EN)
(in a static framework, it does not depend on the time). There exist two main
representations of fV which are based on this symmetry assumption.

The marginal distributions and the BBGKY hierarchy. The symmetry assumption
implies that for any k < N, we can define the k-th marginal distribution on E* by:

Yor € Co(EY),  (f*N, 1) = (Y, 1, @ 19070,

and [N € Py (EF) is itself a symmetric probability measure. The N-th marginal
is of course the measure fV itself. However, keeping in mind that the final goal is
to take N — 400, one can consider for any fixed k € N the limit of f% in P(E¥),
which is not possible for fV directly since it belongs to a space which depends on N.
As we shall see in the following, it is often enough to treat the case k = 2.

In a dynamic framework, when f/¥ solves the Liouville equation (1), for each given
k € N, a natural idea is to derive an equation for the k-th marginal distribution by
considering a test function in (1) of the form oy = ¢}, ® 12N =F) with ¢, € Cy(EF).
For Boltzmann models, this computation as already been sketched in Section 2.3.1
and gave:

k
d 1
&< N o) = Z(ftk’N,L(l) i k) + N Z (FEN, LD o o1
i=1 1<i<j<k
k
N -k
oy Y L o (e @ 1) (51)
i=1

For mean-field systems, let us look at the special linear case:

Vo eF, Lup(x)= /E Lyo(y)p(dy),

where for any = € F, fg; is a Markov operator on F (such that for all ¢ € F and
y € E, the map x — L,p(y) is measurable). Then one can check similarly (using
the symmetry of f/) that the k-th marginal of the Liouville equation satisfies:

d k,N 1
Guten=-5 ¥ f

- Emz i Pk (ﬁi’j)ftk’N (ka)
1<i,j<k
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N -k 7 i k+1,N
+ N ; /Ek+l L$7 Oi SOk (X ,k+1)ft " (dxk+1)’ (52)

where we recall the notation x* = (z!,...,2%) € E¥ and for i < k, X/ denotes the
vector in E* where the i-th element is replaced by 7.

In both equations (51) and (52), the important point to notice is that the leading
term (in V) on the right-hand side depends on the (k + 1)-th marginal. Since f
depends on ft]C LN for any k < N, this gives a hierarchy of N equations, the N-th
one being the Liouville equation itself. This hierarchy is called the BBGKY hier-
archy, from the names of the mathematicians Bogolioubov, Born, Green, Kirkwood
and Yvon. It is more customary to write the BBGKY in the forward form. For the
classical Boltzmann model of Section 2.3.3, using the notations of (38) and (39),
the first equation of the hierarchy reads,

of; N (@, v) + v Va fy
_ N -1 2,N / / 2,N
= — B(v —wv,0)| i (z,vp,2,0") — f77 (2,04, 2,0) | dvedo.
N Rd JSd—1

We refer to the classical reference [45] for a more detailed derivation of the BBGKY
hierarchy associated to this model and to [33] for another class of Boltzmann models.

For the mean-field case, let us consider the diffusion operator in E = R? given
by:

Lop(y) = K(x,y) - Vyo(y) + Aye(y),
where K : R? x R? — R? is a symmetric function with K (z,2) = 0 for all z € R
Then the first equation of the BBGKY hierarchy in forward form reads:

@ﬁwujz_Nglvf{Hmegﬁ?W%@®}+AU?W@-

Note that in both cases, if
=N e (53)

then, up to the factor (N — 1)/N, the first marginal f" solves the nonlinear
limit problem, respectively the Boltzmann equation (38) and the Fokker-Planck
equation (12) (with b(z, u) = K % u(z) and o = v/2I4). The relation (53) is called a
closure assumption because under this assumption, the marginals (here the first one)
satisfy a closed equation. The question of Kac’s chaos and the propagation of chaos
is precisely to justify this closure assumption in the asymptotic limit N — +4oc0.
Indeed, the relation (53) is never true since it means that any two particles are
statistically independent (which is not the case since they interact).

The BBGKY hierarchy is useful only in the linear cases described above. For
general mean-field models with an operator L, which has a more complicated de-
pendence in p, it is not possible to derive a BBGKY hierarchy: this procedure would
only say that ftk N depends on the whole distribution f{¥ which is not informative.
For the Boltzmann model described above, the proof of the propagation of chaos
and the justification of the closure assumption (53) are reviewed in Section I1-4.6
(this result is the renown Lanford’s theorem). We also mention that, beyond prop-
agation of chaos, different closure assumptions than (53) can be considered as an
approximating procedure in a numerical perspective, see for instance [12] for the
mean-field model described above.
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The empirical measure. With a more probabilistic point of view, a symmetric mea-
sure fN € P(EVN) means that any system XN = (X1,...,XV) € EN of fN-
distributed random variables is invariant in law under any permutation of the
indexes. Such an exchangeable system is equivalently described by its (random)
empirical measure

N
1
pan = 4 ;5)0 € P(E), (54)

as this measure contains all the statistical information up to the particle numbering
(a quantitative version is stated in the Lemma 3.11 below). One can immediately see
the advantage of such representation: it is possible to work with only one element
which belongs to the fixed space P(E), in contrast to f¥ € P(EY) or to the N
marginal distributions. To be completely rigorous, one should work in the quotient
space EV /&, whose elements %V gather all the permutations of the vector x €
EN. There is the one to one mapping:

py  EN/Sy = Py(E), XN pyn, (55)

where Py (E) denotes the space of empirical measures of size N on E. Since py~ €
Pn(E) C P(E) is a random element, a somehow unfortunate complication arises for
the space of observables Cy,(P(E)): in this framework, test functions are continuous
bounded functions on (a subset of) the set of probability measures (endowed with
the weak topology). This is clearly more difficult to handle than usual test functions
on EN or EF.

Remark 12. Note that the two sets C,(EN /&) and Cy(Py(E)) are naturally
identified by taking the composition with the previous map. Moreover, since all
the measures considered are symmetric, integration on EV /&y is equivalent to
integration on EY. This is why, with a slight abuse, the test functions always
belong to C, (EN)

From the point of view of measure theory, the representation (54) means that the
law £V is replaced by its push-forward by the map (55) (seen as a map EV — P(E)),
defined by:

FY = (py)4fY € P(P(E)).

The following lemma shows that FV is enough to characterise f.

Lemma 3.11 (Approximation rate of marginals). For 1 < k < N, let the moment
measure F*N € P(E¥) be defined by:

Vo € Co(EX),  (FPN, o) = / (v, o) FN (dv).
P(E)

Then it holds that:
k(k—1)

N

Coming back to the probabilistic point of view, F¥ is the law of the random
measure gy~ where XV ~ f¥. The moment measures can thus be written

FPN = E[uPn],

ka’N - Fk’NHTv <2 (56)

where this expression is understood in the weak sense, for all ¢ € Cb(Ek),

(FRN o) = (E[uSh ], er) = E[{u$h, or)].
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Proof. Given a test function ¢, € Cy(E¥), using the symmetry of ¥~ it holds
that:

Exvnheoo) = [ (nZhon s (@x),
and .
<fk’N,<Pk> _ /EN b Z gpk(gja'(l)7...,Z‘U(k))fN(dXN).

oceGN
Consequently,

1
|<fk,N _EXNM§'§V7¢k>} < sup Il Z (pk(xa(l)7...,g:a(k)> — <Mf§£a<ﬂk>

xNeEN

€GN

Moreover,

1 1 ) )

o(l o(k _ i ik
N E (pk(x(),...,x())——Ak E cpk(x17...,:v")7
‘oeGy N i1yennyik
pairwise distinct

and

1 ) .
<u§z§7¢k>:m Z Qak(lev"'axzk)
i1

sl

1 . )
:W Z (pk(ajll,...,mlk)+Rk7N,

U100tk
pairwise distinct

where A% := N!/(N — k)!. The number of pairwise distinct tuples (xil, - ,xik)
of integers between 1 and N being A%, this leads |Ry x| < ||¢klloo(1 — A% /NF).
Consequently, using the same argument
Ak
<onlle (1- 5 ) -

1
ﬁ Z wk(xo-(l)a"'axo-(k)> - </J‘§J§790k>

- Nk
ceEGN

The conclusion follows by noticing that
Ak, E—1\"  k(k—1)
— 2] - — <
1 Nk — 1 (1 N ) - N

and using Proposition 4. O

This (elementary) lemma is known at least since [91] where it was used to prove
propagation of chaos (see Section 4.3). This lemma can also be seen as finite system
version of the de Finetti theorem, see [68, Theorem 13]. The case of infinite systems
is discussed in the following section. Note that the result of [68, Theorem 13] is
actually an ezistence result for a measure F¥ € P(P(FE)) which satisfies (56).
Finally the empirical measure map is an isometry for the Wasserstein distance as
shown in the following proposition.

Proposition 9 (Proposition 2.14 in [94]). Let f~, g™ be two symmetric probability
measures on EN and let FN = () f™ and GN = (uy)xg" be the associated
empirical law in P(P(E)). Then it holds that

Wl(fNagN) = Wl(FNaGN)-

This result also holds for the Wasserstein-2 distance [40, Lemma 11].
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3.2.2. Infinite particle systems and random measures. In the previous section, finite
exchangeable particle systems are described either by the marginal distributions or
by the empirical measure. In this section the framework to take the limit N — +o0
is presented. An infinite set of exchangeable random variables (X1, X2,...) is de-
scribed by one of the two following objects.
1. The infinite hierarchy of marginals distributions f* € Psym(E’“), k € N such
that
k= Law(yl7 . ,Yk).
They satisfy the compatibility relation: for every 1 < j <k,
Vioj € Cy(E7), (f*,0; @ 1%079)) = (f7,0;). (57)
In other words, the j-particle marginal of f* is f7.
2. The infinite sequence of random empirical measures of size N, N € N,

1 N
fxN = 57 Yo% (58)
i=1

The two representations are linked by the de Finetti and Hewitt-Savage theorems
stated below. Let us first state some preliminary useful results.

Given an infinite system of exchangeable particles (X*);>1, important measurable
events are given by two particular o-algebras.

Definition 3.12 (Symmetric and asymptotic o-algebras). Let Csym(EY) denote
the set of symmetric continuous R-valued functions on E which are invariant under
permutations of their arguments.
e The o-algebra of exchangeable events (i.e. events which do not depend on any
finite permutation of the X?) is defined by:

Soi= [V o (7 (@r (X, X5), o4 € Cu(E9)), XL X442, ),
k>1
where we recall that (X!, X2,...) is the o-algebra generated by the random
variables X1, X2, .. ..

e The asymptotic o-algebra (whose events do not depend on any finite number
of the X) is defined by:

A = () o (XF1, X542, ).
k>1

The fundamental result for exchangeable systems is the following proposition.

Proposition 10 ([117]). For exchangeable systems, the following equality holds
Soo = Aco-

Corollary 2 (Hewitt-Savage 0-1 law). In the special case where the X* are i.i.d.
variables (and then automatically exchangeable), then any event in the o-algebra S
or in the o-algebra A~ has measure 0 or 1. This is known as the Kolmogorov 0-1
law for As and the Hewitt-Savage 0-1 law for Sy .

Since the empirical measures (58) are random measures, a criteria for the con-
vergence in law in P(P(E)) is often needed; this motivate the following results. A
thorough discussion of the theory of random measures can be found in [54]. An
important notion is the notion of moment measure already introduced earlier and
properly defined below.
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Definition 3.13 (Moment measures). For k € N, the k-th moment measure of a
measure m € P(P(E)) is defined by:

a* = / v (dv) = E,uq [v¥F] € P(EF).
P(E)

This definition is understood in the weak sense, so that (7%, 1) = E,r (v®F, o)
for any ¢y in Cy(E¥).

Note that the sequence of moment measures (7¥), satisfies the compatibility
property. They also characterise the convergence in P(P(E)).

Lemma 3.14 (Convergence of random measures). A sequence (wn)y of random
measures in P(P(E)) converges weakly towards = € P(P(E)) if and only if

Ve>1, w% — ¥
N—+oco

where the convergence is the weak convergence in P(E¥).

Proof. The direct implication stems from the fact the maps 7 +— 7% are continuous
for the respective weak-x topologies. For the converse, the weak convergence of
(mk;) 5 towards 7% implies that for all ¢ € Cy(E¥), (7n, Ry, ) — (m, Ry, ) where
R, is the monomial function:

R, :veP(E)— op(xt, .. 2 w®kdat, ... d2) e R.
Ek

The conclusion follows from Lemma 3.9. O

The following lemma is a useful tightness criterion in P(P(FE)); it can be found
in [151, Proposition 2.2 (2.5)], where the first moment measures n' is referred as
the intensity measure related to 7 (this terminology reminiscent of the intensity of
a Poisson random measure).

Lemma 3.15 (Tightness for random measures). The tightness of a sequence (Tn)n
in P(P(E)) is equivalent to the tightness of the sequence (m&)y in P(E).

Proof. The direct implication stems from the fact the map 7 + 7! is continuous
for the respective weak-x topologies. For the converse, assume the (7} )y is tight.
For every € > 0, there exists a compact subset K¢ C F such that w& (K¢) < ¢ for
every N. By the Markov inequality, for every k > 1 and every N > 1, it holds that

1 €
7TN<{I/ S P(E), I/(Kec(kzk),l) > k}) < ket (Ksc(ka)71> < ok

so that

™ ﬂ {VEP(E), I/(KEC(W)_1> Sllc} 21—22%21—6.

E>1 k>1

Since the intersection at the last line is a compact subset of P(E), the sequence
(7TN)N is tight. O

Example 17 (The case of empirical measures). This lemma is particularly inter-
esting for random empirical measures py~, since it reduces the question of tightness
of (ux~)y in P(P(E)) to tightness of (X1V)y in P(E).
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The following theorems are the two main results of this section. The first one
states that (the law of) a random measure can always be represented by an infinite
exchangeable particle system. This theorem is due to de Finetti and can be found
in [54, Theorem 11.2.1].

Theorem 3.16 (De Finetti representation theorem for random measures). Let
m € P(P(E)). Then there exists a sequence (X%);>1 of E-valued exchangeable
random variables such that the following properties hold.

(1) For any k> 1, (X',...,X*) has joint distribution 7".

(2) The weak limit

E
1
= lim - O L),
H k—lr—ir-loo k ; < P( )
exists almost surely and p is w-distributed.
(8) The random measure i is Ssc-measurable, and conditionally on Ss the random
variables X are independent and p-distributed.

Example 18. A famous example is given in [54]: a de Finetti representation of the
Fleming-Viot measure-valued process is given by the Moran particle system.

Note that the last property says that exchangeability implies conditional inde-
pendence and thus exchangeable particles are not so far from i.i.d. variables.

Conversely, an infinite exchangeable particle system is always associated to a
unique element in P(P(E)). The following theorem is also due to de Finetti in the
case of Bernoulli random variables. It has been generalised to any exchangeable
Borel measurable variables in a Polish space by Hewitt and Savage. The following
quantitative version of the Hewitt-Savage theorem is due to [94, Theorem 5.1].

Theorem 3.17 (De Finetti, Hewitt-Savage). Let E be a locally compact Polish
space. Let (fN)n be an infinite sequence of symmetric probability measures on EY
N € N, which satisfy the compatibility relation (57). Then the following properties
hold.

(1) There exists a unique m € P(P(E)) such that:
N =al ::/ N (dv).
P(E)

(2) When E C R? is a Borel set, for any s > d/2, the sequence (Law(pxn))N>1
is a Cauchy sequence in P(P(E)) for the distance Wy-s (see Definition 3.5) :
for any N,M > 1,

1 1
Wi (Law (e ), Law () < 2[|Psloo (N + M>,

where ®, is defined by (46) and XN ~ fN. The limit of this sequence is the
measure w characterised above.

Proof (some ideas). The original argument of Hewitt and Savage is based on the
Krein-Milman theorem and the fact that tensorised measures are extreme points
of the convex set Psym (E). A constructive quantitative approach due to Diaconis
and Freedman is based on the approximation Lemma 3.11, see [68, Theorem 14]
in the compact case. An alternative argument based on the density of polynomial
functions in P(E) (thanks to the Stone-Weierstrass theorem) is due to Pierre-Louis
Lions. We refer the interested reader to [143, Section 2.1] and the references therein.
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For the second point proved in [94, Theorem 5.1], the Cauchy-estimates relies on
the polynomial structure of the H ~*-norm (46) combined with the observation that
fNTM g a transference plan between f and fV (by the compatibility property). It
turns the problem into controlling El|py~ — pan||%_. for (XN, XM) ~ fN @ fM.
Once convergence is shown, the limit is identified by the moment measures and
Lemma 3.11. Convergence can be obtained in stronger metrics than V\/IQ_I,S7 see
Corollary 5 in the appendix. O

3.3. Kac’s chaos.

3.3.1. Definition and characterisation. The notion of chaos was introduced in the
seminal article of Mark Kac [104].

Definition 3.18 (Kac’s chaos). Let f € P(E). A sequence (f™)n>1 of symmetric
probability measures on EV is said to be f-chaotic when for any k¥ € N and any
function ¢y, € Cy(E"),

Jim (7Y e @ 18N F) = (79 o), (59)

It means that for all £ € N, the k-th marginal satisfies f*~ — f®* for the weak
topology. Kac’s chaos can be equivalently defined by considering only tensorized
test functions ¢y = @' ®...® ¥, since the algebra of tensorized functions in Cy(E)
is a convergence-determining class according to [75, Chapter 3, Theorem 4.5 and
Proposition 4.6, pp.113-115].

Interpreting f%V as the law of an exchangeable system of N particles, the prop-
erty (59) means that for any group of k particles, the particles become statistically
independent as N tends to +00, hence the terminology of chaos. The results of the
previous sections on finite and infinite exchangeable systems lead to the following
useful characterization of Kac’s chaos.

Lemma 3.19. Fach of the following assertions is equivalent to Kac’s chaos.

(i) There exists k > 2 such that f*V converges weakly towards f*.
(ii) The random measure pxy~ with XN ~ fN converges in law towards the deter-
ministic measure f.

This classical result can be found in [151, Proposition 2.2].

Proof. Clearly, Kac’s chaos implies (i). Then using Proposition 6, it can be proved
that (i) = (ii). Let XN ~ fN. Tt is enough to prove that for any ¢ € Cy(E),
2
E[{pxrx — fi0)]” — 0.

N—4+oc0

Assume (59) with k& = 2; it then also holds for & = 1. Using the symmetry of fV,
it holds that

N N
El(uer = 100" = 3 O ELo(X)e(X)] = (7,00 S BLo(X)] + (f,9)?
= B[] + T E[p(X (X)) - 27, pIE[p(X)]
+(f.0)%

where the symmetry of fV has been used. Since ¢ is bounded, the first term goes
to 0 as N — oo. The remaining expression vanishes using (59) with k£ = 1,2. This
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proves (ii). Then the condition (i7) implies Kac’s chaos. If F~ := Law(uyn~) — dy,
then according to Lemma 3.14, the k-th moment measure F¥V converges weakly
towards f®* for every k > 1. The approximation Lemma 3.11 implies that f*~
converges weakly towards f®* for every k > 1. O

Remark 13 (Chaos as a limit of de Finetti representations). Kac’s chaos tells that
the marginals f*V converge towards the marginals of an infinite system (X?);>1 of
i.i.d. f-distributed particles. By the de Finetti and Hewitt-Savage theorems, the
sequence of empirical measures of this latter system converges towards a random
measure g which is So = Ago-measurable. By the Hewitt-Savage 0-1 law, this
o-algebra is trivial so that u is a deterministic measure. The last part of de Finetti
representation Theorem 3.16 tells that conditionally on S.o, the X* are u-distributed
so this allows to conclude Law(u) = dy.

Remark 14 (Chaos as a law of large numbers). Fix ¢ in C,(F). Given a bounded
continuous function 6 : R — R, the function v — 6({v, ¢)) is still bounded and
weakly-x continuous on P(FE). The convergence in law of py~ towards f thus
implies that

LN N,N
AN 4 o) 0] = ()~ (Vo) 0

where the convergence is the convergence in law. This relation is reminiscent of the
law of large numbers. If the X* were moreover i.i.d. (in this case no need to write
X&N " X7 is enough) the law of large numbers would state
— E[p(X! S,
(nax,p) (=2 Blp(XH)] as,

o0

so that almost surely py~ — Law(X!) weakly. In the general case where particles
X®N are only exchangeable (no more i.i.d.), Kac’s chaos states an analogous but
weaker result since the convergence of uy~ towards f is only weak; but it how-
ever differs since f is the law of a typical particle in the limit system, and not
the law of X1V as in the i.i.d. case, because X% still depends on N (i.e. on
the other particles). Fluctuations of (uy~, ) in the law of large numbers are de-
scribed through the central limit theorem; the same can be done for chaos with
concentration inequalities and large deviation principles (see Section 11-5.4.1).

Remark 15 (Chaos, limit hierarchy and moment measures). Taking (formally) the
limit N — oo in the BBGKY hierarchy (Section 3.2.1) gives an infinite set of coupled
equations on (fF)r>1 which satisfy the compatibility relation (57). This system is
Kac’s chaotic when this limit hierarchy has the factorisation property, that is to
say fF = f2* for every k > 1; this implies that the related P(P(E))-representation
of the system is d¢,. This infinite hierarchy is called the Boltzmann hierarchy in
kinetic theory (see [45] and Section [1-4.6). By the Hewitt-Savage Theorem 3.17
it is uniquely associated to an element 7 € P(P(E)). We thus point out that
the Boltzmann hierarchy coincides with the system of moment measures of 7: this
object is also commonly used, in another context, in the study of measure-valued
processes [54].

The following property will be useful for time-dependent systems, its proof is
straightforward, see [151, Proposition 2.4].

Proposition 11 (Chaos transportation). Let (fV)x be a f-chaotic sequence and
let T: E — F be a f-almost surely continuous map between Polish spaces. Then
the sequence (Tyf™N)n is Ty f-chaotic.
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3.3.2. Quantitative versions of Kac’s chaos. Kac’s chaos is a non quantitative prop-
erty which relies only on the weak convergence. Quantitative (stronger) versions
can naturally be defined using the topological framework of Section 3.1. The fol-
lowing definitions of quantitative chaos can be found in [94]. A strating point is
the notion of chaos in Wasserstein distance. In practise, W5 is well-adapted to the
study of diffusion processes, while W7 is often used for jump processes.

Definition 3.20 (Chaos in Wasserstein-p distance). Let p € N, let (fV)x be a
sequence of symmetric measures on EV and let f € P(E). The following three
notions of chaos in Wasserstein-p distance were introduced in [94]:

o (Wasserstein-p Kac’s chaos). For all k € N|

Qi (fN, f) = W (N, F2F) N 0. (60)

o (Infinite dimensional Wasserstein-p chaos).

v (fY,f) = Wy (£ F58) =2 0. (61)

o (Wasserstein-p empirical chaos). For XN ~ fN

Qe (Y, 1) = Wy(Law(uen) 67) — 0, (62)

where W, is a Wasserstein-p distance on P(P(E)) (see Defintion 3.5 for the
conventions used when p = 1,2).

When moment bounds are available and p = 1, the three notions of chaos
(60), (61) and (62) are actually equivalent. Such a result would not hold if the
Wasserstein-1 distance were replaced by another Wasserstein-p distance.

Theorem 3.21 (Equivalence in Wasserstein-1 distance). Let E = R% and let ¢ > 1
such that the sum of moments of order q of f and fY~ are bounded by a constant
My € (0,00). Then for any constant v < (d+ 1+ d/q)~", there exists C =
C(d,q,v) € (0,00) such that for any k,¢ € {1,..., N} U{oco} with £ # 1:

Qu(fN, f) < Cc)' (Qé(fNJ)Jr ;,)7,

where Qi and Qy are defined in Definition 3.20 with p = 1.

Proof (some ideas). See [94, Theorem 1.2] and [94, Theorem 2.4]. In particular, the
link between (62) and (61) stems from Proposition 9 which states that

Wi (N, f2N) = Wi (Law (pan ), Law (pgpn ) )

where XN ~ f®N _distributed. Given such XV, Wy (Law(ugn),dr) < EW: (g, f)
and the quantitative laws of large numbers from [78] can be applied. O

Definition 3.22 (Strong entropic and TV chaos). Stronger notions can also be
defined using stronger norms.
o (fN)y is f-TV chaotic when for every k > 1, || f*N — f@*||rv — 0 as
N — +oo.
o (fN)n is f-strong entropic chaotic when for every k > 1, H(fk*N|f®k) =0
as N — +4o0.

The second one is stronger than the first one by Pinsker’s inequality (50).
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In Definition (3.22) and in (60), a stronger convergence can be obtained when
the fixed k € N is replaced by a function k = k(IN) which depends on N. In that
case, the chaos is said to hold for blocks of size k(N). The infinite dimensional
chaos (62) corresponds to the case k(N) = N.

When E = R? (or E C R?) is endowed with the Lebesgue measure denoted by o
below, other stronger versions of Kac’s chaos can also be defined using the notions
of entropy and Fisher information. The following notions can be found in [94].

Definition 3.23 (Entropy and Fisher chaos). Let 0¥ denote the Lebesgue measure
on EV.
N N
o (fM)n is f-entropy chaotic when f1V — f weakly and % — H(f|o).
o (fN)n is f-Fisher chaotic when f1'N — f weakly and % — I(f|o).

Using sharp versions of the HWI inequality, these notions are classified in a
quantitative way in [94].

Proposition 12. Each of the below assertions implies the following.
o (fM)n is f-Fisher chaotic.
N N
o (fM)n is f-Kac chaotic with (1(1‘7]\;0)) bounded.
N

™)
o (fN)n is f-entropy chaotic.
o (fN)n is f-Kac chaotic.

In classical kinetic theory, another important notion of quantitative chaos arises
when the N particles are constrained to evolve on the Kac’s sphere:

Ey ={vN eRY, p'P+...pN|? =N} C RV,
or on the Boltzmann’s sphere:
En = {VN e RHN, W2 4. WV 2 =N, vt . 0N =0} C (R3N.

In these cases, the adapted notions of entropy chaos and Fisher chaos using a
dedicated sequence of reference measures (0V) y are defined in [94] and [32].

3.4. Propagation of chaos. This section finally presents the central concept of
this review, the notion of propagation of chaos, which is a dynamical version of
Kac’s chaos. Let us fix a final time 7' € [0, 4o0] and let us write I = [0,T]. Let
XN = (X]N),c; be a time-evolving (stochastic) cadlag system of N-exchangeable
particles in E with a fo-chaotic initial distribution f € P(EY) where f, € P(E).
One aims to compare the law of a typical particle with a limit flow of measures
(ft)ter, where f; € P(FE). The propagation of chaos property is said to hold when
the initial chaos is propagated at later times. This property can hold either at the
level of the law or at the level of trajectories.

Definition 3.24 (Pointwise and pathwise propgation of chaos). Let f& € P(EVN)
be the initial fy-chaotic distribution of X at time ¢ = 0.

e Pointwise propagation of chaos holds towards a flow of measures (f;); €
C(I,P(E)) when the law fN € P(EYN) of &} is f;-chaotic for every time
t € I. Note that the flow of measures is continuous in time as it is the
solution of a PDE, but the (random) trajectories of the particles are cadlag.

e Pathwise propagation of chaos holds towards a distribution f; € P(D(I, E))
on the path space when the law f¥ € P(D(I, E)N) of the process XV (seen
as a random element in D(I, E)V) is fr-chaotic.
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The pointwise level is the analytical point of view where (f;); is the solution of
a PDE. At the pathwise level, the limit distribution fjo 7} is often identified as the
solution of a nonlinear martingale problem.

3.4.1. Quantitative and uniform in time propagation of chaos. As in Section 3.3.2,
it is possible to define quantitative versions of the propagation of chaos by using any
of the quantitative notions of Kac’s chaos. Then, one can wonder if the propagation
of chaos holds uniformly in time, i.e. independently on 7" and with which rate of
convergence in N. For instance, a typical quantitative pointwise propagation of
chaos estimate reads:

S(fEN, FER) < s(N,k,T)(l + o (RN (‘?’“)), (63)

where § is any of the distances on E* defined in Section 3.1, k € N is fixed, ¢ € [0, 7T
and e(N,k,T) — 0 as N — +o0.

Propagation of chaos is said to hold uniformly in time when (N, k,T') does not
depend on T'. As we shall see, it is usually possible to prove propagation of chaos
uniformly in time only for physical models which enjoy some conservation properties.
A closely related question when propagation of chaos holds on I = [0,+00) is
the ergodicity of the process as ¢ — +4oo. For instance, one may wonder if it
possible to take the double limit N — 400 and ¢ — +o00 in (63). It would be
possible for instance if propagation of chaos held uniformly in time and f; converged
towards an equilibrium f,, as ¢ — 4o0o0. This would give a relaxation estimate
on §( f’N,fgk). This question is of particular importance in the study of the
Boltzmann equation (38) in view of the famous H-theorem. Relaxation towards
equilibrium at the particle level, will be mentioned in Section 11-4.5 for the spatially
homogeneous Boltzmann equation (44) and in Section I1-3.1.3 for diffusion processes
associated to the granular media and Vlasov-Fokker-Planck equations. On the other
hand, it is sometimes possible to prove that propagation of chaos does mot hold
uniformly in time, an example is given in [33, 34].

Finally, for any quantitative version of propagation of chaos, it has been recently
shown in [109] that the optimal rate of convergence is

vk € N’ V<pk € Cb(Ek)a ‘< tk’NﬂOk) - < t®k7(pk>| = O(k:/N)

In particular, as we shall see in the following, many proofs and in particular the
widely known proof of McKean’s Theorem I1-3.1 via coupling arguments (see Sec-
tion 4.1) only yields the sub-optimal rate of convergence \/k/N.

3.4.2. Pointwise from pathwise. Pathwise propagation of chaos is more general since
it keeps tracks of the whole trajectory of the particles. When pathwise propagation
of chaos holds, it implies pointwise propagation of chaos: since the coordinate maps
are continuous, this directly stems from Proposition 11 (it is also a consequence
of the convergence of the finite dimensional distributions [75, Chpater 3, Theo-
rem 7.8]). Note however, that this does not preserve the convergence rates. The
converse does not always hold (see the counterexample below). In general, pathwise
results are more difficult to obtain and can be proved only on finite time intervals.
Pointwise propagation of chaos provides also more flexibility since it allows to work
on C(I,S), where S may be a subset of P(E) or a larger topological space. For
instance, useful spaces to study fluctuations are the class of tempered distributions
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in [55] or negative weighted Sobolev spaces in [127]. In a more analytical perspec-
tive, when (f); solves a known PDE; § is more naturally identified to a functional
space, for instance a Sobolev space [103, 131].

3.4.3. Propagation of chaos via the empirical process. The characterisation of Kac’s
chaos via the empirical measure given in Lemma 3.19 implies that pointwise propa-
gation of chaos is equivalent to the convergence in law of the random measure iy~
towards the deterministic measure f; for any ¢ € [0, T]. At the pathwise level, there
are two notions of pathwise empirical propagation of chaos which are presented be-
low. To begin with, a slightly more general definition of the empirical measure map
is needed. Given a set & the empirical measure map is defined by:

ps EN S PE), XN .

In the following, & is a Polish space; it will be either the state space E (in which
case we may omit the superscript E as in (55)) or the path space. The following
maps link the pathwise and pointwise properties.

e (The evaluation map). For any t € [0, 7],

XE:D(0,T],8) = &, wrs wlt).
e (The projection map).
% :P(D([0,7],6)) = D(0,T),P(&)),  p (X)) #h)geper

The pathwise and pointwise N-particle distributions are linked by
N N
1= XE") iy = 077 (£ ) ).

The empirical measure process is the measure-valued process defined by:
(MXtN)t = (Hﬁ(XtN))t-
Since this is the image of a process this readily defines the laws for all ¢ € [0, 7],
FY = (ux)4 ) € P(P(E)),
and the pathwise version:
Flogy = (o) fio.m € P(D([0,T], P(E))),
where p%o is the natural extension of u¥ on the path space defined by:
puSo: D([0,T),EN) — D([0,T],P(E)), wr pkow.
Hence, it holds that

: P(E ,
FN —P(®) (F[’S,%)(t) — (X7 Umﬁ%-

But there is another choice: it is also possible to define the pathwise empirical
distribution as the push-forward of the N-particle pathwise distribution by the
empirical map:

Fo.r = (uR)#fo,r) € P(P(D([0,T), E))),

where we write D = D([0,T], ). This probability distribution is linked to F¥ and

N .
F[’S’T] by:

s P(E
Flo = (), By, FY = (X7 o 11P) 4B .

In summary, there are three levels of description of the empirical process. In the
following diagram, each space on the top row is a probability space endowed with a
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probability measure which is the law of the specific version of the random empirical
process in the bottom row. The spaces are linked by the maps IT¥ and Xf(E).

(P(0.71EN.FY) 5 (D071 p@E). ) X5 (P FY)

[0,T7]
MX[IS,,T] (/j‘XtN 0<t<T /”LXtN

This gives three notions of empirical propagation of chaos.

Definition 3.25 (Empirical propagation of chaos). Let (f;); € C([0,T],P(E)) be
a flow of measures and let fio 71 € P(D([0,T], E)) be such that for any ¢ € [0, 77,

fo =T (fio.))(®).
There are three notions of empirical propagation of chaos defined below (the con-
vergence is the weak convergence).

1. (Pointwise empirical propagation of chaos). For allt € [0,T], the law F}¥ satisfies
EN E)). 4
N 2 b € P(P(E) (64)

2. (Functional law of large numbers). The law F[’S’g] satisfies

For) v O (o.a) = Or, € P(D(0, T, P(E))). (65)

3. ((Strong) pathwise empirical propagation of chaos). The law F[SCT] satisfies

Fay =810 € P(PID(0.T), B))). (66)
The (strong) pathwise property (66) is stronger than the functional law of large

numbers (65) which is stronger than the pointwise property (64).

Remark 16. The functional law of large numbers (65) is also a pathwise property
which is weaker than (66). To distinguish it with the pathwise empirical propagation
chaos (66) we may occasionally call the latter property strong pathwise empirical
propagation of chaos.

The implication (66)=-(65) is not straightforward because the map II¥ is not
continuous everywhere. The result holds because the limit is a Dirac mass, this is
proved in [127, Theorem 4.7] using a result of Léonard [114, Lemma 2.8]. The impli-
cation (65)=>(64) is more classical, this is the convergence of the finite dimensional
distributions stated in [75, Chapter 3, Theorem 7.8].

The converse implications do not hold in general. In fact, since the map II”
is not injective the strong pathwise property is meaningless when only the flow of
measures (f;); is known and fjo 7] is not specified. A counterexample is given in
[151, Chapter 1, Section 3(e)]. Sznitman builds two one-dimensional processes X[f)v )
and f[gf 7] such that for both processes, the strong~pathwise empirical propagation
chaos holds but with two different limits fjo 7 and fjo,7) and with the equality of the
flows of time-marginals I1¥(fio 7)) = II¥(fj,r)). The process X[g\{ 77 1s obtained by
a re-ordering procedure from X[S{ 7] which thus ensures the equality of the empirical
measure processes:

VtE[O,T], HxN :,uAth.

Finally, by Lemma 3.19, the pointwise empirical propagation of chaos is equivalent
to the pointwise propagation of chaos in the sense of Definition 3.24. Similarly,
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the strong pathwise empirical propagation of chaos is equivalent to the pathwise
propagation of chaos. On the other hand the functional law of large numbers is an
intermediate notion in between pointwise and pathwise propagation of chaos.

4. Proving propagation of chaos. Several methods are available to prove prop-
agation of chaos. The choice of the method depends on several aspects, including
the following ones.

e How is the particle system defined? A SDE representation allows to
control directly the trajectory of each particle. If the system is an abstract
Markov process defined by its generator only, one has to pass to the limit inside
a “statistical object”: for instance the Liouville equation (1) or a martingale
problem (Definition 2.2).

e How well is the limit process known? As mentioned in Section 2.1, it is
sometimes possible to prove at the same time the propagation of chaos and
an existence result for the limit object. Many “historical” proofs are based
on this idea and exploit at the particle level a property of completeness (as
in McKean’s original proof, Section 11-3.1.1), a compactness criterion based
on a martingale formulation (Section I1-3.3) or an explicit series expansion
for the solution of the Liouville equation in the case of a Boltzmann problem
(as in Kac’s original proof, Section [I-4.1). Over the years, the study of
the limit problem, in parallel to the question of propagation of chaos, has
stimulated the development of new techniques where wellposedness results
or regularity properties of the limit problem are used to control the particle
system. Ultimately, a trade-off has always to be done between regularity of
the N-particle system and regularity of the limit process. The key idea is to
write the N-particle system and the limit process in a common framework
which allows to compare them.

e Which kind of propagation of chaos? In Sections 3.3 and 3.4, several
notions of chaos and propagation of chaos are introduced. The first distinction
to keep in mind is between pathwise and pointwise properties. Then one may
seek quantitative estimates. Pathwise chaos is stronger and it is often simpler
to get pointwise quantitative estimates.

Keeping these aspects in mind, the present section is organised as follows. Sec-
tion 4.1 is devoted to an introduction of coupling methods in several cases. These
methods (or most of them) exploit a SDE representation of the particle system (it
therefore requires some regularity at the microscopic level and often a wellposedness
result for the limit system) and lead to the quantitative pathwise or pointwise prop-
agation of chaos. Section 4.2 introduces some ideas to prove the tightness (and thus
the compactness) of the law of the empirical process. This leads to non-quantitative
pathwise propagation of chaos results, but as it is only based on the properties of the
generator of the N-particles process, it remains valid for a wide class of models. A
pointwise study of the empirical process via the asymptotic analysis of its generator
is described in Section 4.3. This leads to a quantitative abstract theorem with a
comparable range of applications as the compactness methods. In Section 4.4, some
ideas related to large deviations are presented. It leads to strong (non quantitative)
abstract results which go beyond but include the propagation of chaos. Although
these results are often too strong or too abstract to be used in practise, the ideas can
be reinterpreted to prove propagation of chaos for particle systems with a very weak
regularity or with a complex interaction mechanism which are difficult to handle
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with other methods. Finally, in the case of Boltzmann models, specific tools can be
used as described in Section 4.5.

We recall that several applications of these methods will be presented in the
second part of this review, in particular in Sections I1-3 and I1-4.

4.1. Coupling methods.

4.1.1. Definition.

Definition 4.1 (Chaos by coupling the trajectories). Let be given a final time
T € (0,00], a distance dg on E and p € N. Propagation of chaos holds by coupling
the trajectories when for all N € N there exist

e a system of particles (X}V), with law f¥ € P(EVN) at time t < T,

e a system of independent processes (X7'), with law fEN € P(EN) at time

t<T,
e a number (N, T) > 0 such that e(N,T) — 0,
N—+o00

such that (pathwise case)

| X

— El|supdgp (X!, X! p}<eN,T, 67

N;ngE(tt)_( ) (67)
or (pointwise case)

1 -

~ Y _supE[dp (X}, X})"] <e(N,T). (68)

¢t<T

By definition of the Wasserstein-p distance (Definition 3.1) and Jensen inequality,
the bounds (67) and (68) imply the infinite dimensional chaos (Definition 3.20),
respectively:

N @N N (®N
Wi f5n) w52 O s WalAY F2) =2 0
where we recall that the Wasserstein-p distance is associated to the normalised
distance on EN (Definition 3.5). The definition can also be weakened by assuming
that only the first k(N) < N particles are coupled instead of the whole system of
the N particles. This would imply propagation of chaos of the form (60).

Remark 17. Note that by exchangeability of the particles all the expectations in
the sums (67) and (68) are equal and the assertions therefore imply the convergence
of the one-particle distribution in Wasserstein-p distance on P(FE).

The coupling between the trajectories also implies the quantitative empirical
chaos stated in the following lemma in the pointwise case. This is a simple appli-
cation of [78].

Lemma 4.2. Let E = R? and assume that f, has a bounded moment of order q > p.
If there exists a (pointwise) coupling as in Definition 4.1 then

sup WP (EN 64,) < e(N,T) + Ba(N),
t<T

where B4(N) is given by:
Ba(N)
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N-12 4 N—(a-p)/a ifp>d/2 and q # 2p
=C(p,q){ N~'2log(1+ N)+ N-=P)/a ifp=d/2 and q+# 2p
N-P/d 4 N—(a=p)/a ifp<d/2 and q# d/(d—p),

for a constant C(p,q) > 0 which depends only on p and q.
Proof. By the triangle inequality, for all ¢ < T,
WE (Y, 65,) < BWE (nap, fo)
<EWP (uXtN,/ng) +EWp (/«Lygwft)'

The second term on the right-hand side of the last inequality is bounded by S4(N)
using [78, Theorem 1]. Moreover the bound (68) implies that

EW}? (:UXtN ’ /”'E{V) < 6(Na T)
O

Note that the convergence rate depends on the dimension. When moments of
sufficiently high order are available, S4(N) is of the order N~'/2 for p > d/2 and
NP/ for p < d/2.

We now summarise the most common methods used to construct a coupling in
the sense of Definition 4.1.

4.1.2. Synchronous coupling. When the particle system can be written as the so-
lution of a system of SDEs as in (11) or (20), a simple coupling choice consists
in constructing N nonlinear processes by taking respectively the same Brownian
motions and Poisson random measures as those defining the particle system. This
choice is called synchronous coupling.

For the McKean-Vlasov diffusion, the synchronous coupling is thus based on

the N independent processes ?iv = (Ytl Yoo ,Yﬁv) defined as the solutions of the N

SDEs:

dX; = b(X}, fi)dt + o (X3, fr)dBy, (69)
forie{l,...,N} Wherei(Bf)t is the same Brownian motion as in (11) and where
we recall that f; = Law(X7}). Since the Brownian motions B are independent, this
gives N independent copies of (13). The Theorem II-3.1 (and Theorem II-3.20) in
Section [1-3.1.1 will show that this coupling choice leads to an optimal convergence
rate (in V) for any T > 0 but with a constant which depends exponentially in 7T
This comes from the fact that comparing the trajectories of (69) and (11) is similar

to a stability analysis of the N processes X —Yz. When the coefficients are globally
Lipschitz, the classical Gronwall-based methods imply the stability on any time
interval but with an constant which grows exponentially with the time variable.

The synchronous coupling is by far the most popular choice of coupling method
in the literature since [151]. We point out that this was not the original choice of
McKean: in the seminal work [125], McKean uses a synchronous coupling between
the N-particle system and the subsystem of the N first particles of a system of
M > N particles. The proof thus does not necessitate to prove the well-posedness
of the nonlinear SDE (13) as a preliminary step (since it is never used). It is actually
a proof of existence which constructs a solution of (69) by a completeness argument
together with a probabilistic reasoning (based on Hewitt-Savage 0-1 law) to recover
the independence.
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Similar ideas can be applied for parametric mean-field jump processes (with or
without simultaneous jumps). Given the N SDEs (20), the synchronous coupling
is defined by:

t
Xi-xi +/ o(X")ds
0

t ptoo - B |
+/0 /0 /o WX 0 0) = X }l(o,A(Yif7f-<)] ) s d(QY)(;)

fori e {1,..., N}, where f; = Law (Y;) and where the Poisson random measures N
are the same as in (20). Equation (70) can be extended straightforwardly to the
case of simultaneous jumps (Example 5). It is then possible to prove similar results
as in the case of the McKean-Vlasov diffusion. A complete analysis can be found
in [4] (see also Section I1-3.6).

To end this section, let us also mention the recent coupling method introduced
in [95] which reverses the role of the empirical particle system and the nonlinear
law. The author introduces the particle system defined conditionally on XN by:

dX} = b(X], pan)dt + o (X, pryn ) B}

Note that the processes )?Z are not independent. More details on how to close the
argument (using a generalised Glivenko-Cantelli theorem for SDEs) will be given in
Section [1-3.2.2. The main advantage is that it allows more singular interactions,
namely only Holder instead of Lipschitz.

Remark 18. Coupling methods should still be possible when no SDE is available,
since it is always possible to write an evolution equation for an observable go(XtN )
using the general 1td’s formula for Markov processes (see Section A.3.4). The analog
of an SDE can then be recovered taking for ¢ some coordinate functions.

4.1.3. Reflection coupling for the McKean-Viasov diffusion. Except in specific cases
(see Section I1-3.1.3), it is usually not possible or difficult to get uniform in time
estimates using a synchronous coupling. One reason is that the strategy can be
seen as a stability analysis for the nonlinear system (13) which classically leads to
Gronwall type estimates with a constant which depends exponentially in 7. The
recently developed reflection coupling [72, 73] tries to make a better use of the dif-
fusion part to get (hopefully) uniform in times estimates under mild assumptions.
This type of coupling was originally introduced in [118] to study the ergodic prop-
erties of diffusion processes in total variation norm. In this context, the coupling
time of two diffusion processes with same transition probabilities but different initial
distributions is defined as the first time where the two processes hit the same state.
The reflection coupling method provides an explicit construction of the processes
which (hopefully) ensures that their coupling time is almost surely finite. By letting
the two processes being equal after the coupling time, this fact shows that the two
processes are asymptotically equal in law. The idea of reflection coupling is easily
understood for two 1D Brownian motions starting from the initial conditions a > 0
and —a : it is sufficient to take one Brownian motion equal to the opposite of the
other one. More generally, the solution (X;,Y;) of the following system of SDEs in
R? is called a coupling by reflection:

dXt = b(Xt)dt + O'dBt
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dY; = b(Y;)dt + o (14 — 2esef )d B,
where b : R? — R? is the (locally Lipschitz) drift function, o > 0 is a constant and
e = (Xi = Yy) /| X¢ = Yil.

Moreover, after the coupling time T := inf{t > 0, X; = Y;}, for ¢ > T the processes
are set to X; = Y;. In a series of recent works, [72, 73], Eberle et al. have proved
a quantitative contraction result in Wasserstein distance for the law of the two
processes. Let b satisfy for all z,y € R?,

2

(x = y,b(x) = b(y)) < —rllz — yl)z -yl

where k : Ry — R satisfies liminf,_, ;o #(r) > 0. In order to measure the discrep-
ancy between the two processes r; := |X; — Y;|, for any fixed smooth function f,
Ito’s formula gives:

df(r) =7 HXy = Y, b(Xy) — b(Y)) £/ (r)dt + 202 f" (r)dt 4 dM,,

where M; is a martingale. Compared to what the synchronous coupling would give,
thanks to Ito’s correction, the coupling by reflection adds a new term in the drift.
Using the assumptions on b, the drift term is now bounded by

2% (1710 = ren(r)f ().

If f is such that there exists ¢ > 0 such that for all » > 0

F() = R (1) < —5og ), ()
then it gives:
E[f(r)] < e E{f(ro)]. (72)

The idea of [72] is to introduce a positive concave function f so that d;(x,y) =
f(Jz —y|) defines a distance on R? and such that the bound (71) holds. From (72),
this finally gives the following exponential “contraction bound” in Wasserstein dis-
tance:

Wi, (e, ve) < e Wi a, (1o, o), (73)
where py, vy € P(E) are the laws of X;,Y; at time ¢ > 0. This strategy is successfully
applied in [72, 73] to get quantitative contraction and convergence rates for linear
and nonlinear gradient McKean-Vlasov systems, even in non convex settings.

Coming back to particle systems, in [71, 119], the authors have shown that this
idea can be applied to McKean-Vlasov systems (11) (which can be seen as a classical
diffusion equation in the high-dimensional space R?"). They use a componentwise
reflection coupling between a particle system and a system of N independent non-
linear McKean-Vlasov systems. The analog of the exponential contraction rate (73)
thus provides a proof of the uniform in time propagation of chaos for gradient sys-
tems with milder assumptions than the ones in Section [I-3.1.3 obtained with a
synchronous coupling. This will be reviewed in Section [1-3.2.1.

Remark 19 (Extension to more general diffusions). This idea is more natural but
not restricted to the case where the diffusion matrix is constant. It can be extended
to more general diffusion matrices by “twisting” the metric in R¢ to recover a
constant diffusion matrix in a modified metric. See [72] for additional details as
well as [121] for a similar reasoning in a different context.
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4.1.4. Optimal jumps. For mean-field jump processes and Boltzmann models, the
particles interact only at discrete (random) times. They update their state according
to a sampling mechanism with respect to a known measure which depends on the
empirical measure of the system (see (18) and (27)). The strategy adopted in [69] for
mean-field jump processes (see Section 2.2.3) consists in constructing a trajectorial
representation of the particle and the nonlinear systems in which the jumps are
coupled optimally. Taking the same sequence of jump times (77),, for the particle
X} and its coupled nonlinear version X!, a post-jump state is sampled for the
nonlinear process first:

Xy ~ Py, (XTl ,dy)
and then the post-jump state for the particle is defined as the image:
Xi, = T(YiTi), (74)
where T is an optimal transfer map for the W7 distance between the jump measures:

TPy (XTz ,dy) P~ (XTl ,dy)
¥

n

Frie| =W (Pr (o). Py (X)),

where F, denotes the filtration generated by all the processes (X7), and (X), up
to time ¢ and Fipi- = 0(U;—q: Ft). The existence of the optimal transfer map T
is a classical result in optimalntransport theory; it holds under mild assumptions,
see [46, 76] and the references therein. Under Lipschitz assumptions on the jump
measure, it can be deduced that

and

E [W o — Xy

E[[Xf, — X,

fo;} SC(‘Xiﬁ TZ,‘+W1(fTI o )) (75)

This crude estimate may be refined when the jump measure has a known expression.
Note that in the case of a parametric model (Example 4), the synchronous coupling
of the Poisson random measures (70) gives an alternative coupling and an explicit
transfer map:

X = (X 1. 0), X%:i:;[;(xzq_?uxl_ 9), (76)

where 6 ~ v(df) is the same random variable for the two post-jump states. This
coupling is not necessarily optimal but under Lipschitz assumptions on % it still
implies

]E[|Yiﬁ ~ X

- ol ) ()
< C(‘Xi ie th‘ + W (le HXN ))

Both couplings (74) and (76) ensure that the N nonlinear processes (X¢), remain
independent, which is crucial. At each jumping time T}, the error between X}
and X! due to the jump is controlled by (75). A discrete stability analysis then
ensures the propagation of the error exponentially in time. Between the jumps, the
trajectories are either deterministic or can be controlled by a standard synchronous
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coupling. This proves the propagation of chaos on any time interval but with a
(very) bad behaviour with respect to time.

For Boltzmann models, the situation is more difficult because two particles
“jump” at the same time. As discussed in Section 2.3.2, it is also not completely
straightforward to build a SDE representation of the nonlinear process. Moreover,
contrary to the mean-field jump processes where the jump measures are typically
assumed to have a smooth density, for Boltzmann models, the jumps are obtained
by sampling directly from the empirical measure of the system. Since this measure
is singular but the solution of the Boltzmann equation is not, an optimal transfer
map may not exist. The strategy adopted in [133] and then in [48, 49, 81] is based
on the analysis of the optimal transfer plan (which exists) between the empirical
measure of the particle system and the law of the nonlinear system at each jump
time. This strategy also needs a kind of synchronous coupling for the jump times.
As in the previous cases, propagation of chaos then results from a Gronwall type
estimate with a bad behaviour in time, and in this case only for marginals (or block)
of size k(IN) = o(N). This will be discussed more thoroughly in Section 11-4.4.

4.1.5. Analysis in Wasserstein spaces: optimal coupling. The Liouville equation
associated to a McKean-Vlasov process with interaction parameters

b(a,pn) = / b(x,y)u(dy), o(x,u)=0cly, o >0,
R4
can be written: )
fN ==V V) + AN, (77)

where

N N

1 ) 1 )

N . N dN L 1 i L N i dN

b" :x™ €R +—><NE b(a:,x),...,NE b(x ,x))GR .
i=1 =1

This equation can be rewritten as a continuity equation:

oty == ((bN T T log £ ) ftN) . (78)

Similarly, the associated nonlinear McKean-Vlasov equation is a continuity equation
in R? with velocity vector

o2
bx fs — ?Vlogfs.

Continuity equations are strongly linked to the theory of gradient flows [3, 53],
which in turn provides new insights on the study of McKean-Vlasov processes. In
addition to the present section, see also Section [1-3.3.2.

The two recent works [145, 67] are based on a classical result in gradient flow
theory (see for instance [161, Theorem 23.9]) which gives an explicit dissipation rate
between the solutions of two continuity equations. In the present case, it gives an
explicit control of the time derivative of Wa(f, f2V) in terms of the well-known
maximizing Kantorovich potential /¥ which links the two laws by:

(Ve = 1 WEAY 5PN = [ 19 o) = xRN ),

The existence of 9" is ensured by Brenier’s theorem [161, Theorem 9.4]. This ap-
proach of propagation of chaos follows the work of [19, 20] where the authors have
derived explicit contraction rates in Wasserstein-2 distance for linear Fokker-Planck
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equations and for the nonlinear granular media equation (which is the nonlinear
mean-field limit associated to the gradient system (15)). Starting from the same
result [161, Theorem 23.9], the authors of [19, 20] introduced a new transportation
inequality, the so-called WJ inequality which is then exploited at the particle level
in [145, 67]. This analysis provides uniform in time propagation of chaos and con-
vergence to equilibrium results for gradient systems in non globally convex settings.
The work of [145] also provides a new unifying analytical vision of previous coupling
approaches. These techniques will be detailed in Section [1-3.2.3.

4.2. Compactness methods. In this section the main ideas to prove propagation
of chaos via compactness arguments are presented. The main advantage of this
approach is its wide range of applicability as it can be adapted to jump, diffusion,
Boltzmann or even mixed models. The main drawback is that it does not provide
any convergence rate.

Compactness methods are based on the empirical representation of the process
described in Section 3.4. It therefore reduces the problem of the convergence of a
sequence of probability measures on a space which does not depend on N but which
in turn is much more delicate to handle than E as it is itself a probability space.
The first approach described below is the stochastic analysis approach which is by
now classical; the second approach is a more recent analytical approach based on
the theory of gradient-flows.

4.2.1. Martingale methods. Starting from the martingale characterisation of the
particle system (Definition 2.2), it is possible to prove the functional law of large
numbers (65) and the strong pathwise empirical propagation of chaos (66) using
the traditional sequence of arguments in stochastic analysis (see for instance [101]).

1) First prove the tightness of the sequence (F% N functional law of large
[0,T]/N

numbers) or (F[](X T])  (strong pathwise). This will come from usual tightness
criteria (see Section A.2 and Section 11-C) but requires some care regarding the
spaces (namely, the path space with values in a set of probability measures).
The classical and more advanced tools which are used are reminded in Ap-
pendix A. By Prokhorov theorem, it is then possible to extract a converging
subsequence towards a limit, respectively 7 € P(D([0,T], P(E))) (functional
law of large numbers) or 7 € P(P(D([0,T], E))) (strong pathwise).

(2) Then identify the m-distributed limit points as solutions respectively of the weak
limit PDE or the limit martingale problem. Again, this may require some care,
in particular for cadlag processes due to the topology of the Skorokhod space.

(3) Finally prove the uniqueness of the solution of the previous problem. Usually
well-posedness (that is existence and uniqueness) can be proved beforehand al-
though existence is not required (it is automatically provided by the tightness).
In conclusion, 7 is a Dirac delta at the desired limit point.

Strong pathwise empirical chaos (66) is not significantly harder to prove than the
weaker functional law of large numbers (65) but it requires the uniqueness property
of the limit martingale problem which is a stronger assumption than the correspond-
ing one for the weak limit PDE. The strong pathwise case is detailed in Méléard’s
course [127, Section 4].

This approach is historically linked to the study of the spatially homogeneous
Boltzmann equation of rarefied gas dynamics (44): Tanaka [154] proved weak
pathiwse empirical chaos for hard-spheres and inverse power Maxwellian molecules.
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Strong pathwise empirical chaos is proved in [149] for a class of parametric Boltz-
mann models which includes the stochastic hard-sphere model. See also [162] for a
functional law of large numbers applied to a large class of parametric Boltzmann
models. The martingale method is exploited to treat the case of the McKean-Vlasov
diffusion in [150] (with boundary conditions) and in [136, 84] (functional law of large
numbers with general interaction functions), see also [113]. Strong pathwise empir-
ical chaos is proved for a mixed jump-diffusion mean-field model in [89, 127]. See
also [80, Theorem 4.1] for a strong pathwise result on a cutoff approximation of a
non-cutoff Boltzmann model.

The corresponding results will be detailed in Section 11-3.3.1 in the mean-field
case and in Section [1-4.3 for Boltzmann models.

4.2.2. Gradient flows. This second approach gives a pointwise version of the em-
pirical propagation of chaos and is restricted to the McKean-Vlasov gradient sys-
tem (15). It is entirely analytical and exploits recent results of the theory of gradient
flows [3, 53, 161]. We briefly recall below one definition of gradient-flows in a metric
space.

Definition 4.3 (Gradient flows in (&, dg)). Let (&, dg) be a geodesic metric space.

1. (Absolutely continuous curves and metric derivative). A &-valued
continuous curve u : (a,b) C R — & is said to be absolutely continuous
whenever there exists m € L{ _(a,b) such that

t
Va <s<t<b, deg(ps pt)< / m(r)dr.

In this case, the limit

1(1) = timg 24 s 110)

s—t |t—3| ’

exists for almost every ¢ € (a,b) and is called the metric derivative of u at the
point t.

2. (Gradient flow). Let T € (0, +o0] and let u € C([0,7T), &) be an absolutely
continuous curve. Let us consider A € R and a A-convex map F : & —
R U {+o0}. Then p is called a A-gradient flow associated to the energy F
whenever F(u;) < 4oo for all ¢ € [0,T) and p satisfies the following Evolution
Variational Inequality (EVI) :

1d

A
Va.e.t € [0,T), Vv € &, iadé(ut,u) + §d§a(ut,1/) <Fw)—F(ue).  (79)

In the following, gradient flows will be considered in the two cases (&,dg) =
(P2(R), Ws) and (&,dg) = (P2(P2(R%)), Ws). The fundamental result to keep
in mind is that evolutionary PDEs, as defined below, have a unique distributional
solution which is a gradient-flow.

Definition 4.4 (Evolutionary PDEs). An evolutionary PDE is a PDE of the form
0
op

where F : Po(R?) — RU {+o0} and where the first variation of F is defined as the
unique (up to an additive constant) measurable function 5’;—;’3) :R? — R such that
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the equality

d _ [ 0F(p)
af(erhx)’h:O—/ 5 dy,

holds for every measure x such that p + hy € P(R?) for small enough h.

In a recent article [40], the authors prove the pointwise empirical propagation
of chaos for gradient systems (15) using a gradient flow characterisation of (f}V),
and (F}), seen as time continuous curves with values respectively in Py(R4Y)
and Pp(P2(R%)). The argument is based on a compactness criterion in the space
C([0,T), P2(P2(R%))) which follows from Ascoli’s theorem. Under the initial chaos
hypothesis, the limit of (F}¥), as N — 400 is also identified as a gradient-flow and is
shown to be the curve (67,); € C([0,T], P2(P2(R%))). Gradient flows are identified
by the EVI (79) which plays a comparable role as the martingale characterisation
in a stochastic context.

The results of [40] will be summarised in Section 11-3.3.2.

4.3. A pointwise study of the empirical process. This section is devoted to an
analytical pointwise study of the empirical process within the framework developed
in [130, 131] following an idea of [91]. We also refer to [129] for a review of these
results.

The goal is to obtain a quantitative control of the evolution of the law F}¥ of the
empirical process seen as the law of a P(FE)-valued process. This control is obtained
via a careful asymptotic analysis of the infinitesimal generator of the empirical
process which is shown to converge (in a sense to define) towards the generator of
the flow of the limit PDE starting from a random initial condition and also seen
as a measure-valued process. This method is intrinsically very abstract and can
be applied to a wide range of models (in theory, at least to all the models studied
in the present review). The main idea traces back to Griinbaum and his study of
the spatially homogeneous Boltzmann hard-sphere model (44) [91]. However, the
seminal article of Griinbaum was incomplete and based on an unproven assumption
(which happened to be false in some cases). The study of measure-valued Markov
processes is in general very delicate. This is mainly due to the fact that P(FE) is
only a metric space and not a vector space which causes several technical problems,
the most important one being the precise definition of the notion of infinitesimal
generator. A probabilistic point of view can be found in [54]. In the framework
introduced by [130, 131], a new notion of differential calculus in P(FE) is defined in
order to give a rigorous definition of the limit generator. The question of propagation
of chaos is then stated in a very abstract framework which leads to an abstract
theorem (Theorem 4.5) which can be applied to various models after a careful check
of a set of five assumptions (Assumption 2). Most of these assumptions are related
to the regularity of the nonlinear solution operator semigroup of the limit PDE. A
notable application of this method is the answer to many of the questions raised
by Kac in his seminal article [104] related to the spatially homogeneous Boltzmann
equation (44). This will be reviewed in Section [I-4.5.

The rest of this section is organised as follows. The generator and transition
semigroup of the empirical process are defined next. An introductory toy example
using this formalism is presented in Subsection 4.3.2. This leads to propagation of
chaos for only a very small class of linear models. The next two Subsections 4.3.3
and 4.3.4 present the core of the abstract framework and the main difficulties of
the approach, in particular the notion of differential calculus needed to define the
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limit generator. In the last Subsection 4.3.5 the five assumptions and the abstract
theorem of [131] are stated.

4.3.1. The empirical generator. In Section 3.4, the empirical process has been de-
fined as the image of the N-particle process by the empirical measure map p. This
process is a 73N(E)—Valued Markov process and it is possible to define its transition
semi-group and generator by pushing-forward those of the N-particle process. More
precisely, the empirical transition semi-group is given by:

T4 ® (i) = T e[ 0 puy](xV), (80)
and the empirical generator by:
LN®(pien ) = Ly[® o pp](xN). (81)

This is a consequence of the identity:

fN,t(I)<MX;\’) = E[‘I)(ngis) XS,N} = E[(‘I’ °opy) (this) |XSN] =Tn[Po I‘I’N}(XSJV)'

Note that the empirical semi-group and generator are well defined as operators
Cy(P(E)) — Cy(Pn(E)) and the initial law FY = (uy)xf2 is a probability
measure on 73N(E) Nonetheless, in order to take the limit N — +oo, it is
more convenient to look at the empirical process as a P(E)-valued process since
Pn(E) C P(E).

Example 19 (The empirical generator for a mean-field jump process). For mean-
field generators, this simply reads
R N
LN®(pxv) =D Ly ©i [@ 0 pn](xV).
i=1

In the special case of a mean-field jump process, one has a more explicit formula:

N
~ , 1 1 »
LNO(pev) = /EA(w’»/«LxN) {‘I’ (uxw — 30 + N5y> - @(uxw)}PuxN (=", dy)
=1

= N<uxN,A(~,uxN)/E {@ (uxw - %5- + ]:\l](;y) - CD(MXN):| L (wdy)>~

4.3.2. A toy-example using the measure-valued formalism. The model presented in
this section is a simple introduction to the measure-valued formalism. We follow an
idea which was originally suggested to us by P.-E. Jabin. As we shall see, simple
computations can lead to propagation of chaos in the limited case of linear models.
Let us consider X = (X},..., X}V); be a PDMP (see Section 2.2.3) defined by

e a deterministic flow:
dX} = a(X})dt,
where a is C! and globally Lipschitz,
e a jump transition kernel P : E x P(E) — P(E), (z,p) — P,(z,dy),
e a constant jump rate A = 1.
We take E = R? for simplicity. From (81), the associated empirical process is a
measure-valued Markov process with generator:

Evo() = @V o+ N [ Lo(u- Go 5a,) - 000 bRute dnta),
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where ® € Cy(P(E)) C Cy(Py(E)) is a test function on P(E) and (a - V®) is well
defined when @ is a polynomial. We recall the notation F¥ (du) € P(P(E)) for the
initial law (supported on the set of empirical measures) and FN (du) € P(P(E))
for the law at time ¢ of the measure-valued Markov process with generator LN,
For all test functions ® € Cp(P(E)), one can write the evolution equation for the
observables of the empirical process:

d
< /p L PR ) + /P L PV @EN )

1 1
- ExEme>{¢<M__N6x+1V&)__¢00}}L@”dw“@hﬂﬂy0h0-(Sﬂ

The right-hand side is the jump operator and on the left-hand side there is a
transport operator, again well defined for ® polynomial. Let us also recall the
associated nonlinear jump operator acting on Cy(E) :

/ (o) — (@)} Pz dy). (83)

Its associated carré du champ operator is denoted by I';,. Our goal is to try to prove
pointwise empirical propagation of chaos: namely that for any ¢ > 0,

FN — 3§
t N—+o00 oo

where f; € P(E) is the solution of the following weak PDE:

Yo € Gy(E), < lfid) + (o Vi, fi) = (fou L)

Sufficient conditions for well-posedness are C'! regularity for a and a global Lisp-
chitz bound, together with Lipschitz-continuity for P,(x,dy) in = and p (for the
Wassertein topology). To prove propagation of chaos, we will try a “direct analyt-
ical approach” and compare directly F}¥ to its limit with a weak distance. Note
that it is possible to do that because we work in P(P(E)) which is a space which
does not depend on N (it is one of the main clear advantage of the approach).

Let us consider the distance Wp,, which is the Wasserstein-1 distance on the
space P(P(FE)) associated to the distance Dy on P(E) (see Definition 3.5). Since
the limit is a Dirac mass, it holds that

WDQ(FtN75ft / D2 s ft d/~L Z on / M fh‘pn> ( )
and it is then enough to bound the quantity
ox(t) = sw [ (a0 F (), (34)
P(E)

llellLip<1

Let us fix a test function ¢ € Lip; (). In order to control the deterministic flow,
we define the (time-dependent) “modified test function” ¢ = @(s, x) as the solution
of the backward transport equation:

{ 0.p+a-Vop = 0

@—t@ = o(x)
Since a is a globally Lipschitz vector-field, the function ¢ is Lipschitz for all s <¢
with Lipschitz semi-norm:

(85)

I@lluip < et lelin, (86)
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We define
Gols) = / (i — fur 3P FN (dp), (87)
P(E)

where we do not specify the dependency in N for notational simplicity. In order
to apply a Gronwall-like argument, we fix ¢ > 0 and for s < ¢, thanks to (82), we
compute the time derivative:

d -
=15 [ - F@PFY )
5 Jp(E)

d [ /p @ EN ) =209 / B () + (fur 32

ds P(E)

- / (1. 320, (dp) — 2(f ) / (1, )0, (dp)
P(E) P(E)

_2<asf5795>/ </1,,<,5>F5N(dp,)+2<f57()5><85f5,g5>

P(E)

2 / {11, B) 11, 052V EN (dp)
P(E)

9. 0.8) /P IRCEIACY
_{fu ) /P o DDA+ 20051 0,9)

Using the fact that for two test functions ¢1, @2 € Cp(E):
/ (1, 01) (1, p2) O F (dps) :/ {<u7a~sz01><u,<p2>+<u,wl><u,a-vx<p2>
P(E) P(E)

l<N7Fu(@17@2)>}F;\[(dN)7

+ (s 1) (s Lp2) + (pty Lupr) {1, p2) + I

a direct computation shows that:

7o) = [ ()= (0 20) (10, L) — G L1, 2 0

1

P(E)

By the arithmetic-geometric mean inequality, we obtain:

~/ } . \2 N } -\ ~\\2 N
g,(s) < 2/7)(E)<u fss @) FS (dp) + 2/7)(15) (s L @) — (fs, Ly @) F (dp)

1 - -
I R ERS T t)
P(E)
The last term on the right-hand side can be controlled using a mild moment as-
sumption:
Iy >0, Vz € E, / |z — y|2Pﬂ(x, dy) <7,
E

which implies

T.(0,0) <A[@lE, < ye2t=llalue,
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we deduce that:

5 1 N '762(t_5)”a”14i}) 1 N N2
Jp(8) < 50p(s) + ———+ */ ((1s L) = (fo, Ly, @) F (dpa). (88)
2 N 2 Jom)

Unfortunately it is not possible in general to close the argument. One would like to
bound the last term on the right-hand side of (88) by a quantity of the form (87)
(possibly with a different ¢). This is hopeless in general because (87) depends on
(the square of) a linear quantity in p but due to the nonlinearity, the collision
operator

(Q(u), @) = (u, L)

is at least quadratic in p (or controlled by a quadratic quantity as soon as P, is
Lipschitz in p for a Wasserstein distance). This fact is analogous to the BBGKY
hierarchy at the level of the empirical process. It is possible to close the argument
only in linear cases, for instance when

P#({E,dy) = /EE K(ya Z),U,(dZ)dy,

where K : ExE — Ry is a fixed symmetric interaction kernel with [, K(y, z)dy = 1
for all z € E (note that Lipschitz continuity for K is sufficient to ensure the well-
posedness). In this case the collision operator is a linear operator:

(Q(n), &) = (1, K x @) — (1, ). (89)
Reporting into (88), we get,

2(t—s)allwip
e i
— +/ (b — fs, @) FN(dp)
P(B)

+/ (= fs, K x@)2FN (dp).
P(E)

Since the Lipschitz norm of ¢ is controlled by (86) and that this bound is preserved
by the convolution with K, using (84), we conclude that:
5 2(t=s)llallLip
i (s) < 5gN(8)82(t—8)|\a|\up + %
Integrating between 0 and ¢, and taking the supremum over ¢ on the left-hand side,
we can apply Gronwall lemma and conclude that

1
W, (FY.6) < w0 < COna)(Wh, (RY.60) + ). (90)
The first term on the right-hand side depends on the initial condition and can be
controlled using e.g. [78] (using their estimates, it will determine the final rate of
convergence since their best convergence rate is O(N ~1)); sharper estimates can be
available though.

Remark 20. Note that despite its relative simplicity, the model (89) has its own
interest. In [34, 33] it is called the “choose the leader” model. In population
dynamics, it is also a time-continuous version of the well-known Moran model [54].
It describes the “neutral” evolution of a population of individuals where the death
and reproduction events happen simultaneously. The kernel K plays the role of a
mutation kernel. A different scaling which leads to a different limit is presented in
Section 11-5.4.2.



PROPAGATION OF CHAOS: A REVIEW 1 73

4.3.3. The limit semi-group and the nonlinear measure-valued process. The previous
approach is too coarse as it tries to compare directly the empirical law FN to its
limit d4,. By looking only at the expectation of some fixed (though infinitely many)
observables, we do not keep track of the detailed dynamics of the particle system.
In this section we give some insights on an approach which is originally due to
Griinbaum [91] but which is has been made rigorous in [131, 130]. Rather than
looking only at the law F}, the idea is to compare the empirical process and a
“nonlinear” measure-valued process through their semi-groups and generators, thus
effectively keeping track of the dynamics. Note that we could define an “obvious”
nonlinear empirical process by taking the image by py of N ii.d. fi-distributed
processes. This would lead us to compare ftN = (MN)#ft®N to FN = (uy)uf
but this would not be simpler than comparing directly f» to ft®N . This could be
handled by the coupling approach (Section 4.1). Instead, the approach of [130, 131]
considers the nonlinear dynamics in P(E) from the PDE point of view. In the most
abstract setting, the limiting nonlinear law f; is the solution of

O fe = Q(fr), (91)

where () is a nonlinear operator. Assuming that this PDE is wellposed, this gives
rise to a nonlinear time-continuous semi-group (S;)¢>o acting on P(E) such that
the solution of (91) is given as:

ft = Et(fo)a

where fp € P(F) is the initial condition and
§t+s =508, =15, Ogt, 0, S, = Q Sy

From the stochastic point of view, the operator S; is the dual of the transition
operator th ° of a nonlinear Markov process in the sense of McKean (see Appen-
dix A.4). The main observation is that the deterministic dynamics (91) can be
seen as a stochastic process in P(FE), for instance, it is possible to choose a random
initial condition: although it is expected to be a given fy € P(FE), it is also natural
to take as initial condition the same as the one of the empirical process, that is a
random empirical measure with N points sampled from f. Remember that fJ¥
is assumed to be initially fy-chaotic. With this choice, the goal is to compare the
empirical process (uyy ), and the nonlinear process (St (x~)),- The laws of these
processes in P(P(FE)) at time ¢ > 0 are respectively given by:

FtN = (NN)#StN(féV)7 Fiv = (St o NN)#févv (92)
where SV denotes the N-particle semigroup acting on P(EY), so that fN =
SN(fY). The semigroups (S¥); and (S;); describe the forward dynamics of the
probability distributions. The dynamics of the observables is described by the dual
operators acting on the space of test functions on Cp(P(E)). As explained at the
beginning of this section, for the particle dynamics, everything is given in terms of
(T ¢): which is the semigroup acting on C,(EY /& y). For the nonlinear system,
the following operator is defined in [131, 130]:

Vo € Cp(P(E)), Vv € P(E), Too ®(v):= @(?t(v)), (93)
so that

[ Toor® () 557 (@) = (F0) = [ () A (0.
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Note that the dependence on N is only in the initial condition. On the other hand,
it holds that:

[ P () 3 (ax) = (R, ),

so very loosely speaking, the goal is to prove the convergence of the semi-groups:

Tny — Tooy-
N —4o00

In a classical setting, the convergence of a sequence of semi-groups acting on a
set of test functions over a Banach space is solved by Trotter [156] by proving
the convergence of the generators. The generator Ly associated to T n,+ is defined
by (81), although its image is restricted to the subdomain Cy(Py (E)) C Cy(P(E)).
The generator of (T ) is much more delicate to define because P(E) is only a
metric space and not a Banach space. Its precise and rigorous definition is one of
the main contributions of [131, 130]. We will give insights on this later, but for
now let us assume that it is possible to define a generator L., on a sufficiently large
subset of Cy(P(E)) and such that for ® in this subset,

d
&Too,tq) = ,COQ[TOQ’tq)] = Too,tﬁoo(I)~ (94)

We now briefly explain how generator estimates will give an estimate on the dis-
crepancy between F}¥ and FI¥. First, using Lemma 3.11, it is sufficient to look at
the moment measures F}"Y FFN ¢ P(EF) for all k € N. Let ¢, € Cy(EF) be a
test function and let

Ry, (v) = @x(v) = (V" 1),
be the associated polynomial function. We recall that the operators Ty and Ly are
directly linked to their empirical versions (80), (81) by p and the linear transpose
map:
px : Co(P(E)) = Cy(EN), @ dopy.

By definition, it holds that:

(B on) = (BN @) = (£ Twva®k 0 puy]) = (17 T o[ B1l).
and

<Ff’N»SDk> = <F£Vaq’k> = <f(§VvToo,t‘I) © NN> = <f(§vaﬂ%[Too,t(I)k]>~
The difference between these two quantities is controlled by using the formula for

0<t<T:

t
d
Tnepy — pnToot = —/ 1 [T - stiNToo,s] ds
0

t
_ / Trvs— o[l — P8 Log] Toc s,
0

which leads to the following bound:

t
‘<Ftk,N<pk> - <Ff’N,<Pk>‘ < / |<féV,TN,t_s [/.ZN/L% - u%ﬁw]TwS(I)kMds
0
t
= A |<ft]X57 [‘CN/J’% - IJ’%»COO} Too,s(1>k>’d3

t
= /0 ‘<ftIX57£N[Too,s(bkouN] _‘COO[TOO,S@]{Z} OI»LN>|d5
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<T sup ||(£x(Toi®h] = LoclToe®s]) 0 r]|
0<t<T 0o

(95)

At this point, in order to obtain a convergence bound in IV, a generator estimate is
needed to compare the behaviour of the empirical generator Ly to the one of L
against T, Py (the map py is just an artefact to write this comparison in EN).

Remark 21. The estimate (95) can be made more uniform in time as soon as the
particle system preserves some quantity m : EV — R, in which case (95) becomes:

(F5 ) — (P )

1 R T
< sup [ (ExlTitn] = LulTuitil) oy [ (Y m)ds
o<t<T "M oo Jo

In Section 4.3.5 we will review the abstract theorem of [131] which shows how
to recover propagation of chaos in the usual framework from an estimate on (95).
Before doing that, we give more insights on the definition of the generator L.,
within the framework of [131].

4.3.4. More on the limit generator. As an introductory example, let us consider a

mean-field generator of the form (6) and a tensorized test function of order two:
P2 = ¢! @ ¢7,

as well as the associated polynomial function on P(E) defined by ®5(v) = (12, ¢a).

We recall that it is not a restriction to consider tensorized test functions [75, Chap-

ter 3, Theorem 4.5 and Proposition 4.6, pp.113-115]. Then, a direct computation

which is detailed in Lemma II-A.1 (a similar computation is also used in the proof
of Theorem [1-3.10) gives:

Ln[@2 0 py](xN) = (psen s Lyu_y 0 ) (i, ©2) + (e, 0" Y pisen s Ly ©7)

1
+ N<MXN’PLHXN (9017 @2)>7
where T is the carré du champ operator. In order to have
|(Ex1@2] — £cf®a]) 0 pixlloc  — 0.

the operator L, should necessarily satisfy:
Loo®2(v) = (v, L") v, %) + (v, ) (v, Lup?).
This computation is generalised (see Lemma I1-A.2) to any k-fold tensorized test
function
pr=9p'®... 0"
and the operator L., is defined against monomial functions by:
k
Loo®r(v) =Y (QW),¢") [ (v ), (96)
i=1 j#i

where ®(v) = (v¥F, 1) and with a slight abuse of notation, we write

QW), @) = (v, L),
for the integral of a test function ¢ against Q(v) (which is not a probability mea-
sure). The relation (96) can be extended to any polynomial by linearity. We would
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also get the same relation (with a different operator @) for a Boltzmann operator
(see Lemma [1-A.3).

A natural idea would be to use the relation (96) as a definition of an operator
acting on polynomials and then extend it to the completion of the space of poly-
nomials, which is a large Banach subset of C,(P(E)). However, this would not
necessarily imply that the right-hand side of (95) goes to zero for any ® (since for a
given polynomial, the convergence implied by Lemma [1-A.2 may not be uniform in
the degree or number of monomials) and proving this convergence does not seem to
be an easy task. We recall that the final goal is to apply L4 to the test functions

Toot®i(v) = <§t(1/)®k7<ﬁk>, (97)

which are not polynomial in general. In particular, the relation (96) needs to be
extended to be able to write

k
LooToor®i(v) = > (Q O TS w), @),

i=1 j#i
in order to have (94).

Remark 22. The stochastic point of view gives more insight on the form of the
nonlinearity in (97). Under the assumption that f; is the law of a nonlinear Markov
process in the sense of McKean (see Appendix A.4), one can write the dual form
when ¢, = ' ®@ ... ® Q"

k
Tooi®r(v) = [[ (n TY¢"), (98)
i=1
where T} is the nonlinear transition operator of the process. Up to the dependency
of T} on the measure argument v, the test function 7 @y, is thus close to be a
polynomial. When T does not depend on v, f; = S(fo) is the law of a classical
time homogeneous Markov process and thus satisfies a linear equation. In this
case, everything is much simpler because the operator T, ; acts on the space of
polynomial and it is not necessary to extend Lo, to a larger subspace of Cy,(P(E)).
One could actually bypass the definition of the limit generator. Note also that the
linear case is the framework of our toy example in Section 4.3.2. Unfortunately, in
the nonlinear case, the dual backward form (98) does not really seem to be more
helpful since T} has no reason to behave well with respect to its measure argument.
We finally point out that all the argument in [131, 130] is more general as it is
entirely based on (97) and does not use the fact that f; is the law of a nonlinear
Markov process in the sense of McKean (even though it is the underlying application
case).

In his seminal article [91], Griinbaum originally relies on a clever completion of
the space of polynomial functions. He then identifies L., and proves the convergence
of the generators on a class C’ of “continuously differentiable functions” on P(E).
In order to apply Trotter’s result on T, ¢, Grilnbaum uses an unproven smoothness
assumption on the nonlinear operator S; which ensures that (97) belongs to the
class C’. This assumption has since been proved to be false for some models.

The generator L., is rigorously defined in [131, 130] using a new notion of dif-
ferential calculus on the space P(FE) that is very briefly sketched below. The fun-
damental idea is to consider a distance on P(FE) inherited from a normed vector
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space G to be chosen. Let mg : E — R, be given together with the weighted
subspace of probability measures:

Pg(E) :={f € P(E), (f,mg) < +o0}.

The weight function mg may typically be a polynomial function (in which case Pg
is the space of probability measures with a bounded moment) but may also depend
on the normed vector space G which is assumed to contain the space of increments:

IPg(E) := {f1—f2, f17f2€77g(E)} cg. (99)
This naturally defines a distance on Pg(FE) by:
Vi, f2 € Pg(E), dg(fr, f2) == Ilf1 — fallg-

Example 20. A simple example is obtained when taking for G the Banach space
of finite mass signed measures endowed with the total variation distance. Pg(FE) is
then a subspace of P(E) endowed with the total variation distance, while the space
IPg(E) of its increments is seen as a subset of the finite mass signed measures.

Other examples and their relations with the distances defined in Section 3.1 are
detailed in [131, Section 3.2]. With such notion of distance, it is possible to define
a differential structure on the space of probability measures which is inherited from
the classical differentiable structure of the Banach space G. Namely, a test function
® : Pg(E) — R is said to be continuously differentiable at f € Pg(E) when there
exists a continuous linear application d®[f] : G — R and a constant C' > 0 such
that:

Vg € Pg(E), |®(g) — ®(f) — (d®[f],g — flg'g| < Cdg(f.9). (100)

Note that the bracket in the inequality is the duality bracket between G’ and G.
The main difference with the usual notion of differentiability in a Banach space is
that the space of increments (99) has no vectorial structure. More details on this
notion of differential calculus is given in [131, Section 3.3 and Section 3.4] with a
special focus on polynomial functions. This definition can be extended to higher
order differentiability and to functions with values in Pgz(E) instead of R (which is
the case of the operator S;).

The definition of £, then directly comes from the differentiation of the definition
of the pullback semigroup (93): let ® be a continuously differentiable function on
Pg(FE), then for all v € Pg(E), by the composition rule (see [131, Lemma 3.12]), it
holds that:

Loo®(v) = %Too,t‘b(V) o %‘I’(gt(l/)) o <d<1>[1/], %?t(y) t_0>
= (d®[v], Q(v)). (101)

This computation is almost rigorous up to the assumption that Q(v) € G. The
precise assumptions on (St); which make this computation fully rigorous are given
by [131, Assumption (A2)] and will be summarised in the next section.

Example 21 (Generators estimate for jump processes). Quite formal computations
may also motivate the introduction of a proper notion of differential calculus on
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P(E) and lead to generators estimates. Taking the example of jump processes, we
have seen that:

N
~ ; 1 1 .
L" (p xN ) = / )\ Za xN |:(p( xN — 763:74 + *5 > - @ xN :|PL N Zad .
NP () ; . (2, px) i N v (113 ) | P, («*,dy)

The term in the integral is precisely of the form (100) with an increment of size
1/N. Assuming that it is possible to differentiate ®, we get:

Ly ()

= é/EA(wi,uxw) Kd@(uxw), —%%i + Ji,5y> + 0(;,)} Py x (2", dy)

= (d®(pxr ), Q(pax ) + 0(1) = Loo@(paxr) + 0(1),
where @ is given in the weak form by the left-hand side of (19) (with a = 0).

4.3.5. The abstract theorem. The main theorem [131, Theorem 2.1] is based on the
following set of assumptions. The first one is the only one which concerns the
particle system (it is always implicitly assumed). The second and third ones are
motivated by the previous sections. The fourth and fifth ones are stated more
informally, more details on their role will be given in the sketch of the proof of the
main theorem.

Assumption 2. The following assumptions are respectively numbered (A1) to (A5)

in [131].

(1) (On the particle system). The N -particle semigroup (I'n+)i>0 s a strongly
continuous semigroup on Cy(EN) with generator Ly .

(2) (Existence of the pull-back semigroup). There exists a Banach space G
such that the nonlinear semigroup (S;); on Pg(E) is Lipschitz for the distance
dg wuniformly in time. The operator Q : Pg(E) — G is bounded and 6-Hélder
for a § € (0,1]. This implies the existence of the limit generator Lo, defined by
(101) (see [131, Lemma 4.1]).

(3) (Generators estimate). There exists a sequence e(N) such that e(N) — 0
as N — 400 and such that for sufficiently reqular test functions ® on Pg(E),

[(Ln® — Loo®) 0 pyl| . < (V)@ ek (pg (i) (102)

where || - [|cr1(pg(my) s a norm related to the notion of higher order differen-
tiability.

(4) (Differential stability of the nonlinear semigroup). The nonlinear semi-
group (Sy); is differentiable (for the generalised version of the notion of differ-
entiability mentioned above), and its derivatives can be bounded uniformly in
time using adapted G-dependent norms.

(5) (Weak stability of the nonlinear semigroup). For a Banach space G possi-
bly different from G, the nonlinear semi-group is Lipschilz for the distance dg.
More generally this can be replaced by the existence of a concave modulus of
continuity O : Ry — Ry such that for all fo, g0 € 'Pg(E),

0Sror dg (S:(fo), St(90)) < O1(dg(fo, 90))-

The last assumption (5) quantifies the continuity of the operator S; with respect
to its measure argument: together with the assumption (4), it should be understood
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as a regularity assumption with respect to the initial condition for the limit nonlinear
PDE. The fact that it holds for a possibly different Banach space G is essentially
technical: it allows more flexibility in the choice of a well-suited topology to deal
with the nonlinear problem.

The following abstract theorem is stated and proved in [131, Theorem 2.1].

Theorem 4.5 (The abstract theorem in [131]). Let Assumption 2 hold true. Let
T >0, k € Nand N > 2k. Then there exist a continuously embedded subset
F C Cp(E) and some absolute constants C,C(T) > 0 such that for any tensorized
test function

o= ®...0 " € FOF,
it holds that:

k2 0o
sup (5 — 1%, )| < 21y g0y oy 2, 2()
0<t<T

+ Kllnll 701 (Was (F65,) ), (103)

where e(N) is defined in Assumption 2(3), Wag is a Wassertein distance on the

space P(P(E)) related to G given by Assumption 2(5) and || - ||z, and || - ||z, are
some norms on Cy(E¥) which are defined in the complete version of Assumption 2
(see [131, Section 4]).

Proof (main ideas). The proof in [131] relies on three main steps:

e Approximate f by F/*" thanks to Lemma 3.11.

e Approximate f&% = SP%(fy) by EXévgi@k(,u%O) = FPN. Since initial chaos
u%o — fo is assumed, this should stem from the regularity on the limit equa-
tion.

e Compare the time evolution of F"™¥ to the one of F1"™V, which motivates the
content of Section 4.3.3 and Section 4.3.4.

We recall that Ftk’N and Fj’N are the moment measures (Definition 3.13) as-
sociated to the laws F}¥ and F} defined by (92). Each of the three terms on the
right-hand side of (103) thus comes from the splitting:

(1 F7800) = O = ) (R P ) (P )
104

The first term on the right-hand side is handled with rate O(k2N~!) by the ap-
proximation Lemma 3.11, using purely combinatorial arguments. The second term
is technically the most difficult one. Assumption 2(2) gives a precise meaning of
the relation (95) formally derived earlier. The role of Assumption 2(3) is thus self-
explanatory and Assumption 2(4) ensures that ® = T, ;@ has enough regularity
to be taken as a test function in (102). The third term contains two approxima-
tions: the first one is how well the initial data is approximated by a (random)
empirical measure and then how well this error is propagated in time, which is
Assumption 2(5). O

Applications of the abstract Theorem 4.5 to classical models can be found in [131].
The assumptions are rigorously justified for Maxwell molecules with cut-off (see Sec-
tion 2.3.3), the classical McKean-Vlasov diffusion (with a non-optimal convergence
rate) and a mixed jump-diffusion model. The main advantage of this abstract
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method is its wide range of applicability, although each model requires a care-
ful and dedicated verification of the five assumptions. The choice of the different
spaces G indeed strongly depends on the structure of the model. In the companion
paper [130], the abstract method is developed in a more general framework: the five
assumptions are modified to include conservation relations in order to treat the case
of Boltzmann models with unbounded collision rates, possibly uniformly in time.
The results will be summarised in Section [1-4.5.

Remark 23 (BBGKY hierarchy, statistical solution and limit generator). We previ-
ously made the remark that taking the limit N — +o00 in the BBGKY hierarchy (51)
or (52) leads to an infinite hierarchy of equations called the Boltzmann hierarchy
(Remark 15). By the Hewitt-Savage theorem, at every time ¢ > 0, the Boltzmann
hierarchy is associated to a unique m; € P(P(FE)) which is sometimes called a sta-
tistical solution of the limit problem. In [130, section 8], the authors show that for
cutoff Boltzmann models, given an initial 7o € P(P(E)), the statistical solution 7
is the unique solution to the evolution equation

atﬂ‘ = Eooﬂt,

where £ is the formal adjoint of the limit generator L, on Cy(P(FE)). It means
that m; satisfies the weak equation

Vo€ CyP(E)), < m, @) = (m L),

When 7y = dy,, there exists a unique statistical solution which is chaotic in the
sense that this solution is equal to ¢, where f; solves the nonlinear PDE. As already
explained many times, this fact is equivalent to the propagation of chaos. Moreover
it is proven in [130, section 8] that the operators which generate (in a sense which
is made rigorous) the BBGKY-hierarchy converge towards the generators of the
processes related to moment measures of m;. However it should be noted that
in general there exists many other statistical solutions. The notion of statistical
solution is an important notion in fluid mechanics, where it originates.

4.4. Large Deviation Related Methods. Various approaches related to large
deviations theory are investigated here. It is possible to motivate them by looking
back at Remark 14, which suggests that chaos can be seen as a kind of weak law of
large numbers, as it implies the weak convergence:

</’LXN7()O> - EXN [@(XLN)} N—>_+>oo 0.

When a strong law of large numbers holds, it is natural to look at the fluctuations
of {(uxn, ) by establishing some weak central limit theorem. Nonetheless one can
look at this issue the other way round, trying to deduce some weak law of large
numbers from a fluctuation result. Indeed, the usual central limit theorem implies
a weak version of the law of large numbers, although the latter is classically proven
using quite different tools. Actually, it should be noted that, if a typical large de-
viation estimate of the form P(D(uxx, fi) > €) < e~ N1 holds for a distance D
on P(E) and I a rate function which has a unique zero, then propagation of chaos
immediately follows from the Borel-Cantelli lemma. Note however that if one is
only interested in the law of large numbers, a large deviation result may be quite
overworked. As we shall see, the large deviation theory provides new tools and
useful insights on propagation of chaos. In Section 4.4.1 we give a mostly histori-
cal description of large deviation results which imply as a byproduct a weak form



PROPAGATION OF CHAOS: A REVIEW 1 81

propagation of chaos in some specific cases. These results are related to Laplace’s
theory of fluctuations, which has been widely used in statistical physics to study
out of equilibrium systems. The relative entropy functional (Definition 3.10) plays
a crucial role in this analysis: in Section 4.4.2, we gather classical results which
link propagation of chaos and entropy bounds. Section 4.4.3 is devoted to the
study of (quantitative) concentration inequalities which will be useful in the follow-
ing sections to strengthen propagation of chaos results. We will later give a brief
overview of “pure” large deviation results which go beyond propagation of chaos in
Section I1-5.4.1. Some classical material on large deviation theory can be found in
Appendix A.5.

4.4.1. Chaos through Large Deviation Principles. In the seminal article [10], the
authors improve results from [107] and [23] on Large Deviation Principles (LDP)
for Gibbs measure and obtain as a byproduct a pathwise propagation of chaos
result for the McKean-Vlasov diffusion. Firstly, [10, Theorem A] below states a
large deviation principle for Gibbs measures with a polynomial potential.

Theorem 4.6 (Polynomial Potential). Let & be a Polish measurable space. Let
po € P(£). Let us consider a random vector XN in &N, distributed according to
the Gibbs measure:

pN (dxN) = % exp [NG (e ) p§™ (dx™), (105)

where Zy is a normalization constant and G is a polynomial function on P(&)
(called the energy functional) of the form:

T

G(p) =D (u®*, Vi),

k=2

for some symmetric continuous bounded functions Vi, on &% . Then the laws of pa~
satisfy a large deviation principle in P(P(&)) with speed N=% and rate function

= H(pilao) — G(u) — inf ey (H (o) — G).

Denote by mg the infimum of H(-|ug)— G in P(&£) and P™° the set of probability
measures which achieve it. The study of P is related to the study of the quadratic
form ©, on L3 (&,dv) (the space of centered square v-integrable functions on E)
defined for any v in P™° by:

Vf,g € L§(&,dv), (O,f.9) = k(k—1)(* f@g@1" V).
k=2

The following [10, Theorem B] quantifies the fluctuations of gy~ in the non-
degenerate case. Analogous results for the degenerate case are given in [10, Theo-
rem C].

Theorem 4.7 (Chaos and Fluctuations). Assume that P™° is non degenerate in
the sense that for all v € P™0,
Ker(Id — ©,) = {0}.
In this case, let us consider the quantities:
_ - d(v)
d(v) = [det(Id — ©,)] 72, d(v) == =——F——.
Durepmo A(V')

Then the following properties hold.



82 PROPAGATION OF CHAOS: A REVIEW 1

1. The set P™° 1is finite.
2. limpy o0 €N ZN =3 cpme d(V).
3. For any integer k > 1 and any ¢ in Cy(&F),
(W, @19k —— d(v){v®*, p).
N—o0

veP™o

4. The random measures pyn € P(&) satisfy local and global Central Limit
Theorems.

When P™0 reduces to a single non-degenerate minimizer f, then the third asser-
tion exactly tells that the sequence (uV)y is f-chaotic.

Going back to an interacting particle system, let f& € P(E™) be an initial
law and f[oN,T] € P(C([0,T], EN)) ~ P(C([0,T], E)N) be the pathwise law of the
particle system with initial law f§'. In the same way, let fjo. ) € P(C([0,T], E))
be the law of the targeted limit nonlinear process with initial law f; € P(E).
Following [10] and [11], pathwise chaos on [0,T] can be recovered from the above
theorem, essentially by taking & = C([0,T], E).

Corollary 3 (Pathwise chaos from LDP). Assume that the following properties
hold.

1. f¥ is a Gibbs measure of the form (105) with respect to fgeN for a polynomial
energy functional G € Cy(P(E)).

2. The functional p € P(E) — H(u|fo) — G(r) admits a unique minimizer pi,
which is non-degenerate.

3. f[]&T] is a Gibbs measure of the form (105) with respect to f[%% for a polyno-
mial energy functional G € Cp(P(C([0,T], E))).

4. The functional v € P(C([0,T], E)) — H(v|fio,r]) — G(v) has a unique mini-
mizer f[B’T] which is non-degenerate. Moreover, f[B,T] is the pathwise law of
the nonlinear process with initial condition pi,.

Then the sequence (f[ZSCT])N 18 f[aT]—chaotic.

The two first two assumptions are related to the initial data. The propagated
property is more the LDP than the chaoticity since the initial measure is assumed
to be Gibbsian and no more chaotic as usual. To recover the usual setting, the first
assumption has to be replaced by the fy-chaoticity of f&¥, that is to say G = 0.
The unique minimizer of H(-|up) is thus in this case u, = fo and f[B,T] = flo,r is
the desired law for the limit nonlinear process. The third assumption tells that the
Gibbs form of the density is also valid at the pathwise level. For a McKean-Vlasov
diffusion with regular coefficients (typically Lipschitz [52],[121]), the Gibbs density
dfio, )
dff5m)
Thus the remaining difficulty often lies in the fourth point.

can typically be computed using Girsanov’s formula (see Appendix A.6).

Example 22 (Application to several models). Checking that the above assumptions
hold can be very technical. To give a flavour of the possible applications, we mention
here a few examples.

o (McKean-Viasov system with reqular gradient forces and constant diffusion).
The assumptions are exhaustively checked in the original paper [10], leading
to the desired pathwise chaos on finite time intervals.

o (McKean-Viasov system with only continuous drift and Hélder position de-
pendent diffusion). Pathwise chaos is proved in the seminal work [55] by
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establishing a LDP principle and by showing that the limit law is the only
minimizer of the related rate function. The method is close to the one which
is described above, but it is driven in some abstract dual spaces in order to
weaken the regularity conditions: the diffusion can depend on the position
with Holder-regularity (but does not depend on its law), but no such regular-
ity is needed for the non-linear drift.

o (Hamiltonian systems with random medium interactions). Pathwise chaos is
proved in [52] by extending the above method. The main difficulty in this
system comes from the control of the random jumps and from the random
medium.

o (Curie-Weiss and Kuramoto models). Once again, it is an application of
the above method. The Curie-Weiss model is obtained as a corollary in [55]
and [52], while the Kuramato model is the last part of [52]. The method is
applied to analogous jump processes with random interactions in [115]. See
also Section [1-5.2.1.

4.4.2. Chaos from entropy bounds. The theorems stated in the previous Section
4.4.1 strongly suggest that the relative entropy (between the N-particle distribution
and the tensorised limit law) is an important quantity to look at. In fact, Pinsker
inequality (50) implies that

1Y = 18|y < 2H (1] £5Y),

so if the right-hand side goes to zero as N — 400, it implies propagation of chaos
in Total Variation norm. But as it can be expected, it is very demanding to prove
that the relative entropy vanishes. The following lemma shows that a simple bound
may be sufficient for a slightly weaker result.

Lemma 4.8 (Dimensional bounds on entropy, [50]). Let & be a measurable space.

For every symmetric probability measure f¥ on &V, and every nonnegative integer
k(N) < N, it holds that

H(fk(N),N}f®k(N)) < k(N)

N
A bound on H(fN|f®V) thus implies propagation of chaos in Total Variation

norm for blocks of size k(IN) = o(NN). This technique is by now classical and various
applications will be presented in the following sections.

H(fY|foN). (106)

Remark 24. Note that a bound on H(fY|f®¥) implies that the normalised en-
tropy goes to zero as N — 400 :
~ 1
H(N Ny .= —H(N oY) — 0.
(PVIFEN) = SHUNY)
A first historical example of entropy bound for Gibbs measures (with a continuous

bounded but non necessarily polynomial potential) can be found in the article [11]
subsequent to [10].

Theorem 4.9 (Entropy bound for Gibbs measures, [11]). Let u™ be a non de-
generate Gibbs measure of the form (105). Then, with the same notations as in
Theorem 4.7, the measure pY =", cpm, d(V)v®N satisfies the entropy bound

limsup H (p™ |l ) < +o0.
N—4o00
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Note that this result strengthens [11, Theorem B] (Theorem 4.7). As before, this
readily implies pathwise propagation of chaos.

Corollary 4 (Pathwise McKean-Vlasov, C7 potentials [11]). If the rate function
has a unique zero [11, Assumption (A1)], the pathwise entropy bound on [0,T] holds
for McKean-Viasov gradient systems with C% coefficients.

Theorem 4.9 is very strong and quite general. It is mainly intended for true
Gibbs measures and in our case, it may look too powerful (besides, the hypothesis
may not be easily checked). In the literature, there are more direct approaches to
bound the entropy.

The two following lemmas are valid respectively in the pathwise and the point-
wise cases for the McKean-Vlasov diffusion. They do not directly prove a propa-
gation of chaos result but suggest a way to bound the relative entropy under very
weak assumptions on the drift. They are a direct consequence of Girsanov theorem
(Appendix A.6) which provides an explicit expression of the relative entropy as an
observable of the particle system. The classical application is a strengthening result:
if this observable can be controlled by a weak form of propagation of chaos, then
the entropy bound strengthens the weak propagation of chaos result into strong
(pathwise) propagation of chaos in TV norm, see for instance Corollary I1-1. More-
over, in some cases where the drift is singular and when no easy propagation of
chaos result is available, computing a bound on only one observable is often a quite
sensible strategy. This will be reviewed in particular in Section [1-3.4.

Lemma 4.10 (Pathwise entropy bound). Let T > 0 and I = [0,T]. Assume
that the nonlinear martingale problem associated to the McKean-Viasov diffusion
(Definition 2.3 and (10)) with

b:RYx PRY) = RY, o =14y
is wellposed and let f; € P(C([0,T],R%)) be its solution. For N € N, let fN €
P(C([0,T), (RY)N)) be the law of the associated particle system (X}N),. Then, for
any k < N it holds that

k T
H(fi ") < 5E /0 B} ) = bCx] f)[dt | (107)

This lemma is a mere application of Girsanov’s theorem; for simplicity, the result
is stated in the case of a constant diffusion matrix but it is also valid in the case of a
diffusion matrix which depends on the positional argument but not on the measure
argument (see Remark 25).

Proof. Since the nonlinear martingale is well-posed, it is well-known (see [106, Chap-
ter 5, Proposition 4.6] or [75, Chapter 5, Proposition 3.1]) that we can construct a
filtration and NV independent adapted f;-Brownian motions (E;)t on the path space
such that 4

dX} = b(X}, f,)dt + dB, (108)
where we recall that X = (X}, ..., X¥) is the canonical process on C([0, T], RV) ~
C([0,T),RY)N. In other word, the canonical process is a weak solution of the
nonlinear McKean-Vlasov SDE on the path space (C([0,T],R%),.Z, f;). For i €
{1,..., N} let us define the processes:

Ai = b(xiaﬂx{\’) - b(xiaft)'



PROPAGATION OF CHAOS: A REVIEW 1 85

and
N N t ) 1 [t
H = AZ,-dEZS—f/ Aist}
: ;[/ ; 5 [ 18

It is classical to check that exp(H™) defines a f;-martingale (see [106, Chapter 3,
Corollary 5.16]). Then by Girsanov theorem (see Appendix A.6) on the product
space (C([0, T],RHN, FEN 2N it is possible to define a probability measure fN
on C([0,T],R")™N such that for i € {1,..., N}, the processes

, t
B! :=B, 7/ Xids (109)
0
are N independent f~-Brownian motions. Reporting (109) into (108) we see that
dX; = b(X}, pxy )dt + dB;.
In other words, (XY), is a weak solution of the McKean-Vlasov particle system
on the path space (C([0,T],RH)N, .7, fN) and, as the notation implies, f7 is the

N-particle distribution. Moreover, the Girsanov theorem gives a formula for the
Radon-Nikodym derivative:

df exp(HY) = exp i {/t Al .dB' L /t |Ai|2ds]
= ex =X s s 5 s .
dfey g | Jy 2 Jo

As an immediate consequence, it is possible to compute the relative entropy as
follows:

N
HIEY) =By [log ddf@fN]

I
T Y
/A;.dBt_§/ A 24t
0 0
N T 1 /T
> / A;.ng+§/ |AL2d¢
i=1 L0 0
N T ]
DY RN
i=170

which, by exchangeability, eventually gives:

=E;~[H]]

D

i=1

N
i=

|
|

1

b

N
HUPIEY) = 5By

T
/ |b(x%>/ix{\’) - b(xgv ft)|2dt] :
0
Coming back to our usual notations on the abstract probability space (2, .%#,P) on
which a particle system (XV), ~ f& is defined, it simply means that

N
H(PSEY) = SE

T
/0 |b(Xt17.uXtN) —b(ngft)|2dt‘| .

The conclusion follows from Lemma 4.8. O
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Remark 25. The inequality (107) is actually an equality (see the proof of [108,
Theorem 2.6(3)]). This relatively direct computation can be seen as a very special
case of [116, Theorem 2.4]. The result readily extends to the case of time-dependent
parameters b, o and to the case of a non constant diffusion matrix o = o(t, ) which
does not depend on the measure argument and which is assumed to be invertible
everywhere. The only difference in (107) is that b should be replaced by c~'b. An
even more general setting is the one given in [108] where

b:[0,T]xC([0,T],RY) xP(C(]0,T]),R%)) = R%, & :[0,T]xC([0,T],R?) — Mg4(R),

are assumed to be jointly measurable. This does not affect the final result (107)
nor the argument.

Remark 26. It is worth noticing that this approach does not seem to be restricted
to diffusion processes. On the one hand, the full Girsanov theory can be applied
to jump processes as well (see [116] and the references therein) and it is actually a
very powerful and general result in the theory of stochastic integration [111, Section
5.5]. On the other hand, any model presented in this review can be written as the
solution of a very general martingale problem. To the best of our knowledge, an
analogous generalised result does not seem to exist in the literature yet. For the
Nanbu system, it may be contained in [113, Theorem 2.11].

In a pointwise setting, the time derivative of the relative entropy can be directly
computed using the generator of the particle system.

Lemma 4.11 (General bound on the time-derivative entropy). Let f; € P(R?) be
the solution of (12) at time t with

b:RYx PRY) = RY, o =14

and let fN € P((RY)N) be the law of the associated particle system. Then for every
a > 0 it holds that

d — N
SH(MEY) < SN PN + 58 (X ) — b ). (10)

The following proof is mostly formal as we assume that the limit f; and log f;
are regular enough to be taken as test functions. The computations can be fully
justified in the cases where the lemma will be applied.

Proof. Let us recall that the generator of the IN-particle system is defined by

Lynon(x Z Ly ©i pN(x M,
where, given u € P(E),
Lup(z) = (b(z. 1), Vi) + 3 A0,
The Kolmogorov equation for the N-particle system reads:
SN o) = (1Y Lgw).

The Kolmogorov equation associated to a system of N independent f;-distributed
particles reads:

d£< 7%0N> <®NL<>N >7
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where we define the generator
N
LiNon = Ly o ¢n.
i=1
The relative entropy is defined by:

HUPIIP) = By 08 21 (xN)} (" 0e i),

In the last term, d(;@ ~ has been replaced by f® ~, which makes sense since f}¥ and

ft are probability density functions. Using the product derivation rule:

%H( tN‘fw?N) = <ftN»£N <10g ft >> <ft ,ilog fféN>

The last term can be written

f ®Nd fN d fN
<t,dt10g t > <ft7 ftN dtftéN>:<t®N7dtf§N>

The mass conservation for fV gives

<t®N ft> (FN1) =1,

<t®N d Y >_<t®N Ly ftN>_
dt fPN LY

Using the definition of the generator, we get:

and therefore

i di e >=§1<< A )t S )+ g ().

And thus it holds that

d S - IS
SH( ) = Z< X ) = BT ), o S (4) )

=1 d
N
3 (8 () ) -2 (2 (7))

N -
:EftN Z< ta/ijN _b(Xtht)v 1110g ft (XN)>

i=1 t

.

+

1 Y
2< ,Vt®N > (111)
and the last term involves
N o I ft N| o
28 ) v QN ft ) VIOg = I(ft |sz8 )
t

Therefore Cauchy-Schwarz inequality and Young inequality give for any a > 0

d —1 1 & . ,
SHNIEY) < S5m0 + 5= SOB [[b(X ) = (X 0] -
=1
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The conclusion follows since particles are exchangeable. O

Remark 27. Several points should be noticed :
e It is possible to take a = 1 in order to get rid of the Fisher information as
in [92], but a further control on Ws (u XN ft> is then needed, see [92].

e Before the splitting which introduces «, Cauchy-Schwarz’s inequality would
have lead to a bound close to the HW I inequality in our special case.

To end this section, we would like to emphasize the fact that these results do not
require any particular regularity on the drift (this is a well-known but remarkable
property of Girsanov’s transform). As a general rule, entropy related methods are
well suited to handle cases with singular interactions. An example with exception-
ally weak regularity assumptions will be given in Section [1-3.4. Another example
with a complex abstract interaction mechanism will be presented in Section [1-3.6.2.

4.4.3. Tools for concentration inequalities. Large Deviation principles imply prop-
agation of chaos, but they do not always give a way to quantify it since their result
is often purely asymptotic (for instance, Sanov theorem is non-quantitative). In
this section, we gather some results which quantify the deviation of an empirical
measure of N samples around its mean. These results are valid for any fixed (suf-
ficiently large) N. We first state a classical concentration inequality, obtained as
the consequence of a Log-Sobolev inequality. This inequality and other related
functional inequalities are deep structural properties of the system which will also
be used to study ergodic properties and long-time propagation of chaos (Section
[1-3.1.3). Then we state quantitative versions of Sanov theorem which strengthen
the above concentration inequality. In this section, E is assumed to be R? (or at
least a smooth finite dimensional manifold).
The following Log-Sobolev inequality is another kind of entropy bound.

Definition 4.12 (Log-Sobolev Inequality). For A > 0, a probability measure u
with finite second moment satisfies a Logarithmic-Sobolev Inequality LSI(A) when
for all v in P(FE)

1
Hvln) < 53 1(ln),
where I is the Fisher information (Definition 3.10).
An important consequence is the following lemma.

Lemma 4.13 (Concentration, see Ledoux [112]). If a probability measure p satisfies
a LSI(X) then for any Lipschitz test function ¢ with Lipschitz constant bounded by 1
and for any € > 0, it holds that

Px~pu(|e(X) —E[p(X)]| > ¢) < 9= (112)

This lemma is typically applied in EV for XN ~ f» with the function

1 s
P(AY) = 5 Do elXD),
i=1

where ¢ is 1-Lipschitz on E. The Lipschitz norm of the function @ is bounded by
1/V/N.

A classical result [137, Theorem 1] shows that under mild assumptions, the Log-
Sobolev inequality also implies the following Talagrand inequality.
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Definition 4.14 (Talagrand Inequalities). For any real p > 1 and A > 0, a prob-
ability measure g with finite p-th moment satisfies a Talagrand inequality T, ()
when for all v € P(E),

2H (v]p)

Wy (v, 1) - (113)

This inequality is all the more strong as A\ and p are big (it is a consequence of
Jensen’s inequality). It is known that 7% implies some Poincaré inequality and a
handful characterization is available for T} inequalities, see [22]. Talagrand inequal-
ities are also useful to quantify ergodicity with respect to the Wassertein distance.
Here is another characterization.

IN

Lemma 4.15 (Square-exponential moment). A probability measure p with finite
expectation satisfies a T1 inequality if and only if there exist a > 0 and x € E such
that [, e?le=vl 1 (dy) < +o0.

Note that Talagrand inequalities allow to recover usual Wassertein convergence
(and then convergence in law) from entropic convergence. Concentration inequali-
ties can also stem from Talagrand inequalities, although the stronger Logarithmic
Sobolev inequality is more often used in this context. The Logarithmic Sobolev
inequality can be established thanks to the following criterion.

Proposition 13 (Bakry, Emery [6, 5]). Consider a diffusion process with semi-
group (Py)i>0, generator L and carré du champ operator T : (¢,) — $[L(p0) —
©L(Y) — YL(p)]. Assume that there exists a real A such that for every regular
function ¢

La(p) = AT'(p)
where T'y(p) = 3[L(T()) — 2T (pL(p))]. Then the following properties hold.

o Forallz € R? and allt > 0, if Py = 0, then P, satisfies LSI(#> (where

1—e— At
the semi-group P is identified with the transition probability measure that it
generates).
o If A\ > 0, the semi-group is ergodic and P; converges towards the invariant
measure p with rate
H(P,|p) < Ce A,

In the previous concentration result (112), the test function is fixed before com-
puting the probability. One could take the supremum over all 1-Lipschitz test func-
tions, this would correspond to a weak chaos for the Dy distance. To get stronger
estimates on the Wasserstein distance between p XN and f;, the supremum needs
to come inside the probability. This is not an easy task, it requires a quantitative
version of Sanov theorem, which is proved in [21, Theorem 2.1].

Theorem 4.16 (Pointwise Quantitative Sanov [21]). Consider a probability mea-
sure pi on R which satisfies T,()\) for p € [1,2] and A > 0 and which has a bounded
square-exponential moment. Let XN ~ u®N be a system of N i.i.d p-distributed
random variables. Then for any N < X and € > 0, there exists a constant N,
(which depends also on d and the square-exponential moment of ) such that for all
N > Ne,
B(Wy (e, p) > €) < o 2N,
where vy, > 0 is an explicit constant which depends only on p.

The following pathwise generalization is proved in [18, Theorem 1].
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Theorem 4.17 (Pathwise Quantitative Sanov and Pathwise chaos [18]). Under the
same assumptions, the above theorem holds for a measure u on the Hélder space
C%([0, T),R?) with o € (0,1].

Except the last one, the results in this section are stated in a static framework.
Examples of time dependent systems and applications to propagation of chaos are
detailed in Section [1-3.5.

4.5. Tools for Boltzmann interactions.

4.5.1. Series expansions. Let us consider first the homogeneous Boltzmann system
with L) = 0. When the collision rate X satisfies the uniform bound (31), then it
can be directly checked that the operator £y is continuous for the L* norm:

Von € Co(EY),  [[Lnonlloo < AN = 1)on oo

Without loss of generality (see Proposition 3), we will assume here that A = A is
constant. As a consequence, the exponential series e!“~ is absolutely convergent for
t < 1/(A(N—1)) and there is a semi explicit formula for an observable oy € C,(E™N)
at any time ¢t > 0:
+oo tk
Elpn(Z)] =) (15" Lien),
k=0

where (Z}), is the particle process with initial law f& € P(EY). Then, considering
a test function py = s ® 1®(N=5) which depends only on s variables for a fixed
s € N, the term on the right-hand side depends only on IV through known quantities,
namely the initial law fJ¥ and the operator £y. The initial law fJ¥ is assumed to
be fo-chaotic so there is an asymptotic control of all its marginals when N — +oc0.
In its seminal article [104], Kac managed to pass to the limit directly in the series
on the right-hand side using a dominated convergence theorem argument. This
necessitates in particular to prove the absolute convergence of the series on a time
interval independent of N when s is fixed. The argument has been generalised in
[34] and will be thoroughly discussed in Section II-4.1. As a byproduct it will show
the existence of a solution of the Boltzmann equation in the form of an explicit series
expansion. The final formula (II-115) will be a direct extension of the “exponential
formula” obtained by McKean in [124] for the solution of a simpler Boltzmann model
in £ ={-1,1} (the famous 2-state Maxwellian gas). In a famous work, Wild [163]
showed that the solution of the Boltzmann equation for cut-off Maxwellian molecules
has a semi-explicit representation in the form of an infinite sum (see also [159,
Chapter 4, Section 1], [31] and the references therein). McKean showed that for the
2-state Maxwellian gas, the Formula (II-115) obtained by propagation of chaos can
be interpreted as the dual version of a Wild sum.

This approach is only focused on the evolution of observables oof the form
(fN,@n) for a fixed ¢ and does not study directly the evolution of the N-particle
law fN. The evolution of f} is given by the forward Kolmogorov equation. This
dual point of view on Kac’s theorem is studied in [140] and will also be reviewed in
Section [I-4.1. The starting point is the BBGKY hierarchy:

N

- S s+1,N
Tcs,s+1f

t bl

S S s rS,
at t)N:NE tN+
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where Cy 541 : P(E5H) — P(E?) is defined for f+1) € P(E**1) and ¢, € Cy(E?)
by

<Cs7s+1f(s+1), ¢s> = Z/E B L(2) Oist1 [903 ® 1](ZS+1)f(S+1)(dZS+1),
i=1 7 E°

Let TS\S,)(t) = exp(t+ L") denote the semi-group acting on P(E*) generated by + L°.
Then, interpreting the last term on the right-hand side as a perturbation of a linear
differential equation, Duhamel’s formula reads:

s s s N—s K s s
t N = TEV)(t) O’N + N /0 TS\’) (t— T)Cs,s+1fT7NdT'

Tterating this formula gives a semi-explicit series expansion in terms of the initial
condition:

+oo t  pt1 th—1
tS’N = Z ag{j’k) A /0 Ce /O' Tg\;) (t — tl)CSVSJ’»ng\?J’_l)(tl — tg)cs+1’5+2 .
k=0

stk
Cs+k—1,s+kTg\;+ ) (ty) SN L dty,

where as\?’k) =(N-5)...(N-—s—k+1)/N*¥if s+ k < N and ag\‘?’k) = 0 other-
wise. Taking the limit N — 400 in this series is the dual viewpoint of the previous
approach. If the limit exists, propagation of chaos holds whenever the result can
be identified as the infinite hierarchy of tensorised laws f&° where f; solves the
Boltzmann equation. Note that this approach can be easily extended to inhomo-
geneous Boltzmann systems where L(!) = 0, in which case the semi-group TE\S,)
should be replaced by the semi-group generated by Zle LW* o, ++x L%, A famous
example is given by Lanford’s theorem (see Section 11-4.6). The study of the evolu-
tion of observables is however more natural for abstract systems when there is no
known explicit formula for the dual operators £° and C; s41 acting on the particle
probability distributions.

4.5.2. Interaction graph. In an abstract Boltzmann model given by the genera-
tor (24) in Section 2.3, the binary interactions can be represented by graph struc-
tures. Given a trajectorial realisation of the particle system, the interaction graph of
a particle (or a group of particles) is built backward in time and retain the genealog-
ical interactions which determine the particle at the current time (i.e. the history
of the collisions). Before building graphs from particle realisations, the minimal
structure of such a possible graph is detailed in the following definition.

Definition 4.18 (Interaction graph). Consider an index i € {1,...,N} (it will
stand later for the index of a particle). An interaction graph for ¢ at time ¢ > 0 is
the data of

1. a k-tuple Ty, = (t1,...,t) of interaction times t > t; >to > ... >t >0,

2. a k-tuple Ry = (r1,...,7r) of pairs of indexes, where for ¢ € {1,...,k},
the pair denoted by r; = (i, j¢) is such that j, € {ig,i1,...,i¢—1} with the
convention ip =4 and i, € {1,...,N}.

Such an interaction graph is denoted by G;(Tk, Ri).
Given a trajectorial realisation of a Boltzmann particle system, the interaction

graph of the particle ¢ retains the minimal information needed to compute the state
of particle 7 at time ¢ > 0. It is constructed as follows.
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A
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ta

t3

ty

1 1 12 14

FIGURE 1. An interaction graph. The vertical axis represents time.
Each particle is represented by a vertical line parallel to the time
axis. The index of a given particle is written on the horizontal
axis. The construction is done backward in time starting from time
t where only particle i is present. At each time t,, if i, does not
already belong to the graph, it is added on the right (with a vertical
line which starts at ty). The couple ry = (ig,j¢) of interacting
particles at time ¢, is depicted by an horizontal line joining two big
black dots on the vertical line representing the particles iy and j,.
for instance, on the depicted graph, ro = (i2,4). Note that at time
ts, 3 = (i1,12) (or indifferently r3 = (i2,41)) where i; and is were
already in the system. Index i3 is skipped and at time t4, the route
is r4 = (ig,%1). The recollision occurring at time t3 is depicted in
red.

e The set (i1,...,%%) is the set of indexes of the particles which interacted di-
rectly or indirectly with particle ¢ during the time interval (0,¢) (an indirect
interaction means that the particle has interacted with another particle which
interacted directly or indirectly with particle i) — note that the i,’s may not
be all distinct.

o The times (t1,...,t;) are the times at which an interaction occurred.

e For ¢ € {1,...,k}, the indexes (ig,j;) are the indexes of the two particles
which interacted together at time ¢,.

Following the terminology of [89], a route of size ¢ between ¢ and j is the union
of q elements ry, = (i¢,,je,), K = 1,...,q such that i, = i, ig,,, = je, and
Je, = j- A route of size 1 (i.e a single element r¢) is simply called a route. A route
which involves two indexes which were already in the graph before the interaction
time (backward in time) is called a recollision. This construction is more easily
understood with the graphical representation of an interaction graph shown on
Figure 1.

The definition of interaction graphs can be extended straightforwardly starting
from a group of particles instead of only one particle. This representation does not
take into account the physical trajectories of the particles, it only retains the history
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of the interactions among a group of particles. Note that the graph is not a tree
in general since the i,’s are not necessarily distinct. It is a tree when no recollision
occurs.

Interaction graphs are a classical tool in the study of Boltzmann particle sys-
tems. As we shall see in Section [1-4.0 they are particularly useful to give a phys-
ical interpretation of the series expansions discussed in the previous section. The
connections between interaction graphs and series expansions are more thoroughly
discussed in [124] and [31].

In a more probabilistic setting, the following definition extends the construction
of an interaction graph to the case of random parameters.

Definition 4.19 (Random interaction graph). Let A >0, N e N, i € {1,...,N}
and t > 0. Let (T™%)1<r<r<ny be N(N — 1)/2 independent Poisson processes
with rate A/N. For each Poisson process T™* we denote by (T7), its associated

increasing sequence of jump times. The sets of times T = (¢1,...,%) and routes
Ry = (r1,...,71) are defined recursively as follows. Initially, ¢ =t and ip = ¢ and
for k>0,
thp1 = max {TiP | TP < ty, £ < k}. (114)
P

Then, given (¢,p,n) such that tx,1 = TP, iy = p and jry1 = i¢ so that
Tr+1 = (fk+1,Jk+1)- The procedure is stopped once the set on the right-hand
side of (114) is empty (it happens almost surely after a finite number of iterations).
The resulting interaction graph G;(7T, Ry) is called the random interaction graph
with rate A rooted on 7 at time ¢. The definition is extended similarly starting from
a finite number of indexes (ig, i1, ..., 1) instead of just i.

As explained before, a realisation of a Boltzmann particle system immediately
gives an interaction graph for each particle. More importantly, given an interaction
graph, it is possible to construct a forward realisation of a Boltzmann particle.
More precisely, when the interaction graph is sampled as a random interaction graph
following, then the following straightforward lemma constructs a forward realisation
of a stochastic process whose pathwise law is equal to f[t”]t\]], the first marginal of the
law f[I(\){ ;) of a Boltzmann particle system given by the generator (24) on the time
interval [0, ¢].

Lemma 4.20. Let us consider the Boltzmann setting given by Assumption 1 to-
gether with the uniform bound (31) on A. Given a realisation of a random inter-

action graph sampled beforehand as in the previous definition, apply the following
procedure:

1. At time t = 0, let the particles Zée be distributed according to the initial law.

2. Between two collision times, the particles evolve according to LW,

3. At a collision time tg, with probability )\(sz , sz)/A, the new states of parti-
14 4

cles iy and jy are sampled according to
(2. 2] ) ~ 1@ (210, 27 a1, 02 ).
4 14 4 12

Then the process (Z%)s<y is distributed according to the one-particle marginal f[t’Jt\]]
of the law f[](Yt] of a Boltzmann particle system given by the generator (24) on the
time interval [0, t].
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This trajectorial construction of a particle (sub-)system is used in [89, 127]. Us-
ing purely combinatorial arguments the authors prove a pathwise version of Kac’s
theorem with an explicit optimal convergence rate in total variation norm. The
main idea is that it is possible to compute the probability of sampling a bad in-
teraction graph, that is a graph which would give a system of particles with too
much correlation. When N — 400, this probability goes to zero. As a consequence,
when N is large, with high probability, the particle system is close to a system of
independent particles which are shown to be distributed according to the solution
of the Boltzmann equation. This will be reviewed in Section 11-4.2. As in the proof
of Lanford’s theorem (Section I1-4.6), a fundamental idea is to reduce the problem
to the estimation of the number of recollisions in a sampled graph or to the num-
ber of graphs in which two given particles are linked by a route of arbitrary size.
Indeed, in the probabilistic setting, if a random binary tree with branching rate
A is sampled first and then a particle system is constructed as above but starting
from independent particles, then this gives a trajectorial representation of a process
whose law is the solution of the Boltzmann equation (29).

Acknowledgments. The authors wish to thank Pierre Degond for his precious
advice and careful proofreading of this manuscript. The authors also thank Paul
Thevenin for fruitful comments and discussions.

Appendix A. Probability reminders. For the convenience reader, classical ele-
ments of stochastic analysis and probability theory which are used throughout this
review are gathered in this section. The Sections A.1, A.2 and A.3 are devoted to
the classical construction of stochastic processes on the Skorokhod space. Notions
related to the theory of Markov processes and their links with linear and nonlin-
ear PDEs can be found in Section A.4. Section A.5, Section A.6 and Section A.7
summarize probability results regarding respectively large deviations, the Girsanov
theorem and Poisson random measures.

A.1. Convergence of probability measures. The two following classical theo-
rems complete the results of Section 3.1.1 and Section 3.1.2 to study the limit of
sequences of probability measures.

The first theorem links weak convergence and almost sure convergence of random
variables.

Theorem A.1 (Skorokhod’s representation theorem). Let (fy,)nen be a sequence of
probability measures on a Polish space E which converges weakly towards f € P(E)
as n — +oo. Then there exist a probability space (Q, F,P) and some E-valued
random variables X, X,, defined on this space for all n € N, such that

Law(X,,) = fn, Law(X)=f, X,(w) WS X(w), P-a.s.

The second theorem is the widely used Prokhorov’s theorem which gives a helpful
characterization of compactness for the weak convergence topology. The following
results can be found for instance in [16, Section 5]. Compactness is linked to the
notion of tightness defined below.

Definition A.2 (Tightness). A family (f;);er of probability measures on a sepa-
rable metric space F (endowed with its Borel o-field) is said to be tight when for
every € > 0, there exists a compact set K. C E such that

Viel, fi(K:)>1—c¢.
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A sequence of random variables is said to be tight when the sequence of their laws
is tight.

Theorem A.3 (Prokhorov’s Theorem). A tight sequence (fn)nen of probability
measures on E is weakly relatively compact. Conversely, if E is also complete, any
weakly relatively compact family (frn)nen is tight.

A.2. Skorokhod’s topology and tightness on the Skorokhod space. A sto-
chastic process is a random function from a time interval to a state space (F,p)
assumed to be Polish. Throughout this article, the stochastic process are assumed
to belong (at least) to the Skorokhod space of cadlag functions.

Definition A.4 (cadlag). Let T in (0,4o00]. A function = : [0,7] — E is said to
belongs to the Skorokhod space D([0,T], E) of cadlag functions when x is right-
continuous and has a left-limit at any time ¢ € [0,7T:

xz(t7) = ?E% x(s) exists, x(t) = x(tT).
s<t

We recall that a cadlag function admits an at most countable number of disconti-
nuities.

The law of a stochastic process is therefore an element of P(D([0,7], E)). In
order to characterize the compact sets of this space, it is first necessary to precise
the topology on D([0,T], E). For a much more detailed study of the Skorokhod
space, we refer to [16, Section 12].

Definition A.5 (Skorokhod J1 topology). Let A denote the set of strictly in-
creasing homeomorphisms from [0,7] onto itself. The Skorokhod J1 metrics on
D([0,T1], E) is defined by

Endowed with this metric, the Skorokhod space D([0,T], E') is complete and sepa-
rable.

Alt) = As)

1
o8 t—s

d(xz,y) := inf 3 t),y(A(t))) +s
(w.y) := inf {O;%p(x() y(A())) sup

This topology is weaker than the one of continuous functions, which does not
make D([0,T], E) a complete space. However, estimates in the strong ||.||c met-
rics implies estimates a complete metric, up to a fixed multiplicative constant. In
practise, working with the ||.||o metrics is thus often sufficient.

Let us recall that for a continuous function x € C([0,T], E), the continuity
modulus is defined for 0 < § < T by

we(0):=  sup wgl[t,t+9], w.I = sup p(x(t),z(s)).
0<t<T—§ s,tel
A function z belongs to C([0,T1], E) if and only if lims_,o w,(§) = 0. For cadlag
functions, another notion of modulus is defined.

Definition A.6 (cadlag modulus). The cadlag-modulus on D([0,T7], E) is defined
by
wh () := %nf} max wy[t;—1,t;),
t; (3
where the infimum is taken over sub-divisions {¢;} of [0, T| such that min; ¢;41 —1; >
d. A function z belongs to D([0,T], E) if and only if lims_,o w’,(6) = 0.
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An analog of the Ascoli-Arzela theorem in the space of cadlag functions is given
by [16, Theorem 12.3]. It states that a subset A C D([0,T1], F) is relatively compact
if and only if

(1) supgeq [[2]loo < 003
(2) lims_gsupyeq wi(6) =0.
In some cases, it is easier to use the modulus
wy(6) == sup |z(t1) —x()|Alz(t) — 2(t2)],

t1<t<ts

to—11<4
see [16, Theorem 12.4]. Using these results the following tightness criterion for
probability measures on D([0,T], E) is proved in [75, Chapter 3, Corollary 7.4]).

Theorem A.7 (Basic tightness criterion in D). For each n € N, let (X}'), be an
adapted E-valued cadlag process on the filtered probability space (0, F,(F)t, P).
The sequence (X7, is tight if and only if the following two conditions hold.

(1) For every e > 0 and every rational number t > 0, there exists a compact set
K. C E such that
liminf P(X' € K. 4) > 1—e.

n—-+o0o
(2) For everye >0 and T > 0, there exists 6 > 0 such that

hmsup]P’(w’Xn 8) > s) <e.

n—-+o0o

|[O,T](

Still, this criterion remains abstract and requires to find a suitable partition of
the time interval to evaluate the cadlag modulus. The tightness criteria which are
used to prove propagation of chaos will be detailed in Appendix [I-C.

A.3. Stochastic processes and martingales. In the following, let (Q, %, P) be
a probability space. This section reminds the reader of the basic properties related
to stochastic processes and martingales. An exhaustive rigorous study can be found
in the classical books [75, Chapter 2], [100], [141] or [111]. The present section also
summarizes elements of [101].

A.3.1. Martingales.

Definition A.8 (Stochastic process). A stochastic process with state space E (a
measurable space) and indexed by a set I (often I = [0,7]) is a function X : I xQ —
E such that X; = X(¢,-) is a E-valued random variable (that is is to say w — X (w)
is measurable) for every ¢ € I.

(1) The (pathwise) law of (X;); is the push-forward measure f; = X4P on a space
F(I,E) of functions I — E.

(2) The time marginal laws are the push-forward measures on E defined for any
telby f = XtE#fI7 provided that the evaluation maps XF : F(I,E) —
E,w — w(t) are measurable.

The stochastic process X = (X¢):er can be seen as a F (I, E)-valued random vari-
able. For a given w € Q, (Xy(w))i>0 is called a sample path (or trajectory) of
X.

From now on let I = [0,7] with T € (0, +o0].
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Example 23 (Canonical stochastic process). Given a probability distribution on
the space of functions I — E, f; € P(F(I,E)), the canonical stochastic process
with law fr is X = (XF)se; defined on the probability space (F(I, E),.Z, fr): the
law of X is indeed Xy fr = fr.

Definition A.9 (Filtration). A filtration is an increasing family of o-algebras
(F1)i>0, 1.e. such that F, C F, for s <t. A filtration is said to be:
(1) complete when
Vi>0, {ACQ, ACB,P(B)=0}C %;
(2) right-continuous when
VE>0, Fy =T, Fpri=[) Prse
e>0

In the following, let (2, .%, (%:)i>0,P) be a filtered probability space, whose filtra-
tion is assumed to be complete and right-continuous, together with .7 = UtZO .

Definition A.10 (Regularity for stochastic processes). A stochastic process X =

(X¢)e>0 1s said to be

(1) adapted to the filtration (.%#;)¢>0 when the random variable X, is .%;-measurable;

(2) predictable when X is measurable for the o-algebra generated by the sets (s, t] x
FforO0<s<tand F € %, ;

(3) with finite variation paths when a.s. (X;(w))o<i<r has bounded variation on
any finite time-interval [0, 7] ;

(4) continuous (resp. cadlag, right-continuous...) when for P-almost every w € (2,
the sample path (X;(w));>0 is a continuous (resp. cadlag, right-continuous...)
function of ¢.

Definition A.11 (Martingale and sub-martingale). An adapted real-valued process
X = (X¢)i>0 such that E|X;| < o0 for every ¢t > 0 is a (.%#;);-martingale when

Vi, s >0, E[XiiqF] = X:.
It is a sub-martingale when
Vt,s >0, E[Xps|F] > Xt
These definitions are extended componentwise to RY-valued processes.

Sub-martingales enjoy many useful properties, starting with the following propo-
sition [75, Chapter 2, Proposition 2.9].
Proposition 14 (Cadlag modification). If X = (X;)i>0 is a sub-martingale, then
there exists an adapted real-valued process Y = (Yy)i>0 such that
Vt>0, P(X;=Y:)=1, (115)

and Y is cadlag outside a countable set of times t. In the following this set is
assumed to be (), so (sub-)martingales will be considered as cadldg processes.

Equation 115 means that Y is a modification of X. The following inequality
controls the growth of sub-martingales.

Proposition 15 (Doob’s maximal inequality). Given a sub-martingale (X¢)i>o,
T >0 and any p > 1, it holds that
» P
< (p ) E|X7P.

E‘ sup X;
p—1

0<t<T
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A.3.2. Local martingales and quadratic variation. In order to define a stochastic
integral, the notion of martingale needs to be weakened to the notion of local mar-
tingale.

Definition A.12 (Local martingale). A real-valued process (My)>¢ is a local mar-
tingale when there exists a sequence (7,,)nen of stopping times such that 7,, — +o0o
and (Miar, )i>0 is a martingale for every n > 0. This definition is extended com-
ponentwise to RV-valued processes.

Definition A.13 (Quadratic variation). The quadratic variation [M] = ([M]¢)¢>0
of a (local) square integrable martingale (M );>¢ is defined as the limit in probability

[M]t = hm (Mt - Mtn/\t)zv

n+1 /At
§ 0
(M= tnE™T

where 7 is a subdivision 0 = ¢y < t; < ... of Ry with mesh §(7) = sup,, (tn+1 —tn)-
It is the only (up to modification) adapted increasing process with jumps A[M]; =
AM? = MZ — M2 such that (M2 —[M],), is a (local) martingale.

Example 24 (The case of finite variation paths). When (M, );>o has finite variation
paths, it is straightforward to check that

(M), =Y (AM,).
s<t
Definition A.14 (Cross-variation). The cross-variation [M, N] = ([M, N]¢)¢>0 of
two (local) square integrable martingales (M;);>o and (N¢);>o is defined by

(0, NJy = & (M + N}, — [M], ~ [N]).

It is the only (up to modification) adapted increasing process with jump at time
t > 0, A[M, N}t = A(MN)t = MtNt - Mt*Nt* such that (MtNt — [M, N]t)t is a
(local) martingale.

Proposition 16 (BDG inequality). For every p > 1, there exist two constants
¢p, Cp > 0 such that for any local martingale (M;)i>o, the supremum M} =
SUPg<s<¢ | Ms| can be controlled by the quadratic variation in LP-norm:

E[MY? < E(MF)? < CEM]Y>.

Definition A.15 (Predictable quadratic and cross-variation). The predictable qua-
dratic variation (M) = ({(M)):>0 of a (local) square integrable martingale (M;)>o
is the unique predictable cadlag increasing process (with finite variation paths) such
that

(Mt2 - <M>t>t20
is a (local) martingale. The existence of the predictable quadratic variation stems
from the Doob-Meyer decomposition theorem for D L-supermartingales (see [75,
Chapter 2, Proposition 5] for more details). The predictable cross-variation of two
(local) square integrable martingales M, N is defined the same way, setting

(M, N}, o= 2 ((M + N)o — (M), — (NY).

Note that by substracting the martingale characterizations of the quadratic vari-
ation and of the predictable quadratic variation, we get that ([M]s — (M)¢)i>0 is a
(local) square integrable martingale. The predictable quadratic variation is said to
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be the compensator of the quadratic variation. Moreover, the equality [M] = (M)
holds as soon as (M;);>o is a continuous process.

A.3.3. Semimartingales. The notion of local martingales is then extended to the
notion of semimartingale, which forms a large class of processes against which a
stochastic integral can be defined (a notion that will not be detailed here).

Definition A.16 (Semimartingale). A real-valued process (X;);>¢ is a semimartin-
gale when it can be decomposed as

Xy = My + Ay,

where (My);>0 is a local martingale and (A;);>¢ is an adapted process with finite
variation paths. This definition is extended component-wise to RY-valued processes.

The cross-variation [X, Y] and predictable cross-variation (X, Y’) can be extended
to semimartingales (X;);>0 and (Y);>0 as the limit in probability
[X7 Y]t = lim Z (th+1/\t - th/\t)(}/tn+1/\t - Ytn/\t)~
6(m)—0 e
Writing X; = M; + Ay, note that [X]| = [M] and (X) = (M) because A has finite
variation paths.

For vector-valued semimartingales, the cross-variation is defined componentwise
as follows.

Definition A.17 (Vectorial cross-variation). Let (X;);>0 be a Révalued semi-
martingale with the notation X; = (th, R X,fl)7 the matrix-valued cross-variations
are defined by

[[X]] = ([Xian])lgi,dea <<X>> - (<Xi7Xj>)1§i,j§d’

and the related scalar quantities are the traces of theses matrices (defined as the
sum of diagonal elements)

X] =T (IX]), (X) = Tr ((X)-
The integration of locally bounded predictable processes (H¢):>o against finite
variation processes is well-defined using Stieltjes formalism. The theory of sto-

chastic integration extends this to integrate (H;);>o against any square integrable
semimartingale (X;);>o. Notable identities are the Ito isometry

(/Ot HSdXS)2 = ]EU; Hfd[X]s] = ]E[/Ot H§d<X>S},

(the last equality holds because [X] — (X) is a local martingale) and the integration
by parts formula

E

t t
XY= Xa¥o + [ Xo-dir [ Yo dX, 4 (XY,
0 0

for general semimartingales (X;);>0 and (Y;);>0. Given a (local) square integrable
martingale (My);>0, the process

t
( / HdeS)
0 t>0

is built in such a way that it is a (local) square integrable martingale.
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Example 25 (Dynkin’s representation formula). Anticipating on the next section,
a Markov process (X;):>0 with generator L is such that for any ¢ in D(L) (see
Theorem A.29)

MF = o(X,) — p(Xo) — / Lo(X,)ds,

is a martingale. In this case, the predictable quadratic variation (M¥) can be
computed as

t
(%) = [ Taleo) (X

0

involving the carré du champ operator

Lr(e, ) := Lipy] — oLl — L,

for any ¢, € D(L). These properties can be generalized to obtain a wider class of
semimartingales, which are non-necessarily Markov processes.

A.3.4. D-semimartingales. Dynkin’s formula can be turned into a definition to ob-
tain a wider class of (non-necessarily Markov) R?-valued semimartingales, named
class D (in the honour of Dynkin). The following definition can be found in [101].
The notation 7; denotes the coordinate function x? — zt.

Definition A.18 (Semimartingale of class D). A R%valued semimartingale X,

belongs to the class D when there exist an increasing cadlag function ¢ — A(t), a

vector space C of R-valued continuous functions on R? and a mapping L : C x R¢ x

R4 x © — R such that the following properties hold.

(1) For every 1 <i,j <d, m; and m;7; belong to C.

(2) For every (x%,t,w) € RY x R, x €, the map ¢ ~ L(p,x% t,w) is linear and
maps C to itself. Moreover for every ¢ € C, the map (x¢,t,w) — L(p,x%t,w)
is measurable for the o-algebra on R? of Borel sets, and the one of predictable
events on ().

(3) For every ¢ € C,

t
MF = o(X0) ~ ¢(Xo) [ Lo X5 )dAs),
0
is a local square integrable martingale.
To this process are associated the local coefficients
bi (Xd7 ta w) = L(ﬂ-’ia Xda t7 w)7 [£27] (Xd7 tv LU) = I—‘L(‘,xdt,w) (Triv Wj)(Xd),

and the drift vector b = (b;)1<i<q and the diffusion matriz a = (a;;)1<; j<a. In the
following we often omit to write the dependency in w.

The following lemma is proved in [101, Lemma 3.1.3].

Lemma A.19 (Predictable variation). Given a D-semimartingale X, define
t
M; =X; — Xg — / b(X,-, s)dA(s).
0

Then (My)¢>0 s a R%-valued local square integrable martingale, whose (scalar) pre-
dictable quadratic variation reads

(X), = / Tr (a(X,-, 5))dA(s) — 3 Ib(X,-, 5)|F|AA(s)[2

s<t
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Remark 28 (Generalized SDE and intrinsic randomness). The previous notions
naturally extend the notion of diffusion SDE, since at least formally

dX; = b(X,—,t)dA(t) + a(X,—, t)dM,.

This parallel could be used to extend coupling and completeness methods to irreg-
ular processes or even non-Markov ones. However, remember that in this case, the
generator L depends on w and has therefore its own source of randomness, together
with the local coefficients b and a.

Similarly to Markov processes, a convenient way to build a D-semimartingale on
Q= D([0,T],R%) (for T € (0, +00]) is to solve a martingale problem.

Definition A.20 (Martingale problem). A probability distribution on the path
space f; € P(D([0,T],R%)) is a solution to the martingale problem issued from
fo € P(R?) whenever for all all € C,

MF = p(Xe) — p(Xo) — / L(p. X, 5, )dA(s),

is a fr-martingale, where X; is the canonical process D([0, T], R%) — R,

A.4. Markov processes and Markov representation for PDEs. The purpose
of this section is to briefly review the probabilistic framework for linear and nonlinear
Markov processes. Classical references and review articles on the subject include
[75, 141, 27, 25]. The prototypical nonlinear Markov process is the solution of the
McKean-Vlasov SDE:

dX; = b(Xy, fr)dt + o(Xy, fr)dBi,  Xi ~ fi,

where (B;)¢>0 is a standard Brownian motion and f; the law of the random variable
X at time ¢. Such a process is said to be nonlinear (in the sense of McKean) since
its definition depends on its own law. This type of nonlinearity has been introduced
in the seminal [125]. Unlike, classical (linear) Markov process, the law f; of the
nonlinear Markov process satisfies the nonlinear the Fokker-Planck equation

d
Oufulw) = Vo (bl FOf}+ 5 D B, fass (o, f) 1),
ij=1
where the matrix a = (a;;) is defined by a = oo™. This kind of equations is
derived in the limit N — +oo in the Kolmogorov equations associated to large
interacting particle systems defined by N linear Markov processes. While the theory
of linear Markov processes is well-established, nonlinear Markov processes are not
so classical in the literature and require specific tools to be built (for instance, the
well-posedness result proved in Proposition 1 for the McKean-Vlasov SDE).

The classical theory of time homogeneous linear Markov processes is presented
in Section A.4.1. Elements of the theory of time-inhomogeneous Markov processes
can be found in Section A.4.2. Using these concepts and following [102] and [123], a
theoretical framework is presented in Section A.4.3 for nonlinear Markov processes
(in the sense of McKean). Before that, we first recall the basic notions about Markov
process (linear or not). Following [75, Chapter 4], the very general definition of
Markov processes is the following.

Definition A.21 (Markov process). A stochastic process (X;);>o is a Markov
process on ({2, %, P) when for every s,t > 0

Vo € B(E), P(Xsyi € F|(Xr)o<r<t) =P(Xspt € F|Xy). (116)



102 PROPAGATION OF CHAOS: A REVIEW 1

On the left-hand side the probability is conditioned by the filtration generated by the
process, but stronger definitions could involve wider filtrations. The relation (116)
will be referred as the Markov property. When the time ¢ is replaced by a random
stopping time, this relation is called the strong Markov property.

This means the law of X i, at time s + ¢ conditionally on the past history up
to time t, is the same as the law at time s + ¢ conditionally on the state at time
t only. The definition can be equivalently written in terms of bounded measurable
test functions ¢ € By(F) as

Elp(Xs+0)[(Xr)o<r<t] = Elp(Xt4s)| Xe]- (117)

This definition remains abstract and does not tell how to build a Markov process.
If the law f7 is known (built from given processes or e.g. by solving a martingale
process), a Markov process with law f; is given by the canonical process X¥ =
(XF),>o on the probability space Q2 = D(I, E) endowed with f; and an adequate
filtration (see Example 23). Further constructions which are closer to the PDE
point of view are presented in the next subsections.

A.4.1. Time-homogeneous Markov processes and linear PDFEs. The content of this
section is quite classical and can be found in the classical reference [75].

Transition functions. A usual way to present Markov processes is to first think
about time discrete Markov chains with jumps which are given by a transition
kernel (or transition matrix when F is discrete). This definition can be generalized
to the time continuous framework using the notion of transition function.

Definition A.22 (Transition functions, homogeneous case). A family of maps
(P})i>0 where P, : E — P(FE) is a family of transition functions when the following
properties hold.

e The map (¢,z) — P; (x,-) is a measurable map [0,00) x E — P (E).

e Forall z € E, Py(x,-) = 5.

e For all s,t >0 and all & C B(E), Psyy(x, o) = [, Ps(y, ) Py(x,dy).

This last relation is called the Chapman-Kolmogorov property.
A family of transition functions (P;);>o is said to be adapted to the Markov
process (X¢)i>o0 when for all s, > 0, and all &/ C B(E),
P(Xste € Z|(Xr)o<r<t) = Ps(Xe, ),
which is equivalent to

Ep(Xp4a)| (X Jo<rer] = /E o(y)Py(X, dy),

for any bounded Borel measurable test function ¢ € B,(E). Note that this relation
and the Markov property (116) imply the Chapman-Kolmogorov property with
x = X, for r > 0. Moreover given the initial distribution Xy ~ fo, the finite
dimensional distributions of (X;); can be computed by

P(Xo € o, X¢, € 9,..., X, € )

= / s / Pt7L7t7L71 (ynflv Mn)Pt'rLfl*t'rLfZ (yn72a dynfl)
= Ip 1

- Py, (yo,dyr) fo(dyo), (118)
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for any 7, ..., o, € B(F) and 0 < t; < ... < t,. In fact transition functions are
sufficient to build a Markov process; this is a consequence of the Kolmogorov ex-

tension theorem (or more generally of the Ionescu-Tulcea theorem), see for instance
[75, Chapter 4, Theorem 1.1] or [141, Chapter 3, Theorem 1.5].

Theorem A.23 (Markov process built from transition functions). Let E be a Polish
space and fo € P(E). Given the transition functions (P;)i>0, there exists a Markov
process whose finite dimensional distributions are uniquely determined by (118). Its
law on the path space is a probability measure fr € P(D(I, E)).

If fo = 6, then f; is denoted by f7 and [75, Chapter 4,Propositon 1.2] proves
that the map = — f7(Z) is measurable for any Borel set # C D(I, E).

Example 26 (Brownian motion). Transition functions are not explicit in general.
A notable exception is the d-dimensional Brownian motion for which

_ —d/2 _ |z —yl?
Pi(z, ) = (2nt) exp [ ————— |dy.
o 2t

Note that the map t — P;(x,dy) is the measure solution of the 1D heat equation
Oyu = 0%, u with initial condition u(t = 0,-) = d,.

Semigroup representation. The connection between Markov processes and linear
PDEs is given by the semigroup representation as explained below. For t > 0, let
the linear operator T; acting on be defined by:

Too() = /E o) P dy), (119)

for any test functions ¢ € By(FE). Thanks to the Chapman-Kolmogorov property,
this defines a positive measurable semigroup of contractions on By(E), where we
recall that a family of bounded operators (7})¢>0 on a closed subspace D C By(FE)
is a semigroup when Ty = Id and Ti4s = 1375 for all s,t > 0. It is said to be a
contraction semigroup when the operators are bounded with norm smaller or equal
to 1. The semi-group (1}); is said to correspond to a Markov process (X;);>o when

Vs,t >0, Vo € D, Tip(Xeys) = E[p(Xoste)[(Xr)o<r<t]

The semi-group representation characterises a Markov process, as stated in [75,
Chapter 4, Proposition 1.6].

Theorem A.24. Let E be a Polish space and let D C By(E) be a closed subspace
assumed to be separating. Let fo in P(E) and let (T})i>0 be a semigroup on D
corresponding to a Markov process (X¢)¢. Then the finite dimensional distributions
of (X1)¢ are determined by (T})i>0 and fo.

In the following, starting from a semigroup (7})¢, the goal is to construct a corre-
sponding Markov process. With the notable exception of jump processes, stronger
assumptions on F and (7}); are often needed, as the ones given in the following
definition.

Definition A.25 (Feller semigroup). Let E be a locally compact Polish space.

A semi-group (T})¢>0 is a Feller semigroup when its elements satisfy the following

properties.

(1) (Feller). For all ¢t > 0, T; maps Cy(F) to Co(E), where Cy(E) is the space of
continuous functions vanishing at infinity. It means that

Vo e Co(E), Tip e Co(E).
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(2) (Contraction). For all ¢t > 0 and all ¢ € Co(E), [|Ti¢|lcc < ||¢]]co-
(3) (Mass preserving). For all ¢ > 0, T;1 = 1.
(4) (Positivity). For all ¢ > 0 and all ¢ € Cy(E) such that ¢ > 0, then T;¢ > 0.
(5) (Strongly continuous). For all ¢ € Cy(E), [|Tr¢ — ¢|lcc — 0 when t — 0.
The properties (2) to (4) hold when T; is defined from (119). Also note that every
semigroup defined on Cy(E) can be uniquely extended to the whole space By (E) (see
[27, Theoem 1.5]). A Markov process corresponding to a Feller semigroup is called
a Feller process. There is a one-to-one correspondence between Feller semigroups
and Feller processes; this is a consequence of the Riesz representation theorem, see
for instance [27, Section 1.2], [141, Chapter 3, Proposition 2.2] or [75, Chapter 4,
Theorem 2.7].

Theorem A.26 (Cadlag Markov process from a Feller semigroup). Let E be a lo-
cally compact Polish space and let fy € P(E). Let (T}); be a Feller semigroup on E.
Then there exists a unique transition function (Py); on E such that (119) holds. As a
consequence, there exists a Markov process corresponding to (T})y with initial distri-
bution fo, whose finite dimensional distributions are uniquely determined by (T}).
Moreover this process has a cadlag modification and satisfies the strong Markov
property with respect to the right-continuous filtration %, = Ne>00 ((Xs)s<tte)-

Example 27 (Brownian motion). The d-dimensional Brownian motion is a Feller
process. More generally diffusion processes are Feller processes under mild assump-
tions on the diffusion coefficients.

Example 28 (Markov jump processes and Cp-Feller processes). The definition of
Feller process is not universal in the literature. An important variant is the notion of
Cy-Feller process for which the space Cy(E) is replaced by Cy(F) in Definition A.25.
In this case, the local compactness assumption on E can be dropped. Diffusion
processes are not Cy-Feller processes because the diffusion semigroup is not strongly
continuous on Cy(E) (see [27, Example 1.7d]). The main class of Cp-Feller process
that are considered in this review is the class of Markov jump processes, defined by
the transition function:

—+oo

Vo€ E, Px,dy) =)
k=0

where P : E x B(E) — P(FE) is a transition probability and for k € N, € F and
o € B(E),

etk
k!

Pk(x, dy),

P*(z, o) = / P, dy) PE=(y, 7).
E

An explicit construction of a Markov jump process can be found in [75, Chap-
ter 4, Section 2|, see also [141, Chapter 3, Exercise 1.8]. Markov jump processes
are more easily understood through their generator as defined below. More gen-
erally, the strong continuity property holds on Cy(FE) for semigroups which have
a bounded generator (for the || - ||o topology). Further links between Feller semi-
groups, Cp-Feller semigroups and other notions of Feller semigroups can be found
in [27, Section 1.1} and the references therein.

Infinitesimal generator and PDE.. Strongly continuous contraction semigroups are
determined by their infinitesimal generator.
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Definition A.27 (Infinitesimal generator). The infinitesimal generator L of a
strongly continuous contraction semigroup (7}):>0 on a closed subspace D C B, (FE)
is the linear operator defined by
Typ —
Ly = lim i 4

t—0 t
t>0

on the domain D(L) C D of functions ¢ such that the limit exists (for the topology
on D).

The first connection between Markov processes and PDE comes from the obser-
vation that for all ¢ € D(L),

d d
" T =TLo, —Typ=LT 12
gl ="Tle, S Tip 1o, (120)

which are called the Kolmogorov equations. The first equation is called the for-
ward Kolmogorov equation and the second, the backward Kolmogorov equation.
The terminology will appear more clearly in the time-inhomogeneous setting below.
Since T; and L commute, the two equations are of course equivalent but each one
has its own physical interpretation. The backward equation gives a Markov repre-
sentation of the solution of the linear PDE J,u = Lu with initial condition ¢ as
the conditional expectation u(t,z) = Typ(x) = E[p(X:)|Xo = z]. The backward
equation thus describes the evolution of an observable of the Markov process. A
more general version when source terms or boundary conditions are added is the
Feynman-Kac formula. More on the forward equation is given in the next para-
graph. Note that the generator L can include differential and jump terms in which
case the (backward) Kolmogorov equation is an integro-differential PDE.

Example 29. The generator of the d-dimensional Brownian motion is Ly = %Ag@
and D(L) C C2(RY). The generator of a Markov jump process on a space F is

/{so z)}P(z,dy),
and L is bounded on (Cy(E), || - |loo)-

In stochastic analysis, we often use the notion of full generator which turns the
(forward) Kolmogorov equation into a definition.

Definition A.28 (Full generator). The full generator of a strongly continuous
contraction semigroup (73); on D is the subset

t
L:= {(Wb)epxll Ttso—soz/o Tswds}-

The (forward) Kolmogorov equation says that {(¢, Ly), ¢ € D(L)} C L. The
full generator is often used in connection with the martingale characterisation of
a Markov process due to Stroock and Varhadan, see [27, Corollary 1.37] and [75,
Chapter 4, Section 3].

Theorem A.29. Let (X:): be a strong Markov process with full generator L. For
@, € By(E), let us define fort > 0,

MPY = p(Xy) — o(Xo) — / Y(X
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Then the full generator is characterised by
L= {(cp,?/)) € B,(FE) x By(E), (MFY) is a U(X)—martmgale}.

Taking 1) = Ly shows that

MF = p(X,) — p(Xo) - / L (X,)ds

is a martingale. The (forward) Kolmogorov equation is retrieved by simply taking
the expectation.

Conversely, a linear operator (bounded or unbounded) L with domain D C B, (FE)
is the generator of a strongly continuous contraction semigroup (and thus is the gen-
erator of a Markov process) if and only if it satisfies the Hille-Yosida theorem. In
the context of Feller processes, the result is stated in [27, Theorem 3.1] or [75, Chap-
ter 4, Theorem 2.2]. The following example is a classical and important application.
Further examples using various points of view (SDE, martingale problem...) can
be found in [27, Chapter 3].

Example 30. The second order differential operator on R,

d d

0 1 9?
Lo(x) = cla)ple) + Y bil@) g2+ 5 D ayle) 5.
i=1 ' i,j=1 B

is the generator of a Feller semigroup when a;;, b; and ¢ are respectively C(R?),
CZ(R?) and CF(R?) with ¢(z) < 0 and the matrix a = (a;;) is uniformly elliptic in
the sense that there exists A > 0 such that

vz, R (a(2)§,€) = Nl
The corresponding Feller process is said to be a diffusion process.

The dual semi-group. Let E be locally compact and let (73); be a Feller semigroup.
To obtain a forward (or strong) version of the PDE representation (120), let the
dual version of (119) be given by:

Vv e P(E), ¢ Co(E)— (S, ) = (v,Trp) € R.

By the Riesz representation theorem, this defines a family of operator (S;); on
P(E). For all v € P(E), S;v € P(E) and by the Chapman-Kolmogorov property,
the family of operators (S;); also forms a semigroup. When transition functions
(P})1>0 are available, this duality relation implies

Stz/(dy):/EPt(x7dy)y(dx).

Given the generator L of the semigroup (7})¢, the dual semigroup (S;); satisfies the
dual Kolmogorov equations:

6tSt = L*St, 8,5575 = StL*,

where L* is the dual operator of L. This time, the forward Kolmogorov equation
(the first one) can be interpreted as the initial value problem 0, f; = L* f;. According
to (118), the solution of the forward equation f; = S;fy is the law at time ¢ > 0 of
the Feller process with initial distribution fj.
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Example 31. The law f; of a diffusion process (see Example 30) satisfies the for-
ward Kolmogorov equation, also called the Fokker-Planck equation in this context:

d d
Ofi(x) = () fi(x) — Z O {bi() fe(2) } + % Y 00,00, {asj (@) fulw)}.

ij=1

A.4.2. Time-inhomogeneous Markov processes. One of the goal of this subsection
is to extend this formalism to cases where the generator L; has a time-dependence.
The analog of transition functions is the following time-inhomogeneous version.

Definition A.30 (Transition functions, inhomogeneous case). A family of maps
(Ps,t)o<s<t where Py 4 : E — P(E) is a family of time-inhomogeneous transition
functions when the following properties hold.

e The map (s,t, ) — Ps(z,) is a measurable map [0, 00) X [0,00) X E — P(E).
e Forallt e Ry and for all x € E, P, (z,-) = 0.
e Forall 0 <r <s<t, forall z € E and for all & € B(F),

Pr,t(l’»A) = / PSJ(% W)PT,S(L dy).
E
This last relation is the equivalent of the Chapman-Kolmogorov property.

Similarly to the time-homogeneous case, the transition functions (P ;)o<s<; are
said to be adapted to the time-inhomogeneous Markov process (X;);>o when

]P(Xt € Jy|(XT)0STSS) = Ps,t(Xs € fd)7
or equivalently,

E[p(X0)[(X, Jo<res] = [E () Pos (Xody),

for every 0 < s < t and any ¢ € B,(E). The time-homogeneous setting is recovered
when P,; = P,_, depends on ¢t — s only. Moreover given the initial distribution
fo € P(E), the finite dimensional distributions can be computed as

P(Xy € o, Xy, € A, Xeyy- .., Xt, € )

=/ / Ptn,l,tn(ynflyWn)Ptn,z,tn,l(ynfz,dynfl)
'Q{O 'LZf7171

. Pot, (o, dy1) fo(dyo),

so that given fj, a time inhomogeneous Markov process is fully characterised by the
time-inhomogeneous transition functions. The link with PDEs is retrieved similarly
by introducing the operators

Vo € By(E), Tuup(z) = /E () Pa(z, dy).

The family (Ts,;)s<: is an evolution system in the following sense, see [26], [144] and
the references therein.

Definition A.31 (Evolution system). An evolution system (T ;)o<s<¢ is a family
of bounded linear operators on a closed subspace D C B, (FE) such that

o forallt>0,T;, =1d;

o forall 0 <s <t Ts:1=1,;

o forall 0 <r<s<t, Ty =T, .Ts .
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These properties can be directly checked in the case of a system defined by time
inhomogeneous transition functions.
An evolution system is said to correspond to a Markov process (X;)¢>o when

VO0<s<t VpeD, Ts,t‘P(Xs) = E[@(Xt)l(XT’)OST’SS]'

The previous notion of Feller semigroup readily extends to evolution systems in a
time-inhomogeneous setting with the strong continuity property being replaced by
Vo € Co(E), ||Tstp— —
pe o). ITup—elo  —
In the time inhomogeneous case, there are two notions of infinitesimal generators,
depending on if the derivative is taken from the left of from the right. The left and
right generators are defined respectively by

Lig:= lim Tycpp — 2 Lip— lim Litseo =
e—0+ € e—0+ €

They are respectively defined on the domains denoted by D(L; ) and D(L; ). Note
that in both cases, the generators depend on a time variable. In general, the left
and right generators do not coincide but they do under stronger uniform continuity
assumptions with respect to the time variable, see [26, Lemma 2.2]. They also
coincide for time homogeneous systems.

If (T)s<t is strongly continuous then the forward and backward Kolmogorov
equations reads, respectively:

d* a*
dt

ds
where % (resp. ) denotes the right (resp.) left derivative. Given ¢ € D(L;)
and a fixed ¢ > 0, the solution of the backward Kolmogorov equation is
u(s.7) = Thsp() = Elp(X,) X, = ]

The terminology backward refers to the fact that u satisfies a final value problem
with terminal condition ¢ at s =t¢. In the time homogeneous setting,

Ts,t = TO,tfs = thsa
and consequently for 7 < ¢, the quantity
U(r,z) :=u(t — 7,2) = Trp(x),

+ +
Ts,t = Ts,tLt s Ts,t = _Ls Ts,tv

satisfies
0.U=LU, U(r=0)=¢,
which is the backward Kolmogorov equation previously obtained (since in this case
LY = L; = L does not depend on s).
As before, the forward equation is better understood with the dual formulation.
Given s < t, the operator S, ; acting on P(E) is defined by

Vv € P(E), Vo € By(E), (Ssv,0) = (v, Tsu9p).
This duality relation implies

Ss,tl/(dy) = Lps,t(xady)y(d$)

Let fo(xzdx) be the initial distribution. Then

fo(dz) = So o fo(dz) = é Po(y,d) fo(dy),
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is the law of the associated Markov process at time ¢. In this last equality, note
the change of variables which exchanges the roles of the y and x variables. Since
the family of operators (Ss,)s<; satisfies the dual Chapman-Kolmogorov property
SstSrs = Spt for r < s <t, then S, fs = f: for all 0 < s <t. Let us assume that
the left and right generators coincide and let L} be the formal adjoint of L; = L; .
Then, the forward Kolmogorov equation becomes:

atSs,t = L:Ss,ta
which is an initial value problem for the density f; with initial condition f; at s.

Example 32. The time inhomogeneous setting allows to consider diffusion pro-
cesses with time variable coefficients (see Example 30). The backward Kolmogorov
equation reads:

d d
—0su(s,z) = Z bi(s, )0z, u(s,x) + % Z a;j(8,2)0,,05,u(s, x), u(t,xz) = p(x),

i=1 ij=1

and the forward Kolmogorov equation (or Fokker-Planck equation) is:

d d
atft($> = Zawz{bl(tvx)ft(m)}_‘_% Z 8ﬂﬂiaﬂﬂj{aij(ta$)ft(x)}a ft:O(-T) = fO(x)

ij=1

A.4.3. Non-linear Markov processes. The previous steps have given Markov repre-
sentations for linear PDEs (with and without time varying coefficients). The class of
nonlinear PDEs studied in this review can also be seen as the forward Kolmogorov
equation associated to a particular class of time-inhomogeneous Markov processes.
This point of view was introduced by the seminal work of McKean [123, 125] and
Johnson [102].

Let us first introduce an extension of the notion of transition functions.

Definition A.32 (Transition functions, nonlinear case). A family of maps (P} )>0
from E — P(E) defined for any v € P(E) is a family of non-linear transition
functions when it satisfies the following properties.

e The map (¢, z,v) — Py (x,-) is a measurable map [0,00) x E x P(E) — P(E).

e For all z € E and for all v € P(E), P¥(x,) = 0.

e Forall s,t >0, for all x € E, for all v € P (E) and for all & € B(E), it holds

that
v [ P/ (x,dy)v(de v
Plilast) = [ POy P, ay),
E

This last relation is a nonlinear version of the Chapman-Kolmogorov property; the
linear case is recovered when P} does not depend on v.

At this point, it is natural to introduce the nonlinear operator S; : P(E) — P(E)
defined for v € P(E) by

Si)(dy) = [ P (e dyido)
E
so that the non-linear Chapman-Kolmogorov relation reads

PV () = /E P50 (y, )P (2, dy). (121)
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Integrating against v, this gives
Sial) = [ PEO ) ( / Pf(oc,dy)u(dx)) _S.G).  (122)
E E

In particular Sy = Id, and (Et)tzo appears to be a non-linear semi-group: the bar
notation reminds of the non-linearity when writing S; alone. The semigroup (S;);>0
is the analog of the previous dual semi-group.

Finally a nonlinear Markov process in the sense of McKean with initial distribu-
tion fy € P(F) is a time-inhomogeneous Markov process with transition functions
of the form

Py =P

)

for s < t. This corresponds to the construction of Johnson [102] established when
the state space E is the 2-state space E = {—1,+1}.
The nonlinear evolution system is defined for any s <t by

Vi € By(E), Torplz) = /E o) Ps,dy) = [E o(y)PL: (. dy).

In the above expression, f, := S,(fo) is the law at time s of the associated nonlinear
Markov process in the sense of Mckean. Its right generator is given by:

T - Pl (z,dy) —
Je e—0 £ e—0 £

)

from which it can be seen that it depends on f; only. With this particular form
for the dependence in time, the forward Kolmogorov equation given in Example 32
thus appears to be the nonlinear Fokker-Planck equation satisfied by the law of the
solution of the McKean-Vlasov diffusion SDE

dX; = b(Xy, fi)dt + o(Xy, fr)dBy, Xy~ fi,

the wellposedness of which has been studied in Proposition 1.

A.5. Large Deviation Principles and Sanov theorem.

Definition A.33 (Large Deviation Principle). Given a sequence sequence (an)n
of positive numbers ay — 0 and a non-negative lower-semicontinuous function I
on E, a sequence (uy)y in P(E) satisfies a Large Deviation Principle (LDP) with
speed an and rate function I when for any Borel set A C F, it holds that
—inf I <liminfay log un(A) < limsupay logun(A4) < —inf 1,
A N—o0 A

A N—o0
where A and 4 denote respectively the interior and closure of A.

Given a sequence (X?%);ey of i.i.d. real-valued random variables, Cramér’s theo-
rem states that the sequence of the laws Law(% Zfil X%, N € N, satisfies a LDP
with rate function A*(z) = sup,cp(tz — logElexp(tX')]) and speed ay = 1/N.
By taking the image random variables o(X1), p(X?),... for a fixed test func-
tion ¢, a LDP can be obtained for the sequence of laws Law({uxn~,)), where
XN = (X',...,X"). However, in this case, the rate function depends on the
choice of the test function ¢. A more precise theorem which gives a LDP for the
laws of the sequence of empirical measures is Sanov theorem.
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Theorem A.34 (Sanov). Let u be a probability measure on a Polish space E, and
let (X)ien be a sequence of independent pi-distributed random variables. For N € N,
we recall the notation XN = (X',...,XN) € EN. Then the laws in P(P(E)) of
the measure-valued random variables puxy~ satisfies a large deviation principle with
speed N~t and rate function the relative entropy v — H(v|p).

A.6. Girsanov transform. There are many versions of Girsanov theorem. We do
not give the most general result (which can be found for instance in [111, Theo-
rem 5.22]) but only the one which will is used in this review and which can be found
in [106, Chapter 3, Theorem 5.1].

Theorem A.35 (Girsanov). Let (Q, %, (%), P) be a filtered probability space and
let (Bt): be a d-dimensional Brownian motion on this space with P(By = 0) = 1.
Let (X¢)¢ be a R¥-valued adapted measurable process and let the process be defined
(whenever it exists) for t < +00 by:

t 1 t
H, ::/ XS-st—f/ | X, |2ds.
0 2 0

Let Q the probability measure on (2, &) defined by its Radon-Nikodym derivative
on each Fr, T < +00 :
dQ

dP |7,
Assume that exp(H) is a martingale and let us define the process

= exp(Hr).

t
Bt:Bt*/ XSdS.
0

Then for each fixred T € [0, +00), (Et)th is a Brownian motion on (0, Z1,Q| .z, ).

A.7. Poisson random measures. This section briefly explains how to model
jump processes using Poisson random measures. The theory of random measures
is explained in great details in [100]. Another classical reference on stochastic inte-
gration with respect to random measures is [96]. The following presentation is also
inspired by [7, Appendix A] and [133, Section 3].

Let us fix a filtered probability space (2, #, (%), P).

Definition A.36 (Poisson random measure). Let (&, ) be a measurable Polish
space endowed with a o-finite measure . Let M (&) be the set of all measures A
on & which are expressed as a countable sum of Dirac measures on & and such that
M) < 400 for any p-finite set o7. A Poisson random measure with intensity g is
a mapping N : Q — M\(é’ ) with the following properties.
(i) The mapping w € Q — N (w, &) is measurable for any u-finite set <.
(ii) For every disjoints p-finite sets 4, ..., @, the random variables N (<), j €
{1,...,k}, are independent and N (<) follows a Poisson distribution on N
with parameter p(27;).

We will only consider the case & = Ry x © where © is a Polish space and p is
of the form p(dt,dz) = dt ® v(df). The results below also extend to the case where
v is replaced by a family of o-finite measures (v;); on © which depend on the time
parameter. The Poisson random measure A is assumed to be adapted which means
that it satisfies the following properties.

(i) N (&) is F-measurable for each Borel measurable set &7 € Z([0,t] x ©) with
t>0
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(ii) The o-field generated by {N (&), o € B((t,+o0) x ©)} is independent of
yt'

Some ideas on the construction of the stochastic integral against A/ are gathered
below.

To better understand what a Poisson random measure does, it is useful to con-
sider first the case v¥(0) < 4oco. In this case, on every finite time interval [0, 77,
N:(©) := N((0,t] x ©) defines a classical Poisson process. The Poisson random
measure N can be shown to admit the representation:

.
N(dt,df) =Y "6z, 4, (dt,d0),
n=1
where T4, ..., T, are the jump times of NV;(©) and 0,, are i.i.d. random variables with
distribution v(df)/v(©). For any measurable function a = a(w,t,0) on @ xRy x ©
with values in R, the integral with respect to N is defined by:

// (w, s,0)N (ds, d6) =Za T 0n)
n=1

That is to say, it is the sum of the random amplitudes a(w,T),6,) added at each
jumping time T,.

To extend the previous construction to the case () = 400, let us consider a
predictable real-valued function a = a(w,t,6) on 2 x Ry x ©. We do not write the
dependence in w in the following. We recall that (©, v(d)) is o-finite, so there exists
an increasing sequence of subsets (©,), such that ¥(0,) < +oc0 and © = U,0,. By
the previous construction, the integral of a against N is well-defined on each subset
[0,T] x ©,. There are two cases to distinguish.

1. When a satisfies the L! condition

E[/Ot/®|a(s,9)|u(d9)ds] < +00,

it is possible to show that the sequence (fOT Jo. a(s,0)N(ds, d@)) is Cauchy
P P
in L. Tts limit is denoted by fOT Jo al(s,0)N (ds,dd). In this case, the process

M, = // (s, 0)N (ds, do) // (s,0)v(do)d (123)

is a F-martingale (in fact, M; characterises N).
2. When « satisfies the L? condition

EVOT/@ la(s, 0)>v(d)ds

then it is possible to prove that (123) still defines a square integrable martin-
gale with quadratic variation

= [ [ late.0p W as.a0),

< +00,

where

N (dt,dd) := N(dt, dB) — v(d)dt
is called the compensated measure of A/. Note however that the quantity
fOT Jo als,0)N (ds,df) may not be defined.
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The next step is to make sense of the jump-diffusion SDE:

X, = X0+/b ds+/ B, +// Xo_,0)N(ds, dO)
// X, ON ds ,do), (124)

where this time o, @ : E x © — E for E = R%. We always assume the following
Lipschitz integrability conditions:
(i) For all z € E and T > 0, it holds that [ [o |a(x,0)[(df) < +oo and
Iy Jo a(z, 8)Pr(d8) < +oo.
(ii) There exists C > 0 such that for any z,y € E,

o () — o (y)]” + [b(a) — b(y)|* + /@ a2, 0) — a(y, 0)]Pv(df) < Clo —yl*.

In the classical theory of SDE (see [96, Chapter IV, Section 9]) the Lipschitz inte-
grability condition

/@ (2, 60) — aly, O)]Pv(d8) < Clz — yP?

with p = 2 is also assumed. However, from a modelling point of view, it makes
more sense in the context of this review to assume this condition with p = 1 (see
[4, Remark 2.1] or the introduction of [87]). In this L! setting, strong existence
and uniqueness for the SDE (124) is proved in [87, Theorem 1.2]. Moreover, the
generator of the process is the sum of the three generators

d d
2) = Y b@) Vo) + 5 D (00 )ig ()00, 00, (),

ij=1

) = /@ {o(a + a(x,0)) — p(z) }v(d0),
7) = /@ {o(x +a(z,0)) — p(x) — a(z,60) - Vo(z) r(dd).

Appendix B. A strengthened version of Hewitt-Savage theorem and its
partial system version. The following computation gives the Cauchy-estimate of
Theorem 3.17 using stronger metrics.

Corollary 5 (Extending Cauchy-estimates to other metrics). The Cauchy-estimate
of Theorem 3.17 can be obtained in W; ,-distance for M < N with rate (M), where
0 is any metric on P(E) such that a uniform dP-law of large numbers holds, i.e. for
every N > 1, there exists e(N) > 0 with e(N) — 0 as N — oo, such that for every

[ in Pp(E) and every fON -distributed vector TN,
B[ (g, )17 < 2(N).
Thanks to [78], this includes all the Wassertein-p metrics on a compact space E or

on any E endowed with a bounded distance.

Proof. In order to couple XM to the sub-vector XYM of XN, we choose the trans-
ference plane (py, v, pn) Y @7V this is well defined thanks to the compatibility
property for 7N and 7™V. Thus

W(?,p (LaW(MXM)a LaW(ﬂXN)) S Exvogn [51)(#2(”“;,“)6”)] = <7TNv5p (HM,Na H’N)>'
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Theorem 3.17 showed that 7 is the N-th moment measure of the limit  in Wy —.-
distance, allowing to take advantage of superposing i.i.d. states:

<7TN75p(NM,NaNN)> :/ <V®N’6p(“M,N,NN)>LaW(MXN)(dV)
P(E)
<) / (WO 87 (g o)) Law (e ) (d0)
P(E)

+C) /P T L) ),

for a constant C(p) which only depends on p. Since v®V is the law of a vector of
i.i.d. particles

<V®Na5p(IJ'M,NaV)> = <V®Ma5p(NM7V)> = E}MM@M [51)(/1}&1,1/)]’

and the quantitative assumption on the §P-law of large numbers concludes. O

The following proposition gives a useful Cauchy-estimate for the empirical mea-
sure of a sub-system of a finite exchangeable particle system. More precisely, let
M < N and let XV ~ f¥ be a finite exchangeable particle system. One wish
to compare gy~ and pypm,n. This is not possible by a direct coupling argument
since the two empirical measures do not have the same size. We thus use an alter-
native argument based on the special polynomial structure of the H~® norm (see
Lemma 3.4). This argument is also used in the proof of the Hewitt-Savage Theorem
3.17.

Proposition 17 (Block empirical measures approximation). Let s > d/2. Let
M < N and let XN ~ fN be a finite exchangeable particle system. It holds that

1 1
Wi (Law(juess), Law(pn)) < 2] (M - N)’

where O4(2) = [pa e (1 + [¢]?)7°dE.
Proof. Thanks to the identity (46), we get:

E{llparn — pan |13-]

= / (/ (I)s(x - y) [.US?IEI,N HxM.N @ ,u'xN d:L‘ dy )fN
RN \JRIxRA
Jr/ </ D (z —y) Lu®2 PN & [y, N dx ,dy )fN
RN \JRIxRA

1 M . . 1 M N
:/(Rd)N WZ‘W ) - WZZ (2" — 27)

k=1 k=1
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+ (fVVZ - %)@5(0)

(NQN_Q - NJ>4W\—4M> /Rdxw O (x —y) >N (dz, dy)
- (]\14 - ]lv) <<1>s(0) - /RW @ (z — y)f27N(dx’dy)>'

Since @, is bounded, this gives the desired estimate. O

In order to compare the empirical measures of two sub-systems with different
sizes but which come from the same exchangeable finite particle system, one can
use the same method as in Corollary 5. However, we need to replace the marginals
%N by their moment measures approximation. Thanks to Lemma 3.11, this error
term is quantitative which gives an explicit maximal size for the subsystems.

Proposition 18 (Strong Cauchy-estimates for block empirical measures). Under
the assumptions of Corollary 5, let M < N and let k < { such that e(¢) > (>N 1.
Then it holds that

ng(Law(,uXk,N), Law(pyen)) < e(k).

Proof. The transference plane is the same as in Corollary 5. Let us consider for sim-
plicity the Wassertein-2 distance (other adaptations are straightforward). Assuming
the distance on E = R% to be bounded, the condition on ¢ allows to write

E[Wg(ﬂkaNnqu*N)] = <f€7Na VV22 (Hk,(v N€)>
= <]EXNH§€V7W22 (Bopor b)) + O(FPNT),

where u%v is the £-th moment measure of Law(ux~ ). This leads to
<EXN M%v ) W22 (Mk,za Mz) >

— [P W () L )
P(E)

< [ W () Law ) (@)
P(E)

+ / (=N W3 (v, pg) ) Law (e ) (dv).
P(E)

Since v®¢ is the law of a vector of i.i.d. particles
¢ k
(VW5 (o v)) = (V8 W3 (b v))
= E}kwmwg (/U,?k,l/),
and the quantitative law of large numbers for the Wassertein-2 distance in [78]

concludes. O

Remark 29 (Recovering Cauchy-estimates on finite marginals). If the Wassertein-
1 distance is considered instead, this leads to Cauchy estimates on f“" thanks to
Proposition 9

Wy (fk’M, fZ’N) =W (LaW(Mxk,M), Law(,u;(e,zv)) < E[Wl (/LXk,M7MXz,N)] .
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