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A NEW APPROACH TO QUANTITATIVE PROPAGATION
OF CHAOS FOR DRIFT, DIFFUSION AND JUMP
PROCESSES

S. MISCHLER, C. MOUHOT, AND B. WENNBERG

ABSTRACT. This paper is devoted the the study of the mean field limit
for many-particle systems undergoing jump, drift or diffusion processes,
as well as combinations of them. The main results are quantitative es-
timates on the decay of fluctuations around the deterministic limit and
of correlations between particles, as the number of particles goes to in-
finity. To this end we introduce a general functional framework which
reduces this question to the one of proving a purely functional estimate
on some abstract generator operators (consistency estimate) together
with fine stability estimates on the flow of the limiting nonlinear equa-
tion (stability estimates). Then we apply this method to a Boltzmann
collision jump process (for Maxwell molecules), to a McKean-Vlasov
drift-diffusion process and to an inelastic Boltzmann collision jump pro-
cess with (stochastic) thermal bath. To our knowledge, our approach
yields the first such quantitative results for a combination of jump and
diffusion processes.
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Boltzmann equation [See also 82B40, 82C40, 82D05], 76T25 Granular flows
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1. INTRODUCTION

Fundamental in Boltzmann’s deduction of the equation bearing his name is
the “stosszahlansatz”, or chaos assumption. Vaguely expressed this assump-
tion means that when two particles collide, they are statistically uncorrelated
just before the collision. After the collision they are not, of course, because,
for example, the knowledge of the position and velocity of one particle that
just collided gives some information on the position of the collision partner.
And while the correlations created by collisions decrease with time, they
never vanish in a system of finitely many particles, and hence the Boltz-
mann assumption could only be true in the limit of infinitely many particles.

A mathematical framework for studying this limit is the so-called BBGKY
hierarchy (see Grad [17], Cercignani [9] and the book [II] by Cercignani et
al), which consists of a family of Liouville equations, each describing the
evolution of an N-particle system (deterministic, in this case), and whose
solutions are densities in the space of N-particle configurations in phase
space. The BBGKY hierarchy describes in a systematic way the evolution
of marginal distributions. Formally, and under appropriate assumptions,
most notably the chaos assumption, the one-particle marginal of solutions
to the N-particle Liouville equation, converges to solutions of the Boltzmann
equation.

It would take until 1974 before a mathematically rigorous proof of this
statement was given by Lanford [27]. While this is a remarkable result, it
only proves that the Boltzmann equation is a limit of the N-particle systems
for a fraction of the mean free time between collisions, and this is essentially
where the problem stands today (see however [22] for a large time limit in
a near to the vacuum framework; it is worth emphasizing that in such a
framework no more collisions occur than in Lanford’s framework).

In order to avoid some of the difficulties related to the deterministic evo-
lution of a real particle system, Kac [23] invented a Markov process for a
particular N-particle system, and gave a mathematically rigorous definition
of propagation of chaos. He then proved that this holds for his Markov sys-
tem, and thus obtained a mathematically rigorous derivation of a simplified
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(spatially homogeneous) Boltzmann equation in this case, usually called the
Kac equation.

Kac’s work provides the framework of this paper, and we will now describe
our main results. We let E be the state space of one particle (usually R?,
but metric, separable and locally compact is fine). A sequence of probability
measures (fN)]OVOZO, where each fV € P(EVN) is symmetric in the sense that
it is invariant under permutation of the coordinates, is said to be f-chaotic
for some probability measure f € P(FE) if for each £ > 1 and functions
¢j € Cy(E),j=1,...,k, (continuous bounded),

k
(1.1) 1\}1—I>noo/ENH¢] zj) fN(dzy, ..., dzn) = jl;[l/Eqﬁj(z)f(dz

We next consider a family of time dependent probability measures (f/¥ )?\?:0’
being the distributions of the states of Markov processes in EV. The Markov
process is said to pr’opagate chaos if given an initial family of N-particle
distributions (f2¥ ) N—o» that is fi;-chaotic, there is a time dependent distri-
bution f; such that (N ) N—1 is fi-chaotic. In this paper we are interested
in specific equations that govern the evolution of f;; but it is important to
bear in mind that they are in general nonlinear, and it may be difficult to
prove well-posedness in function spaces relevant for proving the propagation
of chaos.

The main results of this paper are abstract. We consider:

e the family of N-particle systems represented by a Markov processes
(ZN)i>0 in some product space BV, with ZN = (th,.. ANTID
and the corresponding probability distributions (f7 ) N—1, Solving
Kolmogorov’s backward equatlonﬂ and where the distributions f/Y
belong to a suitable subspace of P(EY),

e a (nonlinear) equation defined on a subspace of P(E), which is the
formal limit of the equations governing one-particle marginals of f/:

(1.2 Sho= Q). fucPE)

Then we:

e provide conditions on the processes and related function spaces that
guarantee that (f7¥ )?\?:1 is fi-chaotic for ¢ > 0,

e give explicit estimates of the rate of convergence in (LI)): more pre-
cisely, for any T'> 0, £ € N* and ¢; € F C Cy(E) (j = 1,...,0),

LAs we will see in the following section, the formalism also works if Z{¥ satisfies a
deterministic evolution, in which case Liouville’s equations replace Kolmogorov’s backward
equation
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there is a constant ¢(N) converging to zero as N — oo such that

(1.3)

¢ ¢
su 1] N 21y z — i\2) Jeldz)| s € s
b /EN}:II@( DY ACERN Y E/E‘M ) fi(d2)] < eN)

te[0,7

which holds for N > 2¢ and a suitably chosen space F; if F is dense
in Cy(FE), this implies in particular the propagation of chaos.

To this end, our starting point is a technique that goes back at least to
GrA nbaum [21], which consists in representing an N-particle configuration
Z}N as a sum of Dirac measures,

N
1
zZN =(214..., 2Ny ugtN =5 > 6z, € P(E)
j=1

and proving that, in a weak sense, ,ugN converges to f{V. In fact, because
t
zZN is random, Mgzv is a random measure in P(F), which has a probabil-
t

ity distribution W)Y € P(P(E)). Proving the propagation of chaos is here
equivalent to proving that U — &, in P(P(E)) when N — co. The error
€(N) is dominated by, on the one hand, how well the initial measure f;, can
be approximated by a sum of N Dirac measures, and, on the other hand,
estimates comparing the equations for f{¥ and f;. These estimates depend
on rather technical assumptions, and although the abstract main theorem is
stated in Section 2] the assumptions are stated in full detail only in Section [l

With the main theorem of this paper in hand, proving the propagation of
chaos for a particular N-particle system is reduced to proving:

(i) a purely functional estimate on the dual generator G of the N-
particle dynamics which establishes and quantifies that, at first or-
der, GV is linked to the mean field limit generator @ (consistency
estimate);

(ii) some fine stability estimates on the flow of the mean field limit equa-
tion involving the differential of the semigroup with respect to the
initial data (stability estimates).

Point (i) of our method is largely inspired from the “duality viewpoint"
of Griinbaum’s paper [2I] where he considered the propagation of the chaos
issue for the Boltzmann equation associated to hard-spheres (unbounded)
kernel. As he confessed himself the proof in [21] was incomplete due to the
lake of suitable stability estimates, i.e. precisely the point (ii) of our method.

It is worth emphasizing that after we had finished writing our paper, we
were told about the recent book [26] by Kolokoltsov and his series of pa-
pers on nonlinear Markov processes and kinetic equations. These interesting
works focus on fluctuation estimates of LLN and CLT types in the general
framework of nonlinear Markov processes, and in some sense they generalise



NEW APPROACH TO QUANTITATIVE PROPAGATION OF CHAOS 5

to several other kinetic models the Griinbaum’s duality viewpoint (although
Kolokoltsov seems to not be aware of that earlier work). However we were
not able to extract from these works a full proof in the cases when the gen-
erator is an unbounded operator and weak distances have to be used. While
the comparison of generators for the many-particle and the limit semigroup
present in both [2I] and [26] is reminiscent of our work, we believe that the
main novelty of the present paper is to achieve, for the first time, both the
fine stabilities estimates in point (ii) and the consistency estimate in point
(i) in appropriate spaces (with weak topologies), in such a way that they
may be combined and they lead to the already mentioned propagation of
chaos result with quantitative estimates.

We illustrate the method by proving the propagation of chaos for three
different well known examples:

(a) We first consider the Boltzmann equation for Mazellian molecules
with angular cutoff. For such a bounded kernel case the result is
well-known since the pioneering works of Kac [23] 24] and McKean
[29] (who prove the propagation of chaos without any rate) and from
the works by Graham and Méléard [I8] 19, 20, B0] (where the au-
thors establish the propagation of chaos with optimal rate O(1/N)).
In these papers, the cornerstone of the proof is a combinatorial argu-
ment applied to the equation on the law (Wild sum expansion) or to
the stochastic flow (stochastic tree). These approaches are restricted
to a constant (or at least bounded) collision rate.

(b) The second example is the McKean-Viasov model. For such a model
again, propagation of chaos is well-known and has been extensively
studied. One of the most popular and efficient approach to deal
with this model is the so-called “coupling method” introduced in the
1970’s, which yields the optimal convergence rate O(1/v/N) (note
that the difference between these two optimal rates in (a) and (b)
comes from the fact that they are not measured with the same dis-
tance). We refer to the lecture notes [37) [30] as well as to the ref-
erences therein for a detailed discussion of that method. We also
refer to [5] and the references therein for recent developments on the
subject.

(c¢) The third example is a mized collision-diffusion equation which arises
from granular gas modeling. For such a model, it seems that both
the “combinatorics method” and the “coupling method” fail while
our present method is robust enough to apply and yield quantitative
chaos estimates. Let us also emphasize that the BBGKY method
and the nonlinear martingale method (see again [37, 30] or [1l [31])
may also apply but would give a propagation of chaos without any
rate since they are based on compactness arguments.

Let us emphasize that it is not difficult to write a uniform in time version
of Theorem 2.1: in short, if the assumptions (A1) to (A5) are satisfied with
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T = 400, then the conclusion of the main abstract Theorem 2] holds with
T = +o0o and the proof is unchanged. But such an abstract theorem does
not readily apply to the examples (a), (b) and (c) discussed above. More
precisely, it is indeed possible to prove quantitative uniform in time propaga-
tion of chaos by our method (for the elastic Boltzmann model for instance),
but the price to pay is a significant modification to the set of assumptions
(A1) to (A5). This issue is addressed in our companion paper [32] where
the abstract method is developed in a more general framework in order to (1)
apply it to Boltzmann collision models associated to unbounded collisions
rates, (2) develop a theory of uniform in time propagation of chaos estimates.
We shall consider the question of uniform in time chaoticity estimates for
the McKean-Vlasov equation in future works.

These three examples illustrate the generality of the method that we study:
the same abstract framework can be used to prove propagation of chaos for
N-particle systems that have not yet been analysed as well as for models that
have been studied before but with conceptually different methods. But we
chose to emphasize generality over optimality of the result. By optimizing
the method of proof for a specific problem one can certainly obtain sharper
results, for example in terms of the rate of convergence as a function of N
or in the choice of topologies for which convergence can be proven. We did
not pursue this goal in this paper.

Also, in applying the abstract theorem to a concrete model, one is faced
with the challenge of finding functional spaces that satisfy the conditions of
our abstract convergence theorem and are adapted to the model. In many
cases, like for the three examples presented here, existing theory for the V-
particle systems and for the limiting equations may give a strong hint on
what choices to make, but in other cases this could present serious diffi-
culties. Another guiding principle is the consistency estimates between the
generators of the N-particle system and the limit equation which constrain
the norms or metrics that can be used and hint at the losses on the norms
or metrics at the basis of the scale of spaces used in the stability estimates.

In spite of a cost of technicality, the original approach proposed by Grun-
baum, even if originally incomplete, seems to us intuitively very attractive,
and with Theorem 2] Theorem [5.1] Theorem [6.2] and Theorem [Z.1] we make

this approach into a mathematically rigorous theory.

The plan of the paper is as follows. In Section 2] we present the method
in an abstract framework, by first setting up a functional framework that is
appropriate for comparing the N-particle dynamics with the limiting dynam-
ics, and we establish the abstract quantitative propagation of chaos (Theo-
rem [2.J]). The main steps of the proof are given as well, but these rely on
some technical assumptions and lemmas which are postponed to Section @l
The functional framework is developed with the necessary details in Sec-
tion B where we also develop a differential calculus for functions on P(FE),
as needed for studying the nonlinear semigroup. In Section Bl we apply
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FIGURE 1. A summary of spaces and their relations. Semi-
groups are in most cases given together with their generators,

as in SV |A.

the method to the Boltzmann equation associated to the Maxwell molecules
collision kernel with Grad’s cut-off. In Section [6] we apply the method to
the McKean-Vlasov equation, and finally, in Section [7 it is applied to some
mixed jump and diffusion equations motivated by granular gases.

2. PROPAGATION OF CHAOS FOR ABSTRACT IN-PARTICLE SYSTEMS

In this section we introduce the mathematical notation used in the paper,
make precise statements of the results, and describe the main steps of the
proof, leaving the details of the proofs to the next sections.

2.1. The N-particle system. The phase space of the N-particle system
il EN/GN. Here E is assumed to be a locally compact, separable metric
space, and Gy denotes the symmetric group of order N. This means that
we identify all points in the N-particle phase space that can be obtained
by permutation of the particles, so that if Z = (21,...,2y5) € EVN /Gy we
have (z1,...,2N) ~ (2oy5---,20y), Where (01,...,0n) is any permutation
of {1,...,N}. The evolution in phase space may be a stochastic Markov
process or the solution to an Hamiltonian system of equations. In both
cases, we denote by (Z{V),, the flow of the process.

Figure [ illustrates the relation between the different objects that we con-
sider. The N-particle system is represented in the upper left corner of Fig-
ure [I The different mathematical objects in this diagram are explained
along the following subsections.

2The phase space of a realistic N-particle system may be a subspace of the N-fold
product, determined e.g. by energy constraints or by the fact that particles of finite size
may not overlap. However, in the limit N — oo, all of £ should be accessible for any
given particle.
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2.2. Master equations, Liouville’s equations and their duals. Let
Psym(EN ) denote the proability measures on EN that are invariant under
permutation of the indices in Z = (21,...,zy) € EN. The flow Z}¥ induces
a semigroup of operators S{ on Py, (EY) defined through the formula

(2.1) VfN € Pym(EY), ¢ € Cy(EY),
<S£V( i]IY):<P> :E(SO (ZtN)) = /EN Ez, (‘P (ZtN)) i]IY(dZin)7
where the bracket denotes the duality bracket between P(EY) and Cy(EN):

o) = [ o2 az)

and Ez  denotes the conditional expectation with respect to the initial con-
dition ZY = Z;,. This semigroup is the solution to Kolmogorov’s forward
equation in the case where (Z});>0 is a random process (this equation is
often called the master equation), and of the Liouville equation in the Hamil-
tonian case. We always assume that S} preserves the symmetry under per-
mutation, and therefore restricts to an evolution semigroup on Psym(EN ).
There is a dual semigroup of S}V, that acts on Cy(EY), the set of bounded
continuous functions on EV. We write this semigroup TtN , and denote its
generator by GY. The two semigroups are related by

(2:2) (PN TV 6) = (S fY, 0) -

Markov processes such that (1) 7}V is a contraction in Co(EY), the set of
continuous functions that vanish at infinity, and (2) ¢ — TN ¢ is continuous
for any ¢ € Co(EVN), are known as Feller processes.

Hence the upper part of the diagram represents a (random) process, and
its distributions. The lower part of the diagram essentially shows the same
thing as induced by the map ,ug , as we shall now see.

2.3. The limiting dynamics. The components (z1,...,zy) of Z € EN /&y
represent the positions (in generalized sense, i.e. in the phase space E) of
the N particles. These N particles can also be uniquelyﬁ represented as an
empirical measure, that is a sum of Dirac measures:
N
(2.3) Z=(z1,...,28) — ﬂgzﬁz%.
j=1
The resulting measure is normalized so as to give a probability measure,
which is obviously independent of any permutation of the indices. The set
of such empirical measures is denoted by Py (FE). Probability measures on
E are denoted by P(E), so that Py(E) C P(E).
When the number of particles go to infinity, we may have ,ug — f€P(E),
where now f is a distribution of particles in £. We call a “limiting equation
for the N-particle systems” the (usually nonlinear) equation of the form (L2)

3The equivalence of particle configurations under permutation is used here.
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that is satisfied by the probability distribution f; obtained as the limit of
,ug , and we write its solution in the form of a nonlinear semigroup S}¥%:

fe= 5" (fin)
is the solution of
Oufe = Q(ft), fo = fin-

The main result of this paper can be seen as a perturbation result: given a
solution to the limiting equation, we consider a sequence of measures ,ugi s

Pn(E) such that
Ngin — fin
and prove that for all ¢ in some interval 0 <¢ < T,
nz, = SN (fu).

The convergence is established in the weak topology for the law of the random
empirical measures, as will be explained next.

2.4. N-particle dynamics of random measures and weak solutions of
the limiting equation. A random point Z € EV with law f € P (EY)
can be identified with a random measure, denoted by u¥ € Py(FE), whose
law is induced from f&. We denote this law 7% f~ € P(P(E)). Note that
since F is a separable metric space, then so is P(E) by Prokhorov’s Theorem,
and we may define the space P(P(E)) of probability measures on P(E), as
well as the set of continuous bounded functions, denoted Cy(P(E)), which is
the dual of P(P(E)). In Section Blwe will discuss how the choice of topology
on P(FE) influences Cy(P(FE)).

The nonlinear dynamics given by the semigroup S is deterministic and
defines a semigroup of operators on Cy(P(E)), in a way that is reminiscent
to the equations ([2.I)-(22) but now using the duality structure between
Cy(P(E)) and P(P(E)). We define, for any fi, € P(E) and ® € C,(P(E)),

Ttooq)(fin) = (SIZ/NL(fin)) :

The semigroup T7° is called the pullback semigroup of SNV As we shall see,
it plays a similar role for the deterministic limiting flow S} associated with
the equation (I2) (lower half of the diagram), as the one the semigroup T
plays for the flow Z} at the level of the N-particle system (upper half of
the diagram): in both cases these are the dual statistical flows. Note that
for making sense of the pullback semigroup 7° on Cy(P(FE)), one needs the
map fi, — StNL (fin) to be continuous, and this will be a major issue when
all arguments are made precise.

To connect the N-particle dynamics with the limiting dynamics, we also
need mappings between Cy(EY) and Cy(P(E)). On the one hand

v [ GPE) — Cy(EY)
T o o g
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is dual to the map P(E) > fN s 7N f¥ € P(P(E)), and is defined by
VZeEY, ¢(Z)=(a"®)(Z) = (u}),
where the empirical measure p is defined through ([2.3). On the other hand

. { Co(EY) — Cy(P(E))

(2.4) R

is defined in the following way: for each ¢ € Cy(EYN), RVN[¢] is evaluated at
the point f € P(E) as

25) £ RN = RY() = [ 01w fdan) oo Fldan)

which can be interpreted, as we shall see later, as a real valued polynomial
taking probability measures as arguments.

2.5. The abstract theorem. We are now ready to give a more precise
version of the main abstract theorem. The exact statement involves rather
technical definitions, and its validity depends on five assumptions, (A1) to
(A5) which are properly stated in Section @l The first assumption is the
requirement of symmetry under permutations that has already been stated.
The remaining conditons are (1) estimates on the regularity and stability of
the nonlinear semigroup, and (2) consistency estimates that quantifies that
the N-particle systems and the limiting semigroup are compatible.

Theorem 2.1 (Fluctuation estimate). Consider a process (Z{¥ )10 in EY /Gy,
and the related semigroups SY and T} as defined above. Let f,, € P(E),
and consider a hierarchy of N -particle solutions f¥ = SN(f&N), and a so-
lution fi = SN(fin) to the limit equation. We assume that (A1) to (A5)
hold.

Then there is an absolute constant C > 0 and, for any T € (0,00), there
are constants Cp,Cp > 0 (depending on T') such that for any N,{ € N*,
with N > 2¢, and for any

p=p1® - ® p € F ;e F, |lojllr <1,

we have

(2.6 sup [ (8057 = (M) ™" ) o277
<O+ Creaf(h)

with

(27) O (f) = [ distg, (1. ) 5V (02),

The space F C Cy(E) and the distance distg, are defined later in Section [{]



NEW APPROACH TO QUANTITATIVE PROPAGATION OF CHAOS 11

We have used the notation ¢ = ¢ ® --- ® ¢, to denote

P21, 20) = p1(21)p2(22) - - pe(20),
and ¢ ® 1Y€ to denote

(e @1V (z1,. .., 2n) = p1(21)p2(22) - - pu(20).

We first note that the left hand side of (2.6]) is the same as the left hand
side of (I3), the only difference being that the inital data to the N-particle
system are assumed to factorize: fN = fEN where f,, is also the inital
data to the limiting nonlinear equation. This is a stronger hypothesis than
merely requiring the initial data to be chaotic (where the initial data to the
N-particle system may factorize only in the limit of infinitely many particles).
This restriction simplifies the proof, but it can easily be relaxed at the cost
of some additional error terms.

The restriction to test functions of the form ¢ @ --- @ ¢, @ 12N=0 e,
functions depending only on the first £ variables, corresponds to analysing
{-particle marginals. Hence the theorem implies the propagation of chaos
as soon as F is dense in Cy(F) in the topology of uniform convergence on
compact sets. This condition is satisfied in all examples given below.

2.6. Main steps of the proof. The proof begins by splitting the quantity
we want to estimate,

(M) = (S () ™) e @171 |

in three parts, each one corresponding to one of the error terms in the right
hand side of the equation (2.6)):

(Y (™) = (M (fu)) e @198 | <
< (SN UEN) 012V — (SV (), Rl o )|
| (N Y (Rl 0 1)) — (SN (TR ) o i)
(28) +|(FN TR 0 ) = (SME(fu)) ' 0)| = Ti+ T+ T
Then each of these terms is estimated separately:

(1) The first term, 77, is bounded by C¢2/N, as proven in Lemma
From the definitions of R and u%, it follows that R‘[p](1}) is a
sum of terms of the form ¢(z;,,...,2;,), where each index j, ..., j
describes the set {1,..., N}. The error is then due to the fraction of
terms for which two or more of the indices ji,...,j¢ are the same.
Hence the estimate of 77 is of purely combinatorial nature, and only
depends on the symmetry under permutation, i.e. the assumption
(A1).

(2) The estimate of the second term, 73, relies on the convergence of the
N-particle semigroups T}V to the limiting semigroup 77°. This is
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where the N-particle dynamics and the limiting dynamics are com-
pared. The estimate can be found in Lemma [£3] which depends on
the consistency assumption (A3) on the generators and the stability
assumption (A4) on the limiting dynamics. While the generator G
of TN can be defined in a straightforward manner, defining and es-
timating the generator G of T° requires a more detailed analysis.
It indeed involves derivatives of functions acting on P(FE), and the
required differential structure depends on the topology and metric
structure chosen on P(E). The generator G is characterized in
Lemma Il The assumption (A4) is proved by establishing refined
stability estimates on the limiting semigroup, showing their differen-
tiability according to the initial data in a metric compatible with the
previous steps.
(3) For the last term 73, we note that

TERRY) = R (S ))) = (M) e,

which means that the nonlinear limiting equation is solved taking a
sum of Dirac masses as initial data, and an ¢-fold product of the
solution is integrated against ¢. The resulting function of Z =
(z1,...,2n) is then integrated against f&, which amounts to tak-
ing an average over all intial data such that the position of the NV
particles are independently taken at random from the law f;,. When
N is large, the random empirical measures ,ug are close to fi,, i.e.
N (fEN) =4 £, I P(P(E)). This implies that the term 73 vanish
in the limit when N goes to infinity. However the rate of this con-
vergence sensitively depends on the regularity of the test function
¢ and on the continuity properties of SN . In all cases considered
here, the error 73 dominates the other error terms, and effectively
determines the rate of convergence in the propagation of chaos. The
precise result, together with the required assumptions, is given in
Lemma

3. METRICS ON P(E) AND DIFFERENTIABILITY OF FUNCTIONS ON P(E)

This section contains the techical details concerning the space of probabil-
ity measures on P(E) and its dual, that is the space of continuous functions
acting on P(FE).

3.1. The metric issue. P(F) is our fundamental “state space”, where we
compare the marginals of the N-particle density f/¥ and the chaotic infinite-
particle dynamics f; through their observables, i.e. the evolution of con-
tinuous bounded functions on EY and P(E) respectively under the dual
dynamics TN and T7°.

There are two canonical choices of topology on the space of probabilities,
which determine two different sets Cy,(P(FE)).
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On the one hand, for a given locally compact and separable metric space
&, the space M'(E) of finite Borel measures on & is a Banach space when
endowed with the total variation norm:

Ve MNE), flrv = fHE)+F(E)
= sup <f7 ¢> = sup <f7 ¢>7
#€Ch(2), [ Plloo<1 $€Co(€); l|lloo<1
where f = fT — f~ stands for the Hahn decomposition and the equality
between the two last terms comes from the fact that £ is locally compact
and separable.

We recall that f v, f (strong topology) when (fx) and f belongs to
M*Y(&) and || fr. — fllrv — 0 when k — oo, and that f;, — f (weak topology),
if

VeoeC(2)  (fip)= lim (fy,0).

The associated topology is denoted by o(M'(E), Cy(E)). However, the weak
convergence can be associated with different, non-equivalent metrics, and
the choice of metric plays an important role as soon as one wants to perform
differential calculus on P(E).

In the sequel, we will denote by Cy(P(E),w) the space of continuous and
bounded functions on P(E) endowed with the weak topology, and Cy(P(E), TV)
the space of continuous and bounded functions on P(E) endowed with the
total variation norm. It is clear that Cp(P(E),w) C Cy(P(E),TV) since

TV . .
fr — f implies fr — f.

However, the supremum norm ||®|| e (p(g)) does not depend on the choice
of topology on P(F), and endows the two previous sets with a Banach space
topology. The transformations 7% and R satisfy:

(3.1) H?TN‘PHLoo(EN) <@l e pryy and RN (@]l (i) < N6l Loe (mm)-

The transformation 7% is well defined from Cy(P(E),w) to Cy(EYN), but
it does not map Cy(P(E), TV) into Cy(EN).

In the other way round, the transformation RY is well defined from
Cyo(EN) to Cy(P(E),w), and therefore also from Cy(EN) to Cy(P(E), TV ):
for any ¢ € Cy(E™) and for any sequence f;, so that the weak convergence
fx — f holds, we have fZN — f@N and then RN [¢](fx) — RY[¢](f).

The different metric structures associated with the weak topology are not
seen at the level of Cy(P(E),w). However any norm (or semi-norm) “more
regular” than the uniform norm on Cy(P(E)) (in the sense of controlling
some modulus of continuity or some differential) strongly depends on this
choice, as is illustrated by the abstract Lipschitz spaces defined below.

Definition 3.1. Let mg : E — Ry be given. Then we define the following
weighted subspace of probability measures

PQ(E) = {f € P(E)v <f7mg> < OO},
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together with a corresponding space of “increments”,

IPg(E) :={fi—f2; i, f2€Pg(E)}.
If moreover there is a vector space G (with norm denoted by || - ||g) which
contains TPg(E), we then define the following distance on Pg(E)

V f1, f2 € Pg(E), distg(f1, f2) = | f1 — fallg-

Remark 3.2. Note carefully that the space of increments TPg(FE) is not a
vector space in general.

Now we can define a precised notion of equivalence of metrics:

Definition 3.3. We say that Pg(E) has a bounded diameter if there exits
Kg > 0 such that

VfePg(E), distg(f,g)<Kg

for some given fized g € Pg(E).

Two metrics dy and di on Pg(E) are said to be Holder uniformly equiva-
lent on bounded sets if there ezists k € (0,00) and for any a € (0,00) there
ezists Cq € (0,00) such that

Vi f2 € BPoa ol ) < i, f2) < Caldalfr, )"

where
BPga:=A{f€Pg(E); (f,mg) <a}.
Finally, we say that two normed spaces Go and Gy are Holder uniformly
equivalent (on bounded sets) if this is the case for the corresponding metrics.

We also define the vector space UC(Pg(E);R) of uniformly continuous
and bounded function ¥ : Pg(E) — R, where the continuity is related the
metric topology on Pg(FE) defined by distg above. Observe that this is a
Banach space when endowed with the supremum norm.

Example 3.4. With the choice mg = 1, || - |lg = || - [[7v we obtain
Pg(E)(E) = (P(E), TV) endowed with the total variation norm.

3.2. Examples of distances on measures when E = R¢. There are
many ways to define distances on P(FE) which are topologically equivalent
to the weak topology of measures, see for instance [35] [].

We list below some well-known distances on P(R?) or on its subsets

Pe(RY) = {f € P(RY); M,(f) < oo}, 20,
where the moment M,(f) of order ¢ of a probability measure is defined as
M(f):=(f, ()%, (0)* =1+

These distances are all Holder uniformly equivalent to the weak topology

o(P(E),Cy(E)) on the bounded subsets
BPa(B) = {f € Py(RY), My(f) < a}
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for any a € (0,00) and for ¢ large enough. For more informations we refer
to [12].

Example 3.5 (Dual-Holder, or Zolotarev’s, distances). Denote by distg a
distance on E and fix zo € E (e.g. 20 = 0 when E = R? in the sequel).
Denote by Lipy(E) the set of Lipschitz functions on E wvanishing at one
arbitrary point zog € E endowed with the norm

— (ol = p(2) — (2]
[SO]LIP B [(‘D]l o z,Zesll?l,pzyéZ diStE(Za 2) .
We then define the dual norm: take mg := 1 and endow Pg(E) with

(3:2) VigePe(B), lg—fli= swp USSP
peLipo(B) [Pl

Example 3.6 (Monge-Kantorovich-Wasserstein distances). For g € [1,00),
define

Pg(E)(E) = Py(E) = {f € P(E); (f,mg) := (f,dist(-,v0)?) < oo}
and the Monge-Kantorovich-Wasserstein (MKW) distance W, by
(3.3) Vf,gePyE), WI(f g):= Iinf / distg(z, 2)? p(dz,dz),
pell(f.9) JExE

where TI(f,g) denote the set of probability measures p € P(E x E) with
marginals f and g (p(A x E) = f(A), p(E x A) = g(A) for any Borel set
A C E). Note that for Z,Z € EN and any q € [1,00), one has

(3.4)

N 1/q
~ . 1 . ~
Wy <M]zv7/tg) = dya(pN /ey (£, Z) == min (ﬁ ZdlStE(zivzcr(i))q> :
i=1

o€G N
and that
(3.5) Vi, g€ P(E), Wi(f,g)=I[f—-gli= o (f =90
as well as
(36)  Va€[lLoo), VI gePy(R), Wilf.g) < Wy(f.9).

We refer to [41] and the references therein for more details on the Monge-
Kantorovich-Wasserstein distances and for a proof of these claims.

Example 3.7 (Fourier-based norms). For E = R%, mg =1, let

f(e
YFETPE). flg=Ifls:= sup L,

£eRd <§>
We denote by H™° (which includes TPg(E) for s large enough) the Banach
space associated to the norm |- |s. Such norms first appeared in connection
with kinetic theory in [16].

s> 0.



16 S. MISCHLER, C. MOUHOT, AND B. WENNBERG

Example 3.8 (Negative Sobolev norms). For E =R?, mg :=1, let

£
(©)®

We denote by H™* (which includes TPg(E) for s large enough) the Hilbert
space associated to the norm || - || g-s.
For E =R? mg := 1, and some integers k,£ > 0, we also define

VFETPE), flle = Ifllyt@s = su (f.0),

k
pEH,

VIeTPg(E), |fllg=Ifllmsmas = H , 5>0.

L2(R%)

where

HMmFE:/Wa 2 g

la| <k

We denote by H_F(RY) (which includes TPg(E) for k large enough) the
Hilbert space associated to the norm || - HHj(Rd)‘

3.3. Differential calculus for functions of probability measures. We
start with a definition of Lipschitz regularity, for which a mere metric struc-
ture is sufficient.

Definition 3.9. For metric spaces Ql and Qg we denote by cY 1(gl, QQ) the
space of functions from Gy to Go with Lipschitz regqularity, i.e. the set of
functions W : g1 — g2 such that there exists a constant C > 0 so that

(3.7) VigeGr distg, (¥(g), U(f)) < Cdistg, (g, f)-

We then define the semi-norm [']00,1(51 Gy) OT COY(G1,Go) as the infimum of
the constants C' > 0 such that [31) holds.

The next step consists in defining a higher order differential calculus; this
is where the assumption that metrics are inherited from a normed vector
space structure plays a role.

Definition 3.10. Let G1 and Go be normed spaces, and let Q~1 and ,C’;g be two
metric spaces such that g] gz C G;. ForkeN, we deﬁne ck 1(g17 gg) to be
the set of bounded continuous functions ¥ : Ql — QQ such that there exists
DIV . Ql — Bﬂ(gl,gg) continuous and bounded, where Bﬂ(gl,gg) 18 the
space of bounded j-multilinear applications from Gy to Ga (endowed with its
canonical norm) for j =1,...,k, and some constants C; >0, j =0,...,k,
so that for any j =0,...,k

U(g Z 9= 1

=0

1
<Cjllg— fIIL
Ga

(38) vf).g € g~17

(with the convention DU = W ).
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We also define the following seminorms on C*1(Gy,Go)

[P0 := sup [|D79(f)|| g6, 00> T=10--- 0k,
feg
with
L] 5 = sup IL (h1,. - b)) g »
Bi(G1,G2) Bl hilley <1,1<0<] 711Gy
and

G2

() = LoD (), (9 - NP
[U];1 := sup

~ j+1
1.9€61 lg — fllg,
Finally we combine these semi-norms into the norm

”‘I/”ck,l(ghgz Z Jj0 + [¥
7=1

Remark 3.11. Observe that for any j > 1 the LHS of ([B.8) makes sense
since
j . .
W(g) =Y _(D'U(f). (g - N)

=0

J
- [\1/ ] D A(DU(f), (9= )) € G

=1
since U(g) — W(f) € Go—Ga C Gy and D'WU(f) € B/ (G1,Ga). Then note that
our definition is very close to the usual Fréchet definition of differentiability
in Banach spaces for the function h — V(f +h) with h = g— f € G1, except
that the domain and range are restricted to subsets that have no vectorial
structures and are not open within G1 and Go. We also only consider Lipschitz
differentiability.

The following lemma confirms that this differential calculus is well-behaved
for composition, which seems to be a minimal requirement for further appli-
cations.

Lemma 3.12. Consider U € C’k’l(gl,gg)ﬂnd V e CHY(Gy,G3). Then the
composition W := Vold belongs to C*1(Gy,G3). Moreover the following chain
rule holds at first order k =1

(3.9) vfeG, DY[f]=DVU(S)]o DUlf],

with the estimates
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At second order k = 2 one also has the chain rule
(3.10) )
VfeG, DV[f]=D*VU(S) e (DU[f]® DU[f]) + DVIU(f)] o DU[S].

Proof of Lemma It is straightforward by writing and compounding
the expansions of U and V provided by Definition B.10 O

3.4. The subalgebra of polynomials in Cy(P(F)). In Section 2 we de-
fined a map R’ : C(E') — Cy(P(E)), which may be used to define a subal-
gebra of polyomials in Cy(P(E)). We first define the monomials:

Definition 3.13. A monomial in Cy(P(E)) of degree { is a function R*[p]
with o = 1 @ -+ @ @y, ;i € Cp(E) and £ € N. Explicitly

Ro|(f) = / oo 2) Az, )
Bt

¢
= i(2)df(2),
1)

which is well-defined for all f € P(E).

The product of two monomials is defined in a natural way by R [¢]| R[] =
RA*2[¢®4)], and the polynomial functions are linear combinations of mono-
mials. These form a subalgebra of C,(P(E)) that contains the constants and
separates points in P(FE), and hence the Stone-Weierstrass Theorem implies
that this subalgebra is dense in Cy(P(E)), where the meaning of “dense”
depends on the topology chosen on P(E).

While the polynomials in R always are differentiable, the smoothness of the
polynomials depends on the metric structure. We need first some preliminary
definitions.

Definition 3.14. e Duality of type 1: We say that a pair (F,G) of
normed vector spaces such that F C Cy(E) and P(E) —P(E) C G
satisfies a duality inequality if

B11) VS gePE), VoeF, (-9l <Clf—gllgllelr

e Duality of type 2: More generally we say that a pair (F,Pg(E)) of
a normed vector space F C Cyp(E) endowed with the norm || - ||z and
a probability space Pg(E) C P(E) endowed with a metric dg satisfies
a duality inequality if

(312)  V/f,gePg(E), VoeF, [g—f el <Cdistg(f, g)lellr

Lemma 3.15. If ¢ € F* and the pair (F,G) satisfy a duality of type 1, the
polynomial function R[] is of class C*Y(Pg(E),R) for any k > 0. In the
more general case where the pair (F,Pg(E)) satisfies a duality of type 2, the
polynomial function R[] is at least of class C%'(Pg(E),R).
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Proof. 1t is clearly enough to prove the lemma for monomials, and the proof
then mainly follows from the multilinearity of R. In the case of duality of
type 2, then the conclusion follows from

¢
R)(f2) = Rl(f1) = ( 11 <90k7f2>) (@i f2— f1) ( 11 <‘Pk7fl>) :
i=1 \1<k<i i<k<l
In the case of duality of type 1, we define
G—R, h~ DRe(f)(h) =) (Hw f>) (pi,h),
i=1 \j#i

and we write

R'e)(f2) — R[)(f1) — DR[)(f1)(f2 — f1) =

— Z ( H (CPk,f2>) (@j, fa = f1) ( H <<Pk7fl>) X

1<j<i<e \1<k<j J<k<i

1<k<tl

X (i, f2 = f1) ( 11 <90k7f1>) :

We deduce then
|RULeI(f2) = RUA ()| < el poquoyr 172 = fillo
DRG] < el Fowey— o

[Rel(f2) ~ Rlel(fr) ~ DRUA((o — )] < Il roouomys Iz — fill,

where
||90||1,]—‘k®(Loo)sz = Z H‘Ph H]_. H%k ||}. H H‘PJ'HLOO(E)
{i1,-ig {1,063 71, 0k)
¢ ||90||oo,f®(Loo)Ll for k=1,
<
= e —1)
92 HQOHOO,}?@(LOO)ZfZ for k=2,
and we have defined
”(‘0”00»7:16®(L°°)57k = max H‘PHHF H‘Plk”}' H H(,Oj”Loo(E)

i1,...,0f distinct in [|1,£]]

JF (0150 0k)
< ”90”}‘6057

since ||+ || poo(m) < || - l7. This proves that R‘[p] € CV'(Pg(E),R). The
cases k > 2 are proved similarly. O
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4. ASSUMPTIONS AND TECHNICAL LEMMAS

In this section we collect the lemmas used in the proof of Theorem [2.1]
and the technical assumptions that are needed.

The first assumption is simply the statement that the N-particle dynamics
is well defined and invariant under permutation of the particles.

(A1) N-particle semigroup. The family 7}V consists of strongly
continuous Markov semigroups on Cy(E™) that are invariant
under permutations of indices. We denote their generator
by GV and we denote by S} the dual semigroup on the N-
particle distributions.

4.1. The generator of the pullback semigroup. While the definition of
TN and its generator is rather standard, it takes more care when defining
the pullback of the nonlinear semigroup and the corresponding generator.
The second assumption that we need to impose on the system is related to
this, and relates to our definition of a differential calculus of functions on

P(E).

(A2) Nonlinear semigroup. Consider a probability space
Pg, (E) (defined in Definition [3.1]) associated to a weight func-
tion mg,, endowed with the metric induced from a normed
space Gi, and with bounded diameter. Assume that for any
7 > 0 we have:

(i) The equation (2] generates a continuous semigroup
SN on Pg, (E) which is uniformly Lipschitz continuous:
there exists C'; > 0 such that

Vfge Pg1 (E)7 sSup diStg1 (ngLfv Sg\[Lg) <C; diStgl (fa g)
t€[0,7]

(ii) There exists 0 € (0, 1] such that the (possibly nonlinear)
generator @ (introduced in equation (L2])) is bounded
and 6-Holder continuous from Pg, (E) into G; in the
following sense: there exist L, K > 0 so that for any

f,9€ Pgl(E)
IR(Hllg, < K, Q) = Q(9)lley < LIIf = gllg,-

This assumption is sufficient for defining the generator of T;>°:

Lemma 4.1. Under assumption (A2) the pullback semigroup Ty is a con-
traction semigroup on the Banach space UC(Fg,(E);R) and its generator
G is an unbounded linear operator on UC(Pg, (E); R) with domain Dom(G*)
containing C1H(Pg, (E);R). It is defined by
(4.1)

v e CY (P, (E);R), V[ € Py (E), (G=®)(f)=(D[f],Q(f)).
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Proof. The proof is split into several steps.
Step 1. We claim that for any fi, € Pg, (E) and 7 > 0 the map

S(fun) : [0,7) = Pg,(E), t+ SM(fu)

is right-differentiable at ¢ = 07 with S(fi,)"(0) = Q(fin)-
Denote f; := SN fi,. First, since Q(f;) is bounded in G; uniformly on
t € [0,7] from (A2)-(ii), we have, uniformly on f;, € Pg, (E),

t
(4.2) 1 = Fulls = /0 Q)|

and then using (A2)-(ii) and the inequality (£2]) we obtain

/0 Q) — Q(fu) ds

< K,

Ife — fin =t Q(fi)llg, =

g1
t
- L/o 1o~ full, ds
t t1+6
< L/(Ks) ds =LK’ ,
0 1+0

which implies the claim.

Step 2. We claim that (77°) is a Cp-semigroup of linear and bounded (in
fact contraction) operators on UC(Pg, (E);R). Indeed, first for any ® €
UC(Pg,(E);R) and denoting by we the modulus of continuity of ®, we have

(T7°®)(9) — (T°@)(F)] = [@(5(9)) — (S (9))]
< we (distg, (57" (9), ST ()
< we (Crdistg, (f, 9))
so that T°® € UC(Pg, (E);R) for any ¢t > 0. Next, we have

172l = sup |T7°@| = sup  sup [@(S{H(f)[ <1, @] = sup [@(h)].
[@l<1 [®l<1 fePg, (E) hePg, (E)
Finally, from (£2), for any ® € UC(Pg, (E);R), we have
IT7°® — @] = sup |®(SM(f)) — ®(f)| Swa(Kt) =0 ast— 0t
fepgl(E)

As a consequence, Hille-Yosida Theorem (see for instance [33], Theorem 3.1])
implies that (7)°) is associated to a closed generator G*° with dense domain
dom(G*>) Cc UC(Pg, (E);R).

Step 3. A candidate for this generator is defined as follows. Let G be
defined by

V& € CY (P, (E);R), Vf € Pg,(E), (G™®)(f):= (D2[f],Q(f)).

(
The RHS is well defined since D®(f) € B(G1,R) = G} and Q(f) € G by
assumption. Moreover, since both f = D®[f] and f — Q(f) are uniformly
continuous so is the map f — (G®®)(f). It yields G®® € UC(Pg, (E);R).
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Step 4. Finally, by composition,

V[ €Pg (E)E), t TP0(f) =208 (f)
is right-differentiable at t = 0% and

d d

T2 (Pl=o = (@0 S(F)(t))le=o0

= (D20 55(0)
= (Dolf].Q() = (G=2) ().
which implies ® € Dom(G*) and ([£1)). O

4.2. Estimates in the proof of Theorem 2.1l The proof of Theorem 2.1
relies on the three following lemmas, together with their assumptions.

4.2.1. Estimate of T1. The first error term is estimated by the following
combinatorics argument.

Lemma 4.2. Let SN, uYY and R*[p] as defined in Section[2 (see Figure 1),
and let o € C*(E*). For anyt >0 and any N > 2/
(4.3)

1o [(SNE) 00 1990) — (58, Rifg) o )| < 20PNt

N

Proof. Since SN (f&) is a symmetric probability measure, estimate [@3) is

1

a direct consequence of the following estimate: For any ¢ € Cy(E*) and any
N > 2/ we have

< 20 |||l oo (o) '

ay  |(eerev) Rl < T

Here the symmetrized version of a function ¢ € Cy(EY), is defined as

1
(45) qbsym - @ Z gbo-

ceGN

As a consequence for any symmetric measure f € Py, (EY) we have

2
(4:6) [ B — (1) <« 2w,

To establish the inequality ([d4]), we let £ < N/2 and introduce

AN,Z = {(’il,...,ig) € {1,...,N}Z : Vk’#k‘/, Tk #ikl } and BN,Z = Aﬁ\w.
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Since there are N(N —1)...(N — ¢+ 1) ways of choosing ¢ distinct indices
among {1,..., N} we get

Bng 1 =1\ — i
N = 1l y) () =lew ;m -~

=i IZ
< l—exp <_2ZZ_;N> < N’
where we have used
Vzel0,1/2], In(1—2z)>-2x and VzeR, e*>1—-ux.

Then we compute

R = 3 olenernoa
el(nz) N7 Z P(Ziys -5 %)

Ulyeestp=1

1 1
~— Nt Z ‘p(zil,---,zil)‘FW Z O(Ziy s Ziy)

(il,...,’i )EAN[ (ilv"'vil)eBN»e
62
g 5 Pt o) + O 5 ol )
gEG N
202
1 5 otz + 0 (5 ol )
oEGN

and the proof of (4] is complete. Next for any f¥ € P(EY) we have

<fN,<,0>=<fN, <90®1®N_£) >
sym
and ([4.6) follows from (4.4]). O

4.2.2. Estimate of Ta. The second error term is estimated thanks to a con-
sistency result for the generators of the N particle system and the limiting
dynamics, and stability estimates on the limiting dynamics. To proceed we
need to introduce the two corresponding assumptions.

(A3) Convergence of the generators. Let Pg, (E) be the probabil-
ity space endowed with a metric considered in (A2). For k =1
or 2 there is a function £(NN) with limy_,o e(N) = 0 such that
for all N € N: and all & € C*!(Pg, (E);R), the generators GV
satisfy

(A7) [|GN () — my G (@] oy < V) [ @t g, 1)

where @ is the nonlinear operator involved in equation (L.2]), and
G*(®) = (Q,D®P) is the generator of the pullback semigroup
T°°.
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(A4) Differential stability of the limiting semigroup. We assume
that the flow SN is C*1(Pg, (E), Pg,(E)) in the sense that there
exists Cr > 0 such that

T
(4.8) /0 1S5 | cxapy, (9.p, 29y A < Cr

where Pg, (E) is the same subset of probabilities as Pg, (E), en-
dowed with the norm associated to a normed space Go O Gy
possibly larger than G; and where k is the same integer as above.

Lemma 4.3. Suppose that the assumptions (A1) to (A4) are satisfied, and
let To be as defined in equation (2.8). Then

(49) T = [(F2V TN (Re o nd)) = (£, (TR o ) )
< Ok 0 Cre(N) [lell g g(poeye—+

for an explicitly given constant C'(k,l) depending only on k and {.

Proof. We start from the following identity

Lo
0

t
:/ TN, [GNﬂ'N—ﬂ'NGOO] T ds,
0

which we evaluate on ® = Rf[¢] € Cy(P(E)). From assumption (A3) we
have for any t € [0, T

(£, T m R o] = mn TR ]|

[ (52, 3. 6~ mnG] (R s

< [ e¥ns -] @Rt

TRy

T
4.10 <eg(N /
( ) ) 0 ‘ Ck1(Pg, (E))

Since T°(R[p]) = R'[p] o SN with SN € CF1(Pg, (E),Pg,(E)) thanks
to assumption (A4) and R[¢] € CF'(Pg,(E),R) because ¢ € F5 (see
Subsection B4)), we obtain with the help of Lemma that T2°(R[yp]) €
C*Y(Pg, (E)) with uniform bound. We hence conclude that

T
(4.11) / ( )
0 R 1(Pg, ()

where C'(k,¢) < ¢? since k =1 or k = 2.
Going back to the computation (AI0), and plugging ([EII) we deduce
). 0

T (Rl

ds < C(k,0) Cr || Rl

Ck(Pg,)’
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4.2.3. Estimate of T3. The error term T3 from equation (2.8]) depends on
estimating how well the initial data for the nonlinear equation fi, can be
approximated by an empirical measure, and how well this error is then prop-
agated along the semigroup. To this purpose we need to make a stability
assumption for the limiting semigroup.

(A5) Weak stability of the limiting semigroup. There is proba-
bility space Pg,(E) (corresponding to to a weight function mg,
and metric distg,) such that every T' > 0 there exists a constant
éT > 0 such that

(4.12)

vV f1, f2 € Pgy(E), E)ujp)dlstgg(s (f1), S (f2)) < Crdistg, (f1, f2)-

Remark 4.4. Observe that when Pg,(E) = Pg, (E) = Pg,(F) with the same
weights and distances, the assumption (A5) is included in (A4). However
it 1is crucial to have the flexibility to play with different metric structures in
these assumptions.

Lemma 4.5. Assume that the limiting semigroup SN satisfies assumption
(A5) for some probability space Pg,(E). Let F3 satisfies a duality inequality
with Pg,(E) as defined in Definition[3.14 Let ¢ € Cy(EY).

Then for any fi, € P(E), t >0 and N > 2¢ we have

(413) Ta o= [(£2, (T°R6) 0 ) = (M () ™" 90)|
< LOr Q3 (fin) el 7@ (Locye—1

where Q32 (fin) is defined in 27) and [0l 7y (roeye-1 s defined in the proof
of Lemma 313

Proof. We split T3 in two terms, the first one being
Toa = (SN, (TR I¢]) o i)
= | R (ST (1)) fin(dz) ... fiu(dzw)

EN

/ <Haz >md21) - fu(dzn),

Vi1, 0 a=a(Z) ::/E%(w)sg%(ug)(dw).

Similarly, we write for the second term

T32 = <(SiVL(fin))®£ > / <Hb> w(dz1) ... fin(dzw),

with
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with
Vi=1,...,¢, b:= / @i(w) S (fin) (dw).
E

Using the identity

l l l
Hai —Hbi = Zal...ai_l (ai _bi)bz’—i-l ...bg,
i=1 =1 i=1

we get

414) <> | T]llesllze(m /EN ai(Z) = bi| fin(d21) ... fin(dzn).

i=1 \ j#i

Then by using the duality bracket together with assumption (A5) we have

/E pi(w) (SME(fin) (dw) — SN (V) (duw))

”902"‘]:3 diStg3 (Si\[L(fin)asiVL(N]Zv))
(4.15) Cr || ¢ill 7, distg, (fin, 1) -

Therefore combining (£.14) and (£I5) (for any 1 < i < {), we conclude that
(#I13)) holds. O

In order to use Lemma 4.5 we need an estimate on the term Q]g\?( fin)- This
information is provided by the following quantitative version of the law of
large number for empirical measures taken from [35]. We refer to [32] for a
more detailed discussion of this issue.

lai(Z) = bi| =

VANVAN

Lemma 4.6. For any fi, € Pays5(R?) and any N > 2 there exists a constant
C' which only depends on d and Mgy5(fin) so that

2 2
O (f) = [ Wali ful? 13 (02) < €N,

4.3. A remark on assumption (A4). In this section we briefly explain
how our key estimate (A4) can be obtained in the case of a nonlinear oper-
ator Q which splits into a linear part and a bilinear part:

(4.16) Ve P(E), Q(f)=Qi(f)+ QS [)

with @1 linear and ()5 bilinear symmetric.
For two initial data f;, and ¢, in a space Pg(F) of probability measures,
and some initial data hy, € G we introduce the following evolution equations,

8tg = Q(g) = Ql(g) + Q2(979)7 9|t=0 = Yin,
8tf:Q(f):Q1(f)+Q2(f7f)7 f|t:0:fi117
oth = DQ[fI(h) = Q1(h) +2Q2(f, k),  hjt=0 = hin
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In the third equation the solution h; depends linearly on hy, (but also
nonlinearly on fi,): it is formally the first-order variation of the semigroup,
ie. DSﬁVL in(hin) = ht-

We now want to write a second-order variation of the semigroup. To this
purpose we conside h; and h; two solutions to the third equation above and
write

o = DQUI(+5D*Q() (1, F) = @u(r)+2Qa(f, ) +@a(h, ), riemg = 0.

In this fourth equation 7, depends bilinearly on h; and h; which are two
solutions to the third equation, and therefore bilinearly on iy, hin (it also
depends nonlinearly on fi, again): it is formally the second-order derivative
of the semigroup D2SN[fn](hin, ﬁin) = r;. Observe that the initial data r;,
are always zero for this second variation problem since the map (f)¢>0 — fin
is linear.

Consider now Ay, = hin = Gin — fin (which implies h; = ﬁt) Let us define
si=f4+g, d=g—f,wi=g9g—f—h,¢¥:=g9g— f—h—r, for which we get
the following evolution equations

Od = Ql(d) + Q2(s7d)7 d|t:0 = din = gin — fin,
Opw = Ql(w) + Q2(57w) + QQ(hv d)v Wijt=0 = 0,

oh = Q1(Y) + Qa(s,¥) + Q2(h,w) + Qa(r,d),  Pj—o = 0.

Now we can translate the regularity estimates on S in terms of estimates
on these solutions on some given time interval [0, T:

Sup ldellg, < Crlldiallg, = 8™ € C*!(Pg, (E), P, (E))
€0,

SN e ¢\ (Pg, (E), Pg,(E))

suprepo,r] |hellg, < Orllhinlle, p = SF € OV (Pg, (E), Pg,(E))
supyefo,r] lwellg, < Crlldinl[3,

SN e CY(Pg, (E), Pg, (E))

supieio,) I7elles < Orllbmligy |hmlle, ¢ = SN € C*(Pg, (E), Pg, (E)).

supsepo, 7 [[iellgx < Crlldinl3,

Such estimates are typically obtained by energy estimates for the equations
satisfied by d, r, w and v, for a well chosen “cascade” of norms connecting
|- llg, to |l - |lg, (see later in the applications).

5. MAXWELL MOLECULE COLLISIONS WITH CUT-OFF

5.1. The model. In this section we assume that £ = R? d > 2, and
we consider an N-particle system undergoing a space homogeneous random
Boltzmann collisions according to a collision kernel b € L'([—1,1]) only
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depending on the deviation angle and locally integrable. This is usually
called Mazwellian molecules with Grad’s angular cut-off, as introduced in
[23, 24], 29]. We make the normalization hypothesis

1bll 1 :/ b(or)do = 1.
Sd—1

Let us now describe the stochastic process. Since the phase space EN

corresponds to the velocities of the particles, we shall denote Z = V in
this section. Given a pre-collisional N-system of velocity particles V' =
(v1,...,un) € EN = (RY)N, the stochastic runs as follows:

(i) for any ¢ # j', we draw randomly for the pair of particles (v;,v;r)
a random time Tj j» of collision according to an exponential law of
parameter 1, and then choose the collision time 77 and the colliding
pair (v;,v;) (which is a.s. well-defined) in such a way that

T =T . — ; P
1 1,] 1§i1’171éljl’1§N i',j"

(ii) we then choose o € S¢~! at random according to the law b(cos 6;;)
where we define the angular deviation 6;; by cos 0;; = o-(vj—v;)/|v;—
vil;

(iii) the new state after collision at time 77 becomes

* * * *
\% :V;j:Rijpv:(Ul,...,’Ui,....,’Uj,...,UN),

where the rotation R;;, on the (7,7) pair with vector o is defined by

Lo Wi Wy, ij

5.1 o WY W W
( ) Ui 2 + 9 ) U] 2 2 )

with
wij = v + vy, u = |uglo, wig = v — v
Scaling the time by a factor 1/N and repeating the above construction
lead to the definition of a Markov process (V) on (R%)M. Tt is associated to

a Feller semigroup (7}V) with generator G. Moreover the master equation
on the law f{¥ is given in dual form by

(52 U0 = (7. 6N

with
1 N

63 @O =5 S [ eosty) [ ] do
1<i<j<N

where ¢}, = o(V;3) and ¢ = (V) € Cyp(RN9). Finally, the flow fY s fN

defines a semigroup S} for the N-particle distributions which is nothing but
the dual semigroup of T}V.
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Note that the collision process is invariant under permutation of the veloc-
ities, and satisfies the microscopic conservations of momentum and energy
at any collision time

N
Va=1,...,d, ZUZQZZUICOM |V |2 |V|2 Z|Uk|2‘
k k k=1
We write V = (v;)1<i<y = (v1,...,vy) € EN and v = (Va)1<a<d € R?,

so that V' = (vi,) € RV with vy, € R.

As a consequence, for any symmetric initial law f&V € Py, (RN?) the
law density f}¥ remains a symmetric probability and conserves momentum
and energy

Va=1,..., /RdN <Z vka> N (dw) / <Z v;m) fEN(dw),

V6:R, >Ry, /R O(VI?) £ (dv) = /Rweuwz)fffv(dv).

The formal limit of this N-particle system is the nonlinear homogeneous
Boltzmann equation on P(R%) defined by

(54 9 fo=QU

where the quadratic Boltzmann collision operator @ is defined by

65 QUL = [ b0 (9(w3) = oun)) do f(dwy) fdua)

for ¢ € Cy(R?) and f € P(RY), with
wy + we  |wy — wy| o _witwy  [wy —wi

2 2 7 2T 2
and cosf = o - (v —w)/|v —w|. The equation (E.4)-(5.5) is the space homo-
geneous Boltzmann equation for elastic collisions associated to the Maxwell
molecules cross section with Grad’s cutoff. We refer to the textbooks [10] and
[40] and the numerous references therein for both the physical background
and the mathematical theory of the Boltzmann equation. This equation gen-
erates a nonlinear semigroup S{'* on P(R?) defined by SN £, := f; for any
fin € P(R?), which satisfies conservation of momentum and energy:

V>0, /Rdvft(dv)z /Rdvfm(dv), /Rd|v|2ft<dv>= /Rd|v|2fm<dv>.

5.2. Statement of the result. On the one hand, it is well known that for
the collision kernel that we have chosen the N-particle Markov process (V}Y)
described above is well defined for any initial velocity Vév , and in particular,
for any given initial law f € Py ((R)Y) there exists a unique solution
Y € Poym((RHN) to equations (5.2)-(5-3) so that the N-particle semigroup
S} is well defined, see [24, 25, 38, [30]. On the other hand, it is also well

(5.6) wi=
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known that for any fi, € Pq(Rd), q > 0 the nonlinear Boltzmann equa-
tion (5.4)-(5.5) has a unique solution f; € P,(R?). This solution conserves
momentum and energy as soon as ¢ > 2, see for instance [38 [39] [14], [40].

Our mean field limit result then states as follows.

Theorem 5.1 (The Boltzmann equation for Maxwell molecules with Grad’s
cut-off). Consider an initial distribution fi, € Py(R?), ¢ > 2, the hierarchy
of N-particle distributions fN = SN(f&N) following (5.2), and the solution
fi = SN(f,0) following (5.3).

Then there is a contant C > 0 and, for any T > 0, there are constants
Cr,Cr > 0 such that for any

p=p1® @ p € F*  Fi=CRY)NLipMRY), |¢jllr <1,

we have for N > 24:
(5.7)
2 2

sup [( () = (1 (4) ™) 0)] £ O+ Cr g + Cr o)

where Q]V\[,/Z was defined in [2.7) and Wy is the quadratic MKW distance
defined in ([B.3).
As a consequence of (B.7) and Lemma [4.0, this implies propagation of
1
chaos with rate e(N) < C(¢, T, fin) N~ @+ for any initial data fi, € Pyy5(R%),
where C (0, T, fin) is an explicitly computable constant.

For the Boltzmann equation with bounded kernel, propagation of chaos
has been established by McKean in [29], where he adapted the method intro-
duced by Kac in [24] based on the Wild sum representation of the solutions to
the Boltzmann equation. Griinbaum in [2I] gave an alternative proof based
on the same “duality viewpoint” as developed in the present paper. Sznit-
man in [36] also gave a proof of propagation of chaos based on a nonlinear
martingale approach. In all these works, propagation of chaos is proved but
without any rate of convergence (as the number of particles goes to infinity).
Graham and Méléard in [I8] [19] 30] were then able to prove the propagation
of the chaos with the sharp rate C'(¢,T)/N. Their proof is based on the con-
struction of a stochastic tree associated to the process V¥ which is specific
to the Boltzmann equation with bounded kernel. More recently Kolokoltsov
in [26] proved a fluctuation estimate for similar processes using a “duality
view point” like the one developed by Griinbaum and used also in our work.
His fluctuation estimate is similar to our Lemma [0 (and of the same order),
but pays less attention to the remaing terms of our estimate. Fournier and
Godinho [15] prove the propagation of chaos for a one-dimensional caricature
of the Boltzmann equation using a coupling method in the spirit of [38], [37].
Their chaoticity estimate is of the same rate as ours.

5.3. Proof of Theorem [5.1l The assumptions (A1)-(A2)-(A3)-(A4)-
(A5) needed to apply Theorem 2T will be verified step by step. In this proof
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we fix Fi = Fy = Cp(R?) and F3 = Lip(R?) and define Pg, (E) = Pg,(FE) :=
P(R?) endowed with the total variation norm || - ||7v, Pg,(E) := P2(R?)
endowed with the quadratic MKW distance W5. Notice that (Gq,F1) and
(Ga, F2) satisfy a duality inequality of type 1, and (Pg,, F3) satisfy a duality
of type 2 (see Definition 3.13)).

Proof of (A1l). The symmetry assumption is satisfied because of the well-
known properties of the Boltzmann-Kac N-particle system, and we refer to
the previous works [29] 21, 18, 19, [30] for details.

Proof of (A3). We claim that there exists C; € Ry such that for all
® € CY(Pg,(E),R)
(5.8)

C
|GN (@ o ufy) — (Qufy, 1)), D[y >HLO<>(EN) < Wl”q)HCl’l(Pgl(E),R)y

which is nothing but (A3) with k=71 =1and ¢(N)=C; N~
Take ® € CH1(Pg, (E),R), set ¢ = DP[udY] and compute

1
GN((I)O,ug) = N Z / b(ezy) [é(ﬂv*)_q)(ﬂg)} do
1<i<j<N /S4T
1
= 5 X[ e - efidde (1)
1<i<j<nN /ST
1
v x 3 [ o(ieten [u -], ) =0,
1<icj<n /S

On the one hand, we have

n o= Wz/s“ i) [067) + 6(0}) — 6(vs) — B(vy)] do

7]_

= o L L 0 o) + 0w~ o)~ 6w wi (do) () do
= (Quy, 1)), ¢) .

On the other hand, we have

(V) = Z/ <|¢>ch(%)2> s

1@l Z L 12l

IN

ij=1

Collecting these two terms we have proved that (5.8]) holds.
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Proof of (A4). Here we prove that for any f, h € P(R%) and for any
T>0

(5:9) sup || S7%(g) = M)~ £5F g - )| < et PI=T g~ flify,
t€[0,T TV

where £5°[f] is the linearization of SV at f. As a consequence, this implies
that (A4) holds with k =n =1 and the previous definitions of Pg, (F) and
Pg,(E). We denote by fi, g, hy the solutions to the following equations:

atft = Q(ft7ft)7 f|t:0 = fin,
g = Q(9¢, 91, 9jt=0 = Yin,
Orhe = 2Q(f1, he) = Q(fr, he) + Q(he, fo),  hjz—o = hin,

where Q denotes the symmetrized form of the bilinear collision operator.
The third equation corresponds to the first-order variation of the semigroup:
L57°[f](hin) = hy solution to this equation.

Standard Gronwall arguments show the existence and uniqueness of such
solutions, which moreover satisfy, uniformly on [0, 7]

Ihellrv < T lhllrv,  Nlgr = fillrv < €7 (g — fullTv

Next, writing r; := g — fi — hs, we find that this expression satisfies the
equation

8trt = Q(ft + gtart) + Q(gt - ft7 ht)7 Tin = 0.

Introducing y; := ||7¢||7v, we have
1. ~ N
yp < B 1Q(ft + g, ro)llrv + |Q(ge — fr, he)|lov
< Nvlloo 1 ft + gellov rellrv + C llge — fellov [[hellov
< Cy+Ce"|h— flFv,

from which we deduce
Vte0,7), y<e|h— flFy-

This concludes the proof of (5.9).

Proof of (A2). Assumption (A2)-(i) is clearly a consequence of (A4). For
(A2)-(ii) we write

QU f) - Q. g)lrv = sup [E QU ) — Qlg.9)) pdv

ol oo <1

= s [ Ghge) [ b6 - @dedude,
ExE Sd-1

lpll oo <1
Aol IIf = gllrv,

so that the function f +— Q(f, f) is Lipshitz from Pg, (F) to M (R9).

IN
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Proof of (A5). It is known since the seminal work of Tanaka [38] that
the nonlinear Boltzmann flow associated to Maxwellian molecules is a con-
traction for the quadratic MLW distance Wy: for any fi,, gin € Pl(Rd) the
solutions fi, g; to the Boltzmann equation (5.4)) satisfy

[Su,zli)] WQ(ft7 fgt) S WQ(fina gin)'
0,

That immediately implies (A5) in the space Pg,(E) defined above. O
6. VLASOV AND MCKEAN-VLASOV EQUATIONS

6.1. The model. In this section we assume that F = R™ (where m = d or
m = 2d with d the physical space dimension, see later) and we consider an N-
particle system which undergoes McKean-Vlasov type stochastic dynamics,
i.e. a drift deterministic force field combined with diffusion. We refer to
the lecture notes [37, [30] and the references therein for more details on the
model, and among many references, we highlight the recent paper [5] for
recent results and references (using the so-called “coupling” method). The
method we shall present here does not rely on any of these references. The
results in this section are mostly not new but compare to the latest results
of mean field limit on this equation as far as we know. Indeed we shall make
strong smoothness assumptions on the coefficients of the evolution equation
in order to avoid technical difficulties and our goal is to advocate for our new
method and show its power and ability to deal with very different models.

We assume that the N particles Z}¥ = (Z14,...,2ZN,) satisfies the sto-
chastic differential equation

6.1)  dZiy=0i(Zi)dBiy + T Zipdt + FN(2ZN)dt  1<i<N,

where the o(z;) are the diffusion m x m-matrices, the %; ; are independent
standard Wiener processes valued in R™, 7 is an m X m-matrix and the
FiN : R™ — R™ are the force fields acting on each particle. Because of
indistinguishability we assume

FN(Z) = P (s

with ZZN = (21, %1, Zit1, - -, 2n) and FV : R™ x P(R™) — R™. (Note
that here and below the latin letters “¢, 7, ...” label the particles, whereas
the greek letters “a, (3, ...” label the coordinates).

We assume that FV is uniformly bounded and Lipschitz in both variables
(when endowing P(R™) with a distance inherited from a negative Sobolev
norm). More precisely, we assume that for any & > m/2 there exists Crj, > 0

such that for any z,7 € R™, f, f € P(R™)

(62) VNN, |FN(, /)= FV(Ef)| < Crg [l = 2+ 11 = flla—s]-
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It is also natural for the limit to exist to assume that there exists a function
F : R™ x P(R™) — R™ such that FN¥ — F, in the sense that there is a
constant CF i, > 0 such that

(63) VN €N, V2 €R™, V€ PR™), [FV(s,f) = Fz, )] < 522,

A simple example which satisfies these assumptions is

(6.4)
B (0) = ) P (2 =k S

for a smooth vector field 7 : R™ — R™, so that F(z, f) = (?/ x f)(2).
Under the smoothness assumptions ([6.2]) on the N-particle force fields, for
any N > 1 there exists a Markov process (Z});>o which solves the system
of stochastic differential equations (G.1), see [37} 30].
The time-dependent law f{¥ of the process Z}V satisfies the following linear
master equation corresponding to (6.I]), given in dual form by

(6.5) Vo e DR™), 0 (fY ) = (f,G"N )
where G is defined by

N
VZEeR™, (GNo)(Z2) = A(z): Vie+ Y (T2z) Vip
j i=1

N
+ Z FN <Zi, MZ]Y;l) : Vi(p .

i=1
The nonnegative diffusion matrix A, the gradient V; and the Hessian matrix

V? associated to the variable z; = (z;1,...,2im) € R™ corresponding to the
i-th particle are given by

I,
A oot e Aus = Y run s

and

2 2
VzSD = (822‘,@ (10)1§agm ) vz ¥ = (azi,aziﬁgo) 1<a,B<m .

We also introduce the nonlinear mean field McKean-Vlasov equation on

P(R™):
(6.6 SF=QU. fumo = i PET),

with

QU =Y 02 5(Aasf) =D 0al(T2)af] =D Oa(Falz, ) f).

a,f=1 a=1 a=1
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There is an important literature on this class of nonlinear partial differ-
ential equations. See fore example [28] and [8] where more details and more
references can be found.

In the sequel, we make the following strong structure, smoothness and
boundedness assumptions on the coefficients:

(6.7) (A=0, k:=0) or (A>rld, k>0, AecWkeR™)),

as well as
(6.8) V:eR™ VfeP®R™), F(zf)= / Uz — 3) f(d2)
R xR

where % € HZF(R™) for some k € N, k > m/2 + 3.

When the diffusion matrix A = 0 is zero, m = 2d, z = (x,v) € R??, our
assumptions cover the case of the mean-field Vlasov equation. Indeed the
classical Vlasov equation reads

Wf+v-Vuf + (Vo xp[f]) - Vof =0, f=f(t,z,v), z,v € RY,
with
plAl(ta) = [ fta) o

and it falls into our structural assumptions with z = (z,v) € RY x Rd)
%(2) = %(.’L’) = (O,wa(aj)) Wlth wa is Hd+6+0 and

OZEZE IdZEU
g N <0vm OUU > '
Then F = (Fy, F,) defined by (6.8) is given by

Fy(xz,v) =0, Fy(z,v) =V x*p[f]

for the limiting system, and, with X € (RY)™ and V € (R%)", we have for
the N-particle system .7 defined as above and F~ = (F j(v , F‘]/V ) given by

N
1 .
FY =0, (FY)= ¥ > Veb(Xi— X;), i=1,...,N.
J#i
Observe in particular that it does not allow for the Coulomb or Newton
interactions in this Vlasov setting due to the smoothness assumption on ).

6.2. Statement of the result. Our main result in the section is a quanti-
tative propagation of chaos result for the class of equations described above.
We state two separate results respectively for the McKean-Vlasov case (pos-
sibly non-zero diffusion matrix) and the Vlasov case (zero diffusion matrix).

Theorem 6.1 (The McKean-Vlasov equation). Consider an initial dis-
tribution fi, € Py(R™), ¢ > 2, the hierarchy of N-particle distributions
N = SN(ENY following B3) and the nonlinear evolution fi = SNE(f)

following ([6.6). Assume that (67) and ([6.8) hold.
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Then there is k € N and a constant C > 0 and, for any T > 0, there are
constants Ct,Cr > 0 such that for any

p=p1® @€ F¥, F:=H{R™) NLipR™), |jlr <1,

we have for N > 24:

(6.9) , ,

sup [((SM () = () ™) )| < C 5 +Cr 5+ Cr el (fu)
As a consequence of ([69) and Lemma [{.6], this implies the propagation

of chaos with rate e(N) < C(¢,T, fin)N_m;+4 for any initial data fi, €

Prnts(R™).

Now we consider the case of the Vlasov equation. As will be clear from the
proof, when A = 0 and % (0) = 0, the error £(/N) = 0 vanishes in assumption
(A3). This leads to the following improved result.

Theorem 6.2 (The Vlasov equation). Suppose, in addition to the assump-
tions for Theorem [6.1], that A =0 and % (0) = 0. Then there is a constant
C > 0 and, for any T > 0, a constant Cr > 0 such that for any ¢ € Lip(Rf™)
and any N > £:

(6.10)

sup [( (SN = (M) ™) )| < €IVl OO (1)

(observe the replacement of Wo by W1 in the last term) which in turn implies

1 N (f@N NL ®N ¢ Or Q%(fi )
sup Wi (SN M) (S () 7Y ) < 5 + A,
Remark 6.3. Note that the coupling method introduced in [37] leads to a rate
of chaoticity of order O(1/v/N) for the normalized Wasserstein distance Wi
between the law of ZY and the tensor product ft®N. This is better than
our estimate, which is limited by the estimate in Lemma [{.6f However, the
coupling method is usually limited to the quadratic interaction given by (6.4]).

6.3. Proof of Theorem As in the proof of Theorem [G.Ilwe prove that
Theorem is a consequence of Theorem 2.]] by verifying that assumptions
(A1)-(A2)-(A3)-(A4)-(A5) hold. However, in the present model we can-
not, as in Section [l use the total variation norm for the key consistency
estimate (A3) and differential stability estimate (A4). The reason is that
GN7N® involves derivatives of Z — ®(¢%), and hence of Z — uf which
is not differentiable from R™Y to P(R™) when P(R™) is endowed with the
total variation norm. We therefore make the following choice of functional
spaces: E := R™ with

g1 = H:sl(Rm)7 Fi1= Hsl(Rm)7 s1 > % +2
Gy := H:gz (Rm), Fo = Héz(Rm), S9 1= 81 + 2,
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and the weight mg, (z) = mg,(z) = 1, and F3 = Lip(R™) and Pg,(E) :=
P2(R™) endowed with the quadratic MKW distance Wa.

Proof of assumption (A1l). The symmetry assumption is a consequence
of the fact that first (6.5]) is well posed for any fY € Pum(R™Y) so that
f& is a probability measure for any ¢ > 0, and second the generator G
commutes with the permutations.

Proof of assumption (A3). We claim that for any s; > m/2 + 1 there
exists a constant Cj, such that for all ® € C>!(Pg, (E),R)

Cs
(6.11) ||GN(®opy)— <Q(Mg),D‘I)[Mg]>HLw(EN) < WlH‘I)Hcll(Pgl (E)R)>

which is nothing but (A3) with k =2, n=1 and ¢(N) = Cs, N~ 1.

Proof of (611)). First, the map
R™ — H=SYR™), Z > uy
is C? with
Ot = Bubes O i = g B
Take ® € C'g’l('Pg1 (E)). Then the map
R™ SR, Zw— &(ud)

is CZ. Indeed, denoting ¢ = ¢(-) = D®[p)| € (H_;'(R™)) = H3'(R™),
we can write:

1

1
0. () = (DB].y 0ud ) = 3 Busizle)

1
<l)q> [:ug] ) N agiya,zi’ﬁ52i>

1 1
+D*® (7] (N Oualin iy azw&z")

8§i,a7'zi,ﬁ¢ (/Jg)

L oo L oegr, N
= N 8a,B¢Z(Zi) + m D% [IU'Z] (azla(sz“ azugézl)
and both 9., d., and 832,@’% 40z, belong to HZ3' (R™) thanks to the condition
s1>m/2+4 2.

As a consequence, we compute
(GN7N@) (Z2) = GN ®(uy)

N
= A(z) : V7 (®(u3))
= N N
307w Vi (@) + SO FY (2 nd 1) - Vi (@)
i= i=1
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i=1 a,f=1
N m m
1
+;a%;1(%ﬁzz)aﬁ¢Z Zz N ;;Fa Zu,uZ a¢Z(Zi)
and
1 N m
L(Z) =<5 > 3 Aap(z) D®[u] (0.,,0.,, 0, ,0.,)

i=1 a,5=1

o L[ (o) B )] PR 00,5,

On the one hand, using that

N1 NH

=zl Q

< 2 ) <
|y oy S 3 SR 10 ) <

as well as (6.2]) and (6.3), we deduce that

2
m
‘[2(2)‘ < Nm HA”OO ”D2CI)HOO ”815”2:51([@7@

Cr\ 1 Co
+Nm <_> 1Pl 19101 =1 gy < -

N

On the other hand, we recognize

h(Z) = <N]ZV7 Z Aa,ﬁai,ﬁ¢2>

a,f=1

+ <NJZV7 Em:(g)a 8&¢Z> + <IUZ ) ZF a¢Z>

a=1
= (Qu2).¢z) = (Qnz), DB(uy)) = (NG°°<I>)( );

thanks to the calculation of the limit dual generator made in Subsection [4.11

O

Proof of assumption (A4). We need here to perform a second-order
expansion of the limit semigroup.
We consider

e for any two given initial data fi,, g, € P(R™) the corresponding solu-
tions f; and g; to the nonlinear McKean-Vlasov (or Vlasov) equation

(m?
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e for any given initial data h;, € P(R™) the solution h; to the following
equation, which is the linearization around f;:
(6.12)
Och = V2 (Ah) =V - ((T2)h) =V - [W(U * [) + [ (U *h)],  hi=o = hin,
e 7, the solution to the following second variation equation around f;
(6.13)
or =V2:(Ar) =V -(T2)r) =V - [r (U * )+ f (U 7))

1 ~ 1 ~
-5V [h(%*h)] -5V [h(%*h)} ,
T\t:O =Tin = 0
for two solutions h, i of the first variation equation.
Then we shall prove the following a priori estimates.
Lemma 6.4. For anys1 € N, s1 >m/2+1, ¢ € {1,2,3} and for any T > 0,
there exists Cr such that

(6'14) [sup] ”gt - ftHH:Z‘l (R™) < CT ”gin - finHH:Z‘l (R™)
(619 sup Wl amy < Or il oy
(6'16) sup ”Tt”H:le)(]Rm) <Cr HhmHH 231 Rm™) ”hmHH:231 (R™)

and when ﬁin = hin = Gin — fin we have

(6'17> sup Hgt htH (31+1)(Rm) <Cr Hgm fm” S1 (Rm)’
(0,77
3
(618> [S()ujl")} Hgt ft ht - TtH (é1+2)(Rm) < CT Hgm fm” 781(Rm)
This shows that the nonlinear semigroup SN associated to the nonlinear

McKean-Viasov equation (6.0) is Cg’l('])gl (E),Pg,(E)).

Proof of Lemma[6.4 The proof is carried out in several steps.

Step 1. We will several times consider the equation

(6.19) 0iGr =V (AG) = V- ((T2)G) = V- (w1 G+ ug (X 1)

with given initial data (;, and with an R™-valued function u; and an R-valued
measure usy to be specified (chosen in order to “match” equations (6.0]), (6.12)

and (6.I3])). We claim that for any £k € N, & > m/2 + 1, £ € {1,2,3} and
any T' > 0,

(6.20) Vte [O,T], HCtHH:é“(Rm) < HCin”H:g(Rm) eCk(?/,uhuz)T

with

Cu(% ,ur,uz) := C(k) ts[lépﬂ ”uluwkm([&m) + H%HH;(Rm) [uzllry @m) |-
S k]
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We argue by duality and we consider a smooth solution 8 to the following
linear equation (which is the dual equation of (6.19]))
09 = L70 + L350,
(6.21) Li0:=A:V?*0+ (Tz)- V6,
L350 :=uy - VO + U * (ua V0),
with % (z) := % (—x).

For a given multi-index v € N™ with |v| = k¥’ < k, we compute

%/Rm 870 ()% dz

= / (0" L10) 06 (2)?* dz + / (0" L30) 00 ()% dz =: L1 + Lo.

m

By integrations by parts, we get
L1 < -k /Rm ‘V8V9’2 <Z>2Z dz+C <”'7”00 + HA”Wwﬂ,oo(Rm)) HHH?{éc’(Rm)
and (using Sobolev embedding inequalities for the last term)

£ < C ([l lywroe gy + 2l oy 1 L e oy ) 1080208 g
which shows that

vt e [O’T]’ HetHHf(Rm) < Hein”HéC(Rm) O @ u) T

Denoting by U; the linear semigroup associated to (6.19]), the associated
dual semigroup U} is generated by (G.2I). As a consequence, for any 6;, €
HF(R™), we have

<Ct79in> = <CimUt*6in> < ”CinHH:éc(Rm) ”Ut*einHHf(Rm

< eCk(%,m,uz)T HCIHHH ]Rm ||9m||Hk(Rm)

which concludes the proof of the claim (G.20]).
Step 2. Proof of (6.14). The equation satisfied by the difference d; = g4 — f;
is
(6.22)
Ody = \EE (Adt) -V ((ﬂz)dt) -V (dt (% *f) —|—g(% *dt)),
d|t=0 = din = Gin — fin7
which fits in the form (619) with uy := % * f and ug = g. Now, since
4 D ey = 2 2 ]y < 9]

Loo(Rm™) Lo (R™) Lo (R

we conclude that

Co(U U * [,9) < CNU | gyrwr.oemm)
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and that (6.I4) holds. Proceeding in the same way for the function h we end
up with

(623) E)l,ljl“)] ||ht||H:;1 (R™) < CT ||hin||H:;1 Rm™)>

for any s; € N, 51 >m/2 4 1.

Step 3. Inequalities for products and convolutions in Sobolev spaces. We
define the weighted L°°-based Sobolev spaces as usual:

1 haos ey 1= ||~

Loo(Rm)

D Dl [N
0<k’'<k

‘Loo(Rm) ’

We have the three following inequalities on functions S, in the appro-
priate spaces:

IS * |z, @my <12 ey 15y
and more generally
15 % [y 00 (gomy < N | gz emy 1151 g5 (o
and finally
15 91—t ey = 15 3= oy [l e e

for any k,¢ € N, and some constant C, > 0. The proofs are elementary
and we omit them for the sake of conciseness.

Step 4. Proof of (617). Let wy:= gy — fi — hy = dy — hy, which satisfies the
equation

(6.24) Ow=Lw+3, wi—=wn=0,
with
Lw:=V?: (Aw) = V- (T2)w) =V (0 (X + [) + [ (U xw)),
{ S =V (d (% +dy)).

Denoting by ©,;w the unique solution of the linear, non-autonomous
equation

Oywy = Ly, Wws = W,

the Duhamel formula for equation (6.24]) yields

t
wt:/ @sﬂgEsds.
0
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Therefore we obtain, using ([6.20]) and the estimates established in the Step 3,
that for any ¢ € [0, 7]

t
ol by < Cr [ 19 @ =)yt am, ds

t
< CT,k/O HVdSHH:S(Rm) H%*ds”wf;omm)ds
t
O [ 16l 1 % (Ve
t
< Crul gy [ 1ol gy 19l 5,

which together with (6.14]) for the control of the norms of d; implies (6.17).

Step 5. Proof of (6.16) and (6.I8). The second variation r satisfies the
equation

atT:LT—FRt, r‘t:():O,
with L as above and

1 ~ 1 -
We proceed as in Step 4, taking advantage of the bound (6.23)), and we obtain

(625) [Su,lli)] HrtHH;’f(RM) <Cr HhinHH:ék*U(Rm) ”hin”H:Qk*l)(Rm)?

)

which is nothing but (6.16]).
Finally we int~roduce Y=g — fr — hy —re =d¢g — hy — ry = wy — 1, with
the initial data h;, = hyn = gin — fin. It satisfies the equation

{ O =L+ Ve, thy—g =0,
U, =V (we (% *dy) + hy (U *wy))

Therefore, we deduce

(6.26)

t
HEDTL Wil < | [ Ourwds

H-§(R™)

t
< hsl|, — - dall - e N ds.
<O [ (Il gt gy + 1o ey ) Tl ey 0
which together with (6.14)-(615) and (6.17)) implies (G.I8]). 0

Proof of (A2). The first property (A2)-(i) is a consequence of ([6.14]) in
Lemma we have

||Q(f1)||H:§(Rm) < C@/,l
(6.27) ||Q(f2)||H:22(Rm) < 0@71

1Q(f2) = QU g-pamy < Cor 212 = Filly s -
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We write
Qf) = Q1(f) + Q2(f)

with
QUf)=V*:(Af)=V-((T2)f), Quf)=-V-((x]))

The linear term 1 satisfies the first part of (6.27) (first equation) by direct
inspection combined with the use of Sobolev embeddings. In order to see
that @1 also satisfies the second part of ([6.27) (on the difference), we write

1Q1(f2) = Qulf)llg-p@my = lAllwr2ce@m)llfz = fill j-po-2 gm)
+”’7HOO Hf2 - fluH:ik*U(Rm)a

and we conclude by using interpolation and Sobolev embeddings (noticing
that £ —2—1/2 > m/2 allows for the Sobolev embedding in the first term).

Concerning the quadratic term (o, using estimates proved in Step 3 of
the proof of (A4), on the one hand we get

1Q2(H) =k remy < NQ2(N)r=rwm) <N * fllwr—v0om) [1F]l -1 rem)

< Cu % || 2o (R™) ”f”H (k=1)(Rm) < Ci H%”Hﬂk*l)(Rm)

where we have used P(R™) ¢ H~*~D/2(R™) with continuous embedding.
On the other hand, we have with d := fo — f

1Q2(f2) = Q2(f)l -t amy < (% +d) ()72l r.00 my 1 F2ll 1) my

TN * fullwr-soe@m 1l =g oy

In order to estimate the first term in the above inequality, we remark that

()72 0% +d)(2)] (72 N0°% (2 =) ()2l ey 1 ) 72 -0 o)

<
< ClO | e Il

“5 (™)
uniformly for any z € R™. All together, we have for the quadratic term

1Q2(f2) — Q2(f)ll -k oy < Cor 2 12 = Fill =g gemy:

and we conclude the proof of (A2)-(ii) by using interpolation and Sobolev
embeddings again.

Proof of (A5). We use the well known following estimate (see [37]): for
any ¢ > 1, fin, gin € Pq(]Rd) and T > 0 there exists Ct such that

Stl;%)) WQ(ST{VL(fiH)?Sl{VL(giH)) S CT Wq(finugin)7

that we use with ¢ = 2. Alternatively, estimate (6.14]) precisely says that
assumption (A5) holds in Pg, (F).
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7. INELASTIC COLLISIONS WITH THERMAL BATH

7.1. The model. In this section we assume that £ = R% d > 1, and we are
interested in the following Boltzmann equation for diffusively excited granular
media on the distribution f(t,v) > 0, v € R? of particles:
0 .
() QU fueo=fu PR,
with
QU ) =Qalf. [)+vAf

for some v > 0, and where the quadratic Boltzmann collision kernel ), is

defined by the following dual formulation

(7.2)

(Qa(f.f)ohi= [ bleos6) (6(uw3) — o(uwn) do F(duwy) f(dun)
R2d xSd—1

for any ¢ € Co(R?), f € P(RY), and with cos = o - (wg — w1)/|wa — w1

and similarly as in equations (5.1 and (5.6)
w1 +wy u

e AR

. l—a 1+«
u* = 5 (w1 —we) + 5 lwg — wi| o,

for some a € (0,1). (Note that the case @ = 1 and v = 0 would correspond
to the elastic Boltzmann kernel considered in Section [Bl) This corresponds
to a situation where particles lose energy when they collide. We refer to
[3. 7] for a physical motivation to these equations. The mathematical theory
is treated in e.g. [3| 2, [4], where, for example, it is proven that this equation
generates a nonlinear semigroup SN f,, := f; for any fi, € Pq(Rd), q > 2.
Notice that unlike the classical Boltzmann equation the kinetic energy is not
conserved. For the sake of simplicity we make the normalization assumptions

18]l g1y = / bodo =1,  v=1
gd-1

One of these quantities, say the first, can be set to one just by a rescaling
of time but the two cannot be changed independently. However, the result
would be the same for any value of v. Note that due to the normalization
[0l L1 (ga-1y = 1 and the fact that f € P(R?), the bilinear operator @, splits
into a quadratic part and a linear part

QUf) =Qu(f, ) — f+Af,
where Q7 is defined through the positive part of the expression (7.2)).

*

but with

We now want to introduce a N-particle system associated to the above
Boltzmann equation for diffusively excited granular media by mimicking the
Kac’s construction. We consider the velocities process (V}¥) with values in
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RN of mixed jump and diffusion nature, defined through the stochastic
differential equations

V=V +
/ / Z F,]o— z<b(ou (VN ))NN(dS,dO',Z,],dZ)“‘\/E%iV
Sd—1 i _: s

Here 4 is a R valued standard Brownian motions, NV (ds, do, 1, j,dz)
is a Poisson measure on [0,00) x S¥1 x {1,..., N}? x R with intensity

N
1 .
dsdo N ) E/ 1 12"75j’5(i’,j’) (Z,j) du
? 7] =

independent of 93{\7 , and the two functions I'; ; , : RN — RIN and U j

RN — S%-1 are a.e. defined through the following expressions: for any
V = (vi,...,on) € RN we set

Uij(V) = —5,  wij == v; —vj

|uij]
and
*
Pivj,a(v) = Vz’j -V,
where
* * *
V;,] = (Ula"'7vi—lavi7vi+17"' ,’Uj_l,'Uj,’Uj+1,... 7UN)
and, as in equation (5.1),
* *

(7.3) L R - R L N

but here with

. l—a 1+«
Wi; = v; + vy, Ujj = 7 U5 + 5 |u2]| o.

The associated forward Kolmogorov equation on the probability law f7
of (VN) in RN reads

with generator GV = G +G%, where GY is associated to an inelastic Boltz-

mann collision process Whose collision kernel only depends on the deviation
angle as in Section

(15 GV Z |, Meost) [o0) = V)] do

i,j=1
with cos0;; = o - (v; — v;)/|v; — v;| and V;} defined in (Z.3), and G is the

generator associated to the Brownian motion

(76) G2 (10 Z A2Q07
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where v; := (v;1,...,v;4) and A; denotes the Laplacian in R% associated to
the ¢-th particle:

d
. E 2
Ai T avi,ouvi,a'
a=1

It is classical to prove that VtN is a Feller process and we refer to the textbooks
[13, B4] where the theory is set up with full details (one can also refer to
[37, B30, [15] where similar processes are considered).

7.2. Statement of the result. The main result in this section is a quanti-
tative estimate of propagation of chaos for the mixed collision and diffusion
model introduced above.

Theorem 7.1. Consider an initial distribution f;, € Pq(Rd), q > 2, the
hierarchy of N-particle distributions fN = ng(f.®N) following the evolution

1

(T4), and the nonlinear semigroup f; = SN(f) following the evolution
.

Then there 1s a constant C' > 0 and, for any T > 0, there are constants
Crp,Cr € (0,00) only depending T € (0,00) such that for any

p=p1® @ p € F Fi=WI"RH)NWE2RY), |p;llr <1,

we have for N > 24:
(7.7)
2 2

sup (SN () = (M) ™) )| < 0%+ Or 4 Or el (1),

As a consequence of (M) and Lemmal.@, this shows the quantitative prop-
1

agation of chaos with rate e(N) < C(¢,T, fin) N~ 41 for any initial data

fin S Pd+5 (Rd)

We are not aware of any result of propatation of chaos in this setting.
A conceivable alternative approach would be to use the general nonlinear
martingale approach, but that would most likely not provide any quantitative
rate of propagation of chaos. The techniques developed recently in [I5] for
the elastic Kac equation without cut-off is yet another alternative technique
that could be tried on this model, but we have not made any attempts in this
direction, and, would it work, it is not clear as to what kind of convergence
rate one could hope to achieve.

7.3. Proof of Theorem [7.Il We shall prove that Theorem [7T]is a conse-
quence of Theorem [ZTby proving that the assumptions (A1)-(A2)-(A3)(A4)-
(A5). We consider the phase space E = R% and the following choice of
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functional spaces

G == H ' (RY), s := 3,
Gy i= H52(RY), s9:=3s; =9,
Fi = Wsu(RY),

where the Fourier based space H~*(R?) and the norms | - | are defined in
example B7] and the corresponding spaces Pg, (E) and Pg,(E) (without
weight). We finally define 73 = Lip(R%) and Pg,(E) := Pa(R?) endowed
with the quadratic MKW distance Wh.

Proof of (Al). The well-posedness of equation (Z.4)-(Z5) is a variation
on the well-posedness result for equation (.I]) as obtained in [2, [4]. We also
refer to [13, 37, 30, [15] for a proof of the fact that t Z}¥ is a Feller process.

Proof of (A2). First we prove (A2)-(i), and more precisely we prove that
StNL € 0071(7)91 (B), Pg, (E)),
which is a consequence of the following result:

Lemma 7.2. For any fu,gn € P(R?) and any final time T > 0, the asso-
ciated solutions fi and g, to the diffusive inelastic Boltzmann equation (1))
satisfy for any s > 0

(78) sup ‘ft—gt‘s§€2T ‘fin_gin’s'
te[0,T]

Proof of Lemma[7.2. We recall Bobylev’s identity for Maxwellian inelastic
collision kernel (see for instance [2])

F(QE.9) O = QEFa© =5 [ v(E) (Pr 6™+ P 6o

2
with F = f, G = §, F* = F(¢¥), G* = G(¢*) and
3—« 1+« 14«

& =—F— o & =—=(E-o)

Denoting D = g — f, S=g+ f, the following equation holds
N [DYS™ DSt

7.9 D= blo-

(7.9) % 52 <U 6) |: 2 * 2

Using that ||S||sc < 2 and then |¢*| < |¢], we deduce in distributional sense

aw (oo e e
g = (@3 <s>s> <g@§/sdlb< o { % o }d>
D)

2 sup ——,
£cRe <£>s

from which we conclude that (Z.8]) holds. O

} do — D — ¢ D.

IN
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Next we prove (A2)-(ii), as a consequence of the following result:

Lemma 7.3. For any f,g € P(R?) and s > 0, we have

(7.10) Qalf, )l <2

and

(7.11) Qalf+9.f =9l <3[f —gls-
Moreover for any s > 2 there exists 6 € (0,1) such that

(7.12) Af —Agl, <21f —gl2.

Proof of Lemma[7.2. We prove the second inequalities (ZI11I]). We write in
Fourier:

F(Qalf+9,f —9) = Qa(D,S)
1 S _ _
=5 [, M9 (567 D) + 5(€) DIET) ~2D(9)) do
where Q, is the Fourier transform of the symmetric version of the collision
operator (), which yields

N
T_ 1+ T2+ 3,
with
= L O-.A + - o
T |y [ 0o 9 D

2 [SENDET)] €7)°
< f Mo O T g e <1k
Similar estimates hold for the two other terms 75 and 73. The proof
of the first inequality (7.I0) is similar (and simpler): we use the Fourier
representation of Q. (f, f) and the bound ||fHLoo < 1. We finally prove the
last inequality. We compute

F-G F-aG\’
a7 - agl, = sup e < sup (17— s (£2E)
£eRd <§> £eRd <§>
with § := (s — 2)/s. O
Proof of (A3). We claim that for any s; > 3 there exists C1 € R4 such
that for all ® € C*!(Pg, (E),R)
(7.13)
Cq

|GN (@ o py) — <Q(ug,ug),be[ug])HLm(EN) < WH(I’HCM(PQI(E),R),
which is (A3) with k=2, n=1and ¢(N) =C; N~%.

We begin with a technical lemma which shows that the norm |- |5 is

well-adapted for obtaining differentiability of the empirical measures. It is
worth emphasizing that the choice of s; = 3 (in fact we only need s; > 2
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by modifying slightly the arguments) comes from the requirement that the
function V — ®(uY) be C2.

Lemma 7.4. The map R¥N — Pg, (E), V ,ug is 21 and

1
N 2 N -1 92
Nw)a (z) = N FaOv; 8(Ui)a7(vi)ﬁ (uz) =N Fag0u; -

Proof of Lemma For v,w € R?, we have

—iv€ _ —itw€ Vve_iv.g N
|0y = duwls = sup < se | < |v —w| sup | SHL (R¢)
gerd (€ ceRd ©
€]
v—w| sup 2= < fv —w
’ ‘ £cRe <f>8 ‘ ’

which shows that v — §, is C%!. For the sake of simplicity we present the
proof of differentiability when d = 1, the case d > 1 being similar. For v € R
and h € R*, we have

—iEh _ : —ivg 2
(e 1+ith)e \<Supy§hy < h2,

(€)* T eer () T

from which we deduce that v — 4, is C*!. Similarly we can go to second
order:

‘5U+h — 0y — hég‘s = sup
£eR

h2
5v+h —51; —h(S; + 75;’
|(€_i5h—1+i€h—§2h2) e—iv§| lfh‘g
= sup < sup

¢eR (€)® cer (§)°

and we easily conclude that v + §, is C*'. When the dimension d is greater
than 1, one can perform the same argument for the partial derivatives of the
Dirac mass. O

We come back to the proof of (ZI3). Take ® € C%!(Pg, (E),R) and
compute separately the contributions of Gﬁv , 4 =1,2. Proceeding as in the
proof of (A3) in Theorem [5.1] we have

GY (®opy) ={(Qa(uy . ny),DO(u3)) + I2(V)

< |h)?,

2
M% - NJZV‘Sl do

N
RV <55 3 [ bleostO)@lcas

8
<  1®lezapg, o) R):
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since for any i # j

v _61)- _51)]-

7

N N
‘va — Mz
J S1 S1

v
4
< 61}; s + ’fsvi’sl + ‘51)1"31) = N
On the other hand, as in the proof of assumption (A3) in Section [ the
map RN 5 R, V — ®(uy) is C*! thanks to Lemma [[4] and denoting

¢z = DO [uY] € (H*(R?)), we compute

e e

<

_l’_

O,/
Uj 1

N
GG = 3o aus)

= Z{ A¢Z Uz ZD2 8 50176 501)}

H‘I’HCM(P (E).R)
— N g1 )

We conclude the proof by combining the previous estimates. O

Proof of (A4). For fi,, gm € P(RY), we define the associated solutions f;
and g; to the nonlinear Boltzmann equation; we define hy := LN[fi](gin —
fin) the solution of the linearized Boltzmann equation around f;; and we
define r; the solution to the “second variation” equation around f;. More
precisely, we define

Ofr=Qalft: f) + A fts fli=0 = fin
gt = Qalgt, 9t) + A gty gji=0 = Gin
Ohe = Qalfiohe) + Qulhus fi) + Abuy o = hin,
(fe.re) + Qalre, fo) + Ary + 2Qa(he, ) + 3Qa (e, hy),  Tjp—g =0

where in the last equation (second-order variation) h; and hy are two solutions
to the third equation (first-order variation).
We then define when hy, = hi, = gin — fin the following error terms

di:==g: — fi
Wt = gt — ft (gm) StNL(fin) - ‘CI{VL[fin](gin - fin)
Yy =g — fr — he — 14

Lemma 7.5. Fiz s >0 and T € (0,00). There exists Cp such that for any
fins gin € P(RY), the following estimates hold

(7.14) Vte[0,T], |hl, < Cr |hul,,
(7.15) Vi€ [0,T)  rilyy < Or |hinly [Pinls,

atrt:Q
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and when h;y, = fzin = ¢in — fin we have furthermore

(7.16) Vt€[0,T), |wilyy < Cr |fin = gl3 »
(7.17) Vi€ [0,T], |z, < Cr |fin = gls-
This proves that SN € C%(Pg, (E), Pg,(E)).

Proof of Lemma 7.3 We skip the proof of (7.14) since it is similar to the
proof of (T.8). We then deal with each term successwely We work in Fourier
variable and we introduce the notations F = f, D =d, H = h, H = (h),
Q=0, R—Tand\I’—l/J.

Step 1. The evolution equation satisfied by € is

(7.18) 2= Qa(Q F) + Qua(F,Q) — [¢ 2 = Qa(D, D).

We deduce in distributional sense

4 19()]
TG

where

— (o) <‘Q<£+>F

£eRd

A (1260 €% | 1) €
< s [ (o) <<s+>2s RN TR

£cRe
26 | 100, |F<£>|> =

() (€

1F(6)]
come (€)%

2(0)
g TIRON

for some constant C' > 0, and

N =

b a-f
T = sup /gdl <72s) |IDET)D(E™) +DE)D(EY)| do

£eRd

A\ (IDEN] [DE)] | IDENE IDEP
: 255@/Sdlb<"'§) ( ©r ey ey @ >d"

2
S |dt|s§OT |fin_gin|s7
using the estimates (.8]). We then conclude thanks to a Gronwall lemma.

—_

Step 2. The evolution equation satisfied by R is
(7.19)

OR = Qu(F, )+ Qu(R, F)~ |6 RS Qu(H, )+ SQu(LH), Ry =0,



52 S. MISCHLER, C. MOUHOT, AND B. WENNBERG

Equation (7.19) being similar to equation ([.I8]), with the same computations
as in Step 1 we deduce that (ZI5]) holds.

Step 3. Choosing now h;, = fzin = di,, the equation satisfied by ¥ is

QY = Qa(F,0) + Qa(¥, F) — € ¥~ Qa(, H) = Qa(D, ), ¥ = 0.
Observe that by conservation of mass ¥;(0) = 0 for all times, and with these
choices of initial data Q. (2, H) = QF (2, H) and Q.(D,Q) = QF(D,Q).
Then we perform similar computations as in Step 1, and we deduce in dis-
tributional sense

d [¥(8)]
— <
TRGL <Thi+T2+Ts
where . .
|Qa(F, ¥) + Qa (¥, F)| (8]
T1 := sup < C sup )
£ER3 <§>3S £ER3 <§>3S
QL (9, H) 2(6)] [H(E)]
T2 = sup — g < 2 | sup ——5- sup ———— |,
B G cews (€ ) \eers (©)°
Q5 (D, Q)| [D(&)] 2]
T3 = sup —2——— <2 | sup ——2% sup
cers  (6)% cers (§)° cers ()%
Finally we then conclude the proof of (TI7) using the already established
estimates (Z8)), (Z14), (Z16), and the Gronwall lemma. O

Proof of (A5). We use the following result proved in [4] (see also [2] for
a similar result)

igg W2(S£VLfina Szz/NLgin) S W2(fin7.gin)7

which concludes the proof.
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