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FROM NEWTON TO BOLTZMANN: THE CASE OF SHORT-RANGE
POTENTIALS

Isabelle Gallagher, Laure Saint-Raymond, Benjamin Texier

Abstract. — We fill in all details in the proof of Lanford’s theorem. This provides a rigorous deriva-
tion of the Boltzmann equation as the mesoscopic limit of systems of Newtonian particles interacting
via a short-range potential, as the number of particles N goes to infinity and the characteristic length
of interaction e simultaneously goes to 0, in the Boltzmann-Grad scaling Ne?~! = 1. The case of
localized elastic interactions, i.e., hard spheres, is a corollary of the proof. The time of validity of the
convergence is a fraction of the mean free time between two collisions, due to a limitation of the time
on which one can prove the existence of the BBGKY and Boltzmann hierarchies. Our proof relies on
the important contributions of King, Cercignani, Illner and Pulvirenti, and Cercignani, Gerasimenko
and Petrina.
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CHAPTER 1

THE BOLTZMANN-GRAD LIMIT

We study the qualitative behavior of systems of interacting particles of the form

dl‘i dvi -
(1.0.1) o=V M= ;vq)(l‘i — ),
VEL)

for 1 <i < N, where (z;,v;) € RY x R? denote position and velocity of particle i with mass m; (which
we shall assume equal to 1 to simplify) and the force exerted by particle j on particle 7 is —V®(z; —z;).

— When the system is constituted of two elementary particles, in the reference frame attached to the
center of mass, the dynamics is one-dimensional. The deflection of the particle trajectories from
straight lines can then be described through explicit formulas (which will be given in Chapter 3).

— When the system is constituted of three particles or more, the integrability is lost, and in general
the problem becomes very complicated, as already noted by Poincaré [34].

1.1. Thermodynamic limit

In the large NV limit, called the thermodynamic limit, individual trajectories become irrelevant, and
the goal is to describe an average behaviour.

The Liouville equation relative to the particle system (1.0.1) is

N N N
O+ 0 Va fn =YY Va®(w; — ;) Vo, fy =0.
i=1

i=1 j=1
G

We use the following notation: for any set of s particles with positions X, := (x1,...,2,) € R% and

velocities Vy 1= (v1,...,v,) € R%, we write z; := (v;,v;) € R?? and Z, 1= (21,...,25) € R?¥. We

assume that the probability fy, referred to as the N-particle distribution function, satisfies for all
permutations o of {1,..., N},

(1.1.1) IN(t Zony) = IN(t ZN)

with Z,(n) = (Zo(1)s Vo(1)s - - s To(N)» Vo(n))- This corresponds to the property that the particles are
indistinguishable.
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The average behavior of the particles is then described by the first marginal f](\,1 ) of the distribution
function fy, defined by

](Vl)(t,Zl) ::/fN(t7ZN)dZQ...dZN.

In this framework, in order for the average energy per particle to remain bounded, one has to assume
that the energy of each pairwise interaction is small. In other words, one has to consider a rescaled
potential ®. obtained

— either by scaling the strength of the force,

— or by scaling the range of potential.

1.2. Mean field versus collisional dynamics

According to the scaling chosen, we expect to obtain different asymptotics.

e In the case of a weak coupling, i.e. when the strength of the individual interaction becomes small
(of order 1/N) but the range remains macroscopic, the convenient scaling in order for the macroscopic
dynamics to be sensitive to the coupling is:

N N N
1

O fn + E v; - Vg, N — N E E Vao® (25 —x;5) - Vo, fn =0.

i=1 =1 =1

i

Then each particle feels the effect of the force field created by all the (other) particles

N
1 1
Fn(z) = -~ vaq) (x—xj) ~ —/ V. ®(z —y) J(V)(t,y,v)dydv.
j=1
In particular, the dynamics seems to be stable under small perturbations of the positions or velocities
of the particles.
In the thermodynamic limit, we thus get a mean field approximation, that is an equation of the form
Of+v-Vof+F-V,f=0

for the first marginal, where the coupling arises only through some average

F:=-V,®x /fdv.

An important amount of literature is devoted to such asymptotics, but this is not our purpose here.
We refer to [10, 38] for pioneering results, to [22] for a recent study and to [19] for a review on that
topic.

e The scaling we shall deal with in the present work corresponds to a strong coupling, i.e. to the
case when the amplitude of the potential remains of size O(1), but its range becomes small. We shall
assume throughout this text the following properties for ® (a short-range potential).
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Assumption 1.2.1. — The potential ® : R® — R is a radial, nonnegative, nonincreasing function
supported in the unit ball of R, of class C? in {x € R?,0 < |x| < 1}. Moreover it is assumed that ®
is unbounded near zero, goes to zero at |x| = 1 with bounded derivatives, and that V® vanishes only
on |z| = 1. Finally writing ®(z) = ®(|x|) we assume that for all p € (0,1),

(1.2.1) p®" (p) + 29" (p) > 0.

Remark 1.2.2. — We refer to Chapter 3 for a justification of those assumptions, in particular (1.2.1)
that appears as a sufficient condition to define a scattering cross-section. Condition (1.2.1) can easily
be checked for a large class of potentials. For instance any potential of the form ®(p) = p~F — 1
for p < 1 is suitable (for k > 1). Potentials smooth at p =1 can be constructed from that example by
using a smooth junction ([36]).

Introduce a small parameter € > 0 corresponding to the typical interaction length of the particles.
Then in the macroscopic spatial and temporal scales, the Hamiltonian system becomes

d.%‘i d’l}i 1 T — Xy
(122) T DAL (=)
JF

and the Liouville equation takes the form

N
1 Py
(1.2.3) Ofn+ Y v Vafn =D Y V@ (W) Vo fy=0.

i=1 i=1 j=1

With such a scaling, the dynamics is very sensitive to the positions of the particles.

Situation 1 Situation 2

FIGURE 1. Instability

Situations 1 and 2 on Figure 1 are different by a spatial translation of O(e) only. However in Situation 1,
particles will interact and be deviated from their free motion, while in Situation 2, they will evolve
under free flow.
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1.3. The Boltzmann equation

Of course, particles move with uniform rectilinear motion as long as they remain at a distance greater
than € to other particles. In the limit € — 0, we thus expect trajectories to be almost polylines.

Deflections are due to elementary interactions

— which occur when two particles are at a distance smaller than ¢,

— during a time interval of order ¢ (if the relative velocity is not too small),

— which involve generally only two particles : the probability that a third particle enters a security
ball of radius € should indeed tend to 0 as ¢ — 0 in the convenient scaling. We are therefore brought
back to the case of the two-body system, which is completely integrable (see Chapter 3).

In order for the interactions to have a macroscopic effect on the dynamics, each particle should undergo

a finite number of collisions per unit of time. A scaling argument, giving the mean free path in terms

of N and ¢, then shows that Ne?~! = O(1). This is the Boltzmann-Grad scaling (see [21]).

In the limit ¢ — 0 with Ne?~! = 1, we would like to obtain a kind of homogeneisation result : we
want to average the motion over the small scales in ¢ and x, and replace the localized interactions by
pointwise collisions as in the case of hard spheres.

We shall therefore introduce an artificial boundary (following [27]) so that

— on the exterior domain, the dynamics reduces to free transport,

— on the interior domain, the dynamics can be integrated in order to compute outwards boundary
conditions in terms of the incoming flux. Note that such a scattering operator is relevant only if we
can guarantee that there is no other particle involved in the interaction.

The statistical distribution of deflection angles w is then predicted by a function b = b(v — v1,w), the

collision cross-section, which depends only on the microscopic interaction potential.

A counting argument leads then to the Boltzmann equation (introduced by Boltzmann in [7]-[8]) :

—_———— ——
free transport localized binary collisions

(1.3.1) QUL 1) = //[f(v’)f(v’l) = f()f(e)lb(v = v1,w)dvidw .

v/, v} pre-collisional velocities

The collision term, which acts only on the v-variable, is constituted of a gain term, corresponding to
the creation of particles of velocity v by collision between particles of velocities v' and v}, and of a loss
term, due to the disappearance of particles of velocity v by collision with particles of velocity wv;.

Note that the joint probability of having particles of velocity (v',v]) (respectively of velocities (v, v1))
before the collision is assumed to be equal to f(t, z,v") f(¢,z,v]) (resp. to f(t,x,v)f(t, x,v1)), meaning
that there is independence.

1.4. A convergence result

The goal of this text is to prove the following statement. It is written somewhat loosely, we refer
to Chapter 7 for a precise statement (see in particular the statement of Theorem 4 page 53). The
appropriate notion of independence is defined in Section 7.1 and the appropriate notion of convergence
is defined in Section 7.2.
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Theorem 1. — Assume that the repulsive potential ® satisfies Assumption 1.2.1. Let fy : R** — Rt
be a continuous function, of integral one, and with exponential decay at large energies. Consider the
system of N particles, initially distributed according to fo and “independent” (in a sense made precise
in Chapter 7), governed by the system (1.2.2). Then, in the Boltzmann-Grad limit N — oo, Ne?=! ~ 1,
its distribution function converges to the solution to the Boltzmann equation (1.3.1) with initial data
fo, in the sense of observables.

1.5. Related results

The problem of asking for a rigorous derivation of the Boltzmann equation from the Hamiltonian
dynamics goes back to Hilbert [24], who suggested to use the Boltzmann equation as an intermediate
step between the Hamiltonian dynamics and fluid mechanics, and who described this axiomatization
of physics as a major challenge for mathematicians of the twentieth century.

We shall not give an exhaustive presentation of the studies that have been carried out on this question
but indicate some of the fundamental landmarks. First one should mention N. Bogoliubov [5], M.
Born, and H. S. Green [9], J. G. Kirkwood [28] and J. Yvan [42], who gave their names to the
BBGKY hierarchy we shall be using extensively in this study. H. Grad was able to obtain in [20]
a differential equation on the first marginal which after some manipulations converges towards the
Boltzmann equation. The first mathematical result on this problem goes back to C. Cercignani [11]
and O. Lanford [31] who proved the propagation of chaos by a careful study of trajectories of a hard
spheres system, and who exhibited — for the first time — the origin of irreversibility. The proof, even
though incomplete, is therefore an important breakthrough. The limits of their methods, on which
we will comment later on — especially regarding the short time of convergence — are still challenging
questions.

The argument of O. Lanford was then revisited and completed in several works. Let us mention
especially the contributions of K. Uchiyama [39], C. Cercignani, R. Illner and M. Pulvirenti [14] and
H. Spohn [37] who introduced a mathematical formalism, in particular for the existence of solutions
to the BBGKY hierarchy which turns out to be a theory in the spirit of the Cauchy-Kowalewskaya
theorem.

The term-by-term convergence of the hierarchy in the Boltzmann-Grad scaling was studied in more
details by Cercignani, V. I. Gerasimenko and D. I. Petrina [13] : it indeed requires refined estimates
on the set of “pathological trajectories”, i.e. trajectories for which the Boltzmann equation does not
provide a good approximation of the dynamics.

The method of proof was extended

— to the case when the initial distribution is close to vacuum, in which case global in time results may
be proved [14, 25, 26];

— to the case when interactions are localized but not pointwise [27]. Because multiple collisions are
no longer negligible, this requires a careful study of clusters of particles.

Many review papers deal with those different results, see [17, 35, 41] for instance. Our goal here is
to provide an elementary and self-contained presentation, which includes all the details of the proofs,
especially concerning convergence which to our knowledge is not completely written anywhere, and
concerning reasonable assumptions that can be made on the potential.
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CHAPTER 2

FORMAL DERIVATION OF THE BOLTZMANN EQUATION FOR
HARD-SPHERES

This chapter is intended to familiarize the reader with the methods and notation related to BBGKY
and Boltzmann hierarchies. We present formally, in the situation of hard-spheres, the passage from the
Liouville equation associated with the N-particle flow to the BBGKY hierarchy, and then the limit to
the Boltzmann equation. All the results stated here will be proved — in the more complicated case of
nonlocal interactions via a potential — in the next chapters. Readers already familiar with the subject
may skip this chapter altogether.

2.1. The N-particle flow

We consider N particles, the motion of which is described by N positions (x1,...,zx) and N ve-
locities (vy,...,vn), each in R%. Denoting by Zy := (21,...,2n) the set of particles, each parti-
cle z; := (z;,v;) € R?? is submitted to free flow on the domain

Dy := {ZN S RQdN/Vi 75_7, |$i —l‘jl > E}

and bounces off the boundary 0Dy according to the laws of elastic reflection:
d.]?i dvi

=v;, =0 on D
e~ dt N
(211) vz_‘n —_ ’UfUt o (’U?Ut o ,U;_)ut) . Vi,j I/i’j

vj»" = v 4 (0" — ") - vy E 35 £ | — x| = €,

where v/ := (x; — x;)/|z; — x;], and in the case when v - (v/™ — v!") < 0 (meaning that the ingoing
velocities are precollisional).

Contrary to the potential case studied in the next chapters, it is not obvious to check that (2.1.1) defines
a global dynamics, at least for almost all initial data. Note that this is not a simple consequence of
the Cauchy-Lipschitz theorem since the boundary condition is not smooth, and even not defined for
all configurations. In the presence of a potential, we shall prove in this text that the set of trajectories
involving multiple collisions has zero measure. Let us prove this result for the hard sphere dynamics:
we call pathological a trajectory such that

- either there exists a collision involving more than two particles, hence the boundary condition is not
well defined;
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- or there are an infinite number of collisions in finite time so the dynamics cannot be globally defined.

In [2], Proposition 4.3 it is stated that outside a negligible set of initial data there are no pathological
trajectories; the complete proof is provided in [1]. Actually the setting of [1] is more complicated than
ours since the case of an infinite number of particles is considered. The arguments of [1] can however
be easily adapted to our case to yield the following result, whose proof we detail for the convenience
of the reader.

Proposition 2.1.1. — Let N,e be fized. The set of initial configurations leading to a pathological
trajectory is of measure zero in RN,

We first prove the following elementary lemma.
Lemma 2.1.2. — Let p, R > 0 be given, and § < £/2. Define
I:= {ZN € Bév x BYN / one particle will collide with two others on the time interval [0, 6]} .

Then |I| < C(N, e, R) p?N=2)§2

Proof. — Just notice that I is embeded in
{ZN € Bf,v x BN /3{i,j, k}distinct, |z; — z;] € [e,e +2RS] and |z; — xx| € [e,6 + 2R(5]} )

and the lemma follows directly. O

Proof of Proposition 2.1.1. — Now let R > 0 be given and fix some time ¢ > 0. Let § < /2 be a
parameter such that ¢/§ is an integer.

Lemma 2.1.2 implies that there is a subset In(J, R) of BY x BY of measure at most C'(N, e, R) R¥N~2) 2
such that any initial configuration belonging to (BY x BN )\ Io(, R) generates a solution on [0, §] such
that each particle encounters at most one other particle on [0, d].

Now let us start again at time 6. We recall that in the velocity variables, the ball of radius R in R4V
is stable by the flow, whereas the positions at time ¢ lie in the ball Bg s+ Let us apply Lemma 2.1.2
again to that new initial configuration space. Since the measure is invariant by the flow, we can
construct a subset I;(d, R) of the initial positions BY x BY, of size C(N, e, R)RUN=2)(1 4 §)4N=2)52
such that outside Io U I1 (4, R), the flow starting from any initial point in BY x BY is such that each
particle encounters at most one other particle on [0, §], and then at most one other particle on [4, 20].

t/6—1
We repeat the procedure ¢/6 times: we construct a subset I5(t, R) := U I;(0,R) of BY x BY, of
j=0
measture !
t/6—1
|I5(t, R)| < C(N,e, RN 262 ¥~ (14 j6)" N =2 < C(N,R,t,e)6
§=0
such that for any initial configuration in BY x BY outside that set, the flow is well-defined up to time ¢.
The intersection I(t, R) := m I5(t, R) is of measure zero, and any initial configuration in BY x B
6>0

outside I(t, R) generates a well-defined flow until time ¢. Finally we consider the countable union of
those zero measure sets I := U 1(t,, R,) where t,, and R,, go to infinity, and any initial configuration

n

in R? outside I generates a globally defined flow. The proposition is proved. O
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2.2. The Liouville equation and the BBGKY hierarchy

The Liouville equation relative to the particle system (2.1.1) is
N

(2.2.1) Ofn+Y vi-Vafy=0 in Dy
i=1

with the boundary condition fy(t, Z%) = fn(t, Z3*"). We assume from now on that fy is invariant
by permutation in the sense of (1.1.1), meaning that the particles are indistinguishable.

One can associate with this Liouville equation a hierarchy of equations, satisfied by the marginals

(5)(t Z) /de(zv )fN(t7ZSaZs+17~-~7zN)]1ZNEDN dzs+1...dzN.

Let us derive this hierarchy formally. We integrate (2.2.1) over the (N — s) last variables, and we first
notice that

/ Ofr(ts Zos zorts s o) gneny dzsss o don = 0,F O (8 24)
R2d(N—s)

Next we compute
Z/ vi'vxifN(t7ZN)]lZNeDN d25+1...dZN
R2d(N—s)

using Green’s formula. The boundary terms involve configurations with at least one pair (i, j), satisfy-
ingl1 <i< Nands+1<j<N,with |z; —x;| = ¢. According to the previous section we may neglect
configurations where more than two particles collide at the same time, so the boundary condition is
well defined. For any ¢ € {1,...,N} and any j € {s+1,..., N}, we denote by v(i,j) the outwards
normal at any point of the boundary and we define

Sn(isj) = {ZN e RN |z, — o] = 5}.

LL'Z‘—,TJ‘

Recalling that v/ := we then obtain, using the invariance of fy by permutation,

|z — @

Z/ vi~VIifN(t, ZN)]]-ZNGDN d23+1...dZN
R2d(N—s)

S Va2 + 2:2:/ vy =) flt, Zv) doy

i=1 i=1 j=s+1 N(l’]

with daj\}j the surface measure on Xy (%, 5), induced by the Lebesgue measure.

By symmetry this gives

Z/ vi-VwifN(t, ZN)ILZNEDN d25+1...dZN
1 R2d(N—s)

N-sg
V2 ; SN (5,5+1)

It remains to define the collision operator

ZSans (Vsq1 —vi) fn(t, ZN) d(fjx}sﬂ .

== 0 Vo 1Y Z) +
i=1

(222) s, g+1f (t Zs+1 — S Z/ i,s+1 . (Us—i-l — Ui) 1(\?+1) (t, Zs, Zs+1) dO’dUS+1
(z;)xR4
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where S (x;) is the sphere of radius € centered at z; and do is the surface measure on that sphere and
in the end we obtain the BBGKY hierarchy

(2.2.3) 08 + 3 iV £ = Cowrn f§TY in D,

1<i<s

with the boundary conditions (2.1.1).

2.3. The Boltzmann hierarchy and the Boltzmann equation

Starting from (2.2.3) we now consider the limit N — oo under the Boltzmann-Grad scaling Ne¢~! = 1.

The Duhamel formulation for (2.2.3) writes

V(0 =D, /Dt—de”%>
where D(t) denotes the s-particle flow on D, with the boundary conditions (2.1.1).

Because of the scaling assumption, the collision term C; 541 f (s+1)(Z,) is approximately equal to

—(N — s)e gd—1 Z/ (vs41 — v;) J(\fH)(ZS,xZ- + eV, vst1) dvdug g

which we may split into two terms, depending on the sign of v - (vs11 — v;):

Z/ (Vs41 — )) J(\?-H)(Zs’xi +ev,vs41) dvdvs i
s¢- 1de +

_ Z /d L d (Vs41 — Uz)) J(\erl)(Zs,xi + ev, vsy1) dvdvg
S xR

Recall that pre-collisional particles are particles (z;,v;) and (zs41,vs+1) for which
(Tsp1 — ) - (V41 — ;) <O0.

The case when (xs11 — 2;) - (vs+1 — v;) > 0 is called the post-collisional case. Consider a set of
particles Zs11 such that (z;,v;) and (xsy1,vs41) are post-collisional. Provided that there is no other
particle among these s + 1 which has undergone a collision on a short time interval (which is almost
sure in the limit € — 0), we have

](\fﬂ)(t,Zs,xsﬂ,le): (5+1)(t Z* :+1’U:+1)

where (27, 2%, ;) is the pre-image of (2;, zs41) by (2.1.1). Then neglecting the small spatial translations

f(s+1)

in the arguments of we obtain the following asymptotic expression for the collision operator at

the limit:
Cg,s+1f(s+1) t Z Z/ v (Veqp1— Uz)>0y (US+1 )

s+1 s+1
X (f(‘?-'r )(t7$1,’l]1,. .. 71'1‘,'[1:,. e ,$85U87xi7v:+1) - f(9+ )(t?ZS’xi’U3+l))dVde+l '

The asymptotic dynamics are therefore governed by the following Boltzmann hierarchy:

t
(2.3.1) £ =8O8 + [ 8.0 =r)C0a 1 )

where S;(t) denotes free-flow.
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Note that if f(5)(t,Z,) = Hf(t,zi) (meaning f(*)(t) is tensorized) then f satisfies the Boltzmann
i=1

equation (1.3.1), where the cross-section b is simply b(vsy1 — vi, w) = Ly, —v)>0 W - (Va1 — Vi).






CHAPTER 3

TWO-PARTICLE INTERACTIONS

In the case when the microscopic interaction between particles is governed by a short-range repulsive
potential, collisions are no more instantaneous and pointwise, and they possibly involve more than two
particles. Our analysis in Chapters 8 to 10 shows however that the low density limit Ne9—!
only a description of two-particle interactions, at the exclusion of more complicated interactions.

— 0 requires

In this chapter we therefore study precisely, following the lines of [12], the Hamiltonian system (1.2.2)
for N = 2. The study of the reduced motion is carried out in Section 3.1, while the scattering map is
introduced in Section 3.2, and the cross-section, which will play in important role in the Boltzmann
hiearchy, is described in Section 3.3.

3.1. Reduced motion

We first define a notion of pre- and post-collisional particles, by analogy with the dynamics of hard
spheres:

Definition 3.1.1. — Two particles z1, zo are said to be pre-collisional if they belong to the artificial
boundary and their distance is decreasing:

|1 — 22| =€, (v1 —vg) - (21 —x2) < 0.
Two particles z1,z2 are said to be post-collisional if they belong to the artificial boundary and their
distance is increasing:

|.131 — $2| =g, (1}1 — ’UQ) . (1‘1 — $2) > 0.

We consider here only two-particle systems, and show in Lemma 3.1.2 that, if z; and 25 are pre-
collisional at time ¢_, then there exists a post-collisional configuration zi, 2}, attained at t; > ¢_.
Since V®(z) vanishes on {|z| > €}, the particles z; and z5 travel at constant velocities v{ and v} for
ulterior (¢t > t4) times.

Momentarily changing back the macroscopic scales of (1.2.2) to the microscopic scales of (1.0.1) by
defining 7 := (¢t — t_)/e and y(7) := x/e(7), w(r) = v(7), we find that the two-particle dynamics is
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governed by the equations

dy _ ., G _
dr L dr 2
(3.1.1)
WL Gy = gy) = — T2
dr Y1 —Y2) = dr
whence the conservations
(3.1.2) L +w) =0, L (L tw)?+ Lwn — w2+ Sl — 1)) =0
1. dTl 2_’d7412412 Y1 —yY2) | =V.

From (3.1.2) we also deduce that the center of mass has a uniform, rectilinear motion:

(3.1.3) (y1 +92)(7) = (v1 +v2)(0) + 7(w1 + w2),
and that pre- and post-collisional velocities are linked by the classical relations

(3.1.4) wi +why = wy +w,  [wi[* 4 [wy]* = wi|* + wa®.

A consequence of (3.1.1) is that (0y, dw) := (y1 — y2, w1 — w2) solves

d d
1. —oy =20 —ow = —2VP(dy) .
(3.15) Loy=bw, o bw=-2V8(y)
We notice that, ® being radial, there holds
d
E(dy Adw) = dw A dw — 26y A VO(dy) =0,

implying that, if the initial angular momentum dyo A dwg is non-zero, then dy remains for all times in
the hyperplane orthogonal to dyg A dwp. In this hyperplane, introducing spherical coordinates (p, )
in Ry x S{72, such that

0y = pe, and dw = pe, + ppe,

the conservations of energy and angular momentum take the form

1,. . 1
§(P2 + (p)%) +20(p) = §|5w0|2 ;

PPl@l = |80 A Swol,
implying p > 0 for all times, and

) 50j02
(316) p +\Ij(p7(€05t70) 2507 U= p2 +4(I)(p)a
where we have defined
(3.1.7) Eo = [dwol® and Ty := |dyo A dwo|/|dwo| = sin

which are respectively (twice) the energy and the impact parameter, m —« being the angle between Jwq
and dyo (notice that oo > /2 for pre-collisional situations). In the limit case when a = 0, the movement
is confined to a line since ¢ = 0.

We consider the sets corresponding to pre- and post-collisional configurations:
(3.1.8) S = {(dy,ow) € S x R, iy sw >0},

where S?! is the unit sphere centered at the origin in R%; in spherical coordinates pre-collisional
configurations correspond to p = 1 and p < 0 while post-collisional configurations are correspond to
p=1and p>0.
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Lemma 3.1.2 (Description of the reduced motion). — For the differential equation (3.1.5)
with pre-collisional datum (dyo,0wo) € S, there holds |dy(T)| > p« for all T > 0, with the notation

(319) Px = p*(go,jo) = max {p € (Oa 1)5 \I/(p, gOaj()) = 50} )

and for T, defined by

1
(3.1.10) Te 1= 2/ (&0 — ¥(p, 80,j0))_1/2 dp,

P

the configuration is post-collisional (p =1, p > 0) at T = T,.

Proof. — Solutions to (3.1.6) satisfy p = w(p)(& — \Il(p))1/2, with ¢(p) = =1, possibly changing
values only on {¥ = &}, by Darboux’s theorem (a derivative function satisfies the intermediate value
theorem). The initial configuration being pre-collisional, there holds initially ¢ = —1, corresponding
to a decreasing radius. The existence of p, satisfying (3.1.9) is then easily checked: we have |dyo| = 1
and dyp - dwg # 0, so there holds ¥(1,&y, Jo) < &, and ¥ is increasing as p is decreasing. The set
{T > 0,p(1) > ps} is closed by continuity. It is also open: since ® is nonincreasing, then 9,V # 0
everywhere and in particular at (p«, &, Jo). So & — ¥ changes sign at p,., which forces, by (3.1.6),
the sign function ¢ to jump from — to + as p reaches the value p, from above. This proves p > p. by
connexity. The minimal radius p = p, is attained at 7. /2, where 7, is defined by (3.1.10), the integral
being finite since d,¥ does not vanish. Assume finally that for all 7 > 0, there holds p(7) < 1. Then
on [7/2,400), p is increasing and bounded, hence converges to a limit radius, which contradicts the
definition of p,. This proves p =1 at 7 = 7, a time at which p > 0, since ¢ has jumped exactly once,
by definition of p,. [

Remark 3.1.3. — Denoting A : (y,w) — (y,—w), and ¢; : R*? — R2? the flow of (3.1.5), we find
that ¢p_y = Ao, 0 A, implying Ao ¢y 0 Ao ¢y = 1d, and time-reversibility of the two-particle dynamics.

apse line

FI1GURE 2. Reduced dynamics
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The reduced dynamics is pictured on Figure 2, where the half-deflection angle 6 is the integral of the
angle ¢ as a function of p over [p,, 1] :

1 o1/2
E T _
(3.1.11) 0= [ P G~ o80T,

5

With the initialization choice ¢o = 0, the post-collisional configuration is (p, ¢)(7) = (1,26); it can
be deduced from the pre-collisional configuration by symmetry with respect to the apse line, which by
definition is the line through the origin and the point of closest approach (dy(7./2),dw(7./2)). The
direction of this line is denoted w € S4~1.

3.2. Scattering map

We shall now define a microscopic scattering map 6 that sends pre- to post-collisional configurations:
Go: (0yo,0wo) € ST — (y(7), dw(7y)) = b7, (9yo, dwo) € ST

By uniqueness of the trajectory of (3.1.5) issued from (dyo,dwg) (a consequence of the regularity
assumption on the potential, via the Cauchy-Lipschitz theorem), the scattering is one-to-one. It is also
onto, by Remark 3.1.3: the pre-image of (dy, dw) € ST by the scattering is I o ¢, (dy, —dw) € S~.

Back in the macroscopic variables, we now define a corresponding scattering operator for the two-
particle dynamics. In this view, we introduce the sets

SE = {(2’1,22) €ERM |z — x| =&, £(21 — 29) - (11 — v2) > 0}.
We define, as in (3.1.7),

(1 — 22) A (V1 — 02

=:sina.
6|1}1 — U2|

(321) 50 = |1}1 - ’()2|2 and J() =

Definition 3.2.1 (Scattering operator). — The scattering operator is defined as

. — VN A A +
Oe (21,01, 22,v2) € ST —> (7, v],x5,v5) € S,

where
1 ETx € ETy
x) = §(m1 +12) + 7(111 +vg) + §6y(7'*) =—1 +w-(r] —T2)W + 7(1)1 +v7),
1 ETx € ETy
xh = = (1 +22) + —(v1 +v2) — =0y(Ts) = —T2 —w - (T — X2)w + — (v1 + v2),
(3.2.2) 2 2 2 2

1 1
vy = 5(111 + o) + 5610(7*) =v—w- (v —v)w,

1
Vg 1= 5(”01 + ) — 55“’(7*) =v+w- (v —v2)w,

where T, is the microscopic interaction time, as defined in Lemma 3.1.2, (8y(7«), dw(7y)) is the micro-
scopic post-collisional configuration: (8y(7y),0w(7)) = do((x1 — 22)/e,v1 — v2), and w is the direction
of the apse line. Denoting by v := (x1 — x2)/|r1 — 22| we also define

oo(v,v1,v2) := (V' v],v5).
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The above description of (27, v]) and (x4, v5) in terms of w is deduced from the identities

v(Ty) = dvg — 2w - dvgw  and  Jy(7.) = —dyp + 2w - dyp w
in the reduced microscopic coordinates.
By 9,¥ # 0 in (0,1) and the implicit function theorem, the map (£, J) — p«(€,J) is C? just like .
Similarly, 7, € C?. By Definition 3.2.1 and C'! regularity of V® (Assumption 1.2.1), this implies that
the scattering operator o. is C!, just like the flow map of the two-particle scattering (denoted ¢ in

Remark 3.1.3). The scattering o. is also bijective, for the same reason that the microsopic scattering
G is bijective; the inverse map is 07! := I o 0. o I, with notation introduced in Remark 3.1.3.

For any s € N*, R > 0, we denote Bf, := {V, € R™, |V,| < R} where | -| is the euclidean norm; we
often write Br := B}l%.

Proposition 3.2.1. — Let R > 0 be given and consider
S:R = {(21722) € (RYx Br)?, |v1 — 2| = ¢, + (v1 —v2) - (1 — 29) > 0} .
The scattering operator o is a bijection from S_p to S:R.

The macroscopic time of interaction T, = T, (€, Jo) := €Tx, where Ty is defined in (3.1.10), is uniformly
bounded on compact sets of RT\ {0} x [0, 1].

Proof. — We already know that o. is a bijection from 8- to SF. By (3.1.4), it also preserves the
velocity bound. Hence o is bijective S_ p — S::R.
Now given & > 0 and Jp € [0, 1], we shall show that 7. can be bounded by a constant depending only
on &. Since ®(p,) < /4, then p, > ®1(&y/4). Let us then define ig € (0,1) by
1 &o

ig = —=07 (=),
T2 ()
so that p? > 8i3.

On the one hand it is easy to see, after a change of variable in the integral, using

2 2
QEOJO 280]0 Z 250\.7027
3 pS

d
%(50 — U(&,Jo,p)) = — 49/ (p) >

that there holds the bound
! /ff’“”oz)dygl—%.
B ngOQ 0 \/@ B \702\/(%

So if Jy > ig, we find that
16

2
Tx S 5 ‘
Ve V(e (5)
On the other hand for Jy < ip we define v := ®~1(&,/8) and we cut the integral defining 7, into two
parts:

,
=1+ with 7Y :2/ (Eo — U(Eo, To, p) 2 dp.

Notice that since p? > 8i2 and Jy < ig, then /4 — EgTZ/4p% > TE0/32 > Ey/8 so

o (-5 o)
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The first integral T*(l) is estimated using the fact that ®' does not vanish outside 1 as stated in

Assumption 1.2.1: defining
M(®):= inf |®'(p)] >0,

10<p<y
we find that on [ig, ],
d 260 T2
ap &0 = V(€0 To.p)) = ;3 0 _ 40/ (p) > AM (D)

SO

1
) (€0/2 = &T5/7*)” < Va
CT M(2) T V2M(®)
For the second integral we estimate simply

7152) < 2 T+ < 2 - = V2 .
(E0/2—ETZ/?)*  (60/2-&/8)F V3
The result follows. O

1 1
Remark 3.2.2. — If ® is conver then M(®) = |®'(v)|. Moreover if ® is of the type — exp(— T 5)
p —p

then the proof of Proposition 3.2.1 shows that 1. may be bounded from above by a constant of the order

of C/ /@1 +logeo) if & > co.

3.3. Scattering cross-section and the Boltzmann collision operator

The scattering operator in Definition 3.2.1 is parametrized by the impact parameter and the two
ingoing (or outgoing) velocities. However in the Boltzmann limit the impact parameter makes no
longer sense: the observed quantity is the deflection angle or scattering angle, defined as the angle
between ingoing and outgoing relative velocities. The next paragraph defines that angle and as well
as the scattering cross-section, and the following paragraph defines the Boltzmann collision operators
using that formulation.

3.3.1. Scattering cross-section. — With notation from the previous paragraphs, the deflection
angle is equal to m — 20 where © := « + 0, the angle a being defined in (3.2.1) and 6 being defined in
eqreftheta, so that

1
d
© = 0(&, Jo) := arcsin Jp + .70/ P = -
L)1 - A TG
Eo p?

The following result, and its proof, are due to [36]:

Lemma 3.3.1. — Under Assumption 1.2.1 and for all &y > 0, the function Jo — O(Ey, Jo) € [0,7/2]
satisfies ©(Ey,0) = 0 and is strictly monotonic: 07,0 > 0 for all Jy € (0,1). Moreover, it satis-
fies Jlimo 07,0 € (0,00] and Jliml 87,0 = 0.

0o— 0o—

Proof. — An energy & > 0 being fixed, the limiting values ©(&p,0) = 0 and ©(&y, 1) = 7/2 are found
by direct computation. To prove monotonicity, the main idea of Saffirio and Simonella is to use the
change of variable

. 42(p) | J¢
2 . 0
sm- @ % + 2
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which yields
_ . 2 sin ¢
@(50, \70) = arcsin ,_70 + / m @ .

arcsin jg 7 - m

Computing the derivative of this expression with respect to Jy gives

09 ! EoJs >
— (0, J0) = ——m—= |1 -
9, ) m< E0J2 — /(1)
El E2T¢p*sin g < " , 03 / 2)
+ " (p) + 20/ (p) + =L (@ d
/arcsinjo (j()QgO - p3(b/(p))3 P (p) (p) 50«702( (p)) 2

where ¢ is defined by

3 &o
In view of the formula giving 07,0, it turns out assumption (1.2.1) implies 97,0 > 0 for all J, € (0, 1),
and also the limits

220
sin? p = o + (p) .

jlir_r)lo 07,0 € (0,00] and };Ii)ll 07,0 =0

as soon as ®'(1) = 0 (if not then Jliml 07,0 = 00). The result follows. O
U*)
Remark 3.3.2. — Note that one can construct examples that violate assumption (1.2.1) and for which

monotonicity fails, regardless of convexity properties of the potential ® ([36]).

By Lemma 3.3.1, for each & we can locally invert the map (&, ), and thus define Jy as a smooth
function of & and ©. This enables us to define a scattering cross-section (or collision kernel), as follows.

FIGURE 3. Spherical coordinates

For fixed x1, we denote doy the surface measure on the sphere {y € R%, |y — 21| = €}, to which x5
belongs. We can parametrize the sphere by (a, 1), with 1 € 8972 where « is the angle defined in
(3.2.1). There holds

doy = 47 (sin o) 2dady).

The direction of the apse line is w = (©,4), so that, denoting dw the surface measure on the unit
sphere, there holds

(3.3.1) dw = (sin ©)472dOdy.
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By definition of « in (3.2.1), there holds
(1 — 2) - (v1 — v2) = €|lvy — V2| cos v,

so that
1 d—1 . d—2
— (21 —2) - (v1 — v2) doy = €% H{vy — v2| cos a (sin a) dada)

= €d_1|’U1 - U2| jod_deodw,
where in the second equality we used the definition of Jy in (3.2.1). This gives

1
(3.3.2) z (z1 = 22) - (V1 — v2) doy = e vy — va| T * 00 To dOdY,

wherever 0o Jp is defined, that is, according to Lemma 3.3.1, for Jp € [0, 1).
Definition 3.3.3. — The scattering cross-section is defined for vy —va| >0 and © € (0,7/2] by
(3.3.3) b(Jvr — va,0) 1= |1 — va| T§ 206 To(sin ©)2~ 7.

Abusing notation we shall write b(|vy — v2],©) = b(Jv1 — v2|,w).

By Lemma 3.3.1, the cross-section b is a locally bounded function of the relative velocities and scattering
angle.

3.3.2. Scattering cross-section. — The relevance of b is made clear in the derivation of the Boltz-
mann hierarchy, where we shall use the identity

1
(3.34) - (1 — x2) - (v1 —v2) doy = 5d*1b(|v1 — |, w)dw,

derived from (3.3.1), (3.3.2) and Definition 3.3.3. As in Chapter 2 (see in particular Paragraph 2.3),
we can formally derive the Boltzmann collision operators using this formulation: we thus define

f(8+1 tZ Z/ v (Vag1— 1}1)>0V (’Uerl—’Ul)

(335) X (f(s+1)(t7x1; U1y .-y Ty, U;7 <oy Ts,y v87xi71}:+1) - f(5+1) (ta stxivvs+1))dydvs+1 )

where (v;,v}, ) is obtained from (v;,vs41) by applying the inverse scattering operator o, 1 using

T; — &
—1 7 s+1
oo (

- ( Ty — Ts41 PR )
|25 — Ty

, Vi 'Uerl) = ‘-Ti — Z‘5+1|7vi y Ust1

This can also be written using the cross-section:

99+1f(s+1 tZ Z/ |7)1*’U2|a )

E s+1
X (f(9+ )(tamlavla ER axiaUZ7 . '7xsavsaxiavz+l) - f(9+ )<t’ Zs7xi7vs+1))dwdvs+l :

Remark 3.3.4. — It is not possible to define an integrable cross-section if the potential is not com-
pactly supported, no matter how fast it might be decaying. This issue is related to the occurrence of
grazing collisions and discussed in particular in [41], Chapter 1, Section 1.4. However it is still possible
to study the limit towards the Boltzmann equation, if one is ready to change the formulation of the
Boltzmann equation by renouncing to the cross-section formulation ([36]).

The question of the convergence to Boltzmann in the case of long-range potentials is a challenging open
problem; it was considered by Desvillettes and Pulvirenti in [15] in the linear case, while Desvillettes
and Ricci studied grazing collisions in [16].



CHAPTER 4

THE BBGKY HIERARCHY

The main goal of this text is to extend the formal strategy described in Chapter 2 for hard spheres to
general short-range potentials, then to rigorously justify all the steps of the convergence proof. This
necessitates the derivation of bounds for fy that do not depend on N.

Our starting point is the Liouville equation (1.2.3) satisfied by the N-particle distribution function fy.
We reproduce here equation (1.2.3):

1 T
(4.0.1) afv+ > vi-Vafv— > qu><x€%>-vmﬁv=0.

1<i<N 1<i#j<N

The arguments of fx in (4.0.1) are (t, Zny) € Ry X Qp, where

Oy = {ZNERMN,VZ'#j,xi;éxj}.

The classical strategy to obtain a kinetic equation such as (1.3.1) is to write the evolution equation for
the first marginal of the distribution function fx, namely

](Vl)(t,zl) Z:/ fN(t,Zl,ZQ,...,ZN)dZQ...dzN.
R24(N-1)

The point to be noted is that the evolution of f](\,1 ) depends actually on f J(\? ) because of the quadratic
interaction imposed by the force F = —V®. And in the same way, the equation on fj(\? ) depends
on J(Vg ). Tnstead of a kinetic equation, we therefore obtain a hierarchy of equations involving all the
marginals of fx

(4.0.2) O, 7,) = / IN(E Doy 2sits ey 2n) dzgsr - dey .
R2d(N—s)

In Section 4.1 it is shown that due to the presence of the potential, and contrary to the hard spheres
case described in Chapter 2, it is necessary to truncate those marginals away from the set Qy. An
equation for the truncated marginals is derived in weak form in Section 4.2. In order to introduce
adequate collision operators, the notion of cluster is introduced and described in Section 4.3. Then
collision operators are introduced in Section 4.4, and finally the integral formulation of the equation
is written in Section 4.5.
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4.1. Truncated marginals

From (4.0.1), we deduce by integration that the untruncated marginals defined in (4.0.2) solve

s - s 1 - Ty — Ty s
N (¢ Z:) + 2 VeV (6:2:) =~ Y F <E’> Vo N (8. Z)

i,j=1

(4.1.1) N 7
N-s< T; — Ts s
€ Z / E (€+1> . v”if](v+1)(ta Zs, 2s+1) dzsy1 -
i=1

There are several differences between (4.1.1) and the BBGKY hierarchy for hard spheres (2.2.2)-(2.2.3).
One is that the transport operator in the left-hand side of (4.1.1) involves a force term. Another is that
the integral term in the right-hand side of (4.1.1) involves velocity derivatives. Also, that integral term
is a linear integral operator acting on higher-order marginals, just like (2.2.2), but, contrary to (2.2.2),
is not spatially localized, in the sense that the integral in xsy; is over the whole ball B(z;,¢), as
opposed to an integral over a sphere in (2.2.2).

This leads us to distinguish spatial configurations in which interactions do take place from spatial
configurations in which particles are pairwise at a distance greater than e, by truncating off the
interaction domain {Z N, |z — ;| < e for some ¢ # j} in the integrals defining the marginals. For the
resulting truncated marginals, collision operators will appear as integrals over a piece of the boundary
of the interaction domain, just like in the case of hard spheres. The scattering operator of Chapter 3
(Section 3.2) will then play the role that the boundary condition plays in the case of hard spheres, as
sketched in Chapter 2.

Suitable quantities to be studied are therefore not the marginals defined in (4.0.2) but rather the
truncated marginals

(4.1.2) Fot, 2,) = / Nt Zozartsoan) ] Bjeimayse dzagr -+ day,

R2d(N—3) ie{1,...,s}
je{s+1,...,N}
where | - | denotes the euclidean norm. Notice that
(];](\/1) - ](\/1))(15721) :/ In(t, z1,22,...,2N) H (1 =1y, —g;j>e) dza - - d2n

R4 JE{2, N}

so that

(4.1.3) 1Y = £ @) e mzay < CN = D[ £ (0 (02)

We therefore expect both functions to have the same asymptotic behaviour in the Boltzmann-Grad
limit Ne?~! = 1. This is indeed proved in Lemma 7.1.3 and Corollary 7.2.3 in Chapter 7.

Given 1 <4 < j < N, we denote dZ(; ;) the 2d(j —i+1)-dimensional Lebesgue measure dz;dz;;1 . .. dz;,
and dX(; ;) the d(j — 7 + 1)-dimensional Lebesgue measure dz;dz;1; ...dr;. We also define

(4.1.4) D3y = {XN e R (i 5) € [1,8] x [s + 1, N], |z; — 2] > s} ,

where [1, s] is short for [1,s] "N = {k € N, 1 < k < s}. Then the truncated marginals (4.1.2) may be
formulated as follows:
(4.1.5) A}\}q)(fvzs) =/ In(t, Zs, 25415 -5 2N) H Loy —a;>elxyepy, dZstaN -

R2d(N—s) ic{1,...,s}
je{s+1,...,N}
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The key in introducing the truncated marginals (4.1.5), following King [27], is that it allows for a
derivation of a hierarchy that is similar to the case of hard spheres. The main drawback is that
truncated marginals are not actual marginals, in the sense that

(4.1.6) IV (Z.) # /R (X )N (2 2 2

for any B C R in particular if B = R+ simply because D3 is not included in Dy
Indeed, conditions |z; — zs41| > €, for j < s, hold for X € D%;, but not necessarily for Xy € DfV'H.
Furthermore, D3, intersects all the DJS\,J””, for m € [1, N — s]. A consequence is the existence of higher-
order interactions between truncated marginals, as seen below in (4.4.8). Proposition 5.3.1 in Chapter 5
states however that these higher-order interactions are negligible in the Boltzmann-Grad limit.

4.2. Weak formulation of Liouville’s equation

Our goal in this section is to find the weak formulation of the system of equations satisfied by the

family of truncated marginals (~J(\f ) defined above in (4.1.5). From now on we assume that fy

)se[l,N]
decays at infinity in the velocity variable.

Given a smooth, compactly supported function ¢ defined on R, x R and satisfying the symmetry
assumption (1.1.1), we have

N N
1 T; —T;
NN+ vV fn—— F <H> Vo, N )t ZN)
(4.2.1) /P{+XR2dN< ; € z;; c )
X gb(t, ZS)]lXNEDf\, dZth =0.

Note that in the above double sum in i and j, all the terms vanish except when (i,j) € [1,s]? and
when (i, j) € [s + 1, N]?, by assumption on the support of F.

We now use integrations by parts to derive from (4.2.1) the weak form of the equation in the
marginals JA‘}\}S). On the one hand an integration by parts in the time variable gives

/ ONIN(t, ZN)P(t, Zs) U x yeps, dZndl = —/ IN(0,ZNn)$(0, Zs) U x yeps, dZN
R+><R2dN

R24dN

_ / AN 2000t Z) ey, dZnt,
R.+ x R2dN

hence, by definition of ~1(\f),

/ OfN(t, Zn)p(t, Zs)Ux yeps, dZNdt = —/ fz(\f)(Q Z5)9(0,Zs) dZs
R+XR2dN R2ds

—/ ) FS(t, 2,)0,0(t, Z,) dZ.dt .
114,><1{2 s

Now let us compute

R2dN

N
> / o Vi Ve, In(t, ZN)9(t, Zs)Ix yeps, dZN = / divx, (Vn fn(t, ZN))(t, Zs)Ux yeps, dZy
i=1 Y R*

using Green’s formula. The boundary of D3 is made of configurations with at least one pair (i, j),
satisfying 1 <7 <sand s+1 < j <N, with |z; — x| =e.
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Let us define, for any couple (4,5) € [1, N]?,

(i d) = {Zn € R¥Y, oy -y =
(4.2.2)
and  W(k, €) € [1,8] x [5+ 1, N]\ {i, 5}, oy — e >}

We notice that X%(7,7) is a submanifold of {ZN € R¥MN |z, — x| = 5}, which is a smooth, codi-

2N=1)) "and we denote by do'/

mension 1 manifold of R?V (locally isomorphic to the space S¢ x R
its surface measure, induced by the Lebesgue measure. Configurations with more than one collisional
pair, ie., (¢,5) and (¢,5) with 1 < i,¢/ < s, s+1 < j,5/ < N, with |z; — z;| = |zy — x| = ¢,
and {i,7} # {4’,j'}, are subsets of submanifols of R of dimension at least two, and therefore con-
tribute nothing to the boundary terms.

Denoting v/ := |i1 — ij | we therefore obtain by Green’s formula:
g
N
Z/R Ran v; 'VzifN<t7 ZN)(b(taZs)]lXNED}*V dZN dt
i=1 Y R+ X
== Z/ IN(t ZN)i - Ve, 6(t, Zo)Lxyeps, dZndt

i—1 R+ xR2dN

s N
+ % Z Z b . (v; —vi) fn(t, Zn)o(t, Zs) daj\’,jdt.

i=1 j=s+17 Rt X5 (3,5)
By symmetry (1.1.1), this gives

N
Z/ U4 'vwifN(t’ZN)¢<t7 Zs)IlXNGD}"V dZy dt
= /R, xR2aN
=- Z/ IN( ZN)vi - Ve, 0(t, Zs) L xyepy, dZndt
— /R, xR2N
1

+5(N*S>Z /R . v (g —00) [t Zn)o(t, Zs) doy "t
i=1 YRy X2y (5,5

so finally by definition of f}\f), we obtain

N
Z/ (% 'va:ifN(t,ZN)¢(t7ZS)]lXNE’D7\, dZ N dt
R, xR24N

i=1
s

(4.2.3) = Z/ FOt, Z)v; - Vo, (t, Z) dZdt
i=1 R,+><R2ds

1 - 1 1,8
- ﬁ(N—SE/R ey T s = ) 2000, 20 do e
i=1 Y Ry X5 (65 +
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Now let us consider the contribution of the potential in (4.2.1). We split the sum as follows:

- Z Z/ (W> Vo It Z0)0(t, Z) ey, dZndt
R, xR24N 5

)
1< T; — T,
= - Z / F|=— 'VvifN(t,ZN)gﬁ(t, Zs)]lXNED‘]S\, dZndt
i1 JRyxR2IN 3
I
1 Y T; — T,
+= Y / F (J) Vo N ZN)D(t, Zo) Lxyeps, dZydt .
& ijmadl R xR24N 3
i

We notice that the second term in the right-hand side vanishes identically. It follows that

Ti; — T4
i F (;) -V, fn(t, Zn) (8, Zs)ﬂXNeD;\, dZndt
R

i gi R
1< P— T .
=7z Z / F <w> .V’Ui(b(t) Zs)f](\f)(t7Z5) dZSdt
€ S JrR xR2ds €
i

so in the end we obtain

A,R KWJM@WMNn%@+iZﬂ%m_%)W%@w&M%ﬁ
4+ xR2ds

(4.2.4) _ 7/ 700, 2,)6(0, Z,) dZ,
R2ds

N—s¢ ; i,s
- vt (ven — ) vt ZN)B(t, Zs) do'y®thdt .
V2 =7 JRLxE3, (i,5+1)

Remark 4.2.1. — Using the weak form of Liouville’s equation, we see that multiple collisions (which
occur as a boundary integral on a zero measure subset of OD%;) can be neglected.

4.3. Clusters

We want to analyze the second term on the right-hand side of (4.2.4). We notice that in the space-

N—s—1) (

velocity integration the variables zy,o,...,2zy are integrated over R% with the restriction

that they must be at a distance at least e from X;) whereas z;41 must lie in the sphere centered
at x; and of radius €. It is therefore natural to try to express that contribution in terms of the

marginal ASH)(ZsH). However as pointed out in (4.1.6),

[z des 2 70 22).
The difference between those two terms is that on the one hand
VXNGDfVH7 one has |z; — z441| > e forall j > s+2,
which is not the case for X € D¥;, and on the other hand
VXy € Dy, onehas |z; —zs4q| >cforall j<s,

a condition which does not appear in the definition of Df\,ﬂ.

This leads to the following definition.
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Definition 4.3.1 (e-closure). — Given a subset Xy = {z1,...,znx} of R¥™N and an integer s
in [1, N], the e-closure E(Xs, Xn) of Xs in Xn is defined as the intersection of all subsets Y of Xy
which contain Xs and satisfy the separation condition

(4.3.1) VyeY, VzeXy\Y, |z—yl>e.

We denote |E(Xq, Xn)| the cardinal of E(Xs, XN).

Now let us introduce the following notation, useful in situations where Xy belongs to X% (i,s + 1),
defined in (4.2.2)

Notation 4.3.2. — If Xsim = E(Xs, Xs+m) and if for some integers jo < s < ko < s+ m, there
holds | — zx| > & for all (7, k) € [1,5] % [s+ 1,5+ m] \ {(jo, ko)}, then we say that E(Xo, Xy 1) has
a weak link at (jo, ko), and we denote Xqym = Ejo ko) (Xs, Xstm)-

Moreover the following notion, following King [27], will turn out to be very useful.

Definition 4.3.3 (Cluster). — A cluster of base Xs = {w1,...,zs} and length m is any
point {Tsi1,.. . Tsim} i RI™ such that E(Xs, Xoim) = Xeym. We denote A, (X,) the set of
all such clusters.

The proof of the following lemma is completely elementary.

Lemma 4.3.4. — The following equivalences hold, form > 1:

(4.3.2) (E(XS,XN) - Xs+m) — (E(XS,XS+m) = Xyim and Xy € D;‘Jm) ,

E(i,s+1) (X87 Xs—&-m) = Xs+m

E(XS7XN) :Xerm
4.3.3 — Xy € Dit™
(4.3.3) ( Xy €553, s+1) M=

)

|zi —zs41] =€

as well as the implication, for m > 2,

(4.3.4) (E<i,s+1>(Xs,Xs+m) :Xs+m) — ({xs+2,...,zs+m} e Am_l(xs+1)).

4.4. Collision operators

With the help of the notions introduced in Section 4.3, we now can reformulate the boundary integral
in (4.2.4).

Given 1 < s < N —1 and Xy in X%(¢,s + 1), there holds |xs41 — x;] = ¢, so that z,11 belongs
to E(X,, Xn), implying |E(X,, Xn)| > s + 1. We decompose X%, (i, s + 1) into a disjoint union over
the possible cardinals of the e-closure of X in Xy :

(4.4.1) s+ = (Ef\,(i,s+1)ﬂ{YN, |E(YS,YN)I:s+m}),
1<m<N-s
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Xs+m XN\ Xs+m

0®©

C% x'

Xs XN\Xs

Cluster of basis xs+1
And length m-1

F1GURE 4. Clusters with weak links

implying

/ VoSt (v — ) I (ZN)O(Zs) doy ™!
£, (i,5+1)

= > / Wi )zt V0 (vn = v0) [ (Zn)$(Zs) dos ™.
1<m<N—s” Zx (6s+1)

By assumption of symmetry (1.1.1) for fx and ¢, if |E(Xs, Xn)| = s +m, we can index the particles
so that E(Xs, Xn) = Xs4m : we obtain

/ Ligx, xa)lmstm VT (Vs — vi) N (ZN)O(Zs) doiy ™
5%, (i,541)

(4.4.2)
= Cﬁ:sl—l/ Lp(X, Xa)=Xosn VT (Va1 = 0i) [N (Z8)0(Zs) doy™™
25, (4,8+1)

We use equivalence (4.3.3) from Lemma 4.3.4 and Fubini’s theorem to write

/ L p(x, Xn)=Xor V5T (Vg1 — 0) fN(ZN)D(Zs)doy ™
53, (irs+1)

=2 VoS (vgg1 — 03)d(Zs)

SE(Ii)XRd
s+m
X </ ﬂE(i,s#»l)(stXs-Fm):XS-l-m I(\f )(Z5+m)dZ(S+1as+m)> dO’i(l'S+1) ’
R2d(m—1)

with do; the surface measure on S.(z;) := {z € R?, [z — z;| = ¢}. With (4.3.4), if m > 2, then the
above integral over R2¥ =1 appears as an integral over Ap—1(zs41). We also remark that in the



28 CHAPTER 4. THE BBGKY HIERARCHY

case m = 1, we have a simple description of E; s41)(Xs, Xsy1) = Xsq1:

A |z; —xs41] <€
4.4.3 (11 _ _ o) — .
( ) Biysn) (Ko, Xot1)=Xota 7 |z; — 2541 > € for je[l,s]\ {i}

This leads to the following definition of the collision term of order m > 1, for s + m < N : we define

S
Cosinl ™2 = R / Y (01— 07)

(4.4.4) Se(wi)xRd

xG ;ns+11)>( (S+m))(Zs+1) doi(Ts1)dvsy

where for m =1, by (4.4.3):

0 s+1 7(s+1
(4.4.5) Ggi,)s+1>(ﬁ}v+ N(Zosr) = ( I | ﬂ\zs+1—xj|>e)f1(v+ (Zos1),
1<j<s
J#i

and for m > 2:

m—1) s+m

ng s+1) ( Nt ))(Zs+1)

= A ( JxRatm—1) ]1E<i,5+1)(Xs,Xs+m)=Xs+m N " (Zs+m)dZ(3+27S+m)'
m—1(Ts41)X m

The complex-looking indicator function 1 B agny (Xe, X will, in the estimates of the next

51X stm)=Xstm
chapters, be simply bounded from above by one. This will be the case for instance in an estimate
showing that higher-order collision operators (4.4.6) are negligible in the thermodynamical limit; this

estimate is (5.3.1) in Proposition 5.3.1.

With (N — s)C’K;:sl_l = mCy_,, we can now reformulate (4.2.4) into

v i LN g (T,
/RMRM N (t,ZS)(8t¢+dwxs (Vad) == > v<I>( . > vvi¢>)(t, Z,) dZ,dt

i,j=1
(4.4.7) i
700, 2,)6(0, Z,) dZ, = Z / O(t, Z5)Co sm Pyt (t, Z4) dtdZ,
R?2ds +><R2de

m=1

so that f](\f ) appears as a (formal) weak solution to

448)  AfY+ > vV Y - 1 3 V<I>< ) Vo f3) = chs+m Fotm.

1<i<s 1<7,¢J<s

4.5. Mild solutions

We now define the integral formulation of (4.4.8). Denote by ®,(t) the s-particle Hamiltonian flow,
and by H; the associated solution operator:

(4.5.1) Hy(t):  feC’(QuR) f(Ri(-t,) € C°(QsR).
The time-integrated form of equation (4.4.8) is

(4.5.2) FO(t, 2,) = Hy (1) F(0, Z, +Z/H t—7)Cornimf T (7, Zs) dr .
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The total flow and total collision operators H and Cy are defined on finite sequences Gy = (gs)1<s<n
as follows:

Vs < N, (H(t)Gn), = Hs(t)gs ,

(4.5.3) N=s
Vs <N -1, (CNGN), =D Costmgorm, (CnGn)y:=0.
m=1

We define mild solutions to the BBGKY hierarchy (4.5.2) to be solutions of
t

(4.5.4) P () = H(t)Fy (0) +/ H(t — 7)CnFy(r)dr, By = (F)1coen .
0

Remark 4.5.1. — At this stage, the use of weak formulations could seem a little bit suspicious since
they are used essentially as a technical artifice to go from the Liouville equation (1.2.3) to the mild form
of the BBGKY hierarchy (4.5.2). In particular, this allows to ignore pathological trajectories involving
multiple collisions. Nevertheless, the existence of mild solutions to the BBGKY hierarchy (to be proved
in the next two chapters) provides the existence of weak solutions to the BBGKY hierarchy, and in
particular to the Liouville equation (which is nothing else than the last equation of the hierarchy). The
classical uniqueness result for kinetic transport equations then implies that the object we consider, that
is the family of truncated marginals, is uniquely determined (almost everywhere).

Note that similarly we can define the total Boltzmann flow and collision operators S and C as follows:
Vs >1, (S(t)G), :=Ss(t)ys ,
(4.5.5) o o
Vs Z 1a (C G)S = Cs,s+1gs+la

where S; denotes the free transport operator in s-particle space and Cgvs 41 is defined in (3.3.5).






CHAPTER 5

CONTINUITY OF COLLISION OPERATORS

In view of proving the existence of mild solutions to the BBGKY hierarchy (4.5.2), we need continuity
estimates on the linear collision operators Cs ¢4, defined in (4.4.4)-(4.4.5)-(4.4.6), and the total collision
operator Cy defined in (4.5.3).

We first note that, by definition, the operator Cs sy, involves only configurations with clusters of
length m. Classical computations of statistical mechanics, presented in Section 5.1, show that the
probability of finding such clusters is exponentially decreasing with m.

It is then natural to introduce functional spaces encoding the decay with respect to energy and the
growth with respect to the order of the marginal (see Section 5.2). In these appropriate functional
spaces, we can establish uniform continuity estimates for the BBGKY (Section 5.3) as well as for the
limiting Boltzmann collision operators (Section 5.4).

5.1. Cluster estimates

A point X, € R being given, we recall that A,,(X}) is the set of all clusters of base X, and length m
(this notation is introduced in Definition 4.3.3 page 26).

Lemma 5.1.1. — For any symmetric function ¢ on RN any s € [1,N — 1], any X, € R®, the
following identity holds:
/ O(XN)AX (s41,n) =/ Ixyeps, P(XN) dX(s41,n)
R(N—s)d RA(N—s)
(5.1.1)

N-—s
+;Oﬁ_s /A ) < /R v Lxenim <p(XN)dX(s+m+1,N>> dX(s+1,5+m) -

implying, for ¢ > 0,

1 —-m
(5.1.2) % / dX(erl,erm) < C exp (C/{d(s + m)gd)
S AL(XS)
and
(™ Hlexp (= Crg(m + 1)e?
(519 om0 [ Xy < (1 e (— Crae)).
m>1 m: A (z1)

where kq is the volume of the unit ball in R
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Proof. — The first identity (5.1.1) is obtained by a simple partitioning argument, which extends the
splitting used to define Cs sy, in (4.4.4) in the previous chapter. We recall that, given any X, € RYs,
the family

{(msﬂ,...,m), |E(Xs, Xy )| :s—i—m} for 0<m<N—s,

is a partition of RWW~*)4 Then we use the symmetry assumption, as we did in (4.4.2), to find

/ P(XN)dX(my = D, CR-, / Lp(x,, Xn)=Xosm P(XN)AX (o4 1,n) -
R(N=9)d 0<m<N-s RNV =9)d
It then suffices to use equivalence (4.3.2) from Lemma 4.3.4, noting that the set of all (zsy1,...,ZTstm)

in R™? such that E(Xs, Xs1m) = Xsim coincides with A,,(X,). This proves (5.1.1).

Estimates (5.1.2) and (5.1.3) come from the counterpart of (5.1.1) at the grand canonical level, i.e.
when the activity ¢! is fixed, rather than the total number N of particles; Remark 5.2.3 expands on
this terminology.

For any bounded A C R%, the associated grand-canonical ensemble for n non-interacting particles is
defined as the probability measure with density

Qon(Xn) — Cn eXp C‘A| H ﬂzl

1<i<n

The s-point correlation function gs and the truncated s-point correlation function gs are defined by

oo

n!
sXs = N an dXs n)o
95(X:) Z(nfs)!/mfs)d‘p (Xn)dX (o410

n=s

8 |

= 1 s O (Xn)dX (s41.m) -
X:n—s A;FM X, ey Pn(Xn)dX(s41,n)

n=s
We compute
_ s CIA\
Qan(Xn)dX(s—i-l,n) - C exp( C|A| H ]11' i EN
R(n=o)d 1<i<s
so that
o CIA])
(5.1.4) g:(Xs) =¢ exp(—ClA\)Z l | I ta@)=¢ ] Tuiea-
k=0 ' 1<i<s 1<i<s

Similarly, by definition of D¢ in (4.1.4),

/( o I]-XTLG’D; H nxiGA dX(s+1,n) = ’Aﬂ ( n CBE(xl))‘ = |Achs(Xs)|7
RTI—? L

s+1<j<n 1<i<s

where we denote B.(X;) := U B.(z;), with B:(z;) := {y € R, |y — x;| < e}. This implies

1<i<s

(CIANeB(X,))"

Gs(Xs) = CCexp (= CA)) D II Meiea-

|
n>s (n 8) 1<i<s

If Be(z;) C Aforall 1 <i<s, then |A] — |[AN°B.(X;)| = |B:(X5)|. We obtain

(5.1.5) 9s(Xs) = Pexp (= (|B(Xs)]) if B.(X;) CA.
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Besides, by (5.1.1),
9s(Xs) = gs(X5)
0o n—s nCm

oS s [ (L B s O X i) X

nsml

By Fubini, we get

00 n—s n! Cm
Z Z n — S ]lxneprJr"‘ (pn(Xn) dX(s+m+1,n) dX(s+1,s+m)
Am(Xg) R(nfsfm)d

n=s m=1

=2 Z m /A ) (/R( . ﬂxneDWn(Xn)deﬂyn)) AX (s41,0)
n=sm ° k—s s "

oo

o0
1 n( X)) dX n | dX s
k;ﬂ _S , Z n— /Ak X (/R(nk)d X,eDEP ( ) (k+1, )) (s+1,k)

1 -
- Z ﬁ/ G (Xk)dX (s1,1) -

k::s+1( s)! Ap—s(Xs)
We have proved that

o0

1
5.1.6 (X)) =g(X0)+ S / 0k (X)AX (sr1 ) -
(5:16) k:zs;rl (k=) Ja,_.x) (b

We now show how identities (5.1.4)-(5.1.5)-(5.1.6) imply the bounds (5.1.2)-(5.1.3).

We first retain only the contribution of & = s 4+ m in the right-hand side of (5.1.6). Given ¢ > 0

and X, € R we choose A large enough so that B.(Y) C A for all Y € A,,(X,). This gives
1
Gz [ e (< B (X)) X st
m: Am( s
and now |Bo(Xsim)| < kqe?(s +m) implies (5.1.2).

We finally fix an integer K > 2 and choose s = 1 in (5.1.6). Given € > 0 and x; € R%, we choose A
large enough so that B.(Yx) C A for all Yx € Ag(z1). This gives

¢ Cexp (= C|Bu(z) Z/A e (B Xz,

and bounding the volumes of balls from above, we find

k

+1
¢(1 — exp( —Crage?) Z o exp (— Cra(k + 1)5d) / dX(2,k+1) -
Ak(ﬁ'}l)

It then suffices to let K — oo to find (5.1.3). This ends the proof of Lemma 5.1.1. O

5.2. Functional spaces

To show the convergence of the series defining mild solutions (4.5.2) to the BBGKY hierarchy, we need
to introduce some norms on the space of sequences (f(s))szl. Given € > 0, B > 0, an integer s > 1,
and a function g5 : Qs — R, we let

(5.2.1) |9sle.s.6 = sup (|gs(Zs)| exp (BE-(Z)))

s s
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where for € > 0, the function FE. is the s-particle Hamiltonian

(O 2 . X
(5.2.2) E.(Z,) = Z | 2' + Z O (x; —xp), with & (z) = (g) ,
1<i<s 1<i<k<s

and for € = 0, Ey is the free Hamiltonian:

(5.2.3) Eo(Z) = > -

Notation 5.2.1. — For e > 0 and 3 > 0, we denote X. s 3 the Banach space of continuous func-
tions Qs — R with finite | - |- 5,3 norm.

By Assumption 1.2.1, for e > 0 (and § > 0) there holds exp(8E-(Zs)) — oo as Z, approaches 9. This
implies for g5 € X, 5 5 the existence of an extension by continuity: gs € C°(R?%*; R) such that g; =0
on 082, and gs = ¢ on €.

For sequences of functions G = (gs)s>1, with g5 : Qs — R, we let for e >0, 5> 0, p € R,
1G i 1= 59D (194 ]e.0.5 exp(us) ) -
s>1

Notation 5.2.2. — For ¢ > 0, 8 > 0, and p € R, we denote X, g, the Banach space of se-
quences G = (gs)s>1, with gs € X s 5 and [|G||c 5, < oo

The following inclusions hold:
(5.2.4) if # <Band p <p,then X.,5 CXcsp, Xeguw CXepp-

Remark 5.2.3. — These norms are classical in statistical physics, where probability measures are
called “ensembles”.

At the canonical level, the ensemble e PP(Z:)dZ, is a normalization of the Lebesque measure,
where 3 ~ T~ (and T is the absolute temperature) specifies fluctuations of energy. The Boltzmann-
Gibbs principle states that the average value of any quantity in the canonical ensemble is its equilibrium
value at temperature T'.

The micro-canonical level consists in restrictions of the ensemble to energy surfaces.

At the grand-canonical level the number of particles may vary, with variations indexed by chemical
potential p € R.

5.3. Continuity estimates

We now establish bounds, in the above defined functional spaces, for the collision operators defined
in (4.4.4)-(4.4.6), and for the total collision operator Cy (4.5.3). In Cs s4m, the sum in i over [1, s]
will imply a loss in u, while the linear velocity factor will imply a loss in 3. The losses are materialized
in (5.3.2) by inequalities 3’ < 3, u’ < p.

Proposition 5.3.1. — Given 8 > 0 and p € R, form > 1 and 1 < s < N — m, the collision
operators Cs sim satisfy the bounds, for all Gy = (9s)1<s<n € Xe g,

(5.3.1) |C575+mgs+m(zs)| < 5mflcd6mnd(27r//8)md/2 (5ﬂ7d/2 + Z ‘U”)ef’BEE(ZS)

1<i<s

gs+m|s,s+m,ﬂ 5
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for some Cq > 0 depending only on d.

Ife < et="a(3/21)%2, then for all0 < 3' < 3 and ' < p, the total collision operator Cy satisfies the
bound

1 1
(5.3.2) ICNG e < Call+574/2)(

G5t ) IOl

for some Cq > 0 depending only on d.

Considering the case m > 1 in (5.3.1), for which the upper bound is O(e), we see that higher-order
interactions are negligible in the Boltzmann-Grad limit.
Estimate (5.3.2), a continuity estimate with loss for the total collision operator Cy, is not directly

used in the following. In the existence proof (Chapter 6), we use instead the pointwise bound (5.3.1).

Proof. — We first consider the case m > 2. From the definition of GE;”S;% in (4.4.6), we obtain

| (m—1)

G(i s+1)(gs+m)(zs+1)‘ < ‘gs+m s7s+m,ﬂ/ exp ( — BEE(Zerm))dZ(SJrQ’SJFm) ,
| Ap_1(zayr)xRAm=1)

where the norm | - | 5 g is defined in (5.2.1), and the Hamiltonian E. is defined in (5.2.2). For the
collision operator defined in (4.4.4), this implies the bound

(5.3.3) |Cs,s+m8s+m(Zs)| < MCY_g|gstmle,s+m,p X Z Lim(Vs) X Jim(X5s)
1<i<s
where I; ,, is the velocity integral

s+m

L (Vs) i= /Rd (lvsg1] + |vil) exp ( -5 > |Uj|2)dV(s+1,s+m),

j=1
and J; ,, is the spatial integral
Jim(Xs) = / exp ( -0 Z O (z; — mk)>do(1:s+1)dX(s+27s+m) .
Sa(mi)XAm71($S+1) 1§j<k§s+m
The velocity integral is a product of Gaussian integrals and can be exactly computed:
m— ﬂ
(5:34)  Lm(V) = @n/8)" 02 (@r/8) 2] + 2/8) ) exp (= 5 D2 lul?).
1<j<s

For the spatial integral, there holds
Jim(X,) < exp ( -5 Y (e xk)> 152 ()] x Sup/ dX(1 o1y

1<j<k<s Am—1()
< exp ( -p Z O (z; — :z:k)> X kaed™! x ((m —1)lglm=bd exp(mﬁd)) ,
1<j<k<s

where in the last bound we used identity (5.1.2) from Lemma 5.1.1 with s = 1 and ¢ = ¢~%. This
implies

(Costmsm(Zs)| < Cas™ (N = 5)e?=1) "emma(2m/ By (3572 4+ 3 fui])
1<i<s
% ¢—BB:(Z.)

Js+m |6,s+myﬁ .

In the Boltzmann-Grad scaling Ne?~! = 1, this gives (5.3.1). Above and in the following, Cy denotes
a positive constant which depends only on d, and which may change from line to line.
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In the case m = 1, by definition of G(°) in (4.4.5), there holds

IG2?7)5+1>(95+1)(Z(9+1)} < exp (= BE(Zs11))|gs41le,s41.5 5

and this implies

Corsr1041(Z0)] < (N = $)lgssilessnsexp (= (8/2) 3 @elwy—an)) x D2 LiaVa) x mas™,

1<j<k<s 1<i<s

from which (5.3.1) is deduced as above.

We turn to the proof of (5.3.2). From the pointwise inequality
S fulexp (= (1/2) 3 o) <53 en) 2 a0,
1<i<s 1<i<s
we deduce for the above velocity integral I; ,, (Vs) the bound, for 0 < 5’ < 3,
S e ((8/2) 30 1l ln(Va) < Cal2m/B) 2 (55792 + 51/2(5 — 5)712).
1<i<s 1<j<s

From the above bound in J; ,,,(X;), we deduce immediately, for 0 < 8’ < S,

/ L ) < _ 1)lembagmd=1
Jnax exp (ﬁ Z O, (z; xk))Jz,m(XS) < Ka(m — 1)le™ e
== 1<j<k<s

With (5.3.3), these bounds yield, in the Boltzmann-Grad scaling,
I EIIENC, o (Zs)] < €™ Ca(2m/B) e aet’ (sp 2 4 512 (5 — 5)7H?)

X ‘gs-‘rm

e,s+m,0 -

Summing over m, we finally obtain, for Cp defined in (4.5.3),

HCNGNHE,[;/,/L/ S Cd||GN||s7ﬂ7/1, 1<Su£)N ((sﬂ*d/Z +51/2(5 7/81)71/2)6*(:“7;1/)5)

« Z e—m(u—nd)gm—1(2,ﬂ/5)md/2 )

1<m<N-s

If ¢ is small enough so that ee®¢~#(2r/5)%? < 1, then the above series is convergent, and

Ka—H(9 d/2
Z emmu=ra) gm=1 (o5 /gymd/2 < 1 = Msuﬁgﬂ) a2
1<m<N-—s —ee (2m/B)

Finally,

sup (55742 45128 = )00 ) < e 5 (- )+ (B 50
1<s<N

and this yields (5.3.2). Proposition 5.3.1 is proved.

d

1

O

Remark 5.3.1. — We do not use the extra decay provided by the contribution of the potential in
the exponential of the Hamiltonian. This is quite obvious in the bound for J; n(Xs) in the proof
of Proposition 5.3.1, where we bound e P Xisi<ksstm P(@i=k) py o =Fagicrss ®e(@i=26)  Then we
might be tempted to replace E. by the free Hamiltonian Eqy in the definition of the functional spaces.
The kinetic energy, however, is not a conserved quantity, so that in Xo s 3 spaces the conservation of

energy (6.1.5) does not hold.
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5.4. Continuity estimate for the limiting collision operator

Similarly to Chapter 2, we can define a limiting collision operator (see in particular (3.3.5) introduced
in Chapter 3):
(5.4.1)

0 s+1
Cs,s-i—lf ) E /d . . u (veg1— U1)>0V (Us+1 —Uz)
S xR

1
X (f(s+ )(taxlavhﬂ'uxiuv;kw"a$87v87xi7vz+1) _f(s+ )(Zsaxiavs+l))dl/dvs+17

where v} and v}, are obtained from v;, v,41 and v by the inverse scattering operator o b introduced
in Chapter 3. The continuity estimate is as follows:

Proposition 5.4.1. — Given 8 > 0, u € R, the collision operator Cgsﬂ satisfies the following bound,
for all gs41 € Xo s41,5:
(5:4.2) €0 a9s41(Z0)| < CaB™ (B2 + 37 Juil e PEo 0 g, o116,

1<i<s

for some Cq > 0 depending only on d.

Proof. — There holds

C2 o 195+1(Z Z /d R (Jvss1] + [vi]) (|gs41(0F, 024 D)) + |gs1 (s, veq1)]) dvdvgyq,
xR

1<i<s

omitting most of the arguments of g1 in the integrand. By definition of || 5,3 norms and conservation
of energy (3.1.4), there holds

)| < ( —BEo(Z} )—I-G_BEO (Zs) )
— 9¢—BE0(Z)

|g5+1(v;3 U:+1)| + ‘gs+1(Ui, Vs+1 |g +1|0 I

l0,5+1,55

where Z7 is identical to Z, except for v; and v,11 changed to vj and v}, ;. This gives
CY o119541(Z5)| < Calgssalostrpe —PEo(Zs) Z I 1 (Vs),
1<i<s

borrowing notation from the proof of Proposition 5.3.1, and we conclude with (5.3.4). O






CHAPTER 6

LOCAL-IN-TIME WELL-POSEDNESS FOR THE BBGKY AND
BOLTZMANN HIERARCHIES

We state and prove an existence and uniqueness result for mild solutions to the BBGKY hierarchy,
defined in (4.5.4), which we reproduce here:

t
(6.0.1) Fy(t) = H(t)Fy (0) +/ H(t — 7)CyEx(r)dr,  Fy=(f{)i<s<n
0
as well as for the limit Boltzmann hierarchy
t
(6.0.2) F(t) = S(t)F(0) +/ S(t — 7)COF(7) dr, F=(f®)<,,
0

where the limiting collision operator C° as well as the free-particle flow S(t) are defined in (4.5.5).

6.1. Functional spaces and statement of the result

Existence and uniqueness for (6.0.1) will take place in spaces of X g ,-valued functions of time (see
Notation 5.2.2 page 34), where the indices § and p themselves depend on time: in the sequel we
choose for simplicity a linear dependence in time, though other, decreasing functions of time could be
chosen just as well. Such a time dependence on the parameters of the function spaces is a situation
which occurs whenever continuity estimates involve a loss, which is the case here since the continuity
estimates on the collision operators lead to a deterioration in the parameters 8 and u. We refer to
Section 6.3 for some comments.

Definition 6.1.1. — Given T > 0, a positive function 3 and a real valued function p defined on [0, T
we denote X. g, the space of functions G : t € [0,T] — G(t) = (gs(t))1<s € X g(t),u(t)» such that for
all Z, € R** the map t € [0,T] — gs(t, Zs) is measurable, and

(6.1.3) G, == sup [|G(t)
0<t<T

le,8(),u(t) < 00

We define similarly
1G o, := sup [IG(B)llo.st).pct) -
0<t<T

The existence result for the BBGKY hierarchy we shall prove is the following.
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Theorem 2 (Uniform existence for the BBGKY hiearchy). — Let 5y > 0 and pyo € R be
given. There are T > 0 and A > 0 such that B := o — AT > 0, as well as g > 0 and C' > 0, such
that for all 0 < & < &g, defining p := po — \T, any family of initial marginals Fx (0) = (A(S) (O))SeN*
in Xe,gy,uo gives rise to a unique solution Fn(t) = (A}\?)(t)>]_§3SN in Xc g, to the BBGKY hierar-
chy (6.0.1) in the Boltzmann-Grad scaling Ne@—' = 1. It satisfies the following bound:

I1EN e < CHEN(O)le. 50,110 -

This is a uniform existence result, in the sense that the existence time T does not depend on the
number of particles IV, which of course is crucial in the perspective of the limit N — oo. Note that
actually the only assumption made is on bounds on the initial family of marginals.

For fixed € > 0, the uniqueness statement in Theorem 2 allows to define a maximal existence time T} (¢).

However we expect sup T (g) to be attained at ¢ = 0, which precludes the definition of a maximal
e>0
existence time for the e-dependent family of hierarchies. We can however give a uniform bound from

below for an existence time in Theorem 2: the following result is a corollary of the proof of Theorem 2,
its proof is provided at the end of Section 6.2.

Corollary 6.1.2. — Given By > 0, po € R, for some constant Cyq > 0, given

(6.1.4) T := Cae (1 +285%)"" max Be (5, — B)?
B€[0,80]

then for all 0 < & < &g, the solution to the BBGKY hierarchy with data Fy(0) = (f}\f) (0))S€N*

belonging to X¢ gy ., s defined on [0,T].

Remark 6.1.3. — For d < 3y, there holds ﬁn{lguﬁ( ]ﬁefﬁ(ﬁo - B)4 = ﬂg(l + 0(1))7 hence an existence
€10,60

time of the order of 6“063/2.

A similar existence result as Theorem 2 can be obtained for the Boltzmann hiearchy.

Theorem 3 (Existence for the Boltzmann hiearchy). — Let 8y > 0 and ug € R be given. Then
with the same notation as Theorem 2, any family of initial marginals F(0) = (f(s)(O))Ks € Xo,80, 10
gives rise to a unique solution F(t) = (f)(t))1<s in Xo,g,, to the Boltzmann hierarchy (6.0.2). It

satisfies the following bound:
IIE]

0,8,1 < CHF(O)HOﬁoMo :

The proof of Theorems 2 and 3 is typical of analytical-type results, such as the classical Cauchy-
Kowalevskaya theorem. We follow here Ukai’s approach [40], which turns out to be remarkably short
and self-contained; the different approach of Nirenberg [32] and Nishida [33] would allow for direct
use of the loss estimate (5.3.2). Let us give the main steps of the proof: we start by noting that the
conservation of energy for the s-particle flow is reflected in identities

|Hs (t)gsle,s,8 = [gsle,s,6 and  [[HE)GNepu = 1GNlle,pus
Ss(t)90,510,5,8 = |9slo,s,5 and [[S(t)Gollo,8,. = [[Gollo,a.u »

for all 5 >0, u € R, gs € Xes8, go.s € Xo,s,8, GN = (9s)1<s<v € Xe g, Go = (90.5)1<s € Xo,gus
and all ¢ > 0. Next assume that there is a constant ¢ < 1 such that for g small enough (depending
on ¢, By, o, A and T') there holds the bound

(6.1.5)

(6.1.6) V0<e<eg, H‘ /tH(t —t")CnGpy(t) dt’
0

<c|lGn|
e.B,p

e,B,p
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This estimate is the object of Lemma 6.2.2 below. Under (6.1.6), the linear operator

t
£: GneXegu— (t — Gn(t) —/ H(t —t’)CNGN(t’)dt’> € X6,
0

is is linear continuous from X. g, to itself with norm strictly smaller than one. In particular, it
is invertible in the Banach algebra £(X. g ). Next given Fy(0) € X. 3,40, by conservation of en-
ergy (6.1.5), inclusions (5.2.4) and decay of ¢ — [y — At and ¢ — po — At, there holds

(t — H(t)ﬁN(O)) S Xa,ﬁ,y, .

Hence, there exists a unique solution Fy € X. 8,u to LFy = H()fN (0), an equation which is equiva-
lent to (6.0.1).

The reasoning is identical for Theorem 3, replacing (6.1.6) by

(6.1.7) I /t S(t — #)COG(H') dt 0
0

The next section is devoted to the proof of (6.1.6) and (6.1.7).

<c||G]
0.8,n

6.2. Continuity estimates

As explained in the previous paragraph, we need to prove (6.1.6), and its counterpart (6.1.7) for the
Boltzmann operators. Let us first prove a continuity estimate based on Proposition 5.3.1.

Lemma 6.2.1. — Under the assumptions of Theorem 2, there holds the bound, for 0 <t < T,

t
(6.2.8) g*(Ho=At) / H,(t —t")Cs 419541 (t") dt! < e(Bo, o, M DG lepp
0

€,5,80—At

for all Gn = (gs4+1)1<s<n € Xc g, with ¢(Bo, po, A\, T') computed explicitly in (6.2.14) below.

Proof. — Let us define
(6.2.9) Bo(t) :=Bo— Mt and  puj(t) := po — At,

so that B8 = 3(T) and p = p(T). By conservation of energy (6.1.5), there holds the bound

t
< sup / B (DE-(Z.)
€,5,00(t)  z,eR2ds Jo

t
‘/ H(t —t)Cs 6119511 (') dt! Co,st19s1(t', Zs)| dt’ .
0

Estimate (5.3.1) from Proposition 5.3.1 gives

P01V Ee(Z5)

Cs7s+lgs+1(t/a Zs)‘
< Cae™ /B () 1901 (e sr gy (S EN) ™24 D ] )X 020,
1<i<s

By definition of norms || - ||¢,3,, and || - [|,8,,. We have

—(s Y
19511 (e 51,8200y < €T ENGN )2 520y 00y

6.2.10
( ) < e—(s+1)u8(t'

NG lzpe -
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The above bounds yield, since ﬂ()\ and u()\ are nonincreasing,

t
i) / H(t — t')Coar1gs1 () dF
0

(6.2.11) =P

< NG llepuCacs RN sy [ Tt1,2)
ZeR?db

where, for ¢/ < t,

(6.2.12) C(t't,Z,) = ( BEN 2+ 3 |u ) At —t)(s+E-(Z.))
1<i<s
Since
t
= Ca 1
6.2.13 sup /Ct’,t,Z, dt’ < 1+
( ) Z.eR2ds Jo ( ) ( (BT ))d/2>

there holds finally

A
510 (1)

(ﬂOa:u‘Oa A T)|||GN|

t
/ H(t — #')Cans1gos (1) df’
0

e,8,08(t) SP
where, with a possible change of the constant Cy,
A 1 1
(6.2.14) &(Bo, p1os A, T) := Cage 0@~ ( )
A(Bp (T)) /2 (B (T))27?
The result follows. U
In the next lemma, the definition (6.2.14) of ¢ provides directly (6.1.6).
Lemma 6.2.2. — Under the assumptions of Theorem 2, and for g9 small enough (depending

on Bo, po, A and T') there holds the bound, for 0 <t < T,

t
(6.2.15) V0<e<eg, H/ H(t —t')CnGn(t) 2¢(Bo, o A, TG e »
0

€,80—At,po— /\t
for all Gy = (9s)1<s<n € X¢ 8., where € is defined in (6.2.14).

Proof. — We follow closely the proof of Lemma 6.2.1. The difference is that here we take into account
higher-order collision operators Cs sy, with m > 2.

Using notation (6.2.9), Estimate (5.3.1) from Proposition 5.3.1 gives
P () Ee

s,s+mYs+m (t,7 Z9)|
< a2 B ) o (8o o) (SN T2 D ol ) A OEE),

1<i<s

Using also (6.2.10) with s + 1 replaced by s + m, we get

H/OtH(t—t’)CNGN(t’) dt’

&85 (), ()

<NGMllepu( D Cm) sup /Cttz

1<m<N-s Z ER2

where C,, 1= Cye™~1em(Fa=u5(D) (273X (T))™4/2, and C is defined in (6.2.12) and satisfies (6.2.13).
Under the assumption that

(6.2.17) eoe™ 1 (D) (21 /BN (T)) Y2 < 1/2,

(6.2.16)
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we find
(6.2.18) S G < 2CaeT R D(BY(T)) 2.
1<m<N-s

The upper bounds in (6.2.13) and (6.2.18) are independent of s, and their product is equal
to 2¢(fo, o, A, T'). Taking the supremum in s in (6.2.16) then yields (6.2.15). O

The proof of the corresponding result (6.1.7) for the Boltzmann hiearchy is identical to the first part
of the proof of Proposition 8.1.1, since the estimates for CJ ., and Cs ;1 are essentially identical
(compare estimate (5.3.1) from Proposition 5.3.1 with estimate (5.4.2) from Proposition 5.4.1).

Proof of Corollary 6.1.2. — Given T, we are looking for A > 0 and ¢ > 0 such that (6.2.17) holds
and, say
A

(6.2.19) Ca(2+ (Bo — NT)~U2)e 1ot (5y — AT)~4/2 = a2
Indeed, if such a X exists, we can then define eg = (1/3)e™"at#0= AT (270 /(5y — AT'))~%2, and (6.2.17)
holds. With 5 = AT € (0, 8y), condition (6.2.19) becomes

(Bo — B)*
1+2(8 — B)4/?
> Cact (1 +26y") 7 Be ™" (6o — 5"

and (6.1.4) follows. O

T = CyetoBe?

In particular, given an existence time 7' for the BBGKY hierarchy, in the sense of Theorem 2, then T’
is an existence time for the Boltzmann hierarchy (6.0.2).

6.3. Some remarks on the strategy of proof

The key in the proof of (6.1.6) is not to apply Minkowski’s integral inequality, which would indeed
lead here to

t t
H(t — t\CnGn(t)dt < CnyGnN(t
H/o (t = )CnGn(t) aﬁm,ua(w‘/o IOn G ()

by (6.1.5), and then to a divergent integral of the type
t t
1 1
H(t — t)CnGn(t) dt’ < C(B(T), uy(T) / ( + )dt’.
H /0 €53 (1,113 (1) (5% o) o \RE) =B mp(t) — ud(t)
The difference is that by Minkowski the upper bound appears as the time integral of a supremum in s,
while in the proof of Lemma 6.2.2, and hence of (6.1.6), the upper bound is a supremum in s of a time

.83 (), ()

integral.

As pointed out in Section 6.1, other proofs of Theorems 2 and 3 can be devised, using tools inspired by
the proof of the Cauchy-Kowalevskaya theorem: we recall for instance the approaches of [32] and [33],
as well as [31] and [27].






CHAPTER 7

ADMISSIBLE INITIAL DATA AND MAIN RESULT

We state here our main result, describing convergence of mild solutions to the BBGKY hierarchy (6.0.1)
to mild solutions of the Boltzmann hierarchy (6.0.2). This result implies in particular Theorem 1 stated
in the Introduction. Existence and uniqueness results for both hierarchies were previously given in
Chapter 5, as Theorem 2 page 40 and Theorem 3 page 40.

The first part of this chapter is devoted to a precise description of Boltzmann initial data which are
admissible, i.e., which give rise to solutions for which the convergence result holds. This involves
discussing the notion of “quasi-independence” mentioned in the Introduction, via a conditioning of the
initial data. Then we state Theorem 4 and sketch the main steps of its proof.

7.1. Quasi-independence

In this paragraph we discuss the notion of “quasi-independent” initial data. We first define admissible
Boltzmann initial data, meaning data which can be attained from BBGKY initial data (meaning
bounded families of truncated marginals) by a limiting procedure, and then show how to “condition”
the initial BBGKY initial data so as to converge towards admissible Boltzmann initial data. Finally
we characterize admissible Boltzmann initial data.

7.1.1. Admissible Boltzmann data. — Let us define admissible Boltzmann initial data.

Definition 7.1.1 (Admissible Boltzmann data). — Admissible Boltzmann data are defined as
families Fy = (f(gs))szl, with each f(gs) nonnegative, integrable and continuous over g, such that

(7.1.1) N IS 2, 201) dzess = 135724,

and which are limits of BBGKY initial data ﬁo,N = (fé:sj)v)lésggv € X¢ 8y,u0 0 the following sense: it
18 assumed that

(7.1.2) ]svu>pl ||ﬁ0,N||E’507#0 < oo, forsomefy>0,pu €R, as Ned= 1 =1,

(7.1.3) and  f3(Zs) :/W )nDJsV(XN)fgf]VV)(ZN)dZ(SH,N), 1<s<N,
R —s
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and that the following convergence holds:

(7.1.4) :fgf}v — és) . for each s, as N — oo with Ne=1 = 1, locally uniformly in Q, .

In this section we shall prove the following result.

Proposition 7.1.1. — The set of admissible Boltzmann data, in the sense of Definition 7.1.1, is the
set of families of marginals Fy as in (7.1.1) satisfying a uniform bound || Fo|lo,gy,u, < 00-

7.1.2. Conditioning. — We first consider “chaotic” configurations, corresponding to tensorized
initial measures, or initial densities which are products of one-particle distributions:
(7.1.5) (2= ][ foz:), 1<s<N,

1<i<s

where fy is nonnegative, normalized, and belongs to some X 1,3, space (see Definition 5.2.1 page 34):

(7.1.6) fo>0, fo(z)dz=1, fo€ Xo1,3, forsomefy>0.
R24d

An important observation is that for (f*)1<s<n defined by (7.1.5), with fo satisfying (7.1.6), there
holds in general sup ||(f$*)1<s<nlle.5.,, = +00, for all 3 > 0, u € R. Indeed, the correction in the
N>1

Hamiltonian due to the potential ®. produces errors of size O(1) in s-particle configuration subdomains
such that |z; — z;| < e. These subdomains are not asymptotically small, even in the thermodynamical
limit Ned=! = 1.

This calls for cancelling out the contribution of the potential, by consideration of

(7.1.7) eN(Zy) = exp(fﬂo 3 q»s(xrxj)) I[ folz). Znen.
1<i<j<N 1<i<N

With this definition, there holds the identity

N
(7.1.8) |f0,N e, N,Bo ‘f0|é\,IN~ﬂo’
where the norms | - |- ng, and | - |on,3, are defined page 33. Indeed, using the notation for the
Hamiltonian introduced in Section 5.2 page 33, there holds

N e = sup ePFONem BB T ) = sup ] 2 fo(z)],
’ Z,cR2ds 1<s<N Z N ER24N 1<i<N

and the last term in the right-hand side above is equal to | fo‘é\{ NGy
The property of normalization is then preserved by introduction of the partition function
(7.1.9) Zy = / GCN(Zn)dZy, 1<s<N,
R24N

and the definition of conditioned datum built on fy as Z&l fg?f\\,[ . This operation is called conditioning
on energy surfaces, and is a classical tool in statistical mechanics (see [18, 29, 30] for instance).
The partition function defined in (7.1.9) satisfies the next result, which will be useful in the following.
Lemma 7.1.2. — Given fq satisfying (7.1.6), there holds for 1 < s < N the bound

1< Zy' 2y < (1- 5“d|fO|L°°L1)_Sv

in the scaling Ne9=' = 1, where | fo|pr1 denotes the L=(RZ, LY(RY)) norm of fo, and rq denotes
the volume of the unit ball in R,
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Proof. — From the trivial lower bound

exp (_50@€(xi - w])) > ]l\zi—zj\>s ,

we deduce the lower bound
Zeaz [ oo (- E0) (H Wmsntoe ) 5 (o) A1)
R2d(s+1)

with F.(X,,0) = Z ®.(z; —x;), in accordance with the definition of the Hamiltonian (5.2.2). By
1<i<j<s
Fubini, we have

/de(s+1> P ( ~ PoBe(Xs, O>) ( H ﬂ|1i*¢s+l‘>5)f(;@(SJrl)(Zerl) dZ(LSJrl)

1<i<s
:/des /de< H ]1|:z:i7x5+1|>5>fO(Zs-i-l)dzs-i-l f(%]s\](zs)dz(l,s)
1<i<s

Since

/M ( II 11|xﬁxs+1|>e)fo(Zs+1)dZs+1 > | folpr — kase?|folprr
R

1<i<s

we deduce from the above, by nonnegativity of f(?fv, the lower bound

Zoi1 = Z5(folpr — Kase?| folperr)

implying by induction

N-1
ZN 2> 2N H (1 — jekalfolpoerr) = Zn—s (1 — ekl folporr)”
j=N-—s
where we used s < N and the scaling Ne?~! = 1. That proves the lemma. O
7.1.3. Characterization of admissible Boltzmann initial data. — The aim of this paragaph

is to prove Proposition 7.1.1.

Let us start by proving the following statement, which provides examples of admissible Boltzmann
initial data, in terms of tensor products.

Proposition 7.1.2. — Given [y satisfying (7.1.6), define fg?]]\,v as in (7.1.7), and let féNN) be a con-
ditioned datum built on fy :

N
(7.1.10) = ZR N

Then, families (%s}v)l<s<1\; of truncated marginals of féNN), as defined in (7.1.3), satisfy (7.1.2) for
any o such that e“°|fo|0 5, < 1. Moreover the data Fy = (f%)s>1 is admissible Boltzmann initial
data associated with FO N = (féfN)1<é<N

Proof. — In a first step, we prove that untruncated marginals Fy n = ( ész)v)s <N satisfy uniform

bounds. In a second step, we prove that untruncated marginals converge uniformly in 2, towards f(;@f\,
We finally prove that truncated marginals converge as well.
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First step. The trivial bound
exp (= fo Z D (w; — ) <1
1<s,5+1<j
yields, using notation (7.1.7),

iz < 25\ 532 |
R2d(N—s)

exp ( — bo Z Q. (x; — »Tg)) H fo(2i) dZ (541, Ny -

s+1<i<j<N s+1<i<N

By symmetry,

(7.1.11) /RMN?S) exp ( — B Z O (x; — w])) H fo(2i) dZ(s41,8) = ZN—s

s+1<i<j<N sHI<i<N

and this gives
Pk < N BN SN
<(1- &?fid\fo|LooL1)_S (f?fv,

the second inequality by Lemma 7.1.2.
By 2z +In(1 — ) > 0 for x € [0,1/2], there holds
(7.1.12) (1 — eralfolpeopr) ™8 < e2seralfolioonr —if 2epy| fol poopr < 1,
so that for N larger than some Ny (equivalently, for £ small enough),

S
esﬂo‘féf])\[ e < eS(MO+26Hd|fO‘LOOL1){f(%]s\r’s760 _ (6H0+2£nd\fo|LooL1 |f0|0,ﬁo> ,

the equality by (7.1.8). Given pg such that e*°|fylo g, < 1, for N larger than some N7, which we may
assume to be larger than Ny, there holds etot+2efalfol oo 1 | folo.s, < 1. The above then implies

S
sup ||F0’N||€,,30,H0 < sup sup (euo—‘r%milfo‘LDOL1 ‘f0|0,ﬂ0) <00,
N>N; N>N; 1<s<N

which of course implies the uniform bound sup || Fo,n||<,80,u0 < 0©-
N>1

Second step. We compute for s < N :

=zt [ ew(c Y ammoe) - Y )

s+HI<i<j<N i<s<s+1<j

X H fo(zi) dZ(s1,ny

s+1<i<N
and deduce, by the symmetry property (7.1.11),
with the notation
st :/ (1—ex (— D xl—$>>
(s+1,N) R24(N—2) p igsgzs-:|-1gj Bo®e( i)
xexp (= Y Belwi—a)) I folz) dZpiam)
s+1<i<j<N s+1<i<N

so that Z(bs+1 N) is a function of X,.
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From there, the difference (‘)X’f\, — ésj)v decomposes as a sum:

(7.1.14) 188 = 18 = (1= 23" 2w S5 + 28" Bl SN

)

By Lemma 7.1.2, there holds 1 —ij,lZN_s — 0as N — oo, for fixed s. Since f&* is uniformly bounded
in Qg, this implies that the first term in the right-hand side of (7.1.14) tends to 0 as N — oo, uniformly

in Q. Besides, by 0 < 1 —exp ( - B Z O, (z; — xj)) < Z Lz, —a,|<e , we bound

i<s,s+1<j 1<i<s
s+1<j<N
b
S < X [ (X M)
1<i<s Y RPAIN=D N 1ieN

X exp ( - Z Bo®e (s — wg)) H fo(2i) dZ (541, Ny -

s+1<i<j<N s+1<i<N
Given 1 < < s, there holds by symmetry and Fubini,

/demis) ( Z ]1|a;i7zj|<e> exp ( - Z Bo®e (i — %)) H Jo(2i) dZ (541, )

s+1<j<N s+1<i<j<N s+1<i<N

S (N - S)/ ]1|x,3—xs+1|<€f0(zs+1)dzs+l
R2d

x /deuv—s—l) exp ( - > Bo®e(wi— %)) I fo(z)dZ(iam

s+2<i<j<N s+2<i<N
=(N—-s) /Rw gz )< fo(zsp1)dzsi1 X 2N g1,
so that
(7.1.15) 21w < 8(N = 8)e%kal fol porr Zn—so1 s

where | fo| 1 denotes the L>(RY, L' (R%)) norm of fo. By Lemma 7.1.2, we obtain

_ —(s+1
Z 2l < eskal folpoerr (1= eralfolpoerr) e

and the upper bound tends to 0 as N — oo, for fixed s. This implies convergence to 0, uniformly in Q,
of the second term in the right-hand side of (7.1.14).

We thus proved the uniform convergence féf}v — gf’f\, — 0 in Q. Since exp(BE:(Zs)) — 1 locally
uniformly in Qg (not uniformly in ), the convergence f(%sv — £¥% holds locally uniformly in €. We

conclude that fésl)v converges locally uniformly to tensor products f?s in Q.

Third step. The bound (7.1.2) is a direct consequence of the corresponding bound for Fy n, proved

in the first step, since 0 < fgsj)\, < fésj)v The fact that the truncated marginals converge is due to the

Lemma 7.1.3, stated and proved below.

By the normalization condition in (7.1.6), the tensor products are marginals:

f(?(s+1)(25738+1)dzs+1 = gbs(zs)/ fo(zs+1)dzs11 = f(?s(ZS)-
R2d R2d

This verifies (7.1.1), and concludes the proof. O
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Lemma 7.1.3. — Given Fyn = (%i{;)ggw satisfying (7.1.2) and (7.1.3) from Definition 7.1.1,
with associated family Fo n = ( féf])\,)lgsg ~ of untruncated marginals:

(7116) f(g,sl)\/'(ZS) = /R,Qd(N* ) éf}l\/')(ZN)dZ(s+1,N) , 1<s<N, Zse Qs; fg’]y\f) = f(g’NN) )
there holds the convergence

féfj)\, — Néf])v — 0, for fived s > 1, as N — oo with Ne?~! = 1, uniformly in € .

Proof. — We apply identity (5.1.1) from Lemma 5.1.1 to féf}fv), and obtain after integration in the
velocity variables

N-—s
(7.1.17) P2 = 12y =Y ex / SN Z i) A2 1 s m) -
1 A (Xo)xRdm

Then, denoting Cy = sup ||Fo,ar,80,10, @ finite number by assumption, from
M>1

éf;m)(zwm) <exp (= po(s+m) — BoEe(Zsym))Co
< exp (— (s +m) = (Bo/2) Y [vf?)Co.
1<i<s

we deduce, first by integrating the velocity gaussians and then by using the cluster bound (5.1.2) in
Lemma 5.1.1 with ¢ = =%, the bound

/ féfJJ\;m)(ZHm)dZ(SH,Hm) < (QW/ﬁO)md/Qe_HU(Ser)CO/ dX(s+1,s+m)
A (X)X RA™ A (Xs)

< m!(27r/ﬂ0)md/2€mde(nd7#0)(s+m)CO )

If 2eera=H0 (27 /By)4/? < 1, then

N-—s

Z CR_ ml(2m ) o)/ 2emdelra—ro)(s+m) < Z (2eera—Ho (27r/ﬁo)d/2)m —0

m=1 m>1
as € — 0, implying féfl)\, - féél)v — 0 for fixed s, uniformly in €. O
Remark 7.1.4. — We can reproduce the above proof in the case of a time-dependent family of bounded

marginals, i.e., Fy € X. g.u, with sup |||Fn|lc,8,. < 00, with the notation of Definition 6.1.1. This
N>1

gives uniform convergence to zero, in time t € [0,T] and in space X € Qs, of the difference between
truncated and untruncated marginals: A}\}q) — ](\}9) — 0.

We now give the generalization of Proposition 7.1.2 that will be useful in the proof of Proposition 7.1.1.
Let P = P(€21) be the set of continuous densities of probability in €y :

(7.1.18) P={heC’(Qi;R), h>0, / h(z)dz =1} .
R2d

Let m be a probability measure on P, such that, for some By > 0 and some pg € R,
(7.1.19) suppm C{h € P, |hlog, <e H}.
Next we define

(7.1.20) 7 ::/ h®*dm(h) .
P
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In the case that m = dy,, then (7.1.20) reduces to the tensor product (7.1.5)-(7.1.6). We let

h%::exp(—ﬁo Z @e(xi—ffj)>h®s, 2<s<N, Wy=heP,

1<i<j<s

generalizing (7.1.7), and

(7.1.21) Zy = / WN(Zn)dZy, heEP,
R2dN

generalizing (7.1.9).

The following result is an obvious generalization of Lemma 7.1.2.

Lemma 7.1.5. — Given 7 satisfying (7.1.19) and h € suppm, the family of partition functions Z
defined in (7.1.21) satisfies for 1 < s < N the bound

1< 23 Zn o < (1—eCae o3y V)77,
where Cy depends only on d.
The next statement generalizes Proposition 7.1.2. Its proof is an immediate extension of the proof of
Proposition 7.1.2 thanks to the dominated convergence theorem, using the obvious bound h%‘q < e SHo,

Proposition 7.1.3. — Given 7 satisfying (7.1.19), let
(7.1.22) M ::/ Zy N dn(h).
P

Then, families (ng))lssgjv of truncated marginals of W](VN), as defined in (7.1.3), satisfy

€,B0, 14 <1

(7.1.23) sup [[(m))1<o<n|
N>1

for any uly < po, with By and pg from (7.1.19). The data (7(*))s>1, with 70 defined in (7.1.20), is
admissible Boltzmann initial data associated with that family.

By Proposition 7.1.2, tensor products (f5’*)s>1, with fo satisfying (7.1.6), are admissible Boltzmann
data. More generally, by Proposition 7.1.3, the convex hull of the set of tensor products, in the sense
of (7.1.19)-(7.1.20), is included in the set of admissible Boltzmann data. We finally show the converse:
all admissible Boltzmann data belong to the convex hull of tensor products.

We first remark that given a Boltzmann datum Fj, and an associated BBGKY datum Fj y, there
holds

(7.1.24) [1Eoll0,80.u0 < 00,
with By and po as in (7.1.2).

Indeed, let Co = sup || Fo,n||e,80,n0 < 00. Given s and Z, € ), for € small enough, ®.(x; —z;) = 0.
N>1

Besides, by (7.1.4) there holds the pointwise convergence f(gf])\,(Zs) — és)(ZS). Hence taking the
limit & — 0 in the left-hand side of the inequality es#o+00F=(Z)| £ (Z,)| < Co, we find (7.1.24).

The Hewitt-Savage theorem reveals the specific role played by tensor products: the set of families Fjy =
( fés))521 of marginals (7.1.1) satisfying the uniform bound (7.1.24) is the convex hull of tensorized
initial data, as described in the following statement.
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Proposition 7.1.4. — Given Fy = (fés))szl a family of marginals (7.1.1) satisfying the uniform
bound (7.1.24) with constants By > 0 and po € R, there exists a probability measure m over the set P
of continuous densities of probability over 0y, defined in (7.1.18), with

(7.1.25) supp T C {g €P,|glop, < e_”o} ,

such that the following representation holds:

(7.1.26) és):/ ¢®%dr(g),  s>1.
P

Proof. — Given a family F satisfying (7.1.1)-(7.1.24), the existence of 7 satisfying (7.1.26) is granted
by the Hewitt-Savage theorem [23]. The goal is then to prove the inclusion (7.1.25). Assume by
contradiction that, for some o > 0,
(7.1.27) T(Aa) = Ko >0, where 4, := {g € P(R*), |glo1,g, =€ " +a}.
We then have by (7.1.26)

802 [ g®anto)

@

hence by fés) < e || EFplo,80,100 We infer that ||Follo,8y,u0 = Ka(l + cet©)®, which cannot hold for
some « > 0 and all s, since 1 + aet® > 1. Hence (7.1.27) does not hold, which proves the result. O

Proof of Proposition 7.1.1. — We already observed in (7.1.24) that admissible Boltzmann data are
bounded families of marginals. Conversely, given a bounded family of marginals Fy, by Proposi-
tion 7.1.4 representation (7.1.26) holds. Then, by Proposition 7.1.3, Fp is an admissible Boltzmann
datum. This proves Proposition 7.1.1. O

Combining Propositions 7.1.1 and 7.1.4, we see that all admissible Boltzmann data are built on tensor
products, in the sense that given an admissible Boltzmann datum, representation (7.1.26) holds for
some 7 satisfying (7.1.25).

7.2. Main result: Convergence of the BBGKY hierarchy to the Boltzmann hierarchy

7.2.1. Statement of the result. —

Our main result is a weak convergence result, in the sense of convergence of observables, or averages
with respect to the momentum variables. Moreover, since the marginals are defined in {5, we must
also eliminate, in the convergence, the diagonals in physical space. Let us give a precise definition of
the convergence we shall be considering.

Definition 7.2.1 (Convergence). — Given a sequence (hi)1<s<n of functions h% € C°(Qs;R),
a sequence (h*)s>1 of functions h® € C°(Qg;R), we say that (hy;) converges on average and locally
uniformly outside the diagonals to (h®), and we denote

(hi)i<s<n — (h*)1<s,

when for any fized s, any test function ¢, € C°(R4;R), there holds
I, (hy — 1) (Xs) == / 0s(Vs) (hy — h®)(Zs)dVs — 0, as N — oo,
Rds

locally uniformly in {XS eR®, z; # xj fori# j} .
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With regard to spatial variables, this notion of convergence is similar to the convergence in the sense
of Chacon.

We remark that local uniform convergence in €25 implies convergence in the sense of Definition 7.2.1:

Lemma 7.2.2. — Given (f](\}s))lgsgN a bounded sequence in X. g, with the notation of Defini-
tion 6.1.1, if fj(\‘;) — £ for fized s, uniformly in t € [0,T] and locally uniformly in Qg, then
f](vs) = £ uniformly in t € [0,T).

Proof. — Let K4 be compact in {XS e R%, z; # x; for i # j} . There holds

Lo, (1) = (X9 < Nl o mey s (£ = 7O (X, V3] -

sESUpPP ¢s

The set K, X supp ¢ is compact in ;. Hence the above upper bound converges to 0 as N — oo,
uniformly in [0,7] x K. O

We can now state our main result:

Theorem 4 (Convergence). — Given a potential that satisfies Assumption 1.2.1 stated page 3,
giwen Fy admissible Boltzmann datum associated with a family (FO,N)Nzl of BBGKY data, denot-
mng ﬁN the unique mild solution to the BBGKY hierarchy (4.5.2) with initial datum ﬁo,z\n given by
Theorem 2, and F the unique mild solution to the Boltzmann hierarchy (6.0.2) with initial datum Fy,
given by Theorem 3, there holds the convergence

Fy = F,
uniformly on [0,T], for any common existence time T > 0.

In particular, if the initial data ﬁo,N is asymptotically tensorized, meaning that Fy = (fos))szl

with fés)(t,Zs) = Hfo(uzi) then the first marginal f](\,l) converges to the solution f of the Boltz-
i=1
mann equation (1.3.1) with initial data fo.

Solutions to the Boltzmann hierarchy issued from tensorized initial data are themselves tensorized. For
such data, the Boltzmann hierarchy then reduces to the nonlinear Boltzmann equation (1.3.1), and
Theorem 4 describes an asymptotic form of propagation of chaos, in the sense that an initial property
of independence is propagated in time, in the thermodynamical limit. This corresponds to Theorem 1
stated in the Introduction.

The results in this chapter imply the following Corollary to Theorem 4.

Corollary 7.2.8. — Let Fy be a family of marginals (7.1.1) satisfying the uniform bound (7.1.24),
and F be the solution to the Boltzmann hiearchy issued from Fy, as given in Theorem 3. There exists a
family of solutions Fy to the BBGKY hierarchy and Fy an associated family of untruncated marginals,
such that

Fy =5 F and Fy = F,

uniformly on [0,T], for any common existence time T.
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Proof. — By Proposition 7.1.1, the family Fj is an admissible Boltzmann datum. Denoting ﬁO, N
an associated BBGKY datum, let 7" > 0 be an existence time for the BBGKY hierarchy Fx with
datum ﬁO, ~, given by Theorem 2. By Theorem 4 the convergence I, (~](\; ) f (S)) — 0 holds uniformly
in [0, 7] and locally uniformly in €.

Then, by Lemma 7.1.3 and Remark 7.1.4, there holds f](\f) — NJ(\f) — 0, for fixed s, uniformly in [0, T] x Q.
By Lemma 7.2.2, this implies I, 3( [(VS) — f}\}q)) — 0, uniformly in [0, 7] and locally uniformly in ;.

We conclude that f](VS ) >, f©) uniformly in [0, T7. O

7.2.2. About the proof of Theorem 4: outline of chapters 8, 9 and 10. —

The formal derivation presented in Chapter 2 (in the case of hard spheres, but which could easily be

adapted to our case) fails because of a number of incorrect arguments:

— Since mild solutions to the BBGKY hierarchy are defined by the Duhamel formula (4.5.2) where the
solution itself occurs in the source term, we need some precise information on the convergence to
take limits directly in (4.5.2).

— The irreversibility inherent to the Boltzmann hierarchy appears in the limiting process as an arbitrary
choice of the time direction (encoded in the distinction between pre-collisional and post-collisional
particles), and more precisely as an arbitrary choice of the initial time, which is the only time for
which one has a complete information on the family of marginals Fp . This specificity of the initial
time does not appear clearly in (4.5.2).

— The heuristic argument which allows to neglect pathological trajectories requires to be quantified.
These are

— either trajectories for which the reduced dynamics with s-particles does not coincide with the
free transport (Hs # S;),
— or trajectories for which some of the (localized) interactions involve at least three particles (so
that the scattering described in Chapter 3 does not apply).
Indeed we have more or less to repeat the operation infinitely many times, since mild solutions are
defined by a loop process.

— Because of the conditioning by the energy E.(Zy), the initial data are not so smooth. The operations

such as infinitesimal translations on the arguments require therefore a careful treatment.

To overcome the two first difficulties, the idea is to start from the iterated Duhamel formula, which
allows to express any marginal fl(\f) (t,Zs) in terms of the initial data Fy ny. By successive integrations
in time, we have indeed the following representation of f 1(\‘;):

L t oty tn—1
A}\}q) (t) = Z Z/O /0 s /0 H, (t - tl)cs,s+m1Hs+m1 (tl - t2)cs+m1,s+m2 s

(7.2.1) n=0 M,
o Hgp, () ST (0) dty . dty

where by convention A}@(O) =0 for j > N, and the sum over M,, := (my,...,m,) is restricted to the
range 1 <m;y; < N — s —m; with mg := 0.

Using a dominated convergence argument, we shall first reduce (in Chapter 8) to the study of a
functional

— which involves only the superdiagonal part of the collision operator (i.e. terms of the type C; j+1),
— defined as a finite sum of terms (independent of N),

— where the energies of the particles are assumed to be bounded,



7.2. MAIN RESULT: CONVERGENCE OF THE BBGKY HIERARCHY TO THE BOLTZMANN HIERARCHY 55

— and where the collision times are supposed to be well separated (namely |t; —t;41]| > 9).
The reason for the two last assumptions is essentially technical, and will appear more clearly in the
next step.

The heart of the proof, in Chapter 9, is then to prove the term by term convergence, dealing with

pathological trajectories. Let us recall that each collision term is defined as an integral with respect

to positions and velocities. The main idea consists then in proving that we cannot build pathological

trajectories if we exclude at each step a small domain of integration. The explicit construction of this

“bad set” lies on

— a very simple geometrical lemma which ensures that two particles of size £ will not collide in the
future provided that their relative velocity does not belong to a small subset of R? (see Lemma 9.1.3),

— scattering estimates which tell us how these properties of the transport are modified when a particle
is deviated by a collision (see Lemma 9.1.4).

This construction, which is the technical part of the proof, will be detailed in Chapter 9. The conclusion

of the convergence proof is presented in Chapter 10.






CHAPTER 8

REDUCTIONS VIA DOMINATED CONVERGENCE

The goal of this chapter is to use dominated convergence arguments to reduce the proof of Theorem 4
to the term-by-term convergence of some functionals involving a finite (uniformly bounded) number of
marginals (Sections 8.1 and 8.2). In order to further simplify the convergence analysis, we shall modify
these functionals by eliminating some small domains of integration in phase space corresponding to
pathological dynamics, namely large energies in Section 8.3 and clusters of collision times in Section 8.4.

We consider therefore families of initial data: Boltzmann initial data Fy = ( fés))SeN such that

10 llo, 60,10 = P D (exD(BoE(Zs) + pro3) £y (Z)) < +00
se s

and for each N, BBGKY initial data ﬁN.O = (fl(\}g)())1<5<N such that

sup IEN 0l 80,10 = SUp SUp SUp (exp(BoBe(Zs) + pos) iy v(Zs)) < +00.

We then associate the respective unique mild solutions (constructed in Theorems 2 and 3 in Chapter 6)
of the hierarchies

t
FO) = 8,01 + / St — 7)C0 oy ™ (7) dr

and

(801) N(S)() fNO+Z/ H, t—T 56+’"Lf S+m)() dr.

In terms of the initial datum, they can be rewritten

t1 th—1
f( ) Z/ / / t_ t1 Cs s+lss+l(t1 - t2)cs+1 s+2 ¢

Sepn(tn) fET™(0) dty, ... dty
and

t1 n—1
J\;) Z Z / / / t - tl)cs 9+m1H9+m1 (t —1 )Cs+m1,s+mz cee

n=0miy,.
CH g, (b)) FST(0) dty .ty
The observables we are interested in therefore involve infinite sums

— because of multiple collisions in the BBGKY hierarchy, i.e. of collision terms Cs s, where m is not
uniformly bounded,
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— and because there may be infinitely many collision times (n is unbounded).

8.1. Reduction to first-order collision terms for the BBGKY hierarchy

We will first prove that the estimates obtained in Chapters 5 and 6 enable us to reduce the study of
the BBGKY hierarchy to the equation

(81.2)  gW(t,Z,) =H.(0)F$(0,2,) + /Ht—T )Cowr1gut(r, Z)dr, 1<s<N-1.

Estimate (5.3.1) in Proposition 5.3.1 shows indeed that higher-order collisions are negligible in the
Boltzmann-Grad limit. For the solution to the BBGKY hierarchy, this translates as follows.

Proposition 8.1.1. — Let By > 0 and pg be given. Then with the same notation as Theorem 2, in the
d=1 =1 any family of initial marginals Fy (0) = (A(S)(O))KKN € Xe 80,0

Boltzmann-Grad scaling Ne

gives rise to a unique solution GN € X;‘g; o of (8.1.2) and there holds the bound

IGnlixxr < ClEN(O)lle,0,m0 -
€.80,10

Besides, the solution Gn to the modified hierarchy (8.1.2) is asymptotically close to the solution Fy
to the BBGKY hierarchy (6.0.1):

(313) |G = Flr < eClENO)c o
for some C' > 0.

In particular, given an existence time 7' for the BBGKY hierarchy, in the sense of Theorem 2, then T'
is an existence time for the modified hierarchy (8.1.2), in the sense of Proposition 8.1.1.

Proof. — From Lemma 6.2.1, we deduce the existence and uniqueness result for (8.1.2), and the bound
for G, in the same way that Lemma 6.2.2 implies Theorem 2. Notice that an existence time for the
BBGKY hierarchy is an existence time for the modified hierarchy, since the bound (6.2.8) is better
than (6.1.6).

We turn to the proof of (8.1.3). There holds

Gy = Evllr |, < H/ (= )Con @ = TETW) e
X 1<s<N X0 e

+H/ (=t Y Css+m ) di’

2<m<N— lsssN Xi,‘gowo
With (6.2.8), this implies

(s4+m) ’
IGn — Fnllxar <COH/ (-t S om0 ))1SS§th o
2<m<N-— < 80 .m0

with ¢ := (1 — ¢&(Bo, po, A, T))fl7 which is indeed strictly positive by assumption. We conclude as in
the proof of Lemma 6.2.2. O

From now on we therefore shall concentrate on equation (8.1.2) instead of (8.0.1).
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8.2. Reduction to a finite number of collision times

By successive integrations in time of (8.1.2), we get a representation of ﬁj(\?) in terms of the initial

datum fiy ™, for all n such that s +n < N :

~(S) Z / / / s(t = t1)Cs s 1Hs 1 (81 — t2)Coi1,542 -

CHo o (8) FUT(0) dty . diy

(8.2.1)

where by convention f 1(\?)0 =0forj > N.

Similarly, for mild solutions to the Boltzmann hierarchy, we have

t1 tn—1
G Z / / / s(t = t1)Cs,s418s+1(t1 — £2)Cot1,542 -

(8.2.2) e
St fET0) dty . dty

Due to the uniform bounds derived in Chapter 6, the dominated convergence theorem implies that it
is enough to consider finite sums

S n) Z / / / s(t—1t1)Cs 511 Hoy1(t1 — £2)Cst1,542 - - -

CH k() FUTR(0) diy . diy

n t  pty tn—1
= Z/ / / Ss(t — t1)Cs 5418541 (t1 — t2)Cog1,542 - - -
0”0 JO 0

o Serk(te) TR 0) dty, . dty

(8.2.3)

and therefore to study the term-by-term convergence (for any fixed k), as expressed by the following
statement.

Proposition 8.2.1. — The following estimates

~(s _ ~(sn 2 [ s
0757 0] < (3) 1Fxllaue®,

0w - semw|<c(3) 1A

hold uniformly in Z,, N and t < T, in the Boltzmann-Grad scaling Ne¢~! = 1.

su(T)
Hoe

Proof. — Using the continuity estimate (6.1.6) together with the condition (6.2.19) on X, we get

(8.2.4) H /OtH(t —#)CnGn(t) dt’

We then deduce that

2
< lGwlxar

€,80,10

€,80—At,po—At

e5(Ho—At)

Z / / / s(t —t1)Cs o1 Hap1(t1 —t2)Coi1,642 - - -

(8.2.5) k=n+1

; 2\"
CH (8 FCTP(0) dty, ..dtlH <C <> [teies
Lo 3 €,80,10
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Combining this estimate together with the uniform bound on [|Gy|[x»r  leads to the first statement
£,80,10

in Proposition 8.2.1.

The second statement is established exactly in an analogous way, using estimate (5.4.2) together with
the uniform bound obtained in Theorem 3. O

From now on we therefore consider the approximate observables :

(82.6) I, n(t)(X,) ::/cps(vs)gxm(t,zs)dn, and 12, ()(X,) ::/@S(V;)f(s’")(t,Zs)dV;.

8.3. Energy truncation
Recall the definitions of the Hamiltonians given in (5.2.2) and (5.2.3):
E(Z)':Zw—i— 3> d)(x‘—x)with(b(x)':@(f) and  Ep(Zy):= Y '2b
e\&s) - 2 e\4Lg k £ . c) 0\%s) -

1<i<s 1<i<k<s 1<i<s

We introduce a parameter R > 0 and define

n t t1 th—1
51(\?,’13)(75) => / / / H,(t —t1)Cs s+ 1Hs1(t1 — 12)Co1,542 - -
/o Jo 0
Z(s+k)
"'H8+k(tk)ﬂ\Es(ZsH«)\SszN (0) dty ... dty,

n t t1 tn—1
o) () :Z/ / / So(t — t1)Cs.s41Se41(t1 — t2)Cor1,ep2 - - -
r—0”0 JO 0

Sk ()W (2. <r2 ST (0) dty . . iy

(8.3.1)

and the corresponding observables

€32) IO = [0 2V, and 15,00(X) = [ e Vs av..

Using the bounds derived in Chapters 5 and 6 we find easily that I, (t) — IF, (t) and I?,, (t) — I35 (1)
can be made arbitrarily small when R is large. More precisely the following result holds.

Proposition 8.3.1. — There are some nonnegative constants C,C’ depending only on (s,n,t) such
that

_ ' p2 ~
||Is>n(t7 J, M) - I;?n(t7 J, M)HL‘X’(RdS) < C"‘P"L“(Rds)e oR |||FN,0||

€,B80,10 »
and

_ ' p2
8,0 (£ J, M) = I35t T, M) || e (raey < Clipll oo (rasye™ ™ | Eolo,0.u0 -

Proof. — Let 5} < Bo be such that 3) — At > 0. The estimates in Chapter 6 show that

s+k
e (0)(X2) = 100 (X0)| < Calllaom ey supsup | 01, 2,20 T

e,s+k,B)—ct

. 2 =~
< Cll@s |l poo (rasy e P Fry (0) g

which proves the result, with C” ~ 3y — ct. The argument is identical for I?,, () — I} (t). O

s,n
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Remark 8.3.1. — It is useful to notice that the collision operators preserve the bound on high ener-
gies, in the sense that

Cost1llp (z,)<re = Up.(z)<r? Css41llp (2, 1) <R

0 — 0
Cost1lpz, n<r? = lpz,)<r2Cs s111E(2.1)<R? -

8.4. Time separation

We choose another small parameter § > 0 and further restrict the study to the case when ¢; — ;11 > 4.
That is, we define

To(t) = {Tn = (t, .. t) [t < ti1 with typ1 =0 and o = t},

Tns(t) := {Tn €T /ti—tip1 > 5} )
and
If;f(t)(Xs) = /QOS(VS)/ H,(t —t1)Cs,s11Hsy1(t1 — 12)Cor1 542
Tn,5(t)
s ~Cs+n—1,s+an+n (tn - tn-&-l)]l\Es(ZH"ﬂgR? fl(vs,g")dTnst ;
I3 (1)(X) = /@s(Vs) /7' " Sa(t —11)CY s 41Ssr1(tr — t2)Co41 o1
s

o€t ainSsin(tn — o) Uo7y < i 3T AT, AV

(8.4.1)

Again applying the continuity bounds for the transport and collision operators, the error on the
functions I%, (t) — IE2(t) and 192 (t) — I9.F4(t) can be estimated as follows.

Proposition 8.4.1. — There is a constant C' depending only on (s,n,t), such that

s ~
L5, (8) = I (t) || Lo (ratsy < OOl Lo (ras) 1F N0 lle. 80,120
and

I (t) = I82° (D) oo (metey < OOl 0l] oo (e

‘F0|”0,50,/to .

8.5. Reformulation in terms of pseudo-trajectories

In the integrand of the collision operators Cs 541 defined in (4.4.4), we now distinguish between pre-
and post-collisional configurations, as we decompose

_ ot -
CS;SJrl - Cs,s-i—l - Cs7s+1

where

S

(8.5.1) cisﬂf(sﬂ) — Z C:;TIJ?(S-H)

m=1
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the index m referring to the index of the interaction particle among the s “fixed” particles, with the
notation

(Com fet) (Ze) = (N - 3)52/ V- (sr1 — 0 )= fCTD (Zg, 2 + €1, 0511)
S¢~!xRa

x H Il|mj—ms+1\26 dvdvsyy,
1<j<s
j#m
the index + corresponding to post-collisional configurations and the index — to pre-collisional config-

urations, according to terminology set out in Chapter 3.

In the same way we have to decompose the Boltzmann collision operators (5.4.1) into

0,+ 0,—
Cs s+1 — Cs ,s+1 Cs,s—i—l ’

where the index + corresponding to post-collisional configurations and the index — to pre-collisional
configurations. By definition of the collision cross-section in Chapter 3, we have

(Cgs—iimf(é-i_l)) (Z:) = /sdfl R b(|vs+1 — Um‘vw)f(s+1)(ZSa Ty, Vs41) dwdvs 41
4=ty

B /Sdfl Rd(<US+1 — Up) - V)+f(s+1)<Z87 Z‘m,US+1) dvdvsy1  and
X
(CS j+Tf(s+1))(Zs) = /d 1 2(|U5+1 — U, W) fOY (21, Ty VF L Zey T Vi) dwdvsiq
ST xR
B /Sd—l Rd((v5+1 - Um) : V)+f(s+1) (Zla ce vx’n’mv:m ey Zsaxmvvj:-ﬁ-l) dVdUS+1 .

Performing the change of variables v — —v in the integral defining CS o +1 , we get similar formulas as
for the BBGKY collision operators.

The BBGKY and Boltzmann observables we are interested in (see the notation of Definition 7.2.1) can
therefore be decomposed as

I59(t, X,) ZZ(H]Z)IR‘stJM)( X,) and

(852) n=0J M i=1

I0F0(1, X,) ZZIQRM (t,J, M)(X,)

n=0 J,M

where the elementary functionals IR 20(t, J, M) are defined by
R0 = [V [ 0)C B (4~ )BT
n,5(t
CHe (8 — tn+1)ﬂ\EE(Zs+n)|§R2 ]?}\ign)dTndVS ,

1019 (¢, 7, M)(X,) = / os(V2) / St — £1)COITS, 1y (1) — t)CO2

Tny{s(t)

(8.5.3)

i Ss-‘rn(tn - tn+1)]1|E0(Z5+n)\§R2 f(gSJrn)dTnd‘/s )
with

J =01,y 0n) €{+,—}" and M := (mq,...,my) with m; € {1,...,s+i—1}.
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Each one of the previous functionals I (¢, J, M) and I35 (¢, J, M) defined in (8.4.1) can be viewed as
the observable associated with some dynamics, which of course is not the actual dynamics in physical
space since

— the total number of particles is not conserved;

— the distribution does even not remain nonnegative because of the sign of loss collision operators.
This explains the terminology of “pseudo-trajectories” we choose to describe the process.

In this formulation, the characteristics associated with the operators Hgy;(¢; —t;11) and Sq1;(t; —ti41)
are followed backwards in time between two consecutive times t;,1 and ¢;, and collision terms (associated
with Coyisqit1 and CJy, 4, ) are seen as source terms, in which, in the words of Lanford [31],
“additional particles” are “adjoined” to the marginal.

The main heuristic idea is that for the BBGKY hierarchy, in the time interval [t;y1,t;] between two
collisions Csyi—1,5+i and Csy; s1i+1, the particles should not interact in general so trajectories should
correspond to the free flow S;4;. On the other hand at a collision time ¢;, the two particles in interaction
may be subject to the scattering operator and thus their velocities are liable to change. This is depicted
in Figure 5.

,‘l_"‘_(é",) ds(tag)
wo(ta)| TR -
x(ty) . ;i(t,) ] miten)
I.S/ .v,,.,»—»—“‘
wi(ta) | i -
.Tl(fl)/‘:.:>-"‘>_>v‘>->‘-‘->--7
x; ] Tsta 1°+;Ef;,) o] Topa(tngr)
a5(ty)] | T2(tnt1)
( e i [
x5 l.) »_»__»___»_ 1
J;zul) e - .Lsﬁ(inﬂ)
Ty Tst1 Topa(ta) Zori(bn) Zap1(tnsr)
o \Tl(h) x1(t2)
T 71 (tn)
“““ S wf wy ()
to=1t ty ty [

FIGURE 5. Pseudo-trajectories

At this stage however, we still cannot study directly the convergence of I f;f(t, J, M) — 12;3}5 (t, J, M)
since the transport operators Hy do not coincide everywhere with the free transport operators Sy,
which means — in terms of pseudo-trajectories — that there are recollisions. Note that, because the
interaction potential is compactly supported, recollisions happen only for characteristics such that
there exist ¢,5 € [1, k] with ¢ # j, and 7 > 0 such that

|(z; — Tv5) — (x; — Tv;)| < €.
We shall thus prove that these recollisions arise only for a few pathological pseudo-trajectories, which

can be eliminated by additional truncations of the domains of integration. This is the goal of the next
chapter.






CHAPTER 9

ELIMINATION OF RECOLLISIONS

We have seen in the previous chapter that the convergence of observables (stated in Theorem 4 in
Chapter 7) reduces to the convergence to zero of the functional I — I2:F0 defined in (8.4.1),
corresponding to dynamics

— involving only a finite number s 4+ n of particles,

with bounded energies (at most R?),

— such that the n additional particles are adjoined through binary collisions,

— at times separated at least by §.

Let us denote, for any constant ¢ > 0, by Gi(c) the set of “good configurations” of k particles, separated
by at least ¢ through backwards transport: that is the set of (X, V3) € R x Bg such that the image
of (Xi, Vi) by the backward free transport satisfies the separation condition

Vr >0, Yi#j, |zi—z;—7(v;—v;)|>c,

in particular it is never collisional. We recall that B := {Vk e R¥* /|V;| < R} and in the following

; ._ pl
we write Bg := Bp.

Our goal in the present chapter is to slightly modify (in a uniform way) the functionals T f;f and 12;575
in order for the corresponding BBGKY pseudo-trajectories to be decomposed as a succession of free
transport and binary collisions, without any recollision. Paragraph 9.1 is devoted to the statement and
the proof of a geometrical proposition showing how to eliminate bad sets in phase space so that for any
particle outside such bad sets, adjoined to a good configuration, the resulting configuration is again a
good configuration. This is applied to the Boltzmann and BBGKY hierarchies in Paragraph 9.2.

9.1. Elimination of bad sets in phase space leading to recollisions

9.1.1. Statement of the result. — In this section we momentarily forget the BBGKY and Boltz-
mann hierarchies, and focus on the study of pseudo-trajectories. More precisely our aim is to show
that “good configurations” are stable by adjunction of a collisional particle provided that the deflection
angle and the velocity of the additional particle do not belong to a small pathological set. Furthermore
the set to be excluded can be chosen in a uniform way with respect to the initial positions of the
particles in a small neighborhood of any fixed “good configuration”.
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Notation 9.1.1. — In all the sequel, given two parameters n; and 1z, we shall say that
m <L nz if m < Cnp

for some large constant C' which does not depend on any parameter.

Proposition 9.1.1. — Let a,e9,m < 1 be such that

(9.1.1) a < ey Lnd.

Given Z, € Gi(eo), there is a subset By(Zy) of S’li_1 x Bgr of small measure

+7

(9.1.2) Bi(Zy)| < C(Rm*™ + C(R,@,n)<% 660)6“ ,

and such that good configurations close to Z;, are stable by adjunction of a collisional particle close
to Ty, and not belonging to Bi(Z},), in the following sense.

Consider (v,v) € (S9! x Br)\ Br(Z1) and let Zy, be a configuration of k particles such that Vi, = V),
and | X — X;| < a.

o Ifv-(v—1k) <0 then for all € > 0 sufficiently small,

{ Vi#je[l’k]a ‘(‘ri_T'Di)_(xj_T'l_}j”st

9.1.3 Y >0
( ) T Viel,k], |(zx+ev—r1v)—(2; —70;)| >c¢.

Moreover after the time §, the k + 1 particles are in a good configuration:

(9.1.4) (Xp — Vi, Vi, xp +ev — 6v,v) € Gry1(e0/2) .

o Ifv-(v—1g) >0 then define for j € [1,k — 1]
(z37,27) == 02 (2, (ks + ev,v))  and 25" = (w5 — 105, 05)

where o is the scattering operator as in Definition 3.2.1 and where t. denotes the scattering time
between z, and (xy + ev,v). Then for all € > 0 sufficiently small,

Vi#j €|l k], x5 —Tvit) — (25 — )| > e,
VY { #JjeLE, |( ) — (a5 il

Vie [l k], [(« —7v")— (25" — ij-*)\ >e.

(9.1.5)

Moreover after the time 0, the k + 1 particles are in a good configuration:

(9.1.6) (X,‘j* — (6 — )V VEr o — (6 — ts)vf*,vs*) € Gri1(c0/2).

The proof of the proposition may be found in Section 9.1.3. It relies on two elementary geometrical
lemmas, stated and proved in the next section. The first one describes the bad trajectories associated
to the (free) transport. The second one explains how they are modified by the scattering.

Remark 9.1.2. — For the sake of simplicity, we have assumed that the additional particle collides
with the particle k. Of course, a simple symmetry argument shows that an analogous statement holds
if the particle k + 1 is added close to any of the particles in Zy,.

The proof of Proposition 9.1.1 shows that if Zy = Z}, then the factor eo/2 in (9.1.4) and (9.1.6) may be
replaced by €g. The loss comes from the fact that the set to be excluded has to be chosen in a uniform
way with respect to the initial positions of the particles in a small neighborhood of Xj,.
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9.1.2. Two geometrical lemmas. — In this section we state and prove two geometrical lemmas
which though elementary, are the key to the proof of Proposition 9.1.1. Here and in the sequel, we
denote by K(y,p) the cylinder of axis y € R? and radius p > 0 and by B,(y) the ball centered at y of
radius p.

Lemma 9.1.3. — Given a > 0 satisfying ¢ < @ < €¢, consider T1, %o in RY such that |Z) — T2| > o,
and v1 € Bgr. Then for any 1 € B;(%1), any xo € Ba(ZT2) and any vo € Bg, the following results
hold.

L] [f’Ul — Vg ¢ K(J_Tl — J_TQ,GRC_L/EC]), then
V>0, |[(z1—wvi71)— (z2 —v2T)| > €5
° If V1 — Vg ¢ K("fl — IEQ,GREQ/(S)

Vr>48, |(x1—viT)— (22 —veT)| > &p.

Proof. — e Assume that there exists 7, such that
[(x1 —v17) — (X9 —woT)| < €.
Then, by the triangular inequality and provided that ¢ is sufficiently small,
|(T1 — Z2) — Tu(v1 —v2)] < e+2a < 3a.
This means that (v; — vs) belongs to the cone of vertex 0 based on the ball centered at Z; — Ts and of
radius 3@, which is a cone of solid angle (3a/|Z; — Z2|)? ™! (since @ < ¢).

The intersection of this cone and of the sphere of radius 2R is obviously embedded in the cylinder of
axis T1 — Ty and radius 6Ra/eg, which proves the first result.

e Similarly assume that there exists 7* > § such that
[(x1 —v17) — (22 —vaT)| < €p.
Then, by the triangular inequality again,
[(Zy — Za) — Tu(v1 —v2)| < 0+ 2a < 3gg.
In particular, for any unit vector n orthogonal to zg — ,
T (v —v2)| = n- ((T1 — T2) — Tu(v1 —v2)) | < 3eo.
This tells us exactly that v; — ve belongs to the cylinder of axis Z; — Z2 and radius 3eq/0.

The lemma is proved. O

The second geometrical lemma requires the use of notation coming from scattering theory, introduced
in Chapter 3: it states that if two points 21, zo in R?¢ are in a post-collisional configuration and if v,
or vy belong to a cylinder as in Lemma 9.1.3, then the pre-image z3 of z5 through the scattering
operator belongs to a small set of R?.

Lemma 9.1.4. — Consider two parameters p < R and n < 1, and (y,w) € R? x Bg. For any v
in Bg, define

N*(y,w, p)(v1) = {(v,v2) € S{™' x Br/(v2— 1) - v >,
vi €w+ K(y,p) orvs €w+K(y.p)},
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where (v*,v5,v3) = oy (v, v1,v2) with the notations of Chapter 3. Then
|~/\[}k (y’ w, p)('l}l)| < C((I)a R, U)Pd_l

where the constant depends on ® through the L> norm of the cross-section b defined in Chapter 3.

Proof. — Denote by r = |v; — va| = |vf — v3|, and by w the deflection angle. The formula (3.2.2)
shows that, as w varies in S‘lifl, v} and v3 range over a sphere of diameter r.

The solid angle of the intersection of such a sphere with the cylinder w + K (y, p) is less than

d—1
Cymin <1, (B> )
r
which implies that

d—1
{(102) /07 € 0 Ko o 05 € w0+ Ky} < o [ i (1,(2) ) ar

< CqRp™™
According to Chapter 3, the change of variables (v, v1 —vs9) — (w, v1 —v3) is a Lipschitz diffeomorphism
away from v - (v; — v2) = 0. We therefore get the expected estimate. O
Remark 9.1.5. — Note that those two lemmas consist in eliminating sets in the wvelocity variables

and deflection angles only, and do not concern the position variables.

9.1.3. Proof of Proposition 9.1.1. — We fix a good configuration Z; € Gr(so), and we consider
a configuration Z € R?% with the same velocities as Z, and neighboring positions: |X; — X| < a.
In particular we notice that for all 7 > 0 and all ¢ # 7,

(9.1.7) |z, —x; — 7(0; — 05)| > |T — Z; — 7(0; — U;)| — 2a > £0/2

since a < g¢. This implies that Zy € Gi(g9/2). Next we consider an additional particle (zx +ev, vg41)
and we shall separate the analysis into two parts, depending on whether the situation is pre-collisional
(meaning v - (vgy1 — Ux) < 0) or post-collisional (meaning v - (vg+1 — Ux) > 0).

9.1.8.1. The pre-collisional case. — We assume that
v (vgg1 —0x) <0,
meaning that (xp + ev,v) and 2z form a pre-collisional pair. In particular we have for all times 7 > 0
and all e > 0
|(mk +ecv — Uk+1T) — (ack — @kT)‘ >e€.
Furthermore up to excluding the ball B, () in the set of admissible vi11, we may assume that
|Vk+1 — Vx| > .

Under that assumption we have for all 7 > ¢ and all € > 0 sufficiently small,

‘(mk +ev— vk“T) — (ac;c — ﬁkr)’ > Tlvgyr — Ug| — €

>on—e>¢e0/2.

Furthermore we know that Zj belongs to Gi(g0/2) thanks to (9.1.7).
Now let j € [1,k — 1] be given. According to Lemma 9.1.3, we find that for any vi41 belonging to the
set Br \ K(Z; — Zx,6Ra/eo + 6Reo/0), we have

Vr >0, |[(xp+ev—vpT)— (x; — ;1) > €,
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and
Vr >0, [(xp+ev—uvppaT)— (2, — ;7)) >0

Notice that

d—1
‘BRQK(CEJ'7"Ek,6Ra/€0+6R€0/5)‘SC(R) <§+€§> .
0

Defining M~ (Z;) := | J K(&; — Zx,6Ra/eo + 6Reo /) and
j<k—1

By (Zv) =817 x (By(m) UM (Zy))
we find that

‘B;(Zk)‘ < C(R)(nd + (%)d_l + (%)d—l)

and (9.1.3) and (9.1.4) hold as soon as (v,vg+1) ¢ By, (Zk).
9.1.8.2. The post-collisional case. — We now assume that
V- (’L)k+1 *ﬂk) >0.

Next let us define

(9.1.8) C(Zy) = {(14 Uks1) € SY X Br, v+ (vgg1 — 0x) < T]},

which satisfies
|C(Zk)| < C(R™.

Choosing (v,vg11) € (S{ x Bgr) \ C(Z1) ensures that the cross-section is well defined (see Defini-
tion 3.3.3), and that the scattering time t. is of order C(R,n)e by Proposition 3.2.1.

Considering the formulas (3.2.2) expressing (z5*, 25% ) in terms of (2, (zx + eV, vg+1)), we know that
(9.1.9) |z, — 27| < e+ Rt. < C(R,n)e and |(zp +ev) —ail, | <e+ Rt. <C(R,n)e.

Note that due to (9.1.7), all particles z; with j <k — 1 are at a distance at least €0/2 — € > ¢ of the
particles zp and xj 4+ ev. Since they have bounded velocities, they cannot enter the protection spheres
of these post-collisional particles during the interaction time ¢., provided that ¢ is small enough:

Rts < €p.

Since the dynamics of the particles j < k—1 is not affected by the scattering, we get that Z;* ; belongs
to Gr—1(e0/2):

(9.1.10) VT >0,V(i,j) € [1,k— 1> with i # j, |of* — 25" — 7(vf* — v57)| > €0/2.

The pair (2%, 27% 1) is a pre-collisional pair by definition, so we know that for all 7 > 0,
E*x E%* E*x E*
(2" — mop") = (a3 — o) = €.
Moreover we have |v5* — v®*| = |0 — vg41| > 1, so as in the pre-collisional case above we have
Vr>6, |ait =2 7o —vpi)| 2 nd —e > eo,

for e sufficiently small, since €y < nd.
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Next for j < k—1 we have for ¢ sufficiently small, recalling that the uniform, rectilinear motion of the
center of mass as described in (3.1.3),

|25" — 25| < |25° — 25| + |z; — Tj| < Rte +a < 2a
1

.- 1 B
2|(962 + 251) = (Tk + 1) + §|($k + T1) — 27k

* — 1 * *
|25 — Tk| < §|33i — Tyl +
< Rt. +e+a<2a

* — 1 * * 1 * * 1 —
|25y — Tk| < 12k = @l + I+ 2n) = (@ + ze)] + Gl @k + 2pe) — 27|

<Rt.4+e+a<2a.
By Lemma 9.1.3, provided vi* and vj ; do not belong to
0; + K(Z; — Zx,12Ra/eg + 12Reo /6) N Br,

we get since v5" = vj,

V>0, |opt -2t - r(ut -5 > €,

and [z — 25" —T(vih, —vjT)| > €

as well as
V1T >0/2, ot — a5t = T(vp" —viT)| > e0/2,
and |2 — 25" — T(vph — Vi) > e0/2.
N*(i‘j - a’ck,ﬂj,p)(vl) = {(l/,vg) € Sil_l X BR/(’UQ — Ul) v>n,
vi € w+ K(y,p) or v; € w+ K(y, p)}
Lemma 9.1.4 bounds from the above the size of the set N*((Z; — %k, v;, p) of all (v,vk41) € (S{ x Br)\
C(Z) such that vi* or vg7, belongs to v; + K (Z; — Tk, p). We let p = 12Ra/eq + 12Req /6, and define

MY (Zy) = | N* (@ — 2,05, p)
j<h—1
and
B (Zh) = C(Zi) U (S5 x M*H(Z1).
where the set C(Z},) is introduced in (9.1.8). By Lemma 9.1.4,

Eoyd—1
<)

and (9.1.5) and (9.1.6) hold as soon as (v,v) ¢ By (Z)). The proposition is proved. O

B (20| < R+ 0@ R) (- +

Note that, in order to prove that pathological sets have vanishing measure as ¢ — 0, we have to
choose n small enough, and then a and €y even smaller in order that (9.1.1) is satisfied and that (9.1.2)
is small. Note that, if we want to get a rate of convergence, we need to have more precise bounds on
the cross-section b in terms of the truncation parameters R and 7.

9.2. Truncation of the Boltzmann and BBGKY pseudo-trajectories

In this paragraph we show that the previous geometrical result may be used to define approximate
Boltzmann and BBGKY observables, corresponding to non pathological pseudo-trajectories. We then
expect to be able to compare these approximate observables, which will be done in the next chapter.
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9.2.1. Initialization. — The first step consists in preparing the initial configuration Z so that it
is a good configuration. We define

Ag(gg) = {ZS €eR™ x B,/ inf |zp— x| > 50}7

1<l<j<s

and we shall assume from now on that Z; belongs to A,(gg). We also define for convenience

X — dS : _ . > }'
A (20) {XS e R*/ 1§ér<1£§s |z — 2] > €0

Proposition 9.2.1. — For all X, € AX(eg), there is a subset M (X,) of R* such that

M (XJ)] < C(R,5) ((s)d—l ) (i;)d_l) |

€o
and defining Py := {Zs € Ag(eg) / Vs € MS(XS)}, then

Vr >0, 1lp, oHy(r
(9.2.11)
V>4, lp, oSs(r

denoting abusively by 1 4 the operator of multiplication by the indicator of A.

Proof. — The proof is very similar to the arguments of the previous paragraph. For any Z; in A(gg),
we apply Lemma 9.1.3 which shows that outside a small measure set M(X,) C R of veloci-
ties (v1,...,vs), with

d—1
M, (X.)] < CR)C ( + 50) 7
€o )

the backward nonlinear flow is actually the free flow and the particles remain at a distance larger
than ¢ to one another for all times:

Vr >0, V£ e{l,....s}, |(wq—veT)— (Tpr —00pT)| > ¢,
and that
Vr>68, YAV e{l,...,s}, |(xg—veT)— (xp —veT)| > e0.

By construction, M(X;) depends continuously on X. Therefore, defining Ps := {Zs € As(eo) / Vs ¢
M(X;5)} gives the result. O

9.2.2. Approximation of the Boltzmann functional. — We recall that we consider a family of
initial data Fy = ( fés)) satisfying

[I1Fol

0.0 = SUpsup (exp(BoB(Z) + os) £y (24)) < +00
sE s
and after the reductions of Chapter 8, the observable we are interested in is the following;:

1989 (,.7, M) (X.) = / A / St — 1)COITIS, 1 (0 — £)C2
7—7z,6(t)

e Sepnltn = tar D) my 2oy j<re f3T dTLdVy

(9.2.12)
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d—1

By Proposition 9.2.1, up to an error term of order C(R)s? (¢/eg +£0/3)"” ", we can assume that the

initial configuration Z; is a good configuration, meaning that

19891, 7, M)(X,) = /

0,j1,m 0,j2,m
L )%(VS)/T o Ss(t —t1)Co i1 Ssqa(ts — t2)C T
R s El n,s

. fgfﬁﬁ’,@nssw(tn — tni1) U By(2, 1) |<R? féSM) dT,dV;

+0 (C(R)s2 (;0 + ?>d1> ,

where

(02,7;-#Tf(s+1))(zs) = /Sdfl Rd((US-H - 'Um) : Vs+1)—f(s+1)(Zsa-rmavs+1) dvsiidvsyr  and
4=ty

(687,:-;Tf(s+1)) (ZS) - /d 1 (SUS‘H - Um) ’ VS+1)+f(S+1)(Zlv sy Tmy vjn) sy Zsy Ty U;—i—l) dl/5+1d’l)s+1 .
ST xR

Now let us introduce some notation which we shall be using constantly from now on: given Zs € A4(gg),
we call Z0(7) the position of the backward free flow initiated from Z,, at time t; < 7 < t. Then
given j1 € {+,—}, m1 € [L,s], a deflection angle w,i and a velocity vs41 we call Z2 () the
position at time to < 7 < t; of the Boltzmann pseudo-trajectory initiated by the adjunction of the
particle (Vs41,vs41) to the particle 20, (t1) (which is simply free-flow in the pre-collisional case j; = —,
and free-flow after scattering of particles 20, (f1) and (vg41,vs41) in the post-collisional case j; = +).

Similarly by induction given Z, € Ag(gg), T, J and M we denote for each 1 < k < n by Zngk(T)

the position at time tp1; < 7 < ti of the pseudo-trajectory initiated by the adjunction of the parti-
cle (Veqr, vstr) to the particle 29, (¢x) (which is simply free-flow in the pre-collisional case j, = —,
and free-flow after scattering of particles z, (tx) and (Vsik,vs1k) in the post-collisional case ji = +).

Notice that 7+— Z2,, (7) is pointwise right-continuous on [0, ;).

With this notation, the functional Ig”f"‘s may be reformulated as

10198, 7, M)(X,) = /

st%(Vs)/ dTn/ AW 1dvs 11 (Vo1 — Uy, (1) - V1) +
BR\MS(XS) r,é(t) Slljl71><BR

Tn

e ‘/Sdfl Bst+ndUs+n((vs+n - U?nn (tn) - Vs+n)+]1Eo(Z° (o))ngféer")(Zng(O))
¢1x

s+n
R

rofoms (£+2)7).

Let a,e9,m < 1 be such that
a<eyLnd.
According to Proposition 9.1.1, for any good configuration Z,,,_; € R?¥T+=1) we can define a set
Bosh1(Zsrh-1) = (ST x Br) \ Bogh—1(Zstr-1),

such that good configurations Zs 1 = (Xsix_1, Vssr_1) With | Xsix 1 — Xsir_1| < Ca are stable
by adjunction of a collisional particle (Vgts, Vk1s) €€ B£+k_175+k,1).

We further notice that thanks to Remark 9.1.2; if the adjoined pair (vsig,vst+k) belongs to the
set CBH;C,l(Z&_k_l(tk)) with Z2+k_1(tk) € Gsyr—1(g0), then Zg_,'_k(thrl) belongs to Gs1x(g0)-
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As a consequence we may define recursively the approximate Boltzmann functional

JOR(1 M) (X,) = /

AVips(V2) / d,,
Br\M(X;)

zl,é(t)

/ dvgi1dvss1(Vsy1 — Vi, (£1) - Vsy1)j,
CBS(

(9.2.13) 29(t1))

. / AVs 10 Qs 40 (Vsn — v?nn (tn) * Vstn)j,
CBs+n71i(Zg+n_1(tn))
X ]lEO(ZQM(o))gR?f(an)(Zngn(O)) .

The following result is an immediate consequence of Proposition 9.1.1

Proposition 9.2.2. — Let a,e9,n < 1 satisfying (9.1.1). Then,

_ a £ d—1
[ (250 = 8859) 0,0, 00)] < (540 (G + R (4 ) ) Wbl

9.2.3. Approximation of the BBGKY functional. — We recall that after the reductions of
Chapter 8, the functional we are interested in is

IR (8,7, M)(X,) = / oa(V2) /T Bl W L (01— )T
n,8

ek H (b — ta) B (2,00 <R2 f}?ﬁ")dTnst ,
where ﬁN,O = (fz(\?,)())lﬁséN satisfies
1l oo = 515 sup (€xp(BoB(Ze) + 1103) 3 (Z)) < +00.
Thanks to Proposition 9.2.1, we have

IR (8, T, M)(X.) = /

Br\M (X )%U/S) [f (t)S5<t - tl)ngs(so)cg,léersﬂ(h — tz)Cﬁi{i‘jﬂ
R s s n,s

s Cgi’rﬁLl,ernHSJrn(tn - tn+1)]]'Es(Zs+n(0))§R2 f](\?,—(i)_n)diz—‘”d‘/S

ro(cms (S+2)7).

Then using the notation introduced in the previous paragraph for the Boltzmann pseudo-trajectory,
let us define the approximate functionals

T 10X = [

e, B0 /T S, (t — t1)1g, (e CP ™ 1 (11 — 1)
R s s

n,é(t)

LGl H i (t — tn+1)11EE(Zs+n(o))§R2fés+n)dTnd‘/§ ;
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where

(Cotits asad ) Zerimn) i= (N = s = ko 1t [ (Vo - (Ussk — O (1))

Bsirk—1(Z29 1 (tr))
xg(s"'k)(-, Ty () + €Vt Vsgi (i) H L), ) (t5) —evern]2e Vst dVst

1<j<s+k-1
NEO

(€Lt a0 ) (Zaramn) = (V= s~k Dt [ (Vo - (0 sk — O ()4

ch+k—1(Zg+k71(tk))
xgU Tt Ve vi) [T Wi —en) 0 —evenlze Watndvsin

1< <sth—1
J#m

denoting as previously by (z,,, , V5, s Toyps Vayy,) the pre-image of (2, , Ui, (tr), Tm,, (th) FeVs sk, Vsrr (tr))
by the scattering o..

As in the Boltzmann case described above, the following result is an immediate consequence of Propo-
sition 9.1.1.

Proposition 9.2.3. — Let a,e9,n < 1 satisfying (9.1.1). Then, for e sufficiently small,

d-1\ -

[ (55 = T 0,500 = (5402 (0 + R (2 + ) ) WFvalle
The functional JSI?;;S can be written in terms of pseudo-trajectories, as in (9.2.13). Let us therefore
introduce some notation which we shall be using constantly from now on: given Zs € Ag(gg), we
call Z%(7) the position of the backward free flow initiated from Z,, at time t; < 7 < t. Then
given j; € {+,—}, my € [1,s], an angle v, (or equivalently a position zs41 = 29, (1) + evs41) and
a velocity veq1 we call Z5, (7) the position at time to < 7 < t; of the BBGKY pseudo-trajectory
initiated by the adjunction of the particle z441 to the particle zgh (t1).

Similarly by induction given Z, € As(go), T, J and M we denote for each 1 < k < n by Z7 ,(7) the
position at time ty11 < 7 < t; of the BBGKY pseudo-trajectory initiated by the adjunction of the
particle zs 4y to the particle z,, (tx). We have

N — )
Ny / dVepu (V) / dr,
(N —s—n)! Br\M,(X,) To,5(t)

/ dVS+1dUS+1 (VSJrl : (US+1 — Umy (tl)))jl H Il|(96j*rm1)(t1)*€l/s+1|25
°Bs(Z2(t1))

T, J, M) (X,) =

1<j<s
(9.2.14) Jj#Em1
o / i dys"'”dvs""” (Vs""" ’ (US-‘rn - Um, (tn)))jn
B, 1 (20,1 (tn))
s+n
< I Wy —amn) ) —evesnlze LE (2o r (0 <2 Fe™ (Z5,(0)).
1<j<s+n—1
J#EMn

Thanks to Propositions 9.2.2 and 9.2.3 the proof of Theorem 4 reduces to the proof of the convergence
to zero of Jg;f - Jg;f"‘s. This is the object of the next chapter.



CHAPTER 10

CONVERGENCE PROOF

In this chapter we conclude the proof of Theorem 4 by proving that Jf;f — Jgﬁ"; goes to zero in the
Boltzmann-Grad limit, with the notation of the previous chapter, namely (9.2.13) and (9.2.14). The
main difficulty lies in the fact that in contrast to the Boltzmann situation, collisions in the BBGKY
configuration are not pointwise in space, nor in time. At each collision time ¢ a small error is therefore
introduced, which needs to be controled.

We recall that, as in the previous chapter, we consider dynamics

— involving only a finite number s + n of particles,

— with bounded energies (at most R? > 1),

— such that the n additional particles are adjoined through binary collisions at times separated at least
by § < 1.

The additional truncation parameters a,eg,n < 1 satisfy (9.1.1).

10.1. Proximity of Boltzmann and BBGKY trajectories

This paragraph is devoted to the proof, by induction, that the BBGKY and Boltzmann pseudo-
trajectories remain close for all times, in particular that there is no recollision for the BBGKY dynamics.

We recall that the notation Z9 () and Z(t) were defined in Paragraphs 9.2.2 and 9.2.3 respectively.

Lemma 10.1.1. — Fiz T € T,,5(t), J, and M and given Z, in Ag(eo), consider for alli € {1,...n},
an impact parameter vyy; and a velocity vey; such that (Veyi, veyi) & Boyi—1(Z21;_1(t:)). Then, for e
sufficiently small, for all i € [1,n], and all k < s+1,

(10.1.1) |25 (tig1) — 22 (tig1)] < Cei and v (tiz1) = v (tiv1),

where the constant C' depends only on n, R, 9.

Proof. — We proceed by induction on 4, the index of the time variables t;; for 0 <7 < n.

We first notice that by construction, Zs(t;) — Z%(t;) = 0, so (10.1.1) holds for i = 0. The initial
configuration being a good configuration, we indeed know that there is no possible recollision.

Now let ¢ € [1,n] be fixed, and assume that for all £ <4
(10.1.2) VE<s+0-1, |25 (t)) — x2(ty)| < Ce(f —1) and  vg(te) = v (te).
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Let us prove that (10.1.2) holds for £ =i 4+ 1. We shall consider two cases depending on whether the
particle adjoined at time ¢; is pre-collisional or post-collisional.

e As usual, the case of pre-collisional velocities (vs;, Vm,(t;)) at time ¢; is the most simple to handle.
We indeed have V7 € [t;t1, ]

Vk <s+i, ap(r)=aq(t) + (T —t)op(t), (1) = vt
xg+i(7) = ‘T?nl (ti) + (1 — ti)vs i, vngi(T) = VUs4i -
Now let us study the BBGKY trajectory. We recall that the particle is adjoined in such a way

that (Vsyq, vsys) belongs to CBsﬂ-_l(ZHZ 1(t:)). Provided that e is sufficiently small, by the induction
assumption (10.1.2), we have

|Xs+z 1(t) — Xg+z ()] < Ce(i—1) <a.

Since Z?,;_,(t;) belongs to Gsyi—1(g0) (see Paragraph 9.2.2), we can apply Proposition 9.1.1 which

implies that backwards in time, there is free flow for Z7, ;. In particular,

1"

Vk <s+i, zk(1)=xp(t;) + (7 — ti)vk(t;), ve(T) = vk (t;)
Tsti(T) = T, (L) + Vsqi + (T — ) Vs g4 s Vs (T) = Vi -
We therefore obtain
(10.1.3) Ve <s+i, V7TE[tiz1,ti], vp(T)—0X1)=wr(ts) —02(t;) =0,
and
(10.1.4) Vk<s+i, V7E[tirr,ti], |op(r)—an(r) <Ce(i—1)+e¢

e The case of post-collisional velocities is a little more complicated since there is a (small) time interval
during which interaction occurs.

Let us start by describing the Boltzmann flow. By definition of the post-collisional configuration, we
know that the following identifies hold:

(US,“,US_’_Z‘)(T) = (US; (t )7 9+1) Wlth ( e+zﬂv9n4,< (t )7 §+1,) - JO (VS+Z7 En (t ) rUS-H)

Viigr ST <t;, o, (T) = @y, (t3) + (T = ti)opy (83) s 2044(7) = 20 () + (T — ti)viy,

Vi ¢ {mi,s +1}, () =0} (t), 25(r) = af(t:) + (7 — ti)v} ()

where oy denotes the scattering operator defined in Definition 3.2.1 in Chapter 3.
First, by Proposition 9.1.1, we know that for j & {m;, s + i} and V7 € [t;}1, t:],

wj(1) = @j(ti) + (T —tv(t) . vi(7) = v;(t),
so that by the induction assumption (10.1.2) we obtain
Vi g {mi,s+i}, V7 € [t ], Ja() — 25(7)] = |oj(t) — 25(t)| < Ce

(10.1.5) and  v;(1) =29(7).

We now have to focus on the pair (s + i,m;). According to Chapter 3, the relative velocity evolves
under the nonlinear dynamics on a time interval [¢t; — ¢.,¢;] with t. < C(n, R)e (recalling that by
construction, the relative velocity |vsy; — vm, (¢;)] is bounded from above by R and from below by #,
and that the impact parameter is also bounded from below by 7). Then, for all 7 € [t;41,t; — te],

(1016) Us+i(7-) = U:Jrz’ = Ug+i(7-) ) /Umi( ) - U (t ) ,UO* (t) = U?ni (T) :
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In particular,

(10.1.7) Vori(tivn) = vop(tiv1) and v, (tig1) = vp,, (tig1) -
The conservation of total momentum as in Paragraph 9.1.3.2 shows that
1 € € 1 0 0
5 @, (b = 02) + @5 (ks = 1)) = 5(a%, (6 — te) + 2l (ts — 1))
1 1
— |5 @8, (1) + @5ats) = (@5, (8) + 2 (8)
€ _ €
= azyatt) — alutt)| + 5 < Celi=1) + 5
On the other hand, by definition of the scattering time t.,
|xfn, (ti - ts) - zi+z’(ti - ts)‘ =€,
i, (ti = te) = 204 (t — to)| = teluy,, —vi| < O, R)e.
We obtain finally
(10.1.8) |25, (ti —t) —ad, (t; —t.)| < Cei and |25,,(t; — t.) — a9 ,(t; — t.)| < Cei

provided that C' is chosen sufficiently large (depending on R and 7).

Now let us apply Proposition 9.1.1, which implies that for all 7 € [t;41,t; — tc] the backward in time
evolution of the two particles 5, ,(t; —t.) and 3, (t; — t.), is that of free flow: we have therefore,
using (10.1.6),

w5 (tigr) — @, (tig1) = @5, (b — to) — ap, (ti —t2),
0 0
Toyi(tit1) — Ty (tin) = 254 (t — te) — 2oy, (ti — te)
From (10.1.8) we therefore deduce that the induction assumption is satisfied at time step ¢;41, and the
proposition is proved. O

Note that, by construction,
Zg+n(0) € Gstn(€0),

so that an obvious application of the triangular inequality leads to
Z51,(0) € Gsqnl(e0/2) .

Note also that the indicator functions are identically equal to 1 for good configurations. We therefore
have the following

Corollary 10.1.2. — Under the assumptions of Lemma 10.1.1, the functional Jf;f(t, J, M) defined
in (9.2.14) may be written as follows:

_ |
T I () = ey f WV [ ar,
(N —s5—mn)! Br\M.(X.) T s(t)

/ st+1dU3+1 (l/s+1 : (Us+1 - Uml(tl)))jl
©Bs(Z(t1))
st+ndvs+n (Vs+n ' (US+71 - Um,, (tn)))jn

[Bs+n—1(zg+n1(tn))

s+n £
x ]1E5<zs+,,z(o>>s1~z2ﬂzs+n<o>egs+n<so/2>f}v,o N(Z5,,(0)).
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10.2. End of the proof of Theorem 4

The end of the proof of Theorem 4 consists in estimating the error terms in Jf;f - Jg;,’fv‘s coming

essentially from the micro-translations described in the previous paragraph and from the initial data.

10.2.1. Error coming from the initial data. — Let us replace the initial data in Jf;f by that
of the Boltzmann hierarchy, defining:

)| WiV [ ar,
(N —s—n)! Br\M.(X.) Ton,5(t)

/ dvsy1dvsyy (Vs+1 : (Us+1 — Um, (tl)))jl
(Z2(t1))

‘Ts}?ﬁé(t7 Ja M)(XS)

. / Vs 1n@Usn (Vsin * (Vsn — U, (t")))Jn
Bsin-1(22,, _1(tn))

+
X ILEO(ZS+7L(O))<R2]1Zé+”(0)egs+n(eo/2)f(()s N Zy1n(0)) .
Lemma 10.2.1. — In the Boltzmann-Grad scaling Ne?=1 = 1,

"(e+n f09+n) HLOO

~ R
|]1AX (20) (JR§ Jfﬁé)(tv J, M)(XS)| <C ”‘»OSHLOO(R‘“) ]1A<+n(50/2)(

(R2d(s+n))

and in particular
ILAX (eg)Ls,n = o)t S, M)(Xs)[ — 0 as e — 0,

uniformly in t € [0,T] and X, € RY.

F(s+n) fo(ern)

Proof. — We recall that by assumption, 1As+n(50/2)( N.O ) goes to zero uniformy in Zg,.

By definition of the good sets Gg(c), the positions in the argument of A}\,SVJ(;") — fés+n) satisfy the

separation condition |x; — ;| > €0/2 for i # j :

("(a-i-n) (s+n)) f(s'i‘") _ (§S+n)) .

=1g, . (co/2)LAusn(e0/2)(

g, . (c0/2) N0
Furthermore, due to that separation condition,
s+n
EE(Zs+n) = s+n = Z |’Uzl2
So we can write
~ N — s)!
(JsR;lé(tv Jv M) - thé(ta JaM))(XS) = (78)'511@71) / dvs@s(vs)/ dTn
’ ’ (N —s5—mn)! Br\M,(X.,) - s(0)

/ dvsp1dvsi1(Vsy1 - (Vsg1 — U, (tl)))h
Bs(Z2(t1))

. / dVS+ndU5+n (Vs+n . (Us+n - Um,, (t’ﬂ)))Jn
Bq+’n 1(Zs+n 1(t ))

s+n s+n
X HEE(Z;n(O))SRQ]1A5+n(so/2)(A;(V,O )~ é ))7

and we find directly that
ILAX(EO)(J (t J, M) ‘731?7)15(157 Jv M))(XS)
Rdn n

(Fatm — plosm

< C 0 ||Loc(R2d(s+n)) .

@5l Loo Ry || LA, 4 (c0/2)
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The result is proved. O

10.2.2. Error coming from the prefactors in the collision operators. — As e — 0 in the
Boltzmann-Grad scaling, we have

(N —3)! cnld=1) 4
(N —s—n)! '
Defining
T, 0, M)(X,) = / Vepu(V2) / T,
Br\M(X;) Tn,5(t)
/ Avs1dvsi1 (Vsy1 - (Uerl = Umy (tl))).jl
(10.2.9) °B,(20(t1))

.. / AVs 1 ndVs1n (Vsin - (Vsgn — U, (tn)))jn
CBs+'rL71(Zg+n—1(tn))

X Uz, o) <re 122, (060 inico/2 I8 (Zo1n(0))

we have the following obvious convergence.
Lemma 10.2.2. — In the Boltzmann-Grad scaling Ne¢~! =1,

~ —R,§ s(s+n
[1ax (7 = T 1000 < D o)

| Fnol

|07ﬁ07H0 :

10.2.3. Conclusion. — We can now compare the definition (9.2.13) of J,/%0(t, .J, M)

JORO(t T, M)(X,) = / AVeps(V2) / i,

Br\M,(Xs) Tn,s(t)
/ AV 1dvs i1 ((Vsg1 — v (B1) * V1),
€Bs(Z2(t1))

. / AVs 4 dVs n ((Vspn — ,U?nn (tn) * Vstn)jn
Bstn—11(Z,,,_1(tn))

Lz, on<refs” " (224(0))
and the formulation (10.2.9) for the approximate BBGKY hierarchy

—R,0
Js,n(tv J, M)(Xs) :/ stSOS(Vs)/ dr,
BR\MS(XS) Tn,5(t)

/ vsi1dvsst (Verr - (V01— vy (61)))50
eBs(Z9(t1))

.. / Avs 1 ndvsyn (VSJrn . (USJrn — Um, (tn)))j”
Bstn-1(Z2;,_1(tn))

s+n
X gy (Zo o)<z 122, (0066, in (eS8 (Zsgn(0)).
Lemma 10.1.1 implies that at time 0 we have

‘X8+n(0) - Xg+n(0)| < C(Ra 77)n5a and V‘:+n(0) = Vs0+n(0) .

Provided that fés+n) is continuous, we then obtain the expected convergence and this concludes the
proof of Theorem 4.
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s+n)

Notice for instance that if fé is Lipschitz, then we have the following estimate.

Proposition 10.2.1. — In the Boltzmann-Grad scaling Ne?~! =1,
Do) (I = D)t X0)| < CR el Vix, S5l -
uniformly in t € [0,T] and X, € R.



CHAPTER 11

CONCLUDING REMARKS

11.1. On the convergence rate : the particular case of hard spheres

The method of proof described in this text gives actually a more precise statement regarding the con-
vergence then Theorem 4 : gathering all the estimates together, we indeed obtain a rate of convergence.
For general short-range potentials of interaction, this rate is not completely explicit since the constant
arising in Proposition 9.1.1 in the estimate of pathological sets depends on ®, n and R through the
cross-section b.

This constant can be made explicit in particular cases, especially in the simple case of hard spheres
since the deflection angle w and the normal v coincide.

Note that all the arguments can be reproduced in this case once the dynamics for fixed IV and ¢ is well-
defined (without multiple collisions - see Chapter 2). Moreover there are important simplifications :
— True marginals coincide with truncated marginals because of the non penetration condition. In
particular, there is no more need of cluster expansions, which simplifies a little bit the existence
proof, and Proposition 8.1.1 is no more relevant.
— The scattering operator is completely explicit since w = v in formulas (3.2.2). In particular the
cross-section
b(vy —va,w) = (v1 — v2) - W) 4.
As mentioned above, this enables us to get a constant C(R,n, ®) = Cy in Lemma 9.1.4 that depends
only on the dimension d. Since we use Lemma 9.1.4 with p = 12Ra/eg + 12Reo/d in the proof of
Proposition 9.1.1, this gives an error

d—1
CoR? (nd_l + (a + EO) > with nd >> ¢ .
€0 )
Note that we can choose n = C=2 for C sufficiently large.
— Collisions are pointwise and instantaneous ¢t. = 0, which makes the proof of Lemma 10.1.1 on the
divergence of trajectories very easy. Indeed, the distance between the BBGKY and Boltzmann
pseudo-trajectories increases at most of € at each collision!

Let us then gather all the estimates together. We assume for the sake of simplicity that we start from
an almost factorized initial data, i.e. a BBGKY initial data obtained from a tensor product by the
conditioning process described in Chapter 7.
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From the arguments of Proposition 8.2.1, 8.3.1 and 8.4.1, we find a first error term

2\" /
e1 S CO ((3) esﬂ(t) +€_C R? +7’L(5> ,

where Cy depends only on the L° norm of fy. Then, from Proposition 9.1.1, we obtain as discussed
above the error term i
€2 S C()Rd (a + 80) .
€o 1)
Finally, we have to take into account the error coming from the initial data, estimated in Chapter 7
and Lemma 10.2.1:

dnn

ez < Cy

p (s+n)e,

the error coming from the prefactors of the collision operators
es < Cos(s+mn)e?

and the error coming from the divergence of trajectories, which can be estimated if fy is Lipschitz as

follows
dnrmn

es < C|lfollwr.e (s+n)e.

n!
Therefore, choosing
n~ Cy|loge|, R*~ Cslloge|
for some sufficiently large constants C; and Cy, and

§ = ld=D/d+1) oo gd/(d+1)

we find that the total error is smaller than Ce® for any oo < (d — 1)/(d + 1).

11.2. On the time of validity of Theorems 2 and 4

Let us first note that, for any fixed N, the BBGKY hierarchy has a global solution since it is equivalent
to the Liouville equation in the phase space of dimension 2/Nd, which is nothing else than a linear
transport equation. The fact that we obtain a finite life span is therefore due to the functional
spaces X, g, we consider. Belonging to such a functional space requires indeed a strong control on
the high order correlations. The estimates we have written show actually (see Corollary 6.1.2) that
the time of validity of Theorem 2 depends on pg, which measures the logarithmic growth of the initial
marginals (that is the size of fy for factorized initial data).

An important point is that the time of convergence is exactly the time of existence. By definition of
the functional spaces, we are indeed in a situation where the high order correlations can be neglected
(see Proposition 7.2.1), so that we only have to study the dynamics of a finite system of particles. The
term-by-term convergence relies then on geometrical properties of the transport in the whole space,
which do not introduce any restriction on the time of convergence.

A natural question is therefore to know whether or not it is possible to increase the time of existence
and thus the time of convergence. The interpretation we have of the iterated Duhamel formula in terms
of pseudo-trajectories, for which at each time step a new particle (independent from all the others)
is added and interacts with one of the previous ones, shows that one cannot hope to prove by this
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method a convergence theorem for larger times than a fraction of the time at which each particle has
undergone one collision.

The first trivial remark is that after N — 1 iterations, independence does not hold any longer. Indeed,
representing each collision by a strap between the two involved particles, we see that

— either there is a chain connecting all the particles,

— or there are closed subchains, corresponding to pathological dynamics involving recollisions.

It is actually known (see for instance [6]) that after cN time steps with 1/2 < ¢ < 1, there is a change
of phase and the appearance of a “giant component” in the set of N particles, meaning a set of a(c)N
particles, with a(c) — 1 as ¢ — 1 which have interacted either directly, or indirectly through other
particles, so independence does not hold anymore, after N/2 time steps.

In other words this means that, starting from such a system of N particles, we can expect to increase
the time of convergence (and thus the time of existence) only if we can prove that, after a short time,
particles go at infinity in different directions, and thus do not encounter each other any more, i.e. the
dynamics reduces to free transport.

If we want to establish the validity of the Boltzmann equation for longer times, we have therefore to

start with systems of particles which contain much more particles, but with the same average density

(in order that the collision cross-section remains bounded). The difficulties are then to prove that

— the density of particles remains locally bounded, so that the asymptotics is still governed by the
Boltzmann-Grad scaling;

— the spatial dispersion creates some mixing mechanism, which implies that particles entering a colli-
sion are always independent.

Note that a simple way to get rid of the first problem is to consider periodic distributions of particles.

In that case, the challenge is to understand how the dispersion associated to free transport could help

for the propagation of chaos, which implies more or less to study the spatial decay of correlations.

11.3. More general potentials

A first natural extension to this work concerns the case of a compactly supported, repulsive potential,
but no longer satisfying (1.2.1) of Assumption 1.2.1. As explained in Chapter 3, that assumption
guarantees that the cross section is well defined everywhere, since the deflection angle is a one-to-one
function of the impact parameter. If that is no longer satisfied, then one expects that additional
decompositions are necessary, and resummation procedures need to be justified (see [36]).

From a physical point of view it would be more interesting to study the case of long-range potentials.
Then the cross section actually becomes singular, so a different notion of limit must be considered,
possibly in the spirit of Alexandre and Villani [3]. One intermediate step, as in [15], would be to
extend this work to the case when the support of the potential goes to infinity with the number of
particles. Then one could try truncating the long-range potential and showing that the tail of the
potential has very little effect in the convergence.

Note that in the case when grazing collisions become predominant, then the Boltzmann equation
should be replaced by the Landau equation, whose derivation is essentially open; a first result in that
direction was obtained very recently by A. Bobylev, M. Pulvirenti and C. Saffirio in [4], where a time
zero convergence result is established.
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11.4. Other boundary conditions

As it stands, our analysis is restricted to the whole space (namely Xy € RV). It is indeed important
that free flow corresponds to straight lines (see in particular Lemmas 9.1.3 and 9.1.4 as well more
generally as the analysis of pathological trajectories in Chapter 9).

It would be very interesting to generalize this work to more general geometries. A first step in that
direction would be to study the case of periodic flows in X . The geometric lemmas must be adapted
to that framework, and in particular it appears that a finite life span must a priori be given before the
surgery of the collision integrals may be performed. The case of a general domain is again much more
complicated, and results from the theory of billiards would probably need to be used.
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NOTATION INDEX

B%, ball of radius R centered at zero in R,
page 17

Br(x), ball of radius R centered at z in RY,
page 32

Bpr, ball of radius R centered at zero in RY,
page 17

Bi(Z},) a small set of angles and velocities of a par-
ticle adjoined to Zj (or a neighboring configura-
tion), leading to pathological trajectories, page 66

b, cross-section, page 20

Cxy, BBGKY hierarchy collision operator, page 29

C% Boltzmann hierarchy collision operator,
page 29

Cs,s+m; BBGKY collision operator involving m ad-
ditional particles, page 28

ngs +1, Boltzmann collision operator, page 37

Dy, artificial set on which the dynamics takes
place, page 22

D,(t), s-particle flow for hard spheres, page 10
A, (Xs), m-particle cluster based on X, page 26

Ag, set of well separated initial configurations,
page 71

AZX, set of well separated initial positions, page 71
daé\’,j, surface measure on X% (4, j), page 24

do, surface measure on S.(x;), page 27

dX; ;, d(j —i+1)-dimensional Lebesgue measure,
page 22

dZ; ;, 2d(j —i+ 1)-dimensional Lebesgue measure,
page 22
E(Xs,X,), e-closure of X, in Xy, page 26

E i jo>(Xs, Xp), e-closure of X, in Xy with a
weak link at (i, jo), page 26

E.(Zy), s-particle Hamiltonian, page 34
Ey(Zs), s-particle free Hamiltonian, page 34

f ](\}9), marginal of order s of the N-particle distri-
bution function, page 21

~1(\}3), truncated marginal of order s of the N-

particle distribution function, page 22

f©). marginal of order s associated with the Boltz-
mann hierarchy, page 39

®_, rescaled potential, page 34

Gr, set of good configurations of k particles,
page 65

H,(t), s-particle flow, page 28
H(t), BBGKY hierarchy flow, page 29

I, observable (average with respect to momentum
variables), page 52

K (y,n), cylinder of axis y and radius 7, page 67
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kg, volume of the unit ball in R?, page 31
v4 | direction of x; — x;, page 24

M (Xs), good set of initial velocities associated
with well separated positions, page 71

px, distance of minimal approach, page 15

Ss(t), s-particle free flow, page 29
S‘lifl, unit sphere in R%, page 14

S (x;), sphere in R of radius ¢, centered at z;,
page 27

o, scattering operator, page 16
09, Boltzmann scattering operator, page 16

Y5 (4, ), boundary of the artificial set D%;, page 24

t. = €T, nonlinear interaction time, page 15

7.(t), set of collision times, page 61

Z’L,é(t)?
page 61

set of well-separated collision times,

X.,s,3 function space for the BBGKY marginals,
page 34

X 3,u function space for the BBGKY hierarchy,
page 34

X, g, function space for the uniform existence to
the BBGKY hierarchy, page 39

Xy,3,, function space for the Boltzmann hierarchy,
page 34

w, direction of the apse line, page 16

Qn, phase space for the Liouville equatoin,
page 21

ZN, partition function, page 46

| - |e,s,3 norm for the BBGKY marginal of order s,
page 33

| - |o,s,3 norm for the Boltzmann marginal of or-
der s, page 33

l|-le,8,» norm for the BBGKY hierarchy, page 34
l|-lo,8, norm for the Boltzmann hierarchy, page 34

Il - [lle,8,1s norm in X, g ., page 39



