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ABSTRACT. We provide a rigorous derivation of the brownian motion as the limit of a
deterministic system of hard-spheres as the number of particles N goes to infinity and their
diameter e simultaneously goes to 0, in the fast relaxation limit & = Ne?™! — oo (with a
suitable diffusive scaling of the observation time).

As suggested by Hilbert in his sixth problem, we rely on a kinetic formulation as an in-
termediate level of description between the microscopic and the fluid descriptions: we use
indeed the linear Boltzmann equation to describe one tagged particle in a gas close to global
equilibrium. Our proof is based on the fundamental ideas of Lanford. The main novelty here
is the detailed study of the branching process, leading to explicit estimates on pathological
collision trees.

1. INTRODUCTION

1.1. From microscopic to macroscopic models. We are interested here in describing the
macroscopic behavior of a gas consisting of IV interacting particles of mass m in a domain D
of R%, with positions and velocities (i, vi)1<i<y € (D % R%)"N, the dynamics of which is
given by

dx; dv; 1 T — Xj
(1.1) @ mg vt ).
J#i
for some compactly supported potential ®, meaning that the scale for the microscopic interac-
tions is typically €. We shall actually mainly be interested in the case when the interactions
are pointwise (hard-sphere interactions): the presentation of that model is postponed to
Section 2, see (2.1),(2.2).

In the limit when N — oo, ¢ — 0 with Ne? = O(1), it is expected that the distribution of
particles to average out to a local equilibrium. The microscopic fluxes in the conservations
of empirical density, momentum and energy should therefore converge to some macroscopic
fluxes, and we should end up with a macroscopic system of equations (depending on the
observation time and length scales). However the complexity of the problem is such that there
is no complete derivation of any fluid model starting from the full deterministic Hamiltonian
dynamics, regardless of the regime (we refer to [37, 21, 39] for partial results obtained by
adding a small noise in the microscopic dynamics).

For rarefied gases, i.e. under the assumption that there is asymptotically no excluded vol-
ume Ne? < 1, Boltzmann introduced an intermediate level of description, referred to as ki-
netic theory, in which the state of the gas is described by the statistical distribution f of the
position and velocity of a typical particle. In the Boltzmann-Grad scaling a = Ne?~! = O(1),
we indeed expect the particles to undergo « collisions per unit time in average and all the
correlations to be negligible. Therefore, depending on the initial distribution of positions and
velocities in the 2dN-phase space, the 1-particle density f should satisfy a closed evolution
equation where the inverse mean free path o measures the collision rate.
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In the fast relaxation limit @ — oo, we then expect the system to relax towards local ther-
modynamic equilibrium, and the dynamics to be described by some macroscopic equations
(depending on the observation time and length scales).

Microscopic description

System of N particles of size € N>>1, NE'= o
Newton’s equations Low density limit

Mesoscopic description

d-1 d
Ne ™ >>1, Ne <<I1 . . . .
Large system of particles with negligible size

Boltzmann’s kinetic equation

a>>1
Fast relaxation limit

Macroscopic description

Continuous fluid
equations of hydrodynamics
(Euler, Navier-Stokes...)

FiGURE 1.

One of the major difficulties to achieve this program using kinetic models as an intermediate
description is to justify the low density limit & = Ne? ! on time intervals independent of c.
Note that this step is also the most complicated one from the conceptual viewpoint as it
should explain the appearance of irreversibility, and dissipation mechanisms.

The best result concerning the low density limit, which is due to Lanford in the case of hard-
spheres [29] and King [27] for more general potentials (see also [14, 45, 22] for a complete
proof) is indeed valid only for short times, i.e. breaks down before any relaxation can be
observed. The result may indeed be stated as follows.

Theorem 1.1. Consider a system of N particles interacting

e cither as hard-spheres of diameter

e or as in (1.1) via a repulsive potential ®, with compact support, radial and singular
at 0, and such that the scattering of particles can be parametrized by their deflection
angle.

Let fo: R** — R* be a continuous density of probability such that

105D P e gy < X1

for some B> 0,u € R.

Assume that the N particles are initially distributed according to fy and “independent”. Then,
there exists some T* > 0 (depending only on B and u) such that, in the Boltzmann-Grad
limit N — oo,e — 0, Ne%~! = «, the distribution function of the particles converges uni-
formly on [0,T*/a] x R*® to the solution of the Boltzmann equation

Of+v-Vaof =aQ(f, f),
(1.2) //d lde v ) f(v]) = f(v) f(v1)] b(v — v1,v) dvrdy

vi=v4v-(vy—v)v, vi=vi—v-(vy—v)v
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with a locally bounded cross-section b depending on ® implicitly, and with initial data fo. In
the case of a hard-sphere interaction, the cross section is given by

b(v —vi,v) = ((v—v1)- V)+.

Here, by “independent”, we mean that the initial N-particle distribution satisfies a chaos
property, namely that the correlations vanish asymptotically. Typically the distribution
is obtained by factorization, and conditioning on energy surfaces (see [22] and references
therein). In the case of hard-spheres for instance, one would have

f%(Zn) = 25 1N (Zn)1py (X )

N
18(Zn) = NMy5(Zn) + (3 eo(2) ) M p(Zn)
j=1

with
Dév = {(ml,vl,. . .,.CEN,’UN) € TdN X ]RdN/Vi 75], ‘ﬂfl — JI]‘| > E}
and
N
N (@1, an,on) = [ ] folws i),
i=1

while Zy normalizes the integral of fyj;—o to 1.

The assumption on the potential (namely the fact that the scattering of particles can be
parametrized by their deviation angle) holds for a large class of monotonic potentials, for
more details we refer to [22], [38].

The main difficulty to prove convergence for longer time intervals consists in ruling out
the possibility of spatial concentrations of the density leading to some pathological collision
process.

1.2. Linear regimes. In this paper, we overcome this difficulty by considering a good notion
of fluctuation around global equilibrium for the system of interacting particles. In this way we
get a complete derivation of the diffusion limit from the hard-sphere system in a linear regime.
Of course, in this framework one cannot hope to retrieve a model for the full (nonlinear) gas
dynamics, but — as far as we know — this is the very first result describing the Brownian
motion as the limit of a deterministic classical system of interacting particles.

The main difficulty here is to justify the approximation by the linear Boltzmann equation

Orpa +v - Vypa = —a L,
Lpa(v) = //[cpa(v) — 0o (V)] Mpg(v1) b(v — vi,v) dvidy

M) = () e (512) . 520,

for times diverging as a when @ — co. Indeed, in the diffusive regime, the convergence of the
Markov process associated to the linear Boltzmann operator £ towards the Brownian motion
is by now a classical result [28].

(1.3)

2. STRATEGY AND MAIN RESULTS

A good notion of fluctuation is obtained by considering the motion of a tagged particle (or
possibly a finite set of tagged particles) in a gas of N particles initially at equilibrium (or
close to equilibrium), in the limit N — oo.
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2.1. The Lorentz gas. If the background particles are infinitely heavier than the tagged
particle then the dynamics can be approximated by a Lorentz gas, i.e. by the motion of
the tagged particle in a frozen background. The linear Boltzmann equation has been derived
(globally in time) from the dynamics of a tagged particle in a low density Lorentz gas, meaning
that

e the obstacles are distributed randomly according to some Poisson distribution;
e the obstacles have no dynamics, in particular they do not feel the effect of collisions
with the tagged particle.

This problem, suggested by Lorentz [32] at the beginning of the twentieth century to study
the motion of electrons in metals, is the core of a number of works, and the corresponding
literature includes a large variety of contributions. We do not intend to be exhaustive here
and refer the reader to the book by Spohn [43, Chapter 8] for a survey on this topic. We
state one basic result due to Gallavotti [23] in the low density limit and then indicate some
of the many important research directions.

Theorem 2.1. Consider randomly distributed scatterers with radius € in R? according to a
Poisson distribution of parameter ae'™%. Let T be the flow of a point particle reflected at
the boundary of these scatterers. For a given continuous initial datum fo € L' N L>®°(R2?),
we define

f=(t,z,v) = E[fo(T " (x,v))]
Then, for any time T > 0, f. converges to the solution f of the linear Boltzmann equa-
tion (1.3), with hard-sphere cross-section, in L>([0, T], L*(R??)).

A refinement of this result can be found for instance in [42] in terms of convergence of path
measures (and not only of the mean density), as well as in [10] where the convergence is
proven for typical scatterer configurations (and not only in average).

These convergence statements lead naturally to various questions concerning

e the assumptions on the microscopic potential of interaction,

e the role of randomness for the distribution of scatterers,

e the long time behavior of the system, in particular the relaxation towards thermody-
namic equilibrium and hydrodynamic limits.

The first point was addressed by Desvillettes, Pulvirenti and Ricci [17, 18]. Their goal
was to derive “singular ” kinetic equations such as the linear Boltzmann equation without
angular cut-off or the Fokker-Planck equation, from a system of particles with long-range
interactions. They have obtained partial results in this direction, insofar as they can consider
only asymptotically long-range interactions. Due to the fact that the range of the potential
is infinite in the limit, the test particle interacts typically with infinitely many obstacles.
Thus the set of bad configurations of the scatterers (such as the set of configurations yielding
recollisions) preventing the Markov property of the limit must be estimated explicitly. Even
though the long-range tails add a very small contribution to the total force for each typical
scatterer distribution, the non grazing collisions generate an exponential instability making
the two trajectories (with and without cut-off) very different. The complete derivation of the
linear Boltzmann equation for long-range interactions is therefore still open.

It is often appropriate from a physical point of view to consider more general distributions
of obstacles than the Poisson distribution. In particular, in the original problem of Lorentz,
the atoms of metal are distributed on a periodic network. For the two-dimensional periodic
Lorentz gas with fixed scatterer size, Bunimovich and Sinai [11] have shown the convergence,
after a suitable time rescaling, of the tagged particle to a brownian motion. Their method
relies on techniques from ergodic theory : it uses the fact that the mapping carrying a phase



FROM HARD-SPHERES TO BROWNIAN MOTION 5

point on the boundary of a scatterer to the next phase point along its trajectory can be
represented by a symbolic dynamics on a countable alphabet which is an ergodic Markov
chain on a finite state space. Another important research direction, initiated by Golse, is
to consider the periodic Lorentz gas in the Boltzmann-Grad limit. In this case there can
be infinitely long free flight paths and the linear Boltzmann equation is no longer a valid
limit [24, 13, 33, 34], but the convergence toward a Brownian motion can be recovered after
an appropriate superdiffusive rescaling [35].

In [20, 19], Erdos, Salmhofer and Yau obtained the counterpart of the long time behavior
for random quantum systems. Our approach is closer to their method than to the ones
used for the periodic Lorentz gas (even though the setting of [20] deals with a fixed random
distribution of obstacles and a slightly different regime, known as weak coupling limit). Their
proof is indeed based on a careful analysis of Duhamel’s formula in combination with a
renormalization of the propagator and stopping rules to control recollisions. We refer also
to [15] for further developments on the quantum case.

2.2. Interacting gas of particles. We adopt here a different point of view, and consider a
deterministic system of N hard-spheres, meaning that the tagged particle is identical to the
particles of the background, interacting according to the same collision laws. In this paper,
we will focus on the case d > 2 (and refer to [44] for results in the case d = 1).

On the one hand, the problem seems more difficult than the Lorentz gas insofar as the
background has its own dynamics, which is coupled with the tagged particle. But, on the
other hand, pathological situations as described in [24, 12, 13] are not stable: because of
the dynamics of the scatterers, we expect the situation to be better since some ergodicity
could be retrieved from the additional degrees of freedom. In particular, there are invariant
measures for the whole system, i.e. the system consisting in both the background and the
tagged particle.

Here we shall take advantage of the latter property to establish global uniform a priori
bounds for the distribution of particles, and more generally for all marginals of the N-particle
distribution (see Proposition 4.1). This will be the key to control the collision process, and
to prove (like in Kac’s model [26] for instance) that dynamics for which a very large number
of collisions occur over a short time interval, are of vanishing probability.

Note that a similar strategy, based on the existence of the invariant measure, was already
used by van Beijeren, Lanford, Lebowitz and Spohn [7, 31] to derive the linear Boltzmann
equation for long times.

Let us now give the precise framework of our study. As explained above, the idea is to improve
Lanford’s result by considering fluctuations around some global equilibrium. Locally the N-
particle distribution fn should therefore look like a conditioned tensorized Maxwellian.

In the sequel, we shall focus on the case of hard-sphere dynamics (with mass m = 1) to avoid
technicalities due to artificial boundaries and cluster estimates. We shall further restrict our
attention to the case when the domain is periodic D = T = [0, 1]¢ (d > 2).
The microscopic model is therefore given by the following system of ODEs:

(2.1) CZZ =, % =0 aslongas |z;(t)—x;(t)|>e for 1<i#j<N,
with specular reflection after a collision
_ 1 _
vi(t7) = vilt”) = 5 (v = vg) - (s — ) (@i — @) (E7) .
(2.2) 1 if |zi(t) —x;(t)| = €.

vj(t+) = ’Uj(t_) + g(vz - Uj) (i — x])(fvz - xj)(t_)
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In the following we denote, for 1 < i < N, z; := (x;,v;) and Zn = (21,...,2n). With a
slight abuse we say that Zy belongs to T x R if Xy := (x1,...,2y) belongs to TV
and Vi := (v1,...,vy) to RV, Recall that the phase space is denoted by

DY = {Zy e TN xRWN /Vi#j, |z;— x5 > €}

We now distinguish pre-collisional configurations from post-collisional ones by defining for
indexes 1 <i#j <N

DNE(i, j) = {ZN eTN x RY /g —aj| =e, +(vi—v;)- (zi — ;) >0

and V(k,0) € {[1,N]\ {i,5}}*, ok — 2| > g} .

Given Zy on ODN (i, j), we define Z3 € 9DN~(i, j) as the configuration having the same po-
sitions (z)1<k<n, the same velocities (vy)ri ; for non interacting particles, and the following
pre-collisional velocities for particles ¢ and j

N 1
vi = v = (v =) - (@ - @) (@i - )
1
vy = vy + 2 (vi —vj) - (2 — ) (2 — ).

Defining the Hamiltonian
N
1
Hy(Vy) ==Y |uil,

24
=1

we consider the Liouville equation in the 2N d-dimensional phase space DY

(2.3) Ofn +{HnN, [N} =0
with specular reflection on the boundary, meaning that if Zx belongs to DN (4, 5) then
(2.4) vt Zn) = [n(t, Zy) .

We recall, as shown in [1] for instance, that the set of initial configurations leading to ill-
defined characteristics (due to clustering of collision times, or collisions involving more than
two particles) is of measure zero in DY .

Define the Maxwellian distribution by

s a
®s - . o B 2 _B 2
(2.5) ME*(Vy) ._HlMﬁ(vl) and  Mpg(v) := (%> exp< S vl > .
1=
An obvious remark is that My is a stationary solution of (1.2), and any function of the
energy fy = F(Hy) is a stationary solution of the Liouville equation (2.3). In particular,

for B > 0, the Gibbs measure with distribution in T x R* defined by

(2.6) Mnp(ZN) = ZlN (fﬁ) N exp(—BHN(VN)) 1py (ZN) = ZlN Lpx (Zn)MGN (Viv)

where the partition function Zp is the normalization factor

Zy = / 1pn (Zn)MEN (Vi) dZn = / Lz > XN,
(27) PN  RAN D? Jé] TdN 1<Z];;]J;<N |x;i—xj|>e
is an invariant measure for the gas dynamics.

In order to obtain the convergence for long times, a natural idea is to “weakly” perturb the

equilibrium state My g, by modifying the distribution of one particle. In other words, we
shall describe the dynamics of a tagged particle in a background initially at equilibrium.



FROM HARD-SPHERES TO BROWNIAN MOTION 7

Actually this is the reason for placing the study in a bounded domain, in order for My g
to be integrable in the whole phase space. Moreover we have restricted our attention to the
case of a torus in order to avoid pathologies related to boundary effects, and complicated free
dynamics.

The strategy of perturbating My g is classical in probability theory; following this strategy

e we lose asymptotically the nonlinear coupling: we thus expect to get a linear equation
for the distribution of the tagged particle;

e we also lose the feedback of the tagged particles on the background: since this back-
ground is constituted of N > 1 indistinguishable particles, the momentum and energy
exchange with the tagged particle has a very small effect on each one of these indistin-
guishable particles and thus does not modify on average the background distribution.
As a consequence, the limiting equation for the distribution of the tagged particle
should be non conservative.

What we shall actually prove is that the limiting dynamics is governed by the linear Boltz-
mann equation (1.3) with hard-sphere cross-section.

Remark 2.1. In order to retrieve the whole effect of the initial perturbation (including the
feedback on the background), we should look at the density of a typical particle, which is a
fluctuation of order 1/N around the equilibrium Mg

IR (ZN) = My g( (Zn)( Zp (1)), /po(zi)Mg(vi)dzi:O.

In this case, we expect the dynamics to be well approrimated by the linearized Boltzmann
equation
(2.8) O +v -V = —aL(yp)
with
// )+ o(v1) — (™) — @(v7)]Ma(v1) b(v — vi,w) dvidw .

Howewver it is much more difficult to obtain the equation for the fluctuation because there is
no easy counterpart of the uniform a priori bounds coming from the maximum principle [8].

2.3. Main results. For the sake of simplicity, we consider only one tagged particle which
will be labeled by 1 with coordinates z; = (z1,v1). The initial data is a perturbation of
the equilibrium density (2.6) only with respect to the position x; of the tagged particle.
Consider p° a continuous density of probability on T¢ and define

(2.9) N (Zn) == My g(Zn)p°(z1) -
Note that the distribution £ is normalized by 1 in L}(T% x R4") thanks to the translation
invariance of T¢ and that / P(x)dx = 1.

Td

The main result of our study is the following statement.

Theorem 2.2. Consider the initial distribution f% defined in (2.9). Then the distribu-
tion f](\,l)(t,x,v) of the tagged particle is close to Mg(v)pa(t,x,v), where po(t,z,v) is the
solution of the linear Boltzmann equation (1.3) with initial data p°(z1) and hard-sphere cross
section. More precisely, for allt > 0 and all & > 1, in the limit N — oo, Ne%ta~! =1, one
has
A2
(1) to -
(2.10) /5 (¢, v) — Mg(v)cpa(t,x,v)HLm(deRd) <C yesy ,
(loglog N) 4
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where A > 2 can be taken arbitrarily large, and C depends on A, B,d and || p°|| L.

In [7, 31], the linear Boltzmann equation was derived for any time ¢ > 0 (independent of V).
In comparison, our approach leads to quantitative estimates on the convergence up to times
diverging when N — oo. As we shall see, this is the key to derive the diffusive limit in
Theorem 2.3. Theorem 2.2 proves that the linear Boltzmann equation is a good asymptotics
of the hard-sphere dynamics, even for large concentrations « and long times ¢. It further
provides a rather good estimate on the approximation error. Up to a suitable rescaling of
time, we can therefore obtain diffusive limits.

In the macroscopic limit, the trajectory of the tagged particle is defined by
(2.11) 2(r) := 21(a7) € T

The distribution of Z(7) is given by f J(\} )(on', x,v). In the following, 7 represents the macro-
scopic time scale.

Theorem 2.3. Consider N hard spheres on the space T%x R%, initially distributed according
to £ defined in (2.9). Assume that p° belongs to CO(T?). Then the distribution fj(\})(aT, x,0)
remains close for the L>-norm to p(t,x)Mpg(v) where p(7, ) is the solution of the linear heat
equation

(2.12) Orp— kglgp =0 in T, Plr=0 = o°,
and the diffusion coefficient kg is given by (6.8). More precisely,

(2.13) Hf](vl)(OéT,l',’U) — p(1,2) M3 —0

(v) HLOO([O,T]dede)

in the limit N — oo, with a = Ne®™ 1 going to infinity much slower than v/loglog N.

In the same asymptotic regime, the process (1) = x1(at) associated with the tagged particle
converges in law towards a Brownian motion of variance kg, initially distributed under the
measure p°.

The Boltzmann-Grad scaling & = Ne? ! is chosen such that the mean free path is of or-
der 1/a, i.e. that a particle has on average a collisions per unit time. This explains why
in (2.11), the position of the particle is not rescaled. Indeed over a time scale ar a particle
will encounter o7 collisions which is the correct balance for a diffusive limit. In other words,
one can think of a as a parameter tuning the density of the background particles.

2.4. Generalizations. For the sake of clarity, Theorem 2.3 has been stated in the simplest
framework. We mention below several extensions which can be deduced in a straightforward
way from the proof of Theorem 2.3.

Several tagged particles :

The dynamics of a finite number of tagged particles can be followed and one can show that
asymptotically, they converge to independent Brownian motions. This gives an answer to a
conjecture raised by Lebowitz and Spohn [30] on the diffusion of colored particles in a fluid.

Interaction potential :
Following the arguments in [22, 38], the behavior of a tagged particle in a gas with an
interaction potential can also be treated, under the assumptions of Theorem 1.1.

Initial data :

The perturbation on the initial particle could depend on z; = (z1,v1) instead of depending
only on the position x;. The comparison argument to the linear Boltzmann equation is
identical, but the derivation of the diffusive behavior in Section 6.1 should be modified to
show the relaxation of the velocity to a Maxwellian at the initial stage (see Remark 6.2).



FROM HARD-SPHERES TO BROWNIAN MOTION 9

By considering an initial data of the form
(2.14) P2 (z1) = o ,00( Cx 1) with (<1

the tagged particle localizes when « goes to infinity. The analysis can be extended to this
class of initial data and lead, in the macroscopic limit, to a Brownian motion starting initially
from a Dirac mass.

Scalings :

We have chosen here to rescale the particle concentration of the background and to dilate the
time with a factor a. However, the diffusive limit can be obtained by many other equivalent
scalings involving the space variable. In particular, one could have considered a domain |0, )\]d
with a size A growing and a Boltzmann-Grad scaling (N/A%)e?~! = 1. Rescaling the space
by a factor A and the time by A\? < loglog N would have led to the same diffusive limit. In
fact, one only needs the Knudsen number to be small and of the same order as the Strouhal
number [4, 40].

2.5. Structure of the paper. Theorem 2.3 is a consequence of Theorem 2.2, as explained
in Section 6. The core of our study is therefore the proof of Theorem 2.2, which relies on
a comparison of the particle system to a limit system known as Boltzmann hierarchy. This
hierarchy is obtained formally in Section 3 from the hierarchy of equations satisfied by the
marginals of fy, known as the BBGKY hierarchy (which is introduced in Section 3). Section 4
is devoted to the control of the branching process that can be associated with the hierarchies,
and in particular with the elimination of super-exponential trees; the specificity of the linear
framework is crucial in this step, as it makes it possible to compare the solution with the
invariant measure globally in time. The actual proof of the convergence of the BBGKY
hierarchy towards the Boltzmann hierarchy, on times diverging with N, can be found in
Section 5.

Some more technical estimates are postponed to Appendix A and B.

3. FORMAL DERIVATION OF THE LOW DENSITY LIMIT

Our starting point to study the low density limit is the Liouville equation (2.3) and its
projection on the first marginal

( )(t Zl /fN t ZN)dZQ d ZN -

Since it does not satisfy a closed equation, we have to consider the whole BBGKY hierarchy
(see Paragraph 3.1). The main difference with the usual strategy to prove convergence is that
the symmetry is partially broken due to the fact that one particle is distinguished from the
others. In other words fy|—g is symmetric with respect to z2,...zy but not to 21, and this
property is preserved by the dynamics.

More precisely we shall see that the specific form of the initial data implies that asymptotically
we have the following closure (see Paragraph 3.2)

POt 21, 20) = /fN(t, Zn)dzs .. dey ~ 1O (6 2) M)
so that the limiting hierarchy reduces to the linear Boltzmann equation (see Paragraph 3.3).

3.1. The series expansion. The quantities we shall consider are the marginals
2, z,) / In(t, Zn)dzesr - . dzy

](\}) is exactly the distribution of the tagged particle, and fN is the correlation between
this tagged particle and (s — 1) particles of the background.
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A formal computation based on Green’s formula leads to the following BBGKY hierarchy
for s < N

(3.1) at+2vz IS Z0) = a(Corr FTI) (8, Z4)

on D2, with the boundary condition as in (2.4)
e, 2,) = £$)(t, Z2) on ODE (i, ).
The collision term is defined by

(c SS+1f(s+1 )(Zs) :== (N — s)e™ o™t

(3.2) X (;/SleRd In (...,:Ul,vz,...,:xz+5y,vs+1)((vs+1 v;) I/)Jr vdugiq

_ Z/d ) df](\,erl)(_..,xi,w,...,mi + ev, v5+1)<(v5+1 — ;) - 1/) dydvsH)
; Sd—1x R _

where S%! denotes the unit sphere in R%. Note that the collision integral is split into two
terms according to the sign of (v; — vs41) - ¥ and we used the trace condition on DY to
express all quantities in terms of pre-collisional configurations.

The closure for s = N is given by the Liouville equation (2.3). Note that the classical
symmetry arguments used to establish the BBGKY hierarchy, i.e. the evolution equations for

the marginals f ](\f)(t, Zs), only involve the particles we add by collisions to the sub-system Z
under consideration. In particular, the equation in the BBGKY hierarchy will not be modified
at all since - by convention - the tagged particle is labeled by 1 and always belongs to the
sub-system under consideration.

Given the special role played by the initial data (which is the reference to determine the notion
of pre-collisional and post-collisional configurations), it is then natural to express solutions of
the BBGKY hierarchy in terms of a series of operators applied to the initial marginals. The
starting point in Lanford’s proof is therefore the iterated Duhamel formula

t1 tn—1
Z / / / Ss(t —t1)Cs s418s+1(t1 — t2)Cs 11,542

e () £ET(0) dt, . dty

(3.3)

where S denotes the group associated to free transport in D with specular reflection on the
boundary.

To simplify notations, we define the operators Qs s(t) = Ss(t) and for n > 1

(3.4)

t1 tn— 1
Qs s+n / / / t - tl)os s+1Ss+1(t1 - t2)05+1 s+2 - Sern(tn) d mnoe .- dt

so that
(3.5) Z A" Qssn(t) ST (0) .

Remark 3.1. It is not obvious that formula (3.5) makes sense since the transport opera-
tor Se41 1s defined only for almost all initial configurations, and the collision operator Cs s11
is defined by some integrals on manifolds of codimension 1. This fact is discussed in [41] and
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is dealt with in detail in the erratum of [22]. The collision integral is defined according to the
following procedure:

e We first note that (Zs,v,vs41,t) is a system of coordinates on the neighborhood of
any regular point of the boundary 8D§+1’i (i,s+1). Since the transpor Ssy1 preserves

the L> norm, for any function @s11 € L (DY) with bounded support, up to some
truncation Xg’i avoiding pathological trajectories

X5 Sst1(t)psi1 € L¥(DE x ST x R x [0, TY).

o Fubini’s theorem and Alexander’s result [2] then show that, up to some truncation,
each elementary term of the collision operator is well-defined (by partial integration
with respect to the only variables (v,vs41)) : for any function psi1 € L®(DETY) with
bounded support,
d,i,+

Coot1Sst1(t)psi € L(DZ x [0,T]).

S
e We can finally prove that the contribution of pathological trajectories to the collision
integral is small outside from a small measure subset of D2 x [0,T]. This means that

we can remove the truncation and get that for any function g1 € L°°(DF) with
bounded support,

CuvaSen (Dpsrt € L(DE x [0,T)).
The assumption on the support is then removed by considering weighted L norms.

3.2. Asymptotic factorization of the initial data. The effect of the exclusion in the
equilibrium measure vanishes when € goes to 0 and the particles become asymptotically
independent in the following sense.

Proposition 3.2. Given > 0, there is a constant C > 0 such that for any fized s > 1, the
marginal of order s

(3.6) M) (Zs) ::/MN,B(ZN)dst...dZN
satisfies, as N — oo in the scaling Ne™' = o < 1/¢,

(s) s s s
(3.7) ‘ (MNﬁB - MF ) 1p:| < C*ca MF

where the Mazwellian distribution M ?S was introduced in (2.5).

The proof of Proposition 3.2, by now classical, is recalled in Appendix A for the sake of
completeness.

As a consequence of Proposition 3.2, the initial data is asymptotically close to a product
measure: the following result is a direct corollary of Proposition 3.2.

Proposition 3.3. For the initial data f$ given in (2.9), define the marginal of order s
W2 = [ (20 dnr - day = o) M2,
There is a constant C' > 0 such that as N — oo in the scaling Ne?™' = a < 1/¢
‘ (f]?f(S) _ 90(3)) 1ps
where ¢°©) is defined by
(3.8) 95" (Z:) = P (@) M (Vi)

< CeaM Pl
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3.3. The limiting hierarchy and the linear Boltzmann equation. To obtain the Boltz-
mann hierarchy we start with the expansion (3.5) and compute the formal limit of the collision
operator Qs s, When € goes to 0. Recalling that (N — s)e?"ta~! ~ 1, it is given by

t1 n—1
9 sinll / / / SOt )Cg,s+182+1(t1 - t2)02+1,s+2 S (tn) by - dty

where S denotes the free flow of s particles on T4 x R%, and C? ss+1 are the limit collision
operators defined by

(Cg,s+1g(s+1) Z/ s+1 -5 L v;kv -5 Ly v:—i—l) <<US+1 - vi) : V>+dl/dvs+1
(3.9)

— Z/g(sﬂ)(. Ty Uiy - ,azi,vsﬂ)((vs_,_l — ;) - V) dvdvgyy .
i=1 a

Then the iterated Duhamel formula for the Boltzmann hierarchy takes the form

(3.10) Vs>1, g1 =) a"Q), ()" (0).

n>0

Remark 3.4. In the Boltzmann hierarchy, the collision operators are defined by integrals
on manifolds of codimension d, so the arguments presented in Remark 3.1 cannot be applied
(s)

anymore. We shall therefore require that the functions (ga )S>1 are continuous, which is

possible since free transport preserves continuity on T% x RY.
Consider the initial data (3.8). Then the family (g&s))szl defined by
(3.11) 9t Zs) = palt, 20) MG (VL)

(s)

is a solution to the Boltzmann hierarchy with initial data g, since ¢, satisfies the linear
Boltzmann equation (1.3) with initial data p°.

We insist that the g&s) are not defined as the marginals of some N-particle density.

Remark 3.5. Note that the estimates established in the next section imply actually that (g((f))szl
is the unique solution to the Boltzmann hierarchy (see [22]).

Furthermore the maximum principle for the linear Boltzmann equation leads to the following
estimate

sup ga(t, 21) < [|p°l|ze -
t>0

(1)

In the following for the sake of simplicity we write g, := ga’-

4. CONTROL OF THE BRANCHING PROCESS

The restriction on the time of validity 7%/« of Lanford’s convergence proof (determined
by a weighted norm of the initial data) is based on the elimination of “pathological” colli-
sion trees, defined by a too large number of branches created in the time interval [0, 7*/a]
(typically greater than n. = O(|loge|), see [22] for a quantitative estimate of the truncation
parameter). Here the global bound coming from the maximum principle will enable us to
iterate this truncation process on any time interval.
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4.1. A priori estimates coming from the maximum principle.
For initial data as (2.9), uniform a priori bounds can be obtained using only the maximum
principle for the Liouville equation (2.3).

Proposition 4.1. For any fired N, denote by fn the solution to the Liouville equation (2.3)
with initial data (2.9), and by f](\?) its marginal of order s

(4.1) fN (t, Zs) /fN (t,ZN)dzs41 ...dzN .
Then, for any s > 1, the following bounds hold uniformly with respect to time
(42) sup (1 Z0) < MY(Z0) [0l < CME* (V) o~

for some C > 0, provided that ae < 1.

Note here that although the variable z; does not play at all a symmetric role with respect
to z9,...zN, the upper bound (4.2) does not see this asymmetry.

Proof. One has immediately from (2.9) that
F(Zn) = My g(Zn)p° (1) < My6(Zn)|p" || = -

Since the maximum principle holds for the Liouville equation (2.3), and as the Gibbs mea-
sure My g is a stationary solution, we get for all ¢ > 0

In(t,Zn) < M g(Zn)|1° 1oe -

The inequalities for the marginals follow by integration and Proposition 3.2. 0

4.2. Continuity estimates for the collision operators. To get uniform estimates with
respect to N, the usual strategy is to use some Cauchy-Kowalewski argument. In the following
we shall denote by |Q|ss+n the operator obtained by summing the absolute values of all
elementary contributions

t1 tn—1
|Q‘s,s+n / / / t - tl ‘Cs s+1| Ss+l(t1 - t2) ’Cs—‘rl s+2‘ s+n( n) tn ..

and similarly for |Q°|s s4n

tl tnl
1Qsain(®) / / / SO(t — t1) €% 1] S04 ( — £2) [CO4raval - S (tn) db ..
where

(1Css1lfST)(20)

= (N —s)ed™! _12/ (S+1)( ..,xi,v;‘,...,xi+5y,v;‘+1)((vs+1 —v,;)-u)erl/dvsH

d—1yRd

+<N d 1 12/ 5+1 ( <3 iy Viy oo+, T+ EV, U5+1)((U5+1 —Ui) 'V>_dVd’US+1

d— 1><Rd

and

S
(‘ s+1|9 SH Zs) = Z/g(s+l)(' T U ,xi,v;"ﬂ)((vsﬂ —v;) - V)eryd”sﬂ

+ Z/g(5+1)(. ey Tiy Uy vy Tiy Vst 1) ((’US+1 — ;) - I/>7dl/d’Us+1 .
i=1

.dty
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For A > 0 and k € N*, we define X, ;, » the space of measurable functions fj, defined almost
everywhere on DF such that

([ frelleen := SUpesSz, cpk

Fo(Z1) exp (AHk(Zk))) < 00,

and similarly X 1 is the space of continuous functions g, defined on T% x R% such that

llgrllogr == sup gr(Zk) exp ()\Hk<Zk))‘ <00.

ZkGTdede
Lemma 4.2. There is a constant Cy depending only on d such that for all s,n € N* and
(t) and |Q°|s,s4n(t) satisfy the following continuity estimates:
(t) fs4n belongs to Xas% and

1 [ Cat \"
, < () Wasalleatnn
2

585 2

for all fsyn n X gin o,

(4.3) 1@l (®) et

Similarly for all gsin in Xosinx, |Q°s,sn(t)gstn belongs to X, » and
1< 2

[ Cat \"
<e’ ! (}\M> ||gs+n”0,s+n,>\ .
2

Proof. Estimate (4.3) is simply obtained from the fact that the transport operators preserve
the weighted norms, along with the continuity of the elementary collision operators. A quan-
titative version of the arguments presented in Remark 3.1 provides the following statements
(see [22] for a detailed proof)

e the transport operators satisfy the identities

1Sk (t)
1SR ()gklloker = lIgkllok -

(4.4)

(t)gern 0.5,2

e the collision operators satisfy the following bounds in the Boltzmann-Grad scal-

ing Ne? ! = o

d 1
k(=) i1l Stsa () fisn(Z0)] < Car™8 (A5 37 Juul) exp (“AH(Z) sl
1<i<k
almost everywhere on Ry x Dg, for some Cy > 0 depending only on d, and
d _1
(4.5)  [ICR k1l gr41(Zr)] < Car—> <k>\ 24 ) |vz'|) exp (—AHk(Zk)) |gk+1lloe+1.1 5
1<i<k

on T% x R,

The result then follows from piling together those inequalities (distributing the exponential
weight evenly on each occurence of a collision term). We notice that by the Cauchy-Schwarz
inequality,

) 1/2
A 9 2n\ 2 A A 9
> e (-5 ¥ P) < (#3) | 2 pbiten (-5 ¥ 1nP)
1<i<k 1<j<k 1<i<k 1<j<k
<2nl<:>1/2 < 2 (s +n)
—(s+n
e — Ve ’
with k& < s 4+ n in the last inequality. Each collision operator gives therefore a loss of

CA-(d+1)/ 2(s +n) together with a loss on the exponential weight, while the integration with



FROM HARD-SPHERES TO BROWNIAN MOTION 15

respect to time provides a factor ¢"/n!. By Stirling’s formula, we have

(s+n)" n+s

n!

< exp <n log + n) <exp(s+n).

n
That proves the first statement in the lemma. The same arguments give the counterpart for
the Boltzmann collision operator. 0

4.3. Collision trees of controled size. For general initial data (especially in the case of
chaotic initial data), the proof of Lanford’s convergence result then relies on two steps:

(i) a short time bound for the series expansion (3.5) expressing the correlations of the
system of NV particles and a similar bound for the corresponding quantities associated
with the Boltzmann hierarchy;

(ii) the termwise convergence of each term of the series.

However after a short time (depending on the initial data), the question of the convergence
of (3.5) is still open. The divergence of the series is partially due to the fact that possible can-
cellations between the gain and loss terms of the collision operators are completely neglected
in this strategy.

Here we assume that the BBGKY initial data takes the form (2.9) and the Boltzmann initial
data takes the form (3.8), and we shall take advantage of the control by stationary solutions
(the existence of which is obviously related to these cancellations) given by Proposition 4.1
to obtain a lifespan which does not depend on the initial data. Indeed, we have thanks to
Propositions 3.2 and 4.1 provided that ae < 1

1A )l = SUpessz, cpk P, Z4) exp (5Hk(Zk))’

< sup (ME(Z) exp (BHL(Z0)) )1
ZkGDé“

<C* sup (MF(Vi) exp (BH(Z0)) ) 1”11
Z,€Dk

Thus for all t € R,

k B\ kd/2
(4.6) 1A Olles < CF () 160l

Similarly for the initial data for the Boltzmann hierarchy defined in (3.8), by Remark 3.5 the
solution (3.11) of the evolution is bounded by

B\ kd/2
(4.7) 199 ®llows < (5) N6l

Moreover we shall use a truncated series expansion instead of (3.5) and (3.10). Let us fix a
(small) parameter h > 0 and a sequence {ny }>1 of integers to be tuned later. We shall study
the dynamics up to time ¢ := Kh for some large integer K, by splitting the time interval [0, ¢]
into K intervals, and controlling the number of collisions on each interval. In order to discard
trajectories with a large number of collisions in the iterated Duhamel formula (3.5), we define
collision trees “of controled size” by the condition that they have strictly less than nj branch
points on the interval [t — kh,t — (k — 1)h]. Note that by construction, the trees are actually
followed “backwards”, from time ¢ (large) to time 0.

As we are interested only in the asymptotic behaviour of the first marginal, we start by
using (3.3) with s = 1, during the time interval [t — h, t]: iterating Duhamel’s formula up to
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_______________O_______________

\)

h

FIGURE 2. Suppose n; = A* with A = 2. Each collision is represented by
a circle from which 2 trajectories emerge. The tree including the three extra
collisions in dotted lines occurring during [t — 2h,t — h] is not a good collision
tree and in our procedure, it would be truncated at time t — 2h. The tree
without the dotted lines is a good collision tree with ¢ = 4h : the number of
collisions during the k*-time interval is less than n; — 1 = A*¥ — 1.

time ¢ — h instead of time 0, we have

nyp—1 ]
(4.8) IV =" a7 Quas (W)t~ h) + Ry, (t — o),
Jj1=0

where R ,, accounts for more than n; collisions

N—1
Rin (t',8) == 3 aPQupa(t — ) FLTV(t).

p=n1

More generally we define Ry, ,, as follows

N—k
Rin(t' 1) =) 0”Qpppp(t — I ).
p=n

The term Ry, ,(t',t) accounts for trajectories originating at k points at time ¢, and involving
at least n collisions during the time-span ¢ — ¢. The idea is that if n is large then such a
behaviour should be atypical and Ry, ,,(t',t) should be negligible.

The first term on the right-hand side of (4.8) can be broken up again by iterating the Duhamel
formula on the time interval [t —2h,t— h] and truncating the contributions with more than no
collisions: this gives

ni—1no—1

0 =33 o 2Qu14, (W) Quijaigi+ia(h) £ (¢ 21)

Jj1=0 j2=0
ny—1 .

+ Ripny (t—hyt) + Z o Q1 4, +1(R)Rj 41,y (t — 20, t — ).
j1=0

Iterating this procedure K times and truncating the trajectories with at least nj collisions
during the time interval [t — kh,t — (k — 1)h], leads to the following expansion

(4.9) P = 5@ + RE @),
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where denoting Jy :=1 and Ji := 1+ j1 + -+ + Jjg,
ni—1 ng—1
1,K _ 0(J
(4.10) f](\f )(t) = Z e Z a’x 1Q17J1 (MQuy,a5(h) ... Quyc_y, (h) N( )
J1=0  jr=0
and

K ni—1 ngp_1—1

Ry =YY ... > o =71Qu 1 (h) ... Quyyai (B) Ry (t — KByt — (k= 1)h).
k=1 j1=0 jr-1=0

By an appropriate choice of the sequence {ny}, we are going to show that the main contri-

bution to the density f ](\} )(t) is given by f J(\} 0 (t) and that RX(¢) vanishes asymptotically.

Next as in (4.10) we can write a truncated expansion for g, (see (3.11)) as follows:
(4.11) ga(t) = g1 (1) + ROE (1),
where with notation (3.8) and (3.11),
ni—1 ng-—1
(4.12) g6t = Y D TR L (M)Q, gy () Qe () g )
=0 jx=0
and

K ni—1 np_1-—1
RYE(t) == Z Z. . Z alt=71QY S (h)...@Y, 5 (MRS, (t—kh,t—(k—1)h)
k=1 ji=0 jg-1=0
with
R, (') == Z aPQY joyp(t — t) gl ().

p>n

4.4. Estimates of the remainders. Since we expect the particles to undergo on average
one collision per unit of time, the growth of collision trees is typically exponential. Patholog-
ical trees are therefore those with super exponential growth. There are two natural ways of
defining such pathological trees

e cither by choosing some fixed h (given for instance by Lanford’s proof) and log ny > k;
e or by fixing n, = A* and letting the elementary time interval h — 0.

We shall choose the latter option.

Proposition 4.3. Under the assumptions of Theorem 2.2, the following holds. Let A > 2 be
given and define ny, :== A*, for k > 1. Then there exist ¢, C,~yy > 0 depending on d, A and 3
such that for any t > 1 and any v < 7y, choosing

¢y

(4.13) h < ATAD) (1/(AT) and K =t/h integer
we get
(4.14) RN @] o sy + B O] o sy < C7H10° 2=

Proof. We are going to bound
HQLJl (h) e 'Q']k72vjk71(h) Rkalvnk (t —kh,t — (k - 1)h)HLoo(Td><Rd)

for each term in the remainder R% . The exact distribution of collisions in the last k& — 1
intervals is not needed and it is enough to estimate directly

H|Q|1Jk71((k - 1)h) R-kalank (t — kh,t — (k - 1)h)HL°°(Td><Rd) .
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Applying Lemma 4.2, one has (denoting generically by Cy any constant depending only on d)
11QI1,5—y (B = D)h) Ry, iy, (8 = Bl t = (k= D)A)|| oo pa ey

< Cy (k—1)h
=\ g

Je—1—1
> |’RJk,1,nk(t_kh7t_ (k_ ]‘)h) ‘&kalvﬁ/z'

Then arguing as in the proof of Lemma 4.2, one can write

aJk_l_IH |Q|17Jk71 ((k - 1)h) Rkalvnk (t —kh,t - (k - 1)h)HLOO(Td><Rd)

N—Jg_1 T 1—1
Cda(k - 1)h k-1 Cdah P (Jk—1+p)
< Z <ﬂ(d+1)/2 W igg AN )l 4,8
p=nk =
N—=Jk—1 J—1+p—1
d _ Cd k-1
<1 l=pt et S (S2) (ah”.
o \VB
thanks to (4.6) and recalling that (kK — 1)h < t. Assuming from now on that
Cyah 1
(4.15) NG <3
we find
aJk_l_lu ‘Q’17Jk_1 ((k - 1)h) RJk—lank (t — kh,t — (k - 1)h)HL°°(Td><Rd)
(4.16)

4 Jp_1+n—1
< [1p° |z B2 (at) o171 (3%> (an)

Note that Nj :=1+4+n; +---+n; = Af:_lfl < ﬁnﬁl. Then, since Ji_1 < Nj_1, one has,
for some appropriate constant C(d, 3),

ajk_l_le‘LJkﬂ((k - 1)h> RJk—hnk(t - khvt - (k - l)h) HLOO(deRd)

log(at) + log(ah) ) ) 6° 1= -

1
< B exp (A*(1og C(d, ) + 57—

Therefore, choosing

y
h < C(dyﬁ)aA/(A—l)tl/(A_l) ’

which is compatible with (4.15) as soon as v is small enough one has
aJk_l_IH |Q|17Jk71 ((k - 1)h) Rkalu'n»k (t —kh,t — (k - 1)h)HL°°(Td><Rd)

(4.17)
< 52 exp (A*10g ) |-

This implies

1B oo racre

Kk K
<573 (11 m) exp (4410871l < 592 32 exp (k01-+ 1 lost) + 44108 )]~

K
< Cap"? Y exp (Aklog) |l = < CaB¥?y 1
k=1



FROM HARD-SPHERES TO BROWNIAN MOTION 19

for ~ sufficiently small, where C4 is a constant depending on A. Thus we get (4.16). The
argument is identical in the case of the Boltzmann hierarchy: estimate (4.16) becomes

Jp1—1 0
™t H|Q,1,Jk71((k 1)h) RJk v (0= Bt = (k= 1)h)HLOO(deRd)

k—1ah\ 171 1 Chan Uiz
< (d+1)/2 ) <5(d+1)/2> UP”g o k(t)||0,Jk_1+nkﬁ

d
2

Je_1+nE—1
) (at) 1 (ah)™ [

< (7

hence finally
1R | oo (raremay < CaBYPy 1o Nz,

and the proposition is proved. O

5. PROOF OF THE CONVERGENCE

In this section, we conclude the proof of Theorem 2.2. Thanks to Proposition 4.3, we are

reduced to studying f](\}’K) - gél’K) (introduced in (4.9), (4.11)) and to proving that the

K) (LK)

matching terms in the series f ](\} " and g are close to each other.

Throughout this section, the parameters are chosen such that (with the notation of Propo-
sition 4.3)

1
(5.1) Nedl—a<x =, A>2, t>1, K=—.
13

Each elementary term in the series f](\} ) and g,(ll’K) has a geometric interpretation as an
integral over some pseudo-trajectories. As explained in [29, 14, 22], in this formulation the
characteristics associated with the operators S;(t;—1 —t;) and S?(¢;_1 —t;) are followed back-
wards in time between two consecutive times ¢; and ¢;—1, and the collision terms (associated
with C; ;41 and Cgi 41) are seen as source terms in which “additional particles” are “adjoined”
to the system. The main heuristic idea is that the pseudo-trajectories associated to both hi-
erarchies can be coupled precisely if no recollisions occur in the BBGKY hierarchy. The core
of the proof will be to obtain an upper bound on the occurrence of recollisions and to show
that their contribution is negligible.

In order to prevent recollisions in the time interval [t;11,¢;], some bad sets in phase space
must be removed. Following the approach developed in [22], a geometrical control of the
trajectories in the torus (stated in Lemma 5.2) enables us to define bad sets, outside of which
the flow S between two collision times is the free flow S (see Proposition 5.1). Finally, the
geometric controls are used in Section 5.3 to obtain quantitative estimates on the collision
integrals where those bad sets have been removed.

5.1. Reformulation in terms of pseudo-trajectories. We consider one term of the

sum f](\/} ) (t) in (4.10) and show how it can be interpreted in terms of pseudo-trajectories.
Given the indices J = (j1,...,JK), we set

K J
(5.2)  Fy) (421) = Qi (MQun () - Quie_y i () 177
:/ dT Sy (t — £1)Ch.2Sa(ty — t2)Cas ... Sy (brge—1) fl ')
Ts(h)
where the time integral is over the collision times T' = (¢1,...,t ,_,) taking values in

(5.3) Ty(h) == {T = (t,. . tre ) i1 and (... by i11) € [t—kh,t—(k—l)h]}.
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In the following we denote by ¥, the s-particle flow. Given z; = (x1,v1) € T¢ x R? and a
time u € [t1,t], we call z1(u) = ¥1(u)z the coordinates following the backward flow ¥; of
one particle. The first collision operator (2 is interpreted as the adjunction at time ¢; of
a new particle at x1(t1) + evy for a deflection angle 1o € S9~! and with a velocity vy € R,
The new pair of particles Zy will be evolving according to the backward 2-particle flow ¥o
during the time interval [to,¢;] starting at ¢; from

(5.4)

Zs(t1) = ((xl(tl), v1), (z1(t1) + eve, 1)2)) in the pre-collisional case (va —v1) -2 <0
Zo(t1) = ((z1(t1),v}), (z1(t1) + eva,v3)) in the post-collisional case (vy —vy) -2 >0,

the latter case corresponding to the scattering.

Iterating this procedure, a branching process is built inductively by adding a particle la-
belled i + 1 at time ¢; to the particle z,,(t;) where m; < i is chosen randomly among the
first ¢ particles. Given a deflection angle v; 41 and a velocity v;11, the velocity of the parti-
cles zp,, and z;41 at time ¢; are updated according to the pre-collisional or post-collisional
rule as in (5.4)

Zita(t:) = ({2 () Yistma, (@, (80), vm, (8), (2, (8) + evig1, vis1))
in the pre-collisional case (vi4+1(t;) — vm,;) - Vix1 <0
i)

Zita1(ti) = ({Z]( i)}jaémia(xmi(tZ)’U:n,( i), (Tm, (ti) + evigr1,v z+1))
in the post-collisional case (viy1(ti) — Um,) - Vig1 >0 .

Let Z;y1 denote the i + 1 components after the i*-collision. The evolution of Z;y; follows
the flow of the backward transport W;;; during the time interval [t;11,¢;]. From [41] (see
also Remark 3.1), one can check that ¥, is well defined up to a set of measure 0. In the
following, we shall use the name collision to describe the creation of a particle and recollision
if two particles collide in the flow ¥, 1.

t,=0 13 to i t

FIGURE 3. A collision tree is represented with 3 collisions. The velocities (v1, v2) at
time t; are pre-collisional and the first particle keeps its velocity v, after the collision.
At time t3, the first particle is selected mg = 1 and the velocity v; is modified into
v} according to the post-collisional rule.

To summarize, pseudo-trajectories do not involve physical particles. They are a geomet-
ric interpretation of the iterated Duhamel formula in terms of a branching process flowing
backward in time and determined by

e the collision times 7" = (¢1,...,ts,—1) which are interpreted as branching times
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o the labels of the collision particles m = (my,...,mj,_1) from which branching occurs
and which take values in the set
My={m=(mi,...,mz_1), 1<m;<i}
e the coordinates of the initial particle z; at time t
e the velocities vg,...,v . in R? and deflection angles o, ... Vg in S‘f_l for each

additional particle.

The integral (5.2) can be evaluated by integrating f]OV(JK ) on the value of the pseudo-trajectories
Z,(0) at time 0

d—1\ Jx—1
(1K) £ (N-=D!' k)
Fy(Jd) = E <> —— Fy7 ' (J,m)
meM « (N — JK)'

where
(5.5) FUS(Tm) (8, 21) = / dT / dv dV A(T, 20,0, V) f27<)(2,,.(0))
Toh)  J(84-1xRA)TK 1

and with

=1 v ={v Vg }
(5.6) AT, 21,0, V) := H ((Vig1 — vm, (t;)) - vip1) and {V _ {1)22, , UJj }

i=1
The definition of A requires to compute the whole pseudo-trajectory on the time interval
[0,t] starting at z; in order to be able to sample the velocities at the different times 7" =
(t1,...,tsc—1). Note that the contributions of the gain and loss terms in the collision operator
C k+1 are taken into account by the sign of ((ka — U, (k) - Vk+1)-

In the same way, a branching process associated with the Boltzmann hierarchy can be con-

structed: given an initial particle 29 = (z9,v9) at time ¢, a collection of collision times T' =
(t1,...,ts.—1) and labels of the collision particles m = (mq,...,my.—1) € M as well as a
collection of velocities vy, . .., v, and deflection angles vs, ..., vy, , the (k+ 1) particle zgﬂ

is added at time ¢; at the position :c?nk (tx) of the particle my and their velocities are adjusted
according to the type of the collision

2 (k) = (20, (t), Vg (th))s 21 (tk) = (20, (t), Ok1) 3 (Vi1 — vy () - Vg1 <0

20 () = (2%, (6, 05 () 20 (t) = (20 (65 0fs) 3 (Wt — O () - i1 > 0.
Then, the corresponding pseudo-trajectory Z,g 41 evolves according to the backward free flow
denoted by ¥, during the time interval [fz41,t;] until the next particle creation. As the

particles are points, no recollision occur in this branching process. Notice that u — Z,g 1 (u)

is pointwise left-continuous on [0, t].

The counterpart of the integral (5.2) in the series g&l’K) (t) in (4.12) can be formally rewritten

as follows

G () (8, 2) = / dT SY(t — 1) 07 585 (t1 — 12)CY 5. ST, (ty,—1)g" )
Ty (h)

(5.7) = Y GO m)

meMy
where the integral is over the pseudo-trajectories

(5.8) GOF) (U m) (t,21) = / dr / 47 dV A(T, 21,7, V) U2, (0)),
T Jisitmay

with A defined as in (5.6) but with respect to the Boltzmann hierarchy pseudo-trajectories.



22 THIERRY BODINEAU, ISABELLE GALLAGHER AND LAURE SAINT-RAYMOND

41

FIGURE 4. The first stages of both pseudo-trajectories are depicted up to the oc-
curence of a recollision. The BBGKY pseudo-trajectories are represented with plain
arrows, whereas the Boltzmann pseudo-trajectories correspond to the dashed arrows.
At time t, the particle with label 1 in the BBGKY hierarchy is a ball of radius ¢
centered at position x; and the particle in the Boltzmann hierarchy is depicted as
a point located at x? = x71. At time ¢; the second particle is added and at time to
the third. Both hierarchies are coupled, but a small error in the particle positions of
order € can occur at each collision. In this figure, a recollision between the first and
the second particle of the BBGKY pseudo-trajectories occurs and after this recolli-
sion the Boltzmann and the BBGKY pseudo-trajectories are no longer close to each
other. Indeed the BBGKY trajectories are deflected after the recollision, instead the
ideal particles do not collide and follow a straight line (see the dashed arrows). Note
that before the recollisions the trajectories of z; and z? are identical and therefore
the plain and the dashed arrows overlap.

To show that F](\,I’K)(J, m) and G(5)(J, m) are close to each other when N diverges, we shall
prove that the pseudo-trajectories Z and Z° can be coupled in order to remain very close to
each other up to a small error (see Figure 4)

e due to the micro-translations ev11 of the added particle at each collision time ¢,

e excluding the possible recollisions on the interval |tg,tx_1[ along the flow Si, which

do not occur for the free flow Sg.

The proof of the convergence follows the arguments of [22]. This will be achieved by con-
structing in (5.18), a set of deflection angles and velocities (B(J,T,m))¢ C (S~! x RY) St
such that the pseudo-trajectories Z induced by this set have no recollisions and therefore
remain very close to the pseudo-trajectories Z associated to the free flow. Furthermore, the
measure of B(J,T,m) tends to 0 when N goes to infinity. Finally, in Section 5.3, all the

estimates will be combined to derive a quantitative bound on F](Vl’K)(J, m) — GLE) (T m).
5.2. Reduction to non-pathological trajectories.

5.2.1. The elementary step. The set of good configurations with & particles will be such that
the particles remain at a distance g > ¢ for a time ¢, i.e. that they belong to the set

gk(eo) .— {Zk c Tdk % de Yu € [O,t], Vi 75], d(wl — UV, Ty —UUJ') > 60}

where d denotes the distance on the torus T¢. For particles in Gi(gg), the transport ¥y
coincides with the free flow. Fix a < ¢y. Thus, if at time ¢ the configurations Zj, Z,S are
such that

(5.9) Vi<k, lz; — Y| < a, v = V)

)



FROM HARD-SPHERES TO BROWNIAN MOTION 23

and that Z belongs to Gi(co), then the configurations Wy (u)Zg, ¥9(u)Z) will remain at
distance less than a for u € [0, ¢].

We are going to show that the good configurations are stable by adjunction of a (k + 1)th-
particle next to the particle labelled by m; < k. More precisely, let Z,g = (X,g,Vk) be
in G (o) and Zy, = (X, Vi) with positions close to XJ and same velocities (cf. (5.9)). Then,
by choosing the velocity vi11 and the deflection angle v;11 of the new particle k£ + 1 outside
a bad set B,'*(Z})), both configurations Z;, and Z} will remain close to each other. Of course,
immediately after the adjunction, the particles my and k& + 1 will not be at distance &g,
but vgy1,vk+1 will be chosen such that the particles drift rapidly far apart and after a short
time 6 > 0 the configurations Z,,; and Z) , will be again in the good sets Gji1(g0/2)
and Gi+1(g0).

This stability result was obtained in [22] and is stated below. We shall restrict to bounded
velocities taking values in the ball Bg := {v cRY | <FE } for a given large parameter £ > 0
to be tuned later on.

Proposition 5.1 ([22]). We fix parameters a,eg,0 such that
(5.10) Af e « G < gg < min(dE, 1).

Given Z) = (X2, Vi) € Gr(co) and my, < k, there is a subset B, (ZY)) of S~1 x Bg of small
measure

7\ 41 d—1
(5.11) BT (29)| < C: (Ed <§> + EYE I + B (%0) )
0

such that good configurations close to Z,? are stable by adjunction of a collisional particle
close to the particle ¥ in the following sense.

mg
Let Zy = (X, Vi) be a configuration of k particles satisfying (5.9), i.e. |Xp — Xp| < a.
Given (Vg41,vk41) € (S¥71 x Bg) \ BI'™(ZY), a new particle with velocity vgy1 is added at
Ty + V41 to Zy and at :L‘?nk to Z,g. Two possibilities may arise

e For a pre-collisional configuration Vi1 - (Vg1 — Um,,) < 0 then

Vi#jel|lk], dlz;—uv,x; —uvj) >e,
(5.12) Yu €]0,1] , , R
Viel,k], d(xm, +evip1 —UV41, T —uv;) > €.

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

(Xk — uVi, Vi, Ty, + EVk1 — U 0k41, Vt1) € Grr1(€0/2)
(5.13) Vu € [5,1] ; o

(Xk — uVk, Vi, Ty, — W 0k41, V1) € Grt1(€0) -
e For a post-collisional configuration vii1 - (Vg1 — U, ) > 0 then the velocities are updated
Vi#je[Lk\{my}, dx;—uv,xz;—uvj) >e,
Vi e 1L,k \{ms}, d(zm, +evpi1 —uvi {,T; —uv;) > ¢,
(5.14)  Vuelo.q. | [LEJN Ame},  d(zm, + k10 T i)
ViellLLkl\{mg}, d(zm, — UV, s Tj — uvj) > €,
(T, — WV, Ty, + EVEy1 — UV, ) > €.
Moreover after the time &, the k + 1 particles are in a good configuration

Yu € [0, 1],

* *

(5.15) ({x] — UV, Vg by > Ty, — uv;‘nk,v;k,xmk + EVgy1 — UUJ:+17UZ+1) € Gry1(e0/2),
: 0 0 0
({xj — U,V }jmg Ty, — W Om s U s Ty — U Vfes 1 UZ_H) € Gr11(e0) -
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Proposition 5.1 is the elementary step for adding a new particle. In Section 5.2.2, we are going
to show how this step can be iterated in order to build inductively good pseudo-trajectories Z
and Z°. Note that after adding a new particle, the velocities remain identical at each time
in both configurations, but their positions differ due the exclusion condition in the BBGKY
hierarchy which induces a shift of € at each creation of a new particle (see Figure 4).

We refer to [22] for a complete proof of Proposition 5.1 and simply recall that it can be
obtained from the following control on free trajectories.

Lemma 5.2. Given t > 0, and a > 0 satisfying AXTe < @ < g < min(0F, 1), consider
two points 9,13 in T such that d(z9,29) > o, and a velocity vi € Bg. Then there exists a
subset K (29 — 29, 0,a) of R? with measure bounded by

_\ d—1
|K (29 — 29, e0,a)| < CE? <<a> + (Et)? ad1>

€0

and a subset Ks5(z9 — 19, ¢0,a) of R, the measure of which satisfies

4]

such that for any v € Bg and x1,m2 such that |x1 — 29| < @, |z — 29| < @, the following
results hold :
o Ifvy —v & K(2Y — 9,20,a), then

Vu € [0,t], d(xy —uvy,x9 —uvy) >¢€
o Ifug—uvy ¢ K(;(x(l) — xg,eg,&)

Yu € [0,t], d(z1—uvi, 2 —uvy) > ep.

d—1
K3(a — 23, e0,a)| < CE ((EO) T (BOIEt1et

The proof of this lemma is a simple adaptation of Lemma 12.2.1 in [22], and is given in
Appendix B. Note that this is the only point of the convergence proof which differs in the
case of the torus T from the case of the whole space R?. In the case of the torus, there
are indeed no longer dispersion properties so waiting for a sufficiently long time, we expect
trajectories to go back e-close to their initial positions.

5.2.2. Induction procedure for the pseudo-trajectories. Using the elementary step of Sec-
tion 5.2.1, we are going to construct in Proposition 5.3 a coupling between the BBGKY
and Boltzmann pseudo-trajectories, defined in Section 5.1, such that both trajectories re-
main close for all times up to a small error. In particular, this proof shows that recollisions
may occur for the BBGKY pseudo-trajectories only for a set of configurations at time 0
in D% with small measure.

As the stability of the good configurations (proved in Proposition 5.1) requires a delay § > 0
in between 2 collisions, we introduce a modified set of collision times
(5.16)
’TJ,(;(h) ::{T = (tl, - ,tJK_l) /ti <ti_1—96, (t]k, - 7tjk_l+1) S [t — kh,t — (k — 1)h]}
The following statement is analogous to Lemma 14.1.1 of [22].
Proposition 5.3. Fiz J = (ji,...,jk), m = (m1,...,mj.—1) € My and T € Tjs5(h). Let
the pseudo-trajectories Z; = (X;,V;), 22 = (X2, V;) be defined inductively by choosing at each
collision time t; a deflection angle v;11 and a velocity v;11 such that
it+1
(vig1,vip1) € (871 x Bp) \ B/ (Z)(t:)) and »_vi < E”.
k=1
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The wvelocities of both pseudo-trajectories coincide as well as the positions x1(u) = 29 (u)
for uw € [0,t]. Furthermore, for € sufficiently small

(5.17) Vi< Jg—1, V0 <i+1, lzo(tip1) — 20 (tig1)] < ei.

As a consequence of this proposition, we define a bad set of velocities and deflection angles
for the pathological pseudo-trajectories

JK
B(Zl,J, T, m) = {(Vi,?}i)QSiSJK € (Sd_l X BE)JK_l ‘ Z’U% < E2 and Hio § JK —1
k=1
(5.18) such that Vi <ig, (vi1,vi1) € (B (Z0(t:)))°

and (v 11, Vig41) € By ® (20 (ti)) }.

%0

Proof. We proceed by induction on 4, the index of the time variables t; for 1 < i < Jg — 1.
The recursion hypothesis at step i is

(5.19)  Z2(t;) € Gi(sg) and VL < i, lzo(t:) — 20(t:)| < e(i— 1), we(t;) = vP(t:).
We first notice that by construction, 21(t1) = 29(¢1), so (5.19) holds for i = 1. The initial
configuration containing only one particle, there is no possible recollision!

Assume that (5.19) holds up to some ¢ < Jx —1 and let us prove that (5.19) holds for i+1. We
shall consider two cases depending on whether the particle adjoined at time ¢; is pre-collisional
or post-collisional.

e Let us start with the case of pre-collisional velocities (vit1, Um, (t;)) at time t;. We recall that
the particle is adjoined in such a way that (v;11,v,11) belongs to (S?~! x Bg) \ B/ (Z0(t;)).
The new configuration Z?H satisfies for all u €]t;11,t;]
Ve <1, x?(u) = .Tg(tl) + (u — ti)vg(ti) R ’l)g(u) = w(ti) s
w1 () = 2, (6) + (uw—t)vir,  vipr(u) = vigr .
Since t; — t;11 > 6, Proposition 5.1 implies that Z?H(tiH) will be in G;41(e9).

Now let us study Z;+1 the BBGKY pseudo-trajectory. Provided that ¢ is sufficiently small,
by the induction assumption (5.19) and the fact that AX*le < a (see (5.10)), we have

VE<i, |ze(t;) —a)(t)] <e(i—1)<a.

Since Z?(t;) belongs to Gi(eg), Proposition 5.1 implies that backwards in time, there is free

flow for Z;41. In particular,
(5.20) VE<i+1, zp(u) =ze(ti) + (u—ti)ve(ti) , ve(u) = ve(ti)
' Tit1(u) = Tm, (4) + evipr + (u — ti)vigr Vi1(U) = Vg1

Therefore, the velocities of both configurations coincide and by the induction assumption (5.19)
VO<i+1, Yu€ltinti], |re(u)—ad(u) <e(i—1)+e<ei

where we used that in (5.20) there is a shift by at most .

e The case of post-collisional velocities (vit+1,vm,(t;)) at time ¢; is identical up to a scattering

of the velocities viy1, v, in v}, vy, . Note that the constraint St [vZ| < £ implies that

both velocities v}, |, vy, remain in Bg. This concludes the proof of Proposition 5.3. O
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5.3. Estimate of the error term. We turn now to the main goal of this section and
use the coupling of Proposition 5.3 between the hierachies to show that for K < loglog N
and at < (loglog N)(A=1/4 then

1,K
(5.21) £ = 0SB Lo (0w emety — 0

with an explicit rate of convergence when N diverges. The coupling of Proposition 5.3 can be
implemented only for a reduced set of velocities taking values in Bg and for collision times
separated at least by 6. Thus the first step will be to estimate the cost of cutting-off the
large velocities and the collision time separation in (5.5) and (5.8). Then in Section 5.3.4,
the parameters §, F and K will be tuned and the error term evaluated.

5.3.1. Energy truncation. Given E > 0, define the large velocity cut-off for f](\} ) introduced
n (4.10) as

1 d-1)(J — ]_
f](\/,E . Z (@D (x—1) N JK Z FN E
meMy

where ) ; stands for Z;”_Ol DY ~, and the velocities in the integral (5.5) are truncated
(5.22)
1K
Fyg (Jim) (t 1)

_ =TT/ T, 0(JK)
_/TJ h)dT/Sd_1XBE)JK1d1/dV A(T, 21,0, V) 1{HJK(ZJK(0)>3E;}fN (Z5,(0))

where A was defined in (5.6) and Hy(Zy) = 5 ZZ L vl

In the same way, for g& K) (4 12), the large velocity cut-off is defined as

g ZaJK LS @ am)
meM
where the velocities in the integral (5.8) are truncated
(5.23)

GO (T,m) (1, 21)
- dT dvdV A(T, 2,0, V) 1 07K (79 .
/7'J(h) /(Sd—leE)"K1 Y A( 721’1/7‘/) {HJK(ng(O))SETQ}g ( JK(O))

Then, we have the following error estimate.

Proposition 5.4. There is a constant C' depending only on B and d such that, as N goes to
infinity in the scaling Ne® o™ = 1, the following bounds hold:

1,K 1K) LK
H ( - ( HLOO ([0,4]xTaxR4) T Hg K — g((xE )HLOO(Ot]dede)

SAK(K+1)(C t)AK+1 —QEZHIO HL"O

with A, K as in Proposition 4.3.
Proof. We first consider the BBGKY hierarchy. Since the kinetic energy is preserved by the
(1K)
NE)

transport Sy, the difference (f ](\} 0 _ can be bounded from above by estimating the

contribution of the pseudo-trajectories such that {H . (Z.(0)) > %2} at time 0. Note that
from (4.6)

0(J. 0(J. _Bpg2 _B 2
(520 iy, g ozt N leiesr < DN e e < O e 80 e
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By Lemma 4.2, we get

1,K 1,K
IES) (Jom) — FG ) (J,m) | e (0. xme ey

8

<
= H|Q|LJK() {Hy (Z,0)>5 }fN Lo ([0,t] x T4 xR4)

< ct e 1 0(Jx)
=\ (B2@nrz 1, 2y 222y N Nlestic sz
It follows that
K K

AK+1

2
1" L=

thanks to (5.24) and to the fact that Jx < NK < AKHL A gimilar estimate holds for the
Boltzmann hierarchy. Summing over all possible choices of ji proves the proposition, recalling
that in the Boltzmann-Grad scaling

(1)1 (V-1 _ oK1

(N = Jx)! — '
Proposition 5.4 is proved. g
5.3.2. Time separation. We choose a small parameter 6 > 0 such that AX§ < h and estimate

the error for separating the collision times by at least §. The time cut-off of the pseudo-
trajectories is defined as

LK _
(5.25) f](VE()S —ZJ:g(d D= N JK ;/l FNE(S
m J

where the time integrals are restricted to the set 7;s(h) defined in (5.16)

F R (Jm) (8, 21)

._ = T — T 0(Jk)
= /TJ i /( o AT AT DT e (2 0)
with A(t, 21,7, V) as in (5.6). In the same way, for the Boltzmann hierarchy, we set
1K) 1 K
RS WL W Y
meMy

where the separation time cut-off is defined as

Gy (Jm) (8, 21)

.: | _ 0(Jx) (70

: /7}75(h) ar /(Sd—leE)JKldV dV A(T, z1,v,V) 1{HJK(Z0 ()< 2219 (Z7,.(0)).
Then the following holds.
Proposition 5.5. There is a constant C' depending only on B and d such that, as N goes to
infinity in the scaling Ne@ o™ = 1, the following holds

1L lK) (lK (1,K) (1,K

(0.xTéxR) + 190, 5 _gaEa”LOO ([0, x T4x R4)

AK+1 5

(5.26) < ABFDESD (Oar) | 20| s

with A, K as in Proposition 4.3.
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Proof. Given J,m the difference (F ](Vl ’é{) - ](V E();)(J m) involves the integration over two

consecutive times such that [t;41 — ¢;| < §. This leads to a contribution §t/5~2/(Jx — 2)!
instead of t/K =1 /(Jg —1)! and there are Jx — 1 possible choices for the collision with a short
time separation. Modifying accordingly the estimates of Lemma 4.2, we get for a given J

AK-H 25
|3 (R~ FSD ) s < (Cony ™ 00y,
meM

where we used that Jx < AKX+, Summing over all possible choices of jj leads to an extra
factor AKE+D) as in (5.26).

A similar estimate holds in the Boltzmann case and completes the proof. O

5.3.3. Neglecting the pathological pseudo-trajectories. We now reduce the domain of integra-
tion of the velocities and deflection angles outside the set B(J, T, m) defined in (5.18) in order
to remove the pathological pseudo-trajectories. We set

d—1\ Jx—1
FUE) € N -D! ~ax
(5.27) Inps = E: DY <a> mFN,E,?s(lm)
meMy K

where

(5.28) Eym)(Jym) (t z1)

o = J1/ — X/ O(JK)
= /m( )dT/B(JTm)Cdde AT m V) Ly o SN (20 0)

with A(t, 21,7, V) as in (5.6). In the same way, we define

(5.29) am—za‘]K LY Gy

meMy

where the domain of integration is restricted to the complement of B(J, T, m)

(5.30)  GY3(Lm) (8, 21)

— 5dV A T, 0(JK) (70
: /T i /B PV AT T U ) a2y 60 (25, 0)

As a consequence of Proposition 5.1 and of the continuity estimates in Lemma 4.2, the error
induced by neglecting the pathological pseudo-trajectories can be estimated from above.

Proposition 5.6. Let a,eg,0 satisfying (5.10). There is a constant C depending only on 3
and d such that, as N goes to infinity in the scaling Ne®ta~' = 1, the following holds

(LK)  ~ ) lkﬁ
9a.56 — gaE6 VNE& NE6

HL°° ([0,¢] x TEx R%) ‘ HL°° [0,t] x TExR%)

a\ 41 d—1
<1MKHXKHNCaﬂNH1<Ed(a> _+E%Eﬂdd]_%E<6) )’m%LW-

€0

Proof. The proof follows the same lines as the proofs of Propositions 5.4 and 5.5. In the
usual continuity estimate for the elementary collision operator, the integration with respect
to velocity brings a factor (27/ ﬂ)d/ 2 while removing the integration over the pathological
set B, gives an error

or (& (2) v m(e) ()"

according to Proposition 5.1.
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For a given J, there are Jx — 1 < AKT! possible choices of the integral to be modified.
Therefore,

‘ (LK) ~

9aE5 ga X N ES

Hf(l K) “(1 K)

HLOO(Ot}dede) HLOO ([0,t] x T¢xR4)

N d-1 i1
< (Car) " 42054 (Ed (L) + e+ () ) 100l
0

where as previously C' depends only on d and .
Finally summing over all the possible choices of J provides the additional factor AX(E+1 in
the estimate. O

Once the pathological pseudo-trajectories have been removed, the integrals (5.28) and (5.30)
differ only by the small error on the positions Z;, (0), Z9K(0) and by the initial data f](i,(JK )

and ¢°/x). Thus, one gets

Proposition 5.7. There is a constant C' depending only on B and d such that, as N goes to
infinity in the scaling Ne®1 = a, the following holds

2(K+1)
< AK(K+1)(Cat)AK+1 (A +a€> HPOHLOOo

H (lK ~
Loo([0,t] xTdxRd) — N

anéH

Proof. There are 2 sources of discrepancies between (5.27) and (5.29).

e The prefactors in the collision operators : In (5.27), the elementary collision operators have
prefactors of the type (N — k)e?~!/a that can be replaced in the limit by 1. For fixed Jg,
the corresponding error is

(N—1)...(N—Jg+1) J?Z
(1_ NTx+1 )SCW

which, combined with the bound on the collision operators, leads to an error of the form

2K+1)
A (K+1)(C t)AK+1AT”,00”LOO'

e Discrepancy between f](\)[(JK)(ZJK (0)) and gO(JK)(Zf}K (0)) : First of all, we note that for the
coupled pseudo-trajectories

¢V (Z,.(0)) = g (Z5, (0)).

Indeed, by construction both pseudo-trajectories have the same velocities and z1 = xY. The
differences between the two configurations are only on the positions of the particles added
and ¢°(/x) is independent of these positions.

By Proposition 5.3, the initial data satisfies Zj, (0) € Gy, (€0/2). According to Proposi-
tion 3.3, we have

0(J
|6 comUNT =g < e €7 e

Using the continuity estimate in Lemma 4.2, we then deduce that the error due to the initial
data can be controlled by

16| o AFEFD (Cat) A" qe.

This concludes Proposition 5.7. U
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5.3.4. Estimate of the main term. Finally combining the previous estimates, we get

Proposition 5.8. For parameters satisfying (5.1) and such that
loglog N

A—1
31 loglog N) 4 K <
(5.31) at < (loglog N) and < g A

then as N goes to infinity

1,K a—1
(5:32) A = 08 e oemomay < 1%l £557 exp (C (log N)V2 loglog N)
In particular, Estimate (5.21) follows from Proposition 5.8.

Proof. We write

178" = g8 e <IN = Al e+ 19850 = 303 e + 17N 55 — o] e

Let a, ey, 0, E satisfying (5.10). By gathering together the estimates in Propositions 5.4, 5.5,
5.6 and 5.7, we see that there exists C' depending only on § and d such that, as N goes to
infinity in the scaling Ne%'a~! = 1, the following holds

H N *ga HLoo ([0,]xTd x R)

2(K+1)
e (N (E + 5) 1612
d _ £ d—1
+54(Bt) g + B () ) 1]l

A2(K+1)
+ AK(K+1) (Cat)AKJrl <N + o HpOHLoo

_\ d-1
+ A(K+2)(K+1)(Cat)AK+1 (Ed (a)
€0

with A, K introduced in Proposition 4.3.

To derive the upper bound (5.32), we choose for the parameters the following orders of

magnitude
d—1

- d
S~edl | go~vedt | B~ o/lloge|, a=AKtle.
This leads to

K+1 d—1 _
v = ga HLO@([o,t]erded) < (Cat)t T AT (eaF1] log e[ + & 1)HPOHoo
from which (5.32) can be deduced in the scaling (5.31) since AX < \/log N. O

Equipped with all these estimates, we prove now Theorem 2.2.

Proof of Theorem 2.2. Propositions 4.3 and 5.8 imply that with the scaling (5.31)

exp (C’ (log N)/2 log logN)) 12° || oo

d—1

HfJ(\}) - gaHLoo([o,t]dede) <C (7A + Coedtt

A

A/(A-1)

<o (L) )0y,
loglog N

where we have used the relation v = % of (4.13) with the choice K = |'9gloeV |

2log A
This conludes the proof of Theorem 2.2.
Note that the relevant scaling for this upper bound is at = 0((log log N)(Afl)/A>. 0
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6. PROOF OF THE DIFFUSIVE LIMIT : PROOF OF THEOREM 2.3

In Theorem 2.2, we have shown that the tagged particle distribution f](\})(t,x,v) remains
close to Mg(v)pa(t, r,v) where ¢, solves the linear-Boltzmann equation (1.3) on T¢ x R¢,
with initial data p°(z). More generally, our proof implies that the whole trajectory of the
tagged particle {z1(s)}s<r can be approximated with high probability by the trajectory
of {29(s)}s<r (see Lemma 5.3). The latter process is much simpler to study as its velocities
are given by a Markov process.

These two points of view lead to two strategies to prove the diffusive limit. We first present an
analytic approach to show that ¢, (a7, z,v) can be approximated by the diffusion (2.12). Then
we turn to an alternative method to show the convergence of the trajectory to a brownian
motion which will rely on probabilistic estimates for {z{(at)},<r.

In the following the macroscopic time variable will be denoted by 7 € [0, T7.

6.1. Convergence to the heat equation. In this section we prove the result (2.13) stating

the convergence of f](\}) (at,z,v) to Mg (v)p(r, z) where p solves the heat equation (2.12) on T4,
with initial data p°(z). We show in Paragraph 6.1.1 that this can be reduced to proving
that @, (aT,z,v) can be approximated by a diffusion, which is a standard procedure (see [6]).
For the sake of completeness, we recall the salient features of the proof in Paragraphs 6.1.2
and 6.1.3.

6.1.1. Approximation by the linear Boltzmann equation. The explicit convergence rate pro-
vided in Theorem 2.2 implies in particular that for any 7 > 0 and any o > 1, in the

limit N — oo, Ne?~la~! =1, one has
A2
0 o’r !
(6'1) HfN (047',1',1)) - Mﬁ(v)wa(aﬂx’U)HLOO(deRd) <C A AL ’
(loglog N) 4

where A > 2 can be taken arbitrarily large. It is therefore possible to take the limit o« — oo
A-1
while conserving a small right-hand side in (6.1), as soon as o < (loglog N) =24 .

Let us define

Pa(T,2,0) := po(aT, z,v),
which satisfies
(6.2) OrPa + v Vi +a* L5y = 0.
Then (2.13) follows directly from the following result

(6.3) sup sup
T7€[0,T] (z,v)ETexRY

Mp(0) (Falr,2,0) = p(r,2))| = 0

in the limit & — oo. The rest of this paragraph is devoted to the proof of (6.3). Notice that
by the maximum principle on the heat equation, we may assume without loss of generality
(up to regularizing p°) that p° belongs to C*4(T?), which will be useful at the end of the
proof.

6.1.2. Hilbert’s expansion. The formal Hilbert expansion consists in writing an asymptotic
expansion of @, in terms of powers of a™!

~ ~ 1 1
(,Da(T,.%',U) = pO(Taxvv) + ap1(7_>$7v) + 902(73%”) +.,
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in plugging that expansion in Equation (6.2), and in canceling successively all the powers
of a. This gives formally the following set of equations (where we have considered only
the O(1), O(a) and O(a?) terms)

Lpo =0,
(6.4) v-Vapo+ Lp1 =0,
Orpo+v-Vyp1 +Lp2 =0.

In order to find the expressions for p; and p2, as well as the equation on py (which we expect
to be the heat equation), it is necessary to be able to invert the operator £. This is made
possible by the following result, whose proof can be found in [25] (in the case of the linearized

Boltzmann equation, but it can easily be adapted to our situation). In the following, we
define

ag(v) == /Sd—lde Mpg(vy) ((U —vp) - I/)Jr dvduvy .

The proof of the next result consists in noticing the decomposition £ = ag(v) Id— K, where Id
stands for the identity and K is a compact operator.

Lemma 6.1. The operator L is a Fredholm operator of domain LQ(Rd,agMgdv) and its
kernel reduces to the constant functions. In particular, L is invertible on the set of functions

{g e LR, agMpgdv), /Rd g(v) Mg(v)dv = O} .

Note that the first equation in (6.4) therefore reflects the fact that py does not depend on v.
We define the vector b(v) = (bk(”))k<d with / b(v) Mg(v)dv = 0, by
< Rd

(6.5) Lb(v) = v.
Returning to (6.4), we have
pi(T, 2, 0) = pi(T,x,0) + Py (7, 2)
with
p1(7m,x,v) := —=b(v) - Vypo(r,z) and p; € Ker L.

Next we consider the last equation in (6.4) and we notice that for ps to exist it is necessary
for 0-pg + v - Vzp1 to belong to the range of L. Since py does not depend on v, this means
that

(6.6) O0-po + / v Vepi(1,2,0)Mg(v)dv =0.
R

We then define the diffusion matrix D(v) = (D ¢(v)), /<g» Again with / Dy, o(v) Mg(v)dv =
"= Rd
0, by
(6.7) LD(v) :=v®b(v) — / v ® b(v) Mg(v)dv.
Rd

From the symmetry of the model, one can check (see [16] for instance) that there is a func-
tion v such that

b(v) =~([v])v.
Then an easy computation shows that pg = p where

Orp— kglep =10,



FROM HARD-SPHERES TO BROWNIAN MOTION 33

while the diffusion coefficient is given by

1 1
(6.8) Kg 1= d/ vl Mg(v)dv = d/ v(|v])|v|? Ms(v)dv,
R4 R4

and where we used the symmetry of b to derive the last equality. Finally we have
:52(77 z, U) = pQ(T7 xz, U) + ﬁ2<7-7 x) - b(U) ' V:Cﬁl(Ta x) )

with
p2(T,x,v) := D(v) : Hessp(7,2) and py € Ker L.

6.1.3. Proof of the convergence. Now let us prove (6.3). With the notation introduced in the
previous paragraph, let us define

1 1
(6.9) U (1, 2,v) := p(1,2) + apl(T, z,v) + gpg(r,m,v) .

Then ¥, is almost a solution of (6.2): by construction one has
Uy +av-Vyly+a? LU, =S8,,

where the error term S, is given by

1 1
(610) SO&(T’ .’E,U) = a(anl(Ta IE,U) +uv- vxPZ(Ta yvv) + aaTPQ(Tvyav)) :

Defining
Ru(1,x,v) := V(1 2,0) — @u(T, 2,v)
we have thanks to (6.2)
OrRa +av-VaRe +a® LRy = S

and the result (6.3) then follows from the maximum principle which states that

[Mp Rl oo 0. 175 mxrey < C(T) ([MpRa(0)| oo (risra)y + [1MpSall Loo o115 TexRE)) -

We note that S, involves spatial derivatives of p of order at most 4, thus from the maximum
principle for the heat equation, each term of M3S, is bounded in L* norm by a~!. The
same clearly holds for the initial data MgR,(0,x,v) since

- 1 1
R (0,z,v) = Uo(0,z,v) — (0, 2,v) = apl(O,fL’,v) + ?pg(o,x,v).

It follows that
c(T)

(07

IN

HMﬁ(‘I’a - @a)HLoo([mT]dede)
and thanks to (6.9), the convergence result (6.3) is proved.

Remark 6.2. We have considered here the case when p° = p°(z). In the case of ill-prepared
initial data, namely if p° = ¢%(z,v), then the same analysis works provided the following
ansatz is used
1 1
U, (7, 2,v) := p(1,2) + apl(T,as, v) + ?pg(T,:c,v) + IO+ (e_o‘Tﬁgoo)

9

where TI* is the orthogonal projector onto (Ker £)*.
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6.2. Convergence to the brownian motion. Let us denote the tagged particle by

[1]

(1) :=z1(aT).

In the following, Exn,Px will refer to its expectation and probability with respect to the
initial data sampled from the density fR,. To prove the convergence of the tagged particle to
a brownian motion, one needs to check (see [9], Chapter 2)

e the convergence of the marginals of the tagged particle sampled at different times

(6.11) Jim Ex (11 (2r)) - he(2(m0)) ) = E (R (B(r)) - he(B(7) )
where {h1,...,hs} is a collection of continuous functions in T?. Notice that these

marginals refer to time averages and not to the number of particles.
e the tightness of the sequence, that is for any 7 € [0, T

(6.12) VE >0, lim lim Py < sup  |2(0) — E(1)| > g) =0.

n—0 N—o00 ToLT+N

Note that (6.11) requires to understand time correlations and thus we are going to adapt
Theorem 2.2 to this new framework.

Step 1. Finite dimensional marginals. First, we are going to rewrite the time corre-
lations in terms of collision trees. A similar approach was devised in Lebowitz, Spohn [31]
to derive an information on the true particle trajectories (in the physical space) from the
Duhamel series. Let ¢; < --- < ty be an increasing collection of times and H; = {hq,...,hs}
a collection of £ smooth functions. Define the biased distribution at time t > t, as follows

(6.13)
/ AZn 1 (1, Z0)8(Z) = By (i (21 (1)) - a1 (1) B(Z (1))
TNdyRNd

z/TNd v dZy fR(ZN) hi(21(t1)) - .. he(z1(te)) @(Zn (1)),

for any test function ®. We stress that by construction the biased distribution fy g, (t, Zn)

e is in general no longer normalized by 1
e is symmetric with respect to the N — 1 last variables.

The corresponding marginals are
(6.14) f](\i)He (t, ZS) = / fN,Hg (t, ZN) dZS_H . dZN .

By construction fy g, satisfies the Liouville equation for ¢t > ¢, and the marginals f 1(\?)He obey
the BBGKY hierarchy (3.1) for s < N. Applying the iterated Duhamel formula (3.5), we get

N-—s
(615) f](\}s,)ltfg (t) = Z Qs,erm(t - tf)f](\}s,—[’;r?) (tﬁ) .
m=0

By construction fn m,(te, Zn) = fn,H,_,(te, ZN)he(21), where the new distribution is now
modified by the the first £ — 1 functions. This procedure can be iterated up to the initial
time. The backward dynamics can be understood in terms of collision trees which are now
weighted by the factor hy(z1(t1)) ... he(z1(t¢)) associated with the motion of the tagged
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particle
N-1
f](\},)HZ B= Y Quism(t—ts) (hZQl-f—ml,l—i-mz (te —te-1) (hﬂfl .
(616) m1+--~+mg:0

14+my+---+
Q1+m1+m+m£7171+m1+-~-+m[(tl)) ](V " mE)(O)

This identity holds for any N and any time.

In order to check (6.12), we need also to generalize the identity to consider correlations of
the form

(6.17) EN (h(ml(tl) — 1'1(8)) e h({L‘l(t@) — I (8)))

for a smooth function h with s < t; < --- < ty. Using a partition of unity {Ff} centered at
points 7; € T with mesh ¢, one can approximate h

W —y) = Y hiyi = )55 @) + 0).
2%
This allows us to use the identity (6.16) for any accuracy & > 0 of the approximation.
Thus (6.17) can be computed in terms of collision trees which are now weighted by the

factor h(z1(t1) — z1(s)) ... h(z1(te) — 21(s)).

Step 2. The limit process.
In the Boltzmann Grad limit, the memory of the system is lost and the tagged particle
behavior becomes equivalent to a Markov process. We define

(6.18) T1(1) = 1(0) + /0 o (s) ds

as an additive functional of the Markov chain {v1(s)}s>0 with generator a£ introduced
in (1.3). Initially (Z1(0),91(0)) is distributed according to p°(x)Mg(v). The expectation
associated to this Markov chain is denoted by Epy,.

FIGURE 5. A collision tree for the Boltzmann hierarchy is depicted. The path of z;
is the backbone of the tree with branchings at each new collisions. There cannot be
further branches as any collision with a new particle would lead to a cancelation in
the collision operator. Thus the trees involving the branches in dashed line do not
contribute to the Duhamel series in the Boltzmann hierarchy.

Let t; < -+ <ty be an increasing collection of times and Hy = {h1,...,hs} a collection of
¢ smooth functions. As in (6.13), we define g, m,(t) as the biased distribution of the Markov
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chain z(t) = (Z1(t),v1(t))
Vit € [t tesa], /d [ Jautte(t,2) 2(2) dz = By, <h1 (@1(t1)) - - e (21 () <I>(21(t))> :
TexR!

with ty41 = 00. One can consider a measure (cf. (3.11)) including as well the background
density of an ideal gas. The marginals of this measure are

(6.19) 00 (4. Z5) = gaurr, (8, 21) [ Ma(wi).
=2

As in (6.16), the distribution can be rewritten in terms of a Duhamel series

o0
0 0
goit = D Qg (6 = 1) (heQ o, 1y (b = te1) (e ..
(620) mi+-+my=0
0 I+my+-+
Q1+m1+---+mg,1,1+m1+---+mg (t1)>9£,,HTI mZ)(O) .
This representation allows us to rephrase the Markov chain expectations in terms of the
Boltzmann hierarchy. In this series, a lot of cancelations occur (see figure 5). Indeed, the
only relevant collision trees are made of a single backbone (the trajectory of 2¥) with branches
representing the collisions of z{ with the ideal gas, but no further ramification. In step 3,
we shall not use these cancellations and simply compare the series (6.16) and (6.20) term by
term in order to show that in the Boltzmann Grad limit when o < /loglog N

(6.21) O}LH;O EMB (hl (i’l (aﬁ)) . hy (5:1(047'5))) —En (hl (xl(om-l)) ... hg(:l:ﬂOﬂ'g))) =0.

As L has a spectral gap, the invariance principle holds for the position of the Markov process
Z1 (see [28] Theorem 2.32 page 74). This implies the convergence of the rescaled finite
dimensional marginals towards the ones of the brownian motion B with variance kg (see
(6.8)), i.e. that for any smooth functions {hy,...,hs} defined in T,

(6.22) lim By, <h1 (z1(am)) ... hg(:fﬂ@ﬂ'g))) - E<h1 (B(1)) ... he (B(n))) .

The diffusion coefficient kg defined in (6.8) can be interpreted in terms of the variance of the
position properly rescaled in time (see [28] page 47).

Step 3. Approximation of the finite dimensional marginals.
We turn now to the proof of (6.21) which combined with (6.22) will show the convergence
(6.11) of the marginals of the tagged particle sampled at different times.

Suppose now that the collection H, satisfies the uniform bounds on T¢
(6.23) Vi S 6, 0 S hz(xl) S m.

Thus the f](\?)HZ satisfy the maximum principle (4.2) with an extra factor m‘. The pruning

procedure on the collision trees therefore applies also in this case and enables us to restrict
to trees with at most AX*! collisions during the time interval [0,#]. Furthermore, the com-
parison of the trajectories for f 1(\[1)H/ and g, g, can be achieved in the same way as before on
a tree with less than AX+! collisions and no recollisions. Analogous bounds as in Proposi-
tion 5.7 can be obtained, but one has to take into account that the trees are now weighted
by hi(z9(am)) ... he(29(ar)). We recall that the pseudo-trajectories of 21 and 2 coincide
at any time, thus bounds similar to (2.10) hold

7'0[2

1
(6:24) || £\, (@7, 4, 0) = gap1, (07,9, 0) | oo sy < O 10%loo | s
(loglog N)~ 4
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This implies (6.21), hence (6.11) thanks to (6.22).

Step 4. Tightness.

In order to evaluate (6.12), it is enough to sample the trajectory of the tagged particle at the
times 7; = {7 4+ "X i};<q, for uy = @ and with ¢y := an/uy. Indeed, we can decompose
the path deviations into two terms

In
(6.25) Py ( sup  |Z(0) — E(7)] > 25) <1-Py (ﬂ {|12(n) — E(7)] < g})

ToLT+N i=1

+§PN( sup \E(U)—E(Tz‘ﬂZf)-

T <O<Tj+1

We shall first evaluate the last term in the right-hand side which involves only events occurring
in a microscopic time scale of length uy. Given i < {, let t; := juy + a7 and t;41 := uy +1;
then
Py < sup  |2(0) — E(r)| > f) =Py ( sup  |z1(s) — @1 (t;)| > §) .
T <O<Tit+1 t; <s<tjy1
In order to control the tagged particle fluctuations, it is enough to bound its velocity in the
time interval [t;, t;41]

s tit1
]P)N ( sup |/ ’Ul(S,)dS/} 2 é’) S PN (/ ”Ul(sl)’dsl Z é—)
t;<s<tjy1 t; t;
0 ™ N / /
< 1B ([ o) las > €)
0

where we used the maximum principle in the last inequality and @N denotes the dynam-
ics starting from the invariant measure My g. Following the strategy in [2] to bound this
probability, we write

([ 1052 ) () o 2 [ ).

Using Jensen’s inequality and the invariant measure, we get

En <exp (1 /OuN !vﬂs’)‘ds’)) < 1 /OuN ds'En (exp (‘vl(s’)‘)) = Eny 4 (exp (|v1})) < cg,

un un

where cg is a constant depending only on . Since uy = we have shown that for

1
log N
any £ > 0, the probability of a deviation in a very short time vanishes when N goes to

infinity

LN
Z]P’N ( sup  |2(0) — E(ry)| > 5) < cgly exp (=& log N) —— 0.
i=1

T, <O<Tit1 N—o0

The tightness for the process z; derived in [28] (Theorem 2.32 page 74) implies that for
any £ > 0 and {y = an/uy

In
i P () (o) -2t <62) ) 1

By comparison, we are going to show that the same result holds also for the tagged particle
x1. Using (6.25), this will complete the proof of (6.12).
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Let he(w) = 1yju|<¢/2}, then it is enough to show that

N 5%
‘EN (H hf(ajl(an) — ml(aT))> — EM[; (H hg (jrl(om-) — 33‘1(047‘))) ‘

=1 i=1
(6.26) o
Ta? At
<Cllso | ———ax| -
(loglog N)~ 4

At this stage, it is enough to use the fact that probabilities of the form (6.17) can also be
evaluated in terms of weighted trees as in Step 1. Since h¢ is bounded by 1, the maximum
principle applies uniformly in £5. The tree decomposition and the reduction to non patho-
logical trajectories hold as in the previous proof. For good pseudo-trajectories, the paths of
r1 and 29 coincide, therefore modifying the Duhamel series by Hfﬁl he (z1(am;) — z1(aT))
does not alter the comparison established in Proposition 5.7. This concludes the proof of
tightness.

APPENDIX A. ASYMPTOTIC CONTROL OF THE EXCLUSION

For the sake of completeness, we recall here the proof of Proposition 3.2. We omit all
subscripts [ to simplify the presentation.

e First step: asymptotic behaviour of the partition function.
We first prove that in the scaling Ne?~! = o, with a < 1/e,
(A1) 1< Z;,lZN_S < (1 — eomd)*s,

where kg denotes the volume of the unit ball in R?. The first inequality is due to the immediate
upper bound
ZN < ZN_s.
Let us prove the second inequality. We have by definition
Zop1 = / ( 11 1|xi—xj|>a) dXgq1.
TAHD M Citj<st

By Fubini’s equality, we deduce

Zs+l:/rds /1‘d< H 1|xi—935+1|>€> drsia ( H 1|x¢—m]’|>€> dXs.

1= 1<idi<s
Since
d
/d ( H 1|xi*$s+1|>s) drei1 > 1 — Kgse®,
T M i<i<s

we deduce the lower bound

Zsp1 > Z4(1 — I{',dSEd) > Z(1 — keea) ,

where we used s < N and the scaling Ne¢~! =

ZN > ZN,S(l - Ealid)s .

«. This implies by induction

That proves (A.1).
e Second step: convergence of the marginals.
Let us introduce the short-hand notation

dZ(s11,N) = d2s41 ... d2N .
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We compute for s < N
sd
2

MY(2) = 25 1ze0r (57 ) " oo (<510

g\ 5 &
) /Rd(NS) <27T> exp <_2 Z |'Ui‘2> dV(S—H,N)

1=s+1

X 1 o 1, ,_ dX .
/I‘d(Ns) H |xi—xj|>e H |z, —jr|>e (s+1,N)

s+1<i#j<N i <s<j’

We deduce, by symmetry,
(A.2) M](\f) = Z;;llZSeDgM@S (ZN—s - Z(bs—i-l,N))

with the notation

b
Z(s—‘rl,N) = /I‘d(N—s) (1 - H 1‘$i7$j|>€) H 1|$k71‘g|>€ dX(s+1,N) .

1<s<J s+1<k#(<N
From there, the difference 1z, cps M @ M ](\f) decomposes as a sum

(A3) 1z,eps M®® — M](\}g) = (1 - ZJQIZN—s) 1z,ep: M®°
3
+ Zﬁlz(bsﬂ,z\f)lzseDS Mo

By (A.1), there holds 1 — Z]QIZN_S — 0 as N — oo, for fixed s. Since M®* is uniformly
bounded, this implies that the first term in the right-hand side of (A.3) tends to 0 as N goes

to co. Besides, by
0<1- H 1‘$¢7{L‘j|>€ < Z 1‘$i7$j|<€7

i<s<j 1<s<j
we bound
b
Z(sr1,N) S Z /d(N_s)< Z 1Iwi—wﬂ<6) H Loy —agf>e AX(s11,N) -
1<i<s’ T s+1<j<N sH1<kAL<N

Given 1 < i < s, there holds by symmetry and Fubini’s equality,

/I‘d(Ns) ( Z 1|x¢71j|<6> H 1\xkfxl|>s dX(s+1,N)

s+1<j<N s+1<kAI<N

< (N - 8)/ Lz —2i)<e drsy / H Loy —ay|>e dX(S+27N)
Td (N —s—1)
sH2<kAI<N

=(N—s) /rd g i1j<edTsi1 X ZN—s-1,
so that
(A.4) 2l < SN = 8)ekaZn o1
By (A.1), we obtain
Z]QIZ(ZH’N) < Easmd(l — sa/ﬁd)f(sﬂ) ,

and the upper bound tends to 0 as N — oo, for fixed s. This implies convergence to 0 of the
second term in the right-hand side of (A.3). This completes the proof of Proposition 3.2. [
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APPENDIX B. RECOLLISIONS IN THE TORUS

We show here how to adapt the arguments of [22] to prove Lemma 5.2.

e To build the set of “bad velocities”, we use the correspondence between the torus and the
whole space with periodic structure. Asking that there exists u € [0,¢] such that
d((ml —viu), (re — vgu)) <eg,
boils down to having
(x1 —viu) — (xg — vou) € U B.(k).
kezd
Then, by the triangular inequality and provided that € < a,

(2} — v1u) — (29 — vou) U Bsa(k
kezd
Now, since |v; — vg| < 2F and u € [0, ¢], this implies that

s(vr —wv2) € U Bsa(2 — Y + k) | N By(2E1).
kezd
In other words, v1 — vo has to belong to a finite union of cones of vertex 0

e at most one of which is of solid angle (a/g¢)?;

e the other ones (at most (4Et)?) are of solid angle ca~!.

The intersection K (T — Z2,0,a) of these cones and of the sphere of radius 2F is of size
a\ d—1
|K (21 — Z2,€0,a)] < CE¢ ((a) + (Et)dadl) .
€0

e In order to prove the second estimate, we need to refine a little bit the previous argument.
Asking that there exists u € [4,¢] such that
d((z1 — v1u), (z2 — v2u)) < €,
boils down to having
(B.1) u(vr — vg) € Baey (] — a5 + k),
for some k € Z N Bypy (2§ — 7).
o If |20 — 2§ + k| > 1/4, condition (B.1) implies that v; — v2 belongs to the intersection

of By E(O) and some cone of vertex 0 and solid angle 4"

o If |29 — 29 + k| < 1/4 (which can happen only for one Value of k), denoting by n any
unit vector normal to 1 — T3 + k, we deduce from (B.1) that
ul(v1 — v2) - n| < 3gg
from which we deduce that v; — vy belongs to the intersection of Byp(0) and some
cylinder of radius eg/9.
The union Ks(29 — 29,0, @) of these “bad” sets is therefore of size

d—
o)~ ool < 0B ((3) 4 B4 B et

The lemma is proved. U
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