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Abstract: We consider a stochastic particle system on the line and prove that, when
the number of particles diverges and the probability of a collision is suitably rescaled,
the system is well described by a one-dimensional Boltzmann equation. The result
holds globally in time, without any smallness assumption.
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1. Introduction

It is well known how hard the problem is of proving rigorously the validity of the
Boltzmann equation for a rarefield gas from the Newton equations of a system of N
interacting particles. Very few results are available up to now (see [1] and [2] in the
References). The only successful way to approach this problem is to introduce the
BBGKY hierarchy for the j-particle distribution functions and try to show that they
converge, in the Boltzmann-Grad limit, to a factorizing solution of the Boltzmann
hierarchy (that is a j-fold tensor product of the solution of the Boltzmann equation),
provided that the initial state of the BBGKY hierarchy converges to a factorizing state.
This program can be achieved completely once one has suitable L __ estimates on the
j-particle distribution functions for the N-particle system. However this is a very
difficult task in general. In [1] and [2] such estimates have been obtained for a system
of hard balls in special situations: either for a short time or for a moderate perturbation
of the vacuum. For more general situations, the problem of proving L estimates for
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the j-particle distribution functions is much harder than that of proving L_, bounds
for the solutions of the Boltzmann equation itself. This is not yet known (maybe even
false) although recent progress on the existence problem for the Boltzmann equation
have been achieved by compactness methods [3].

In this paper we prove the validity of a one-dimensional kinetic Boltzmann equation
starting from a V-particle system. The existence theory for such a kinetic equation
is well understood (see e.g. [4] and references quoted therein) and, in particular, L
bounds for the solutions are available. The underlying one-dimensional model we
are considering is stochastic: two particles on the line collide with probability ¢ and
go ahead with probability 1 — €. In this way the number of collisions per unit time
performed by a tagged particle should be finite in the limit N — oo (if ¢ ~ N71).
Notice that the stochasticity of the model involves only the collision mechanism and
this is strictly pointwise. In other words the stochasticity we allow is the minimal
one we need to give sense to a one dimensional problem. On the other hand the
model we consider is the simplest one with these features. A model of this type has
been considered, at the level of a kinetic picture, by laniro and Lebowitz for some
stationary problem [5].

We now anticipate the leading idea in the validity proof. The j-particle distribution
functions satisfy a hierarchy of equations (with the same structure as the BBGKY
hierarchy for Hamiltonian systems) from which it is extremely hard to obtain L
estimates globally in time. However for any (tagged) group of j-particles we can
prove, for the combination A = N small, the following remarkable fact: with a
large probability, each particle interacts with a finite cluster of other particles and
such clusters are disjoint. As a consequence the j-particle distribution function is
expressed as a j-fold tensor product of L_  positive functions plus a correction,
which is small in L;. This fact, combined with a trace control, allows us to prove
the convergence of the one-particle distribution function to the solution of our one-
dimensional Boltzmann equation and also the propagation of chaos. The tool we use
to outline the above picture is a cluster expansion technique similar to those used
in Equilibrium Statistical Mechanics. The analysis is perturbative (with respect to
the free motion) and therefore the cluster expansion is converging for small values
of ), independently of the size of the initial datum. Moreover, we can control the
local particle density. This implies, thanks to the finite speed of propagation, that
any particle is influenced, in a small interval of time, by a small fraction of the total
number of molecules. Hence the analysis for small A can be applied locally in space
and time to give the desired result by an inductive procedure.

Beyond the purpose of the present paper, the cluster dynamics we propose is
interesting in itself and clarify the mechanism of propagation of chaos which is
expected to hold in a rarefield gas. It is conceivable that the cluster dynamics is the
real physical mechanism responsible for the factorization of the j-particle distribution
functions in the limit N — oo, also for Hamiltonian systems, although this crucial
features would be very difficult to prove.

We also mention a recent result in which the validity of the two-dimensional
Broadwell model was established, assuming the existence of a smooth solution and
starting from a stochastic particle system on a lattice [6]. The techniques of that paper
do not apply to the present context because they were based on a lattice approximation
and on the presence of a noise on the free stream. Our model is less stochastic, as
we said, but is one-dimensional and we take advantage from this fact. Actually the
approach presented here is not directly applicable to solve the problem posed in [6].

The paper is organized as follows. In Sect. 2 we present the model, develop some
preliminary heuristic considerations and pose the problem. In Sect. 3 we discuss some
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preliminary steps concerning our particle model. In Sect. 4 we present and discuss the
convergence result for small A. In Sect. 5 we face the crucial step of the paper. Here
we develop our cluster expansion and obtain estimates for the j-particle distributions
already used in Sect. 4. In Sect. 6 we show how to extend the previous results to A
large.

We finally remark that our approach is based on probability estimates, namely
on the fact that the j-particle distribution functions are expectations with respect to
a probability measure and that large and small probability events can be estimated
differently. Actually it seems very difficult to obtain the same result by a purely PDE
approach.

2. The Model

Let us consider a system of /N particles on the line. Denote by Z, = (X, Vy) =
{z,vy,...,zyvy} a state of the system, where x, and v, are the position and the
velocity of the i-th particle and X,, € RY and Vyy € V¥ denote the set of all
positions and velocities. V' = {£1,£2} is the velocity space of a single particle. A
collision between two particles is defined through the following law: if v, and v, are
the ingoing velocities and v] and v} are the outgoing velocities, then two cases are
possible

either (v;,v,) =(2,—1) and (v},v}) =(1,-2)

or (v;,vy)=(1,-2) and (v],v5) =(2,—1).

If v, = —v, then the particles go ahead freely.

Notice that the above collision rule is equivalent to a specular reflection of each
colliding particle. However we prefer a labelling for which the direction of the velocity
does not change in the collision because in such a way any pair of particles can interact
at most only once. This fact will play an important role later on. Moreover collisions
of particles travelling in the same direction are considered as transparent.

The dynamics of the system is stochastic, in the sense that each pair of particles
collides (independently) with probability ¢ and go ahead with probability 1 — €. Such
a stochastic process can be represented in the sample space:

2.1

N(N—1)

nN={0,1} =2
Hence w € 2, w = w(i, 7) is a function defined on the set of all pairs of particles,
taking values O and 1. The time evolution of the system is described by means of a
one-parameter group of transformations

TR x V)Y - Rx V)Y teR

defined as follows. T}, Z; is the free motion up to the first time in which two particles
(say 4 and j) arrive at the same position, then if |v; — v;| = 3 and w(3,j) = 1 (that
is we are in a precollisional situation) the two particles collide according to the law
given in (2.1), otherwise they keep their free motion. We repeat the procedure up to
the next collision time and so on. Notice that the modulus of the relative velocity of
any pair of particles |v; — v,| is an invariant for such dynamics:

lv; — Uj| Y

= —v|=3 VijeN. (2.2)

T is, in principle, well defined since, by (2.1), two particles having interacted once
cannot interact anymore. Moreover 7", is almost everywhere (a.e.) defined with respect
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to the Lebesgue measure on (R x V). Indeed it is not defined on the sets of all Z NS
which deliver triple collisions and on the set of configurations for which, for some
i,j € N, itis z; = z;, |[v, — v;| = 3 and w(i,j) = 1, being, in this last case, not
possible to distinguish between pre- and post-collisional configurations: nevertheless
these two sets have measure zero.

Defining the probability of a single event w € {2 by

pw) = [T — )=, 23)
4,J
where [] denotes the product on all pairs, {{2, p} is a probability space and T}, a
i’j
stochastic process on it.
Suppose now that the N-particle system is described at time zero by a symmetric
probability density on (R x V)V denoted by ul’. We define the time evolved density

N (1) by:
pN(Zy, ) =D pwnd (Zy,t) = Blul (Zy, 1), 2.4)

where
ph (Zyst) = o (T, Zy) .- (2.5)

We now want to establish an evolution equation for ufuv and 1"V and to this end we
will proceed by heuristic arguments, which will be made rigorous in the next section.
We have, formally, for any sample w € §2:

N
3 o
<at + ;U@) N (Zy,t) = 3 ;w(l,J)X(Z,J) 2.6)

8(z; — ) {ud (2N G, ), 1) — D (Zy, D)},
where 3 = [|v; — v,] is the relative velocity, 0, is the derivative with respect to z;,
6(-) is the é-function centered in zero, x(i,7) = 1 if |vu, — vj| = 3 and 0 otherwise

and
! .. /7 /
ZN(@, J) = (@)U, T, - TV, TNUN)

Taking now the expectation with respect to p(w) in (2.6), we obtain

N
<0t + Z vi@.) wN(Z,,t)
i=1

3
= 5€ > 8@, =z x ) WY (26 9, 1) — wN (Zy, 1)} 2.7
i#]
This equation is expected to hold because the event w(i,j) appearing in (2.6) is
independent of the random variable in the curl brackets.
Let us now derive, always formally, the kinetic equation associated to the above
process. We start by the usual j-particle distribution densities, defined as:

Nz, = / WZpy_ iV (Zy, 1), 28)

where dZy_; = >  dz;...dzy.

11]+1...’LIN
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After a rather straightforward algebra, we obtain from (2.7):

J
(at + Z viai) fJN = ngfJN +e(N - j)Cj,ij;Y;.l ) 2.9)
i=1
where
3 .
G (Zpty=5 D b —zxG k) {FY(Z56, k).t — f(Z;, 0} (210
z,kzllk.:..]
and

J
N _ N / /
Ciop J+1(Zj,t)——3z Z {fj+1(ac1v1,...azivl,...:ciij,t)
i=1 vit1 €V
lvi=v;411=3

- fﬁl(xlvl, T T D (2.11)

We are interested in performing the Boltzmann-Grad limit on Eq. (2.11), that is letting
N — oo and € — 0 while Ne — A, A a fixed number. Assuming that such limit of
the fV does exist and denoting it by f., these functions are expected to satisfy the
following infinite hierarchy of equations:

J
(@ +Y vﬁJ) £, =2C; 1k (2.12)
i=1
Moreover, if the fj are factorizing functions, i.e.:
J
[i@vy, .., zv;,t) = H flxpvg, b)), (2.13)
k=1

then f solves, as it is easily seen, the Boltzmann equation associated to our model,
which is

(0, +v0,) f(z,v) = 3\ f(z, V) f(z,v) — f(z,v)f(z,v)}, (2.14)

where v, is the only precollisional velocity associated to v, that is |v; — v| = 3.
The aim of this paper is indeed to prove that all the above arguments can be made
rigorous, so that the Boltzmann-Grad limit holds in this context.

3. Considerations on the Model and Preliminary Estimates

In this section we shall make rigorous some of the considerations on the process 77"
developed at a heuristic level so far. Moreover, we shall give two basic estimates
which will be employed in the proof of the main result.
We start by introducing the “collision manifold” .#“ defined, for any w, as:
7v= U #r, (3.1
1,7:w(t,7)=1

T2 ={Zym; =5, v; — v;| = 3,w(i, ) = 1} (3.2)
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On .%“ we define the measure dY whose restriction on ZJ‘" is given by:

ay = > xG,jdz, ... dr,_dz,,, ... dz;.. dzy. (3.3)

v]... VN

Such codimension-one manifold .%#“ is indeed of great importance as far as we
are concerned with the dynamics of our system, so that for a correct definition of the
equation describing the evolution in time of 12, we have to extend the definition of
T! on.7“. For this reason we have to specify whether the velocities of the colliding
pairs in the configurations Z,; belonging to .% “ are to be interpreted as incoming or
outcoming velocities.

Denoting the free flow semigroup by

S'Zn = (@ +vit,v) ... TN +UNE VN, (3.4)
we define, for any Y € %!
T'Y = S'n(Y) for t€ (0,a(Y)), (3.5)
where
oY) = inf{r > 0:S"w(Y) € #*} (3.6)
and
m(Y)=Y'G,j) if Y ez (3.7)

Definition (3.5) implies that we consider the elements of .% “ as having precollisional
velocities. The set  |J  S'm(Y) is of positive measure so that we can conclude

0<t<a(y)
that T is defined for dY -almost all Y € .7 “. Furthermore, by (3.5) it follows that
TL;tY = S"'Y for ¢ small. 3.8)

Now we are ready to derive an evolution equation for uY (Z,t). Notice that, by the
previous arguments, we can extend u(-,¢) on the collision manifold according to
Definition (2.5).

Given Zy, let ¢, be the smallest collision time in the interval [0,¢]. Then by
(3.5)-(3.8):

ph Gy 0) = 1 (TS Zy) = i (T, DT M Z ) = g (T4 m(S™1 Zy)
= {u(@(STNZy)t = t) — ) (ST ZN,t — 1))
+ulN(STH Zy, t—t).

If ¢, ...1, are the solutions of the equations z; — v;t = z; — v,t with |v; —v,[ =3,
w(t,j) =1, 4,7 = 1...N in the interval (0,t), iterating the above procedure we
obtain
k
pY (Zy,t) = (ST Zp) + D> {ul (ST Zy),t = 1) = pl (ST 2yt — 1)}

r=1

i#]
X [N (ST Zy,t — ) — (ST Zy, t — T} (3.9)

t
3 S
= ul(S™'Zy) + 3 Zw(z,g)x(z,])/dT{é(:ci — VT —; +0,T)
0
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Integrating now (3.9) against a smooth test function with compact support ¢, we have:

/ AZN B Z )l (Zy, 1) = / AdZN®(S Z ) (Z )

t
+3 / dr / AYo(S*Y) {ul (n(Y), ) — N (Y, )} . (3.10)
0 Fw

From (3.10) we deduce that the r.h.s. is an a.e. differentiable function w.r.t. the time
and

N
d
7 / AZ NP Za N (Zy, t) = / dZy > 0,0,8(Zy ) (Zy, 1)

i=1

+3 / Ay oY) {ul (n(V), ) — uY (Y, )}

Fw
N
=/dZNZUi8i@(ZN)NiY(ZN7t)
=1
3 s
+3 Y wtid [avem) 0G0 - iy, G
i#) 71]

where
T, ={Zyw, =z, |v,—v,|=3,}.

Taking now the expectation of Eq. (3.11) we obtain the searched equation for p/V:

N

d

— [ dZy B Z )N (Zy, 1) = / dZN§ 0,0,8(Z )N (Zy, 1)
=1

dt
Y / YY) (1N (VG0 ), 1) — i (V1)) (3.12)
i

The last passage is justified by our Definition (3.5) of the flow on .#“: indeed the
collision between the pair (7, j) is not included in the random variable in curl brackets
in (3.11) (the so-called collision operator) which turns out to be independent of w(z, 7).
Notice that the other possible choice of representing the elements of #“ in terms
of outgoing velocities would create problems in taking the expectation in (3.11) and
moreover would give the opposite sign to the collision operator.

Let us now derive the first equation (for j = 1) of the hierarchy (2.9). We consider
in (3.12) a test function @ = &(z,) depending only on the first variable and using the
symmetry property of x4V we obtain:

d
a/dz,QS(zl)f{V(zl,ze)= /dzl(m@l@) N2,

+3(NV — l)s/dzlsﬁ(zl){sz(xl,v{,xI,vé;t) — (), v, 7, 0050} (3.13)

with |v, — v,| = 3.
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Furthermore it is not hard to see that le is differentiable along the stream flow
and

d
7 le(:c1 +vt,vy5t) = 3(N — l)e{sz(xl + vlt,vi,xl + vlt,vé;t)

- fZN(:r1 + ut, v, 2, + it vy )} (3.14)

We have now given a rigorous meaning (actually we have derived the first equation
of the hierarchy (2.9) only, but this is what we need) to Egs. (2.7) and (2.9), so that
we are ready to prove two basic estimates which will be useful in Sect. 5.

From now on we will assume w fixed. We recall that ff’ (Z;,t | w), the marginal
distribution densities of yY, are defined in analogy to (2.8); moreover we will
sometimes be concerned with the “trace” of fi¥(-|w) defined as

(@, v, 2,055 tlw) = /dZN_z,u(J)V(TJt(xI,vl,xl,vz,ZN_Z)). (3.15)
Finally, all through the paper the measure ,uév will be assumed as factorizing, that is
N
1 2y =[] folz) (3.16)
i=1
with
Ifoll, <A. (3.17)
Denote by & the number of (possible) collisions among the NV particles, that is
N
kw)= > w(,j), (3.18)
i#£j=1

then we have the following result:

Proposition 3.1. Let w(1,2) = 1 and |v, — v;| = 3. Then:

o0

k
/dt/d:cllev(xl,vl,xl,%;t|w)S _(3_w2
0
Proof.
/dt/dxlf{\’(xl,vl,xl,vz,tiw)= Z /dt
0 v3-UN g
></dxldx3...dmNuéV(T;t(xl,vl,xl,vz,...,xNvN))X(l,Z)
< / dt / Ay ul! (T;4Y)) < / dt / Y ¥ (171 (Y)) . (3.19)
0 7Y 0 Fw
Define

B(Y) = inf{r > 0:5~7Y € 7}
=co if ST'Y ¢.#% forall te(0,00),
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then the mapping R:.# % — F¥
R(Y) = n(S~PV)y) (3.20)

is invertible and preserves the measure dY. Now we have

o0 k(w)—1 r
Jo [avidazn =3 3 [arxay
0 sw =0 =0 2,
BR(Y))
X / dtud (STTRN(Y)), (3.21)

where
A, ={Y € F¥:T,'Y displays r collisions if ¢ € (0,00)},

and from now on x(A) will denote the characteristic function of the set A. Notice
that if Y € A, then B(R"(Y)) = +o0.
Since R is measure preserving, we have:
k(@)1 BRY))
G2p< Y / ay / dtud (STERYY))

=0 zu 0
BY)

< k(w) / dy / dtudl (S7ty). (3.22)

Fw 0

Notice that V" is of the form (z,,v,,...z,v;...2,v;...zyvy) for a couple (z, j), so
that by (3.22) we get

(3.21) < k(w) / ay / dtudy (1Y)
0

Fw
oo
= k(w) / dY/dtuéV(zl —vtv...T, =t ... T
Fw 0

—v,t,0;... N — Nt Uy)

oo
=k(w)/dY/dtuév(xl,vl,...xi,vi...xi—(vj—vi)t,vj...xN,'uN)
Fw 0

<" [ oz 2y =2, (3.23)

from which we complete the proof. [

Our next goal in this section is to give an estimate on the probability density of
one particle f{¥(-|w). To this purpose we need some more definitions which will play
an important role in Sect. 5.

Given an integer k, we denote by I,, = {1,2,...k} the set of the first k£ integers,
while I will stand for any subset of indices of Iy .
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Given w € {2, we denote by ch(i) (“chain” starting from %) any set I C I, of
indices such that

w(i, i)Wy, iy) - . wlip_y,ip) =1

for some ordering ¢,,...,?7, of the set I. The union of all chains starting from the
particle 7 will be called “cluster of 7" and denoted by

cl(i) = U ch(i). (3.24)
Notice that the index ¢ is not included in cl(z). Finally we denote by

n(l) := Z w(h, k), (3.25)

htk
h,kel

the number of collisions occurring in 1. We want to stress that

N(N = 1)

|cl(@)] < n(el@ U {i}) < 5

(here and after | A| stands for the cardinality of the set A) so that |cl()] is the minimum
number of collisions in order to set the cluster.

Proposition 3.2. Given w € (2, assume that
n(cl()U{1}) = |cl(D)| =h.
Then

h
le(xl,vl;tlw)z/dZN‘luf(ZN,t)§4A(g-> )

Proof. Let ¢ = ¢(z,) be a positive real function such that

/dzlgo(zl) =1.

Then we have:

[easiGutloney = [azad @oeizog, 629
where (T Z ), denotes position and velocity of the first particle of the configuration
TLZ .

Let us put (T Z ), = (y,u) and consider, for fixed v,, 2,, ..., zy, the mapping
T, -y, (3.27)
We will show that
dy 2\"
—Z > (= 3.28
Oz ~ (3> 428
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which implies that the mapping (3.27) is invertible, so that we can conclude, by (3.26)
and (3.16) and (3.17):

/dzlf]N(zl;t|w)<p(zl) < A/dZN_l,uéV(ZN_I)/dzlgp(y,u)

3 h
S A(E) /dZN—l:u'(J)V(ZN—l)Z/dy(p(y7u(y7vlyZNAI))
1
h

3\" 3
§4A<§) / dZN;luéV(ZNq); / dyso(y,u>=4A<§) (3.29)

which is our thesis.

Thus, the whole proof relies upon estimate (3.28), which we now prove. Let us
start by analyzing 7" Z . Let us denote by 0 < ¢, < t, < ... <t,, <t the collision
times and by (¢;, s,) the pair of particles colliding at time ¢, j = 1,...,m. Putting

b, = %(vi]_ +v,) (3.30)

we have, for 7 € ({,t,):

z; (1) =(1— bl)as21 + blarjsl — Vg, T,

(3.31)
T, (1) = bz, +(1+ bl)msl -, T,
since v = —v, and v = —v, . Hence,

T Zy = (XN, V) = (W, Xy + V]'\,(I)T, Vj(j(l)) s (3.32)
where V(1) = (v;,...,0} ,...,v;l,...vN) and W, is the N x N matrix whose
elements (W)),.; are the foliowing:

1 if r#1 ors
W), =4 1-b ifr=i,
1+0b, .if r=5 . (3.33)
b, if (r,0) = (i,
(Wl)” = —b, if (1) = (5,7, .
0 otherwise

By iterating m times formula (3.32) we have at time ¢:

Xy = @ @), ..., xn®) =W, W, ... WXy

m—1
+ Y WL W W V) — )+ Vi) =1, (3.34)
r=1

where W, j = 1,...,m, are the analogues of W, associated to the j-th collision
and are defined as in (3.33) replacing the index 1 by j everywhere. Similarly,

V() = (v, 0 UL Uy (3.35)
Putting

wm=w_ .. W, (3.36)
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we easily realize that

9
87?/ = W™y, |, (3.37)
1

so that to prove (3.28) we have to give more details on the matrix W™,
Since we have, by definition:

N
W), =W, WD) =>"W,), (W™D,

r=1

there are two possibilities:
(i) the particle 1 is not involved in the m-th collision. In this case

Wy, =Wy, |, (3.38)
(ii) the particle 1 collides with particle s,,,. Then
W) = (1 = b)) WD)+ b, (WD), (3.39)
We are going to show that in case (ii), under our assumptions, we have
Wwim=b) | =0. (3.40)

Indeed:
N
W=Dy = W (WD),

r=1

and iterating this formula we obtain

WD) =D Wy, (3.41)
l

where o are suitable coefficients and the sum is taken over the indices ! of particles
ay,...,0,, each of them being linked to particle 1 by a chain. An element (W), , is
different from zero only if there is a collision between the particle 1 and one of the
0,’s, i =1,...,p, but this is not allowed by our hypothesis since a collision of this
kind would necessarily imply n(cl(1)) > |[cl(1)|. Thus (3.40) is proven and we can
conclude by (3.39):

W™y, > 2wim=h), | (3.42)

which, by iteration, implies the thesis by (3.37). O

4. The Main Result and the Strategy of the Proof

From now on ¢ will denote any positive constant independent of N and ¢. The main
result in this paper is the following theorem.

Theorem 4.1. Suppose f, € L is an initial datum for the Boltzmann equation (2.14)
and f = f(z,v,t) is the solution of the initial value problem. Let { fJN } be the

j-particle distributions associated to the measure N (Z > t), solution to Eq. (2.7) with
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initial condition pi Nz N = H fo(z;). Then, there exists Ay, > O (independent of t and
fo) such that for A = Ne < )\0, forall j andt > 0, the following holds:

lim /
N—oco

The proof of the above theorem follows from the following fundamental proposi-
tion, which we shall illustrate in this section and prove in the next one.

J
Nz, -] fnt|dz; = 0. 4.1)
=1

Proposition 4.1. Under the same assumptions as in Theorem 4.1, there exist a function
VR xV — R* and a sequence of functions g¥ :RI x VI — R*, j =1,...,N
such that the following holds:

. .,zj,t)—Hf (2o ) + g (21, -, 253 1) 4.2)

k=1

with the properties

@) fN < c¢ (cindependent of ¢ and N), 4.3)
.. d
(i) o' lls, < %+ (4.4)
o0
(iii) > / dt / de|gl (2, v,, z,v,)| < (4.5)
V1,V
| —vy|= 3

Proof of Theorem4.1. By (2.9), (2.14) and (4.2),
t
17 = SV, < 60— e) f ar
0

x/dx{ Z f(CE,U;T)|f(33,U1;T)_fN(CC,'Ul;TN

v,v]
Jlv—vq|=3

+W@wﬂvmwﬂ<ﬂmwﬂ}

t
+65/d7'/dx Z f(x,v;m) f(x,0157)

0 J[v—vy|=3

+6(A—5)/d7’/dx Z |g2 (x,v,z,v;;7)|, (4.6)

v,v]
lv—vy|=3

the factor 6 in (4.6) coming from the trivial observation that » = > .

v,v] v’ 0]
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Since f is bounded in L (see [4]) by (4.3), (4.4) and (4.5) we obtain for ¢t <T'
(T arbitrarily fixed):

t

14+T ~
150 = £ ®l, < T2 e [arlf) - P,

0

A

t T
1+T
<SP e [arlfn - @l +e [ el ol
0 0
14T
<D [arlse - o, @7
0

so that for any ¢ € [0,T] we have by the Gronwall’s Lemma,

1@ — ¥l —0. (4.8)
Finally, since by (4.4) it is also

1f@&) = Y@l — 0, (4.9)

we can conclude the proof. [J

Remark. In the proof of Theorem 4.1 we have made use of the fact that there exists
a L, -solution to the Boltzmann equation 2.14. However this is not a necessary
assumption, since proceeding as in this proof we could show that the sequence {f{"}
is a Cauchy sequence in L, and its limit satisfies Eq. (2.14).

Let us now argue about the meaning and the implications of Proposition 4.1.
We know, following Lanford’s arguments [1], that an estimate of the j-particle
distributions of the kind || ij L., < ¢/ would imply the convergence, but it seems
very hard to deduce it for a large time interval, even for A small, starting directly
from the hierarchy of Egs. (2.9). Thus we change point of view. The leading idea in
this paper is to show that the dynamics of our N-particle system can be interpreted
as a “cluster dynamics” in the following sense: for A small the cluster of any particle
1 is, with large probability, minimal (i.e. n(cl(z)) = |cl(?)|) and this implies that any
tagged group of particles have non-overlapping clusters. Moreover, the probability
of having |cl(z)| large is exponentially small and this fact, together with the previous
considerations allow us to say that the fJN are to be interpreted as “almost” factorizing,

but for a small (order 1/N) error.

5. Proof of Proposition 4.1

For any subset I of the integers we put

ZI = {21}261 . (51)
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We have, by definition:
Nzt = E[/dZN_]u{)V(Tw‘tZN)]

=>_ > > _EIXEU)=Dx(n UL = k)

h>0 ICIS k>h

[]=h
N p—t
x / AZy_, i (TS 2y, (5.2)
where, as before, n(f U I]) = Y w(,k)andcl(I)= | cl(®)/I.
v, keIUI, i€
Let us decompose fJN as:
=7 +RY, (5.3)

where [V represents the contribution to f¥ by those w’s for which n(I U I;) is
minimal that is:

=3 > E [x(cl(fj) = Dx(n(I U 1)) =h)
h2>0 ICI§
|I|=h

x /dZN_juév(T;tZN)], (5.4)

while RY is defined accordingly.
The fact that n(I U I;) = h necessarily implies that I has to be the disjoint union

j 7
of sets, i.e. I = |J J, with |J,| = h, and ) h, = h. Therefore:

s=1 s=1

J
Nazin=Y E [Hx(ol(S) = J,), x(n(J,) = h,)
Risshy ndj

s=1
|Js|=hs
JrNJs=0,r#s

X /dZJs,ugS“(T;tZJ—S)} , (5.5)

where J, = J, U {s}.
Indeed:

/dZN—j/‘(I)V(TJtZN) = /dZIug+j(TaJ_tZIUIJ)
J
= H/dZJsugs“(Tw‘ths), (5.6)
s=1

due to the definition of cluster and to the fact that clusters of different particles have
no intersection.
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We will show that fJN is “almost” a product of functions. More precisely let us
define:

MNegn=> > E[x(cl(s) = J)x(n(J,) = h)

h>0 Jg:|Js|=h

X / dZ,; et T, Z;, )J (5.7
and '
J
W(Zty= Nzt - [[ N st (5.8)
s=1

Before proving that A1 is small in L, we need to get a L -estimate of V. To this
purpose we note that by Proposition 3.2:

h+1
fan<> Y (%) E[x(cl(1) = Dx(n(d) = h)]

h>0 I:|Ij=h

3 h+1
<>y (5) Elx(cl(l) = D]. (5.9)

h>0 I:|I|=h

Now, to estimate the above expectation we need to introduce one more definition.
Given the set I = cl(1) with |I| = h, we call a “graph” of I [denoted by G(I)] a
way to settle h links among the h + 1 particles of I, in such a way that each particle
is connected to the first through a chain.

Fig. 1.

A graph is specified when a number s < h is given, together with s groups of
particles H,,..., H, such that |H,| = h, and arranged as follows: H, is connected

S
with particle 1, H, with particles of H, and so on up to s, so that Y h, = h. Moreover
hz—l . 1=]
H, = U R}, where R} is the group of particles of H; which is connected with the
=1
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hy—1 .
[-th particle of the group H,_,, |Rj| =r} and ) r} = h,. Notice that h, is always
=1

different from zero, while 7§ may possibly be zero.

Given a graph G(I) we denote by x(G([)) the characteristic function of the event
“G(I) is realized,” that is w(¢,j) = 1 if 7 and j are connected by a link in the graph.
We want to stress the fact that if cl(1) = I, then at least a graph G(I) is realized.
Therefore:

X(@l(l) = 1) < > x(GU) (5.10)
GI)
which implies
E((cl(1) =1 <) et (5.11)
G(I)
Moreover
" R\ (h—h =S h
Si= 5 (0) (")t En
G(I) s=1 hj,..h 1 2
h,>0 s
S h,=h
hj_1—1
S
m\ [y -t h, — r!
JL > () (") A
=2 ,l 5l 1 2 rl
17" Ry hy—1
Srl=h
_ i h! o hy!
=2 2 hi!...h! 2. it
s=1 hi,.,hs | ST 9= 1 hy_y
hy>0 1" hy g
> h,=h Erl=hl
h
<> Y et <hich (5.12)
s=1 hy,...,hs
h,>0
S h,=h

The last passage in (5.12) follows from the fact that:

Yo=Y ehie—higeh(ze—hiy:eh(eil)s.

hy...hs hy...hs hi>0
th=h Zhi=h
Hence (5.11) and (5.12) imply that
E(x(cl(1) = I) < (ec)*h!, (5.13)

which, inserted in (5.9) gives us:

x N N! 1
TACEDY ( \ ) E"h < @ g S e <e G149

h>0 h>0 h>0

for A < A, a sufficiently small constant. Thus 4.3 is proven.
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Let us now go back to (5.3) and (5.8): to prove (4.4) in Proposition 4.1 we have
to show that g := R 4 hl is small in the L;-norm. We start by estimating R .
It is by definition:

RY(Z, =) > D E [x(cl(lp) = Dx(I U ;) = k)

h>0 ICIS k>h
[I|=h

X /dZN_Ju{)V(T;tZN)]. (5.15)

Let J,,...,J, be defined as follows:

J, = cl(1),

5.16
J,=clk)/Jy_, k=2,...,] (5-16)

Then, by definition, the J,’s are disjoint “subclusters,” J,, C cl(k), union of some

chains starting from k.
Thus, by (5.15) (using the fact that [ dZyud(T.;Zy) = 1) we have:

[IACALIED DS Z

h>0 ICI¢ k>h hy,...,
[1|=h b=

X > E H X(el(r) 2 J)x(nd U L) = k)|. (5.17)
Jl ..... J] r=1
r=1
JrNJs=¢ Vrs

Now, since

X©l() 2 J,) < > x(G(,)), (5.18)

G(Jr)

we have

J
E| []x(lr) 2 Jox(nI U L)) = k)]

r=1
X Z E[X(G(J)) ... x(GU)x((I U I;) = k)]. (5.19)
GU)...G(J,)
Since in the last sum j graphs are to be fixed, also h, ..., h; links are fixed, such

J va
that > h, = h. It only remains to fix k£ — h links, which can be settled in ( k'/ h)

=1 _(h+Dt+j-1

ways, being ./ = . Thus

2

j -
G19< 5k<k'{h> thT!chr(k'/ih>g’“ (5.20)
r=I1

G()-..G(J;)
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by (5.12) and this implies:

h!
EHCRTIED 35 S 0N ) P I

h>0 k>h N 7 hy,..., hj 1

< Z(cA) Z (%) </]/> (5.21)

<2 < hgy, (5.22)

ERY()-(03) o)

r=1

we have:

e V4 (h+ j)? ,
< < A(h 5.23
< eXp(N> A exp(Mh + 7)), (5.23)
which, inserted in (5.21) gives us finally:
N d ho ¢
HRJ (Zj,t)HL] < N hE>0(c)\) < N (5.24)

We will also need to control the term

o0
/dt/degv(x,ul,x,vQ;t)
0

in order to prove (4.5). This can be done by exactly performing the same procedure
as before, with the only difference that, instead of bounding as in (5.17) the L,-norm
of

/dZN_zu(])V(Tw_t(x,vl, T,Vy, T3, V3. .. T, Up)) (5.25)
by one, we make use of Proposition 3.1. This implies that in all passages made from

(5.17) up to (5.21) an extra divergent factor appears, which is k < (h + 7)?, but this
does not affect the convergence of the geometric series, so that:

Z/dt/degv(x,vl,x,uz;t) < % (5.26)
’Ul O
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Now, let us estimate the L-norm of hf’ (see (5.8)). We have, by definition

W =9 -7, (5.27)
where
= > Z HEh(z,, A (5.28)
Riyeoshy Jyyendy r=1
lJi|=hi
Z Z { {Hv(zr, A J
le )
|Jif—h
JrNJs=¢,r#s
- HE[’Y(ZT, - T,t)]} (5.29)
where > is the sum over sets J,, ..., J f such that at least two of them have non-void
intersection and
(zr, 9 1*’ t) - (Ar)gr(w, zr)) (5'30)
A, ={w:cl(r)=J,,n(J, =h)}, (5.31)
£ (w,z,) = / Az, puytN TSt 25). (5.32)

We start by a bound on yj. It is:

1705, < Z Z HE[X(A )]

Shy Jiyeend; =1
|J5]=hs

Z Z Z HE[x(A ] (5.33)

hl, hy s Jy,eJd;

Now we have, using (5.13):

> > EIXA)IEIX(A)]
hy,hs Jr,Js

[J;l=h; i=7,s
JrNJs#¢

Yoy Y Y EXAIENXA,)

hohs  Jr i€dy Jei€dJs
|Jr|=hr |Js|=hs

N N .
] thrths ~hrths
E (hr) <h8_1>hrhr.hs.c €

hr ks

(N1)? | ) -
_hzh fals (N — h )N — by + 1)! Nhr Nhs=1 (eN)

IN

IN

IN

2

1
N (;h@) ) <5 (5.34)

IN
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Hence, by (5.33) and again (5.13):

15711z, S ~ (Z Z E[x(4, )]) < N (5.35)

hr

|1rI hr

Let us pass to %j . To simplify the algebra we consider for the moment j = 2. We
set, for I,J C Iy,
NUI,J) ={w@,k):iel,ke J}. (5.36)

First of all we notice that the function &,. in (5.32) depends on w through its restriction
on 2(J,.,J,) and we will denote such restriction still by &,.. Now

ENGzh, il = > pw)E,w,, 2)x(4,)
wren(jr,jr)

x Y p)x(m, =0) (5.37)

anQ(jr,jf-)
for r = 1,2, where
A, ={w, € 2J,,J):cl(r)=J,,n(J.)=h}. (5.38)

The sum over 7, in (5.37) can be computed, giving (1 — &)™ =hr)_ On the other
side

E['Y(thpc]l;t)’Y(Zzahz,J2§t)]
= D pwEWIXAD D plwpbw)x(Ay)

wle.Q(jl,jl) sz.Q(jz,jz)
X > px(=0) > p(x(y=0). (539
T]G.Q(j]sz,(jIsz)c) ’YG.Q(jl jz)

The last two sums in (5.39) give (1 — &)1t N=hi=ha)(] _ g)hih2 and by (5.38):
E[X(A1)§1(‘—Ua 21)X(A2)52(W, 2,)]
= E[x(4)€ W, 21 E[x(4)&w, 2)1 (1 — )7 "1h2. (5.40)
Hence, inserting (5.40) in (5.29) we obtain

2
1200, < Y2 > [IEXAIIA — )2 —1]. (5.41)

hy,hy Jy,Jy T=1

Noticing that

—hih ehh, A
(1—5) 12—1§W_26hh2( —

< 2)\h1h2 e)\hl ,
- N
proceeding as usual we obtain, by (5.41), (5.42) and (5.13):

1
%2, < N(Z(cﬁ) < N (5.43)

h>0

(5.42)
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For the term .7’ we proceed analogously and prove that

j J J — 11 hrhs
E{Hx(&)@l ~TTEXA)6) = TTEX(A )11 —e) m<= " —1]. (5.44)
r=1

r=1 r=1

Following (5.42):

= 10 hrhs 20R% \, 2
(L—g) ree -1 =, h:Z;m, (5.45)
we can conclude that
cj
7J
191, < 5 (5.46)

To achieve the proof of the proposition we have to show that (4.5) holds. Indeed,
proceeding as in the proof of estimate (5.26), by the use of Proposition 3.1 we can

conclude that
o<

/dt/.Zz(x,vl,x,vz;t)dm < % r=1,2. (5.47)
0

6. From Small to Large A\

In this section we remove the assumption on the smallness of A we used so far. In
doing this we pay a price: the quality of the convergence we are able to prove is
weaker. This is, probably, a technical limitation only.

The idea underlying this extension is the following. Look at the particle system
at time t + At, with At sufficiently small, and at a small interval A on the line. Due
to the boundedness of the velocities, the particles inside A are influenced only by
the particles in an interval, say A, a little bit larger than A, if A¢ is small. Suppose
that at the time ¢ we have convergence to the solution of the Boltzmann equation.
This means that, with large probability, the number of particles in A, say N(A,), is
of the order aN, where o = > [ dz f(z,v;t). Since we have L, bounds for f, o

v Ay
can be made arbitrarily small, provided that A and At are sufficiently small. They
will be fixed in such a way that X < \,;, where ) is the value under which the
cluster expansion is convergent and A = ¢N (in general larger than );). On the other
hand the particle system at time ¢ + At restricted in A is the same as if the particles
outside A, were absent at time ¢, so that we are in a situation for which the number
of particles is /N and consequently the effective A is alNe = ad < A,.

Therefore, using the previous analysis, we expect convergence at time ¢ + At, if
we look at the region A. Then it is not difficult to show that the local convergence
in each region A of small size implies the convergence in any region, so that all the
argument can be iterated to reach an arbitrary time, since At is a priori fixed.

To make rigorous the above argument we need a local characterization of a physical
state of the system (and we shall do it later) and the lemma below:

Lemma 6.1. Let {u™} N1 be a sequence of densities of symmetric probability mea-
sures on (R x V)N, Denote by fJN their marginals. Then the following two statements
are equivalent:
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i) For all j and all ¢ bounded, p:R x V — R,

J
/ 1Y@y lezyiz, — (f.¢)
=1

with f € LR x V).

if) Jim Ey (0N, 0)) = (f, )
1 N
Here (-) denotes the scalar product, (v, ¢) = i ©(z;), and Ey is the
i=1

expectation with respect to " .

Proof. By definition, for N > j:

N N
; 1
Ep (W), p)) = /dﬂN N; ;...Zlgo(zil)...cp(zij)
1= 1=
NN -1)...(N—j+1)
= 7

J 1
% /dzijN(zj)Hgo(zi)-f—O(N). 6.1)
=1

Indeed the first term in the right-hand side fof (6.1) arises from the contribution in
the sums in which all the ¢,’s are different and the second one from the contribution
in which at least two indices coincide.

We now establish a proposition which, combined with the results of the previous
section, allows us to prove the convergence for any .

Consider now our particle system distributed, at time zero, according to a sequence
of symmetric densities {1V } -~ such that, for all bounded continuous ¢ of compact
support and for all j: B

Ey((WY, w)j)Nj;oU, o) 6.2)

with || f||,. < M.
Proposition 6.2. Assume hypothesis (6.2) and consider an interval A with |A| = length

ofA=6,6= 10 0;)\ 7 (here )\, is a value for which the cluster expansion is converging
and A = €N ). Define

Ay={zx2T |z e A}, T=56.
Then, for all n > O sufficiently small, Z, € (A x V), t <T the following hold:
N N,— N N N+
QN+ 12,0 < V20 < QN2 0+ 1V EZ,D,  6.3)
where .Q;V is a positive function such that:

/ 2N(Z,,t)p, (Z,)dZ — 0 (6.4)
(AxV)I
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for all bounded continuous ¢ : (AxV)Y = Rand

52,1 = / A2y BOMF PN TS Zy gy ) (6.5)
being [a] the integer part of a and
k
V(2 = x(Z, € U x VIO ] fz) - 27" (6.6)
=1
with
= / dzf(2). 6.7
AOXV

Before giving the proof of Proposition 6.2 we discuss its meaning and conse-
quences.

From Proposition 6.2 we see that the j-particle distributions fJN (-,t), for t
sufficiently small, are controlled, in the region (A x V)7, by the j-particle distributions
l;v * of a particle system whose initial distribution is vV, i.e. a product measure
supported in A, associated to a system of H = [(an)N] particles.

Notice that

alNe < MM (6 +46) < X

so that, for a sufficiently small 7, (for instance 1 < X;/2)) the cluster expansion,
associated to the initial measure v, is convergent. By Theorem 4.1:

i N’:l: = +\®7
Jim £ =
inL,(RxV). (h*) is the solution of the Boltzmann equation (2.14) with initial datum
hy = hE(t=0)=x Ao(x) f(x,v)a~! and X replaced by A(c=1n). Since 7 is arbitrary,
we proved:

Jim_ / dz; f}Y (2, )p;(2) = / dz;h® (2, ), (2)
(AXV)I (AXV)I

for all continuous bounded goj:(/l x V) — R, where h(t) solves Eq.(2.14) with
A replaced by a) and initial datum A, (indeed, thanks to the L_, bounds, it is not
difficult to show that h(t) is L,-continuous with respect to A). Finally by a simple
scaling argument and by virtue of the boundedness of the velocities we conclude
that h(xz,v,t) = f(z,v,t) for x € A and t < T. Therefore we proved the local
convergence:

N—oo
(Ax A) (AXV)I

lim dzijN(Zjat)(pj(Zj) = / def®J(zjat)90j(Zj) (6.8)

for all intervals A such that [A] < & and all ¢;:(A x V)’ — R continuous and
bounded.

We now show how convergence (6.2), assumed at time zero, also holds at time 7.
Indeed take ¢:R x V — R, continuous bounded, supported in A with |A]| < 26. Let
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A, 14, < 6,1 = 1,2 be two disjoint intervals such that A, U A, = A, and ¢, the
restriction of ¢ to A,. Then:

[Ex (N, 0) = (f,0)7)

Jj . .
Z ( ) En((v ,<P1> <VN7<P2>J_k - <f,90|>k<fa ‘P2>J_k)]
k=0

J .
Z( > {Bx (N, o) (N, 02) 7% = (£,02) 7))
k=0
+ (o) TN 0)* — (F )} (6.9)

By Lemma 6.1 and (6.8), the 2" term in the curl bracket vanishes as N — oco. The
first term is bounded by:

Ex((WY, o)) 2E N (WY, 0,)2070) + (£, 0,)20 7P
2(f, ) TFEN (N, )T T2 (6.10)

Also (6.10) vanishes as N — oo. In fact, for all j, Ex (v, 9,)7) — (f, ¢,)?, again
by Lemma 6.1 and (6.8), so that (6.2) holds at time 7', because, using the above
argument, we can deal with any bounded continuous function ¢ of compact support.
Finally, since the time 7' is a priori fixed, we can iterate the argument to prove:

Theorem 6.3. Suppose f, € L be an initial datum for the Boltzmann equation (2.14)
and let f = f(z,v,t) be the unique solution satisfying

sup sup f(z,v,t) < M (6.11)

0<t<t* z,v

for an arbttrary ( but fixed) t* > 0, with M a suitable positive constant depending on
fo and t*. Let /LO = N be the initial condition for the particle system and A\ = e N

arbitrary. Then:
Jim (FY@), ;) = (f2 1), ;) (6.12)

for all j and all continuous ¢, : (R x V) — R of compact support.

Remark 1. The L, convergence of the previous section has been replaced by the weak
convergence (6.12). Actually (6.12) has been proved for factorizing test functions ¢,
but it can be recovered by a standard approximation argument.

Remark 2. In the above theorem we used the existence and uniqueness of the solution
f e L (0,t*]; L ,(R x V)) just to control the number of particles (uniformly in
time up to an arbitrary fixed time) in an interval of a given size. This can also be done
differently by means of the H-theorem. Indeed it is easy to show that the Entropy
per particle

HN(t) = % / dZy " () log u™ (t) (6.13)

is a decreasing function of time. By the subaddivitity of the entropy:
/ N, tlog f(z,t)dz < HN @) < HY(0)

= / folog fodz < C < 400 (6.14)
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From the above inequality we obtain

/le(z,t)—>0 as [A] =0 (6.15)

uniformly in time.
This observation, combined with the remark in Sect. 4 allows us to avoid to assume
the existence of the limit solution, but just to prove it, together with the validity proof.

Remark 3. 1t is not difficult, at this point, to deal with a particle system in a bounded
box with suitable (for instance periodic) boundary conditions. We do not give here
the details to avoid an even longer and heavy exposition.

Before proving Proposition 6.2 we need some preliminary definitions.

Let A, C R! be a bounded interval and p!V be a distribution density of a N-particle

system.
Denote (for Z, € (4, € V)™) by:

n N
" (Z,) = (n> / dZy_uN(Zy), (6.16)
(AgxV)N—-n

the probability density of finding n particles in A, in the configuration Z,, and by

ph,(n) = / dZ,1n"(Z,), (6.17)
(Agx V)n

the probability of finding n particles in A,,.
Finally we set

ph (Z, | ™ (Z,,) L. (6.18)
p Ao( )
which is the conditional probability (of having n particles in A;) density and
(2 | n) = / dZ,_uh (Z,|n) (6.19)
(AgxV)n—Fk

its marginals.

Proof of Proposition 6.2. Fix ¢;:(Ax V)’ — R* continuous and bounded and t > T.
Then

(05, IV (1) = / 0, (Z)fN(2;,00Z, = / dZy ™ (ZyEW(TLZy),)

(where (Z,;), denotes the first j particles of Z,; and p™N is the initial sequence for
which (6.2) holds)

= i k) / dZyply (Z), | Y(Zy) s (6.20)

k>3 (Ao)k

where we set
U(Z,) = E(p(T} Zy),)
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since the first j particles of T);Z,, depend on the particles of Z,, which are in 4,
only.

We now estimate the probability of having a number of particles in A, (such
a random variable is denoted by N(A;)) much different than a/N. We have, by
Tchebichev inequality:

>~ p,(k) =Prob(|N(4y) — aN| > AN)
[k—aN|>BN

1 2
< (W) En(IN(Ap) — aN[?)
= (BN)"H{E(N(4)*) + a®*N? — 2aNE (N(4y)} . (6.21)
Ey(N(A)Y) o2

N2 ’
— o as N — oo, so that the right-hand side of (6.21) is bounded by

Here E,; denotes the expectation with respect to p . By (6.2)
Ey(N(4y)
N
§ V)

32
i =1,2,... vanishing sequences in the limit N — oo,

, where §;(IN) — 0 as N — oo. In conclusion, denoting from now on by £,(N),

(0, fNOY =6+ > Pk / dZ i (Ze |W(Zy) . (6.22)
|k—aN|<nN (Ag)*

Observe now that for k € [(a—n)N, (+n)N], with a sufficiently small 7, the cluster
expansion is convergent, that is:

[(ct+n)N] k
(FNwe) =N+ Y ph®d. Y E [x(cl(lj) =1
k=[(a—n)N] h=1 ICIE\I,
|I|=h
X /leuIJQSX;h#(ZwIJ |k;)(p((T:)ZIU1j)j):| , (6.23)
from which we argue that
E(N) + S™(N) < (£ 1), ;) < &I+ ST(N), (6.24)

where

[(a£m)N]
StV = Y >, Ex@U)=D

h=1 Ich@tn N\,
|I|=h

X / dZpy;, Y ph RSN MI(Z L IRS(TEZ 1)) - (6:25)

k>h+1a
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On the other hand, for a positive function ¢ supported in A, we have:

wo( (7))

1
/ T D ) 0@ i (Z)dZ,

I
™M=

I(AOXV)’“ 1]...2y
N k(k—1)...(k—j+1)
= ZPAO(k) N7
k=y
A 1
x / ©(2)) ... p(z))®NI(Z; | k)dZ; + o(ﬁ>. (6.26)
(Agx V)

We know that p%o (k) is concentrated around aN as follows by the arguments after
(6.21). In conclusion

N
@=B ph® [ ) eI, [z, + 60

k=3 (Agx V)

()

N
<(a+pY Y Py k) / 0z p(z;)
k=j (Agx VY

x &NI(Z, | k)AZ, + E(N) . (6.27)

Choosing a suitable sequence 8 = §y — 0 as N — oo, making use of Lemma 6.1
and a standard approximation argument we conclude that:

N
(M) = S [ @)z ez e 629)

k=l (Agx V)i

for all ¢, continuous and supported in (A, x V).
Inserting Eq. (6.28) in (6.25) we obtain:

[(axn)N]
ST(N) = Z Z E<X(CI(I])=I)a_(3+h)

h=1  ICHaenNnI,
[T]=h

x / dZp5 e Zror )T (Zyy, )j> +&(N). (6.29)
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Finally, by (6.2) and the dominated convergence theorem, which we can apply thanks
to the convergence of the cluster expansion, we obtain:

[(e£mN]
SEN) = {E(X(cl(Ij) = Da~0*W

h=1 IClatpNnI,
|I|=h

x / dzpur, (T (Zug, >>j>f®°+h><Z,U,]>} +E& (V)

= (IVF,0) +&WIN).

This concludes the proof. [
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