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Abstract. We consider a system of N hard spheres in the Boltzmann—Grad limit
(i.e.d—=0,N = o0, Nd®> - A~ >0, where d is the diameter of the spheres). If 4 is
sufficiently large, and if the joint distribution densities factorize at time zero, with
the one particle distribution decaying sufficiently rapidly in space and velocities,
we prove that the time evolved one-particle distribution converges for all times
to the solution of the Boltzmann equation with the same initial datum. This
result improves and is based on a previous paper [1], valid only in two
dimensions.

1. Inarecent paper [ 1] the validity of the Boltzmann equation has been proved for a
cloud of gas of hard spheres in the two-dimensional vacuum. In the present paper we
extend this result to the more physically relevant three-dimensional case.

A part of the techniques necessary to obtain the present result are contained in
[1] to which we address the reader for motivations, general comments, further
references and notation. We briefly review the result of [1] and explain why that
approach fails in dimension three. Following the same notation, we denote by I the
phase space of a system of N spheres of diameter d in R'(v=23), X
= {x,v;...xyUy}, X;0;€R” x R” a phase point, ¢¢ the (almost everywhere defined)
time evolution of the system, (for which ¢{(X)= {x,(t)v,(t)... xy(t)vy(t)} is the
trajectory of the phase point X), u‘(dX)= pu(X)dX an absolutely continuous,
symmetric (in the exchange of particles), probability measure on I'y at time zero,
14(X) the time evolved density, f4,t=0,0 <k < N the joint distribution densities.
Finally $%(t) is defined by:

SUE) fHx 01 X 0) = S ({x1 01 - X0 ) (1.1)
The following equation is satisfied by the family f§ :

t
Jia=58"0fi+ (f)ds SUt = $)Cioxr1 S+ 1,00 (1.2)
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where f{ stands for /' ;and C{ , , ,, the collision operator, is defined by formula (2.7)
of [1] and will be recalled later.

The validity of Eq. (1.2) is proved in [1] and, in a more extended and natural way
in [2], where also the history of the equation is reviewed.

In this paper we are interested in the asymptotic behavior of f¢, for large N,
keeping fixed the product, N> ' =171 > 0.

Together with Eq. (1.2) we also consider the Boltzmann hierarchy (with initial
datum f'={f =1 o)

fk,t:S(l)kargdSS(t“S)Ck,kﬂfkﬂ,ss (1.3)
where
S() fulx 10y X0 = filxy — 038,05 . X — UL, U, (1.4)

k
Cipr1frs1 (X101 x0) =471 Z jdvk+1 f dnn-(v;— vy 1)
j=1 n(vj—vk+1)§0

i1 (a0 X050 X0 1) = [ (61 0y o X505 XU ). (1.5)

Here, as usual, nis a unitary vector and v, v , ; are the outgoing velocities after a
collision with impact parameter n and incoming velocities v;,v; 4 1.

The solution of Eq. (1.2) and the solution of Eq. (1.3) (if any) are expressed by the
series (Where f;i = {fz,t}k: 1...x’Sd([)fd = {Sd([)fz}k=1...ooa Cdf = {(Cdf)k}kzl.‘.oo
={Cl i1 fus1}k=1.... and we use the convention [, =0 if k> N)

fi=80) f*+ i jdtltjldtz...t"fldt,,Sd(t—tl)Cd...S"(z,,)fd, (1.6)
n=10 0 0

=S f + ilidtl idtz... "gldznsa— ()C...S(t,) - (1.7)

The study of the behavior of f¢ in the Boltzmann-Grad limit d >0, N — o,
Nd— .~ 'is of great conceptual interest. Actually f¢ is believed to converge to f, and
a rigorous proof of this fact provides a proof of the validity of the Boltzmann
equation itself. A first step in this direction was obtained by Lanford in a well known
paper [3]. He proved the convergence of f to f, in the Boltzmann-Grad limit for
short times (but also in more general contexts than the case of a perturbation of the
vacuum considered in [1] and in the present paper).

In [1] following the same Lanford strategy it was proved the convergence of f
to f, for all times but only for d = 2. In fact it is possible to estimate both series (1.6)
and (1.7) by means of absolutely convergent series by estimating each term in a
suitable norm. Furthermore the convergence of the series (1.6) to the series (1.7)
almost everywhere (in the limit N — oo and d chosen according to Nd*~'=4""1)
follows by the convergence term by term of the series. Namely, rewriting the two
series (1.6) and (1.7) in the form (d = 0):

S—t)fi=f'+ i jdtltjldt2...t"jldan”(tl)V“(tl)Qd(tl)”l.,.
n=10 0 0

Qe V) 2Nt S (1.8)
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where

Q4t) =S~ 1)S(1), (1.9)
V(1) =S(—t)C*S(t), (1.10)

and introducing the following norms:

j
ij”ﬁ,j =cesssup |fj(x1l’1 ~-xj17j)| exp 8 'Z1 (xlz +v}), (1.11)
£ NG =supz=7| fllps (1.12)
J

it is possible to prove the following estimate (seec Proportion 3.2, [1]):

IVAO [ < Cozl(BA | fillp L+ )71
{(nzz" ")+ J(B—F)nz'z71)} (1.13)

for 1>d=0,8>p>0,2>z>0,I(f)=max (", """

In the case of the Boltzmann hierarchy (d = 0), the estimate (1.13) is enough in
order to obtain the convergence of the series (see Remark 2, p. 195 of [1]) and,
moreover, a unique solution of Eq. (1.3) and, in particular, a unique (mild) solution of
the Boltzmann equation in case of initial factorization. The argument is simple.
Reminding that for the Boltzmann hierarchy Q= 1, inserting the estimate (1.13) in
the series (1.8) for d =0, after a reordering of times and an integration over all times
(possible because of the factor (1 +1""")"") we are led to a geometric series
converging for large 4. Roughly speaking this is same as the Lanford argument with
the time replaced by A~ 1.

To bound the series (1.8) for d > 0, we need to control 2¢in the norm |||, ;, and
here the dimensionality of the physical space enters.

. 1 { : . .
Defining I(X) =~ Y (x? + v?), we arrive, after elementary considerations, at the
g o) y

formula:
k
(! (X)) = Z vl — ¥ (p: —up), (1.14)

where ¢¢(X) denotes the trajectory of a system of j particles of diameter d whose
phase point at time zero is denoted by X, ¢,(X) the free motion for the same system, ¢;
the collision times, y;, ; the positions of the two particles at the i"™-collision, p; and u;
the outgoing and incoming velocities of the particle in y; (see Proposition 3.1 of [1]).

Since the distributions for the j-particle system have a gaussian decay in the
velocities, we may assume that the energy of the system E is, at most, of order N.
Thus in the worst case: (a single central collision between two particles with half
energy)

i (X)) = U (X)) + 2tdJE = [($(X)) + Ct/Nd?
=P (X)) + CtA™ V2 Jd> ™ (1.15)
for some positive constant C. Hence, for j of the same order of N,

1Q%(e) |5, = exp C204~ 2 JdP, (1.16)
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which means that 24(¢) is bounded, uniformly in ¢t < T, for a sufficiently small d,
chosen according to T, if v =2. The ¢ dependence in Eq. (1.16), for v =3 does not
allow us to integrate over all times, so that the argument fails.

The above considerations show that low probability events (a relevant part of
the energy concentrated on a single particle undergoing a collision) make it difficult
to control the series (1.8) for d > 0, in terms of uniform norms.

In this paper we overcome this difficulty by introducing a fictitious dynamics
which ignores the high energy collisions so that the approach in [1] applies also in
dimension three. In addition we estimate the probability that the true dynamics
differs from the new one and find that this is negligible in the Boltzmann—Grad limit.
As a consequence we prove a validity theorem for the Boltzmann equation in a
slightly weaker form: the f , will converge to f, , weakly and not almost everywhere
as in [3] and [1]. However this does not seem a physically relevant point.

2. In this section we always assume the dimension of the physical space to be three.

We introduce the (reversible) dynamics, denoted by ¢¢, for a system of hard
spheres, according to the following definition. ¢¢ coincides with ¢? unless two
particles collide with enrgy E(i, j) = 1/2(v + v}) larger than \/ N. In that case they
are not elastically reflected, but they go ahead freely. Obviously the phase space of
the system, Iy, is slightly larger than Iy, since overlapping of a pair of particles with
large energy are allowed. We underline all the objects which refer to this new
dynamics: e.g. uf, /4., S%t),.... Exactly along the same lines leading to Eq. (1.2) (see
[1] and [2]) we have:

t
fz‘f,t=§"(t)fi+(f)dSSd(t—S)QZ,Hlﬂﬂ,ss 2.1)

where
K
Qz,k+1fk+1(xlvl"'xkvk):'(N_k)dv_l _zljdvk+1jdnn'(v,‘—vk+1), (2.2)
=

Sis1(eg, vy x50 x; Fdnyvg ) (E( K+ 1)§\/N), (2.3)
and y (something) denotes the characteristic function of the set in which something
happens. We remind that C{  , ; is defined as C{ ., ; provided that the indicator y is
neglected.

By Eq. (1.14) we obtain:

(¢{(X)) £ U¢,(X)) + (2{/2)tN4d, (24)
so that, fixed arbitrarily T >0 and ¢ >0, for N sufficiently large (depending on
T, ,¢), we have (for t < T):

I Qd(t)”p,j Zexpe, | Q"(t)” Hﬂ,i <L (2.5)
The last inequality follows because the last term in Eq. (1.14) is positive.
The following Theorem is consequence of the arguments in [1].

Theorem 1. Assume, for the joint distribution densities at time zero, the following
hypotheses:
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1) They are continuous functions in (R*> x R*)24={X||x; — x,| >d for i #k,i,
k=1,...,jd x 0}, vanishing on the boundary of (R* x R3)fj. There exists an infinite
sequence of functions { f;};=;. . continuous on (R® x R3)7.%such that

lim 4= f; for all uniformly on compact sets of (R x R3)%° (2.6)
d—0

ii) There exists C,; > 0 such that, for z, >0 and f, > 1
Il 5020 < Cy- 2.7)

Then, there exists an increasing positive functiony = y(B,) such that,if A~ zo < y(B,),
then:

limf4, = f;,ae. (2.8)
d—-0

Moreover, for any T >0, z=1zgye, f =, — 1 and d sufficiently small,
sup [If ¢ [ < const. (2.9)

t<T

Proof. In what follows it is convenient to extend f¢, (as well as f§,) to the whole
space (R® x R3), by putting 11 (X) =0(f¢,(X)= 0)if X is such that |x; — x,| < d for
some i # j (in case E(i, j) < \/N).

The estimate (1.13) is obviously valid also for V4(t) and hence, by iterating the
estimates (1.13) and (2.6) n times for the n™ term of the series (1.8), with In
zj/zj—y=n""and B;_, =f;4+n"'j=1...n, we obtain (after reordering the times
and integrating up to infinity) for an arbitrary fixed T > 0 and d sufficiently small:

I term || < f41155(Conzo A HI(B))" e (n)) ™ (2.10)

with z=zg4e, f=f,— 1 and C, > 0.

Therefore the series (1.8) is converging for 4! small, uniformly in N and d, (this
implies (2.9). The statement (2.8) follows by a direct inspection of the convergence
term by term (see [3] and also [4] for a revisited version).

We are now in position to prove the main result of this paper.

Theorem 2. Under the hypotheses 1) and ii) of Theorem 1, if 2~ zo <y(Bo)s
lim { g =] fii0 (2.11)

for all k>0 and all bounded continuous functions g:(R> x R*}* > R.
Proof. We have:

§Uke= o)== fidg + [(fii— [e09. (2.12)
The first term in the right-hand side of (2.12) goes to zero as a consequence of
Theorem 1. In fact the integrand vanishes almost everywhere and is uniformly

bounded by an integrable function (by 2.9).
Denoting by G:(R®* x R}V > R,

G(X)=g(x1,vy...%0,) for X =(x;,0,...xy0y) (2.13)
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we have, by Liouville Theorem (which holds also for ¢¢)

[(fii—f10g =X GX){w!(X) — (X))}

= [dX {G(${(X)) — G(${ (X))} u§ (X). (2.14)

Defining:
By =) By(i, j), (2.15)
BN(i’j):{XHxi_xj':d’ E(laj)>\/N> (Ui_vj).(xi_xj)>0}’ (216)
By(T)= ) ¢%.By), (2.17)

0=<t=T

we realize that {G(¢{(X)) — G(¢{(X))} is zero unless X € By(T). Therefore the right-
hand side of Eq. (2.14) is bounded by 2| g|f., ub(By(T)).

To estimate the u%-measure of the “bed set” By(T) we take advantage by the
following, so-called, special flow representation.

Consider the following map

¥:By(T)—>By(T), ¥Y(X)=(Y,t) if¢?,Y=X, YeBy, (2.18)
By(T)={(Y,1)|YeBy, 0=t < @(Y)},
o(Y)=sup {t>0]¢%, Y¢By}. (2.19)

Then ¥ is an almost everywhere defined one to one bimeasurable map.
On the Borel sets of By(i, j) we defined the following measure:

do(Y)=dx,...dx;_ydy;dx;, ...dxydv,...doyn; (v; —v;).
2(E(, j)>/N), (2.20)

where dy; is the Lebesgue measure of the sphere of center x; and radius d and
n;; = (x; — x;)/|x; — x;|. Denoting by do the Borel measure on By whose restriction
on By(i, j) is do;;, we have the following formula:
GVAT
| FX)dX = [do(Y) [ dtF(¥~'(Y,1), (2.21)
0

BN(T) BN

where ¢ is any bounded measurable function, and

o(Y)A T=min(e(Y), T). (2.22)
By virtue of the estimate (2.9) we obtain, for F = uf:
T
Ho(By(T)) ég t | do(Y)u(Y) (2.23)
B’V

é Idtffztxl’vl’yj7 J)X(E(19])>\/N)

1#]

dx;dy;dv,dv;n;(v; —v;)
< A(T)N?d*exp { — H(T)|/N}, (2.24)
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where A(T) and H(T) are two positive constants not depending of N. Therefore
ud(By(T)) goes to zero in the Boltzmann-Grad limit and this achieves the
proof. &
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