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ABSTRACT. We consider a classical system of point particles interacting by means of

a short range potential. We prove that, in the low—density (Boltzmann—Grad) limit, the

system behaves, for short times, as predicted by the associated Boltzmann equation. This

is a revisitation and an extension of the thesis of King [9] (appeared after the well known

result of Lanford [10] for hard spheres) and of a recent paper by Gallagher et al [5]. Our

analysis applies to any stable and smooth potential. In the case of repulsive potentials

(with no attractive parts), we estimate explicitly the rate of convergence.
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1 Introduction

In a well known paper in 1975, O. Lanford presented the first mathematical proof of the
validity of the Boltzmann equation for a system of hard spheres, for a sufficiently small
time. The starting point was the series expansion describing the time evolution of the
statistical states of a hard—sphere system. This series is the solution of a hierarchy of
equations formally established by C. Cercignani in 1972 [2], following previous ideas due
to H. Grad [6].

The main idea of Lanford is to compare such a series expansion with the one arising
from the solution of the Boltzmann equation, claiming the term by term convergence in
the so called Boltzmann-Grad limit (BG limit in the sequel). The restriction to short
times is due to the fact that the two series have been proven to converge absolutely only
for a small time interval. Actually it was remarked in [20] that the Lanford’s approach is
a Cauchy-Kowalevski kind of argument.

In [10], although all the main ideas, as well as the strategy of the proof, were clearly
discussed, the details were missing. The complete proof was presented later on in [9], [16],
[19], [18] and [3].

We mention also that the ideas of Lanford can be applied to derive the Boltzmann
equation globally in time, in the special case of an expanding cloud of a rare gas in the
vacuum [7, §].

Shortly after the appearance of the Lanford’s paper, F. King in his unpublished thesis
[9] approached the same validity problem for a particle system interacting by means of a
positive, smooth and short range potential. In this case the basic starting point was not
the usual BBGKY hierarchy, but a variant of that due to H. Grad [6] (we shall call it the
“Grad hierarchy” in the sequel) making the system more similar to a hard—sphere one.
More precisely, in [6] only the first equation of this hierarchy was discussed, while the full
hierarchy was introduced and derived in [9].

The Boltzmann equation considered by King was written in unusual form. Namely,

calling f = f(z,v,t) the distribution function,

(O +v-Vy)f(z,v,t) = /]RB dv; /52 dv (v—1) -I/{f(x,v'l,t)f(.r,v’,t)—f(a:,vl,t)f(:v,v,t)}
: (1.1)

where S? = {v € S?| (v —vy) - v > 0}, S? is the unit sphere in R® (dv is the surface

measure), (v, v1) is a pair of velocities in incoming collision configuration —see also [1]— and



(v',v}) is the corresponding pair of outgoing velocities defined by

vV =v—wlw- (v—1u1)]
1.2
vy = v+ wlw- (v—1v1)] (12)

Here w = w(v, V) is the unit vector bisecting the angle between the incoming relative
velocity V' = v; — v and the outgoing relative velocity V' = v] — v’ as specified in the figure
below. Note that v is the unit vector pointing from the particle with velocity v to the

particle with velocity v, when they are about to collide (hence v - (v —v) =v -V <0).

Figure 1: The two-body scattering. We denote by p the impact parameter expressed in
microscopic unities (p € [—1,1]) and by x = x(p,|V]) the scattering angle (x € (—m, 7],
X > 0 in the figure), while © is the angle given by the relation y = © — 20. We call

scattering vector the function w = w(v, V).

A more handable and usual form for the Boltzmann equation is obtained by expressing

everything in terms of w, namely

(O +v-Vo)f(z,v,t) = / dvl/ dw B(w,V){f(x,vi,t)f(:z:,v/,t) — f(x,vl,t)f(a:,v,t)}

©o (1.3)

where B(w,V)/|V| is the differential cross—section of the potential under consideration

with respect to the solid angle w (with v and v} specified by (1.2)). In the case of hard
spheres, the two formulations (1.1) and (1.3) coincide since w = v.

After many years, the argument has been recently reconsidered by I. Gallagher et al

in a long and self-contained paper [5] pointing out some important facts, surprisingly not

discussed in the previous literature. In particular, the term by term convergence is not



innocent because B is, in general, not bounded and even not defined as a single-valued
function. For instance, for smooth positive and bounded potentials (considered by King
himself), v — w is not globally invertible and B is unbounded. The difficulty is that one
has to exclude concentration of measure on certain small sets in the phase space leading to
an evolution much different from the typical Boltzmann behavior. These “bad” events are:
(i) the long time two—body scattering; (ii) the recollisions, i.e. the presence of a given pair
of particles undergoing two or more collisions. The latter is the main obstacle in proving
that the particle system behaves as predicted by the Boltzmann equation.

In [5] the authors prove the validity of the Boltzmann equation under the hypotheses
that the potential is well behaving in this sense, namely that the cross—section exists as a
single-valued and sufficiently regular function. In the present paper we show that, under
very general assumptions on the potential, the Boltzmann equation can indeed be derived
in the form (1.1). We review the results in [9], completing some parts of the proof and
taking care of some inconsistencies. Once the Boltzmann equation has been derived in the
form (1.1), the passage to the form (1.3) is a matter of analysis of the two—body problem.
If the cross—section is not a single-valued function, the function B appearing in (1.3) can
be still expressed as a sum of the contributions arising from each monotonicity branch.

The approach discussed in [5] makes explicit use of the cross—section as a tool for the
control of recollisions. In the present paper the aim is to establish a proof that does not
depend on any detail of the scattering process. In particular, the term by term convergence
(which is the most delicate point in the proof of our main results) is treated in a different
way from the one in [5] and [9]: see Section 7.1 for a presentation of the problem, and
Sections 7.2, 7.3 for a quick abstract and an explicit constructive proof respectively.

In our method a very useful tool is a tree expansion describing the time evolution of the
marginals of a statistical state. This is presented in Section 6. In Section 2 we introduce
the mechanical system of particles under examination and make some preliminary remark
about it, while in Section 3, along the lines of [9], we derive the Grad hierarchy, that is
the starting point of our study. In Section 4 we fix the hypotheses on the initial data and
state our main results. In Section 5 we present the uniform short time estimates on the
series expansion for the evolution of the marginals. The results in Sections 3 and 5 are well
known by [9] and [5]: we discuss them here briefly for the sake of completeness. Finally,
in the Appendix we give sufficient conditions on the interaction for having a bounded or a
single—valued cross—section.

One advantage of the methods developed in this paper is that they allow an explicit
estimate of the error in the convergence to the Boltzmann equation, as soon as one has

explicit estimates of the interaction time of the two-body process in the space of the



scattering parameters. Moreover, convergence is established in a strong sense, that is
uniformly outside a precise pathological null-measure subset of the phase space.

The analysis of sections 2-7 can be applied to any smooth and repulsive potential,
enlarging the class of interactions considered in [5]. If the potential has an attractive part,
there is also an additional difficulty due to long time scattering phenomena and to the
presence of trapping orbits in the two—body process. For the sake of clearness we treat this
case separately in Section 8, where we explain how the proof can be adapted to extend the

convergence result, assuming the stability of the interaction.

2 The hamiltonian system

We consider a system of /N identical classical point particles of unit mass, moving in the
whole space and interacting by means of a two—body, short range potential ®. We denote
by (q1,v1, - ,qn,vN) a state of the system, where ¢; and v; indicate the position and the

velocity of the particle i, and ¢;(7) the position of particle ¢ at time 7. The N—particle

Z ZCD G — qj) - (2.1)

t,j=1
i#]

The dynamical flow is obtained by solving the Newton equations

Hamiltonian is

d2q1
o) = Y Flalr) - (7)) (22)
-
J#i

where F(q; — q;) = F;; = —=V®(¢; — ¢;) is the force due to the particle j, acting on the
particle . We will assume ® to be smooth enough in order to have existence and uniqueness
of the solution to (2.2) for any initial datum such that ¢; # ¢; (see Hypothesis 1 in Section
2.2, and Section 8).

Consider now a small parameter € indicating the ratio between the macro and the micro

unities. We pass to macroscopic variables defining
r=c¢eq; t=eT. (2.3)

In these variables the equations of motion become

d;t? (=23 F <—“"i(t> . %‘(”) | (2.4)

J#




The Boltzmann—Grad scaling.

In order to have a kinetic picture, a tagged particle, say particle 1, must deliver a finite
number of collisions in a macroscopic unit time. As a consequence, the density Ne® must
vanish. More precisely N should be O(£7?). Indeed, assuming the characteristic interaction
length of the potential ® to be one in microscopic variables, namely ®(q) = 0 if |¢| > 1,

consider the tube spanned in the space by particle 1 in the (macro) time 1:
3 i — < } :
{xER |0;1;1£1|x () <ep, (2.5)

where z4(t) is the trajectory of particle 1 (in macro variables). The number of particles in
the tube is the number of particles potentially interacting with particle 1 in a macroscopic
unit time. Hence, if N = O(£7?), such a number is expected to be finite. Therefore the

scaling we will consider is
N — oo, e—0, Ne2 =171 >0, (2.6)

for a system of N particles following (2.4), where [ > 0 is proportional to the mean free
path. From now on, we shall fix [ = 1 for notational simplicity.

The scaling (2.6) is usually called low—density limit and it is equivalent to the BG limit
originally introduced for the hard-sphere system, [6]. In this scaling a triple collision -
namely a situation in which three or more particles are simultaneously interacting - will be
very unlikely. Moreover a two—body collision - namely a scattering process involving only
two particles - will take place typically on a scale of time of O(g), but since the force is
O(e71) it will produce a finite effect. In other words, the expected dynamics is qualitatively

similar to that of the hard—sphere systems.

2.1 Statistical description

We want to describe here our system from a statistical viewpoint.
Notation. Throughout the paper, we will use bold letters for vectors of variables, e.g.
Zj = (Zlv"' ’Zj)v Zjn = (Zj-i-la"' >Zj+n)a R = ("Eiavi) (2'1'1)

is the notation for the state of particles 1,---,j and 7+ 1,--- ,j 4+ n respectively, having

position and velocity (z;, v;).
As usual we introduce the phase space of the N—particle system

MN:{ZNGRGN ‘ 2 — | >0, i,k=1---N, k:;éi}. (2.1.2)
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Consider a probability measure with density W (¢) (with respect to the Lebesgue

measure), t > 0, evolving in time in accord to the Liouville equation

0, + L)WY =0, (2.1.3)
where the Liouville operator Ly is
Ly =LY+ LY (2.1.4)
with:
N
E?\; = ZUZ‘ . sz 3
i=1
LN
==Y F;-V, (2.1.5)
€=
1#]
and Fj; = —V® (¥=2). We shall assume WY € C'(My x RY), with v; - V, WY,
Fij- V,W¥ € LY(My). Moreover, W¥ is initially (and hence at any positive time)

symmetric in the exchange of the particles.

Remark. The smoothness and integrability properties of W stated above will be
used along this section and Section 3, to write the Liouville equation in a classical sense
and to perform partial integrations. Such assumptions will be removed in Section 3.1
(Proposition 1), after having introduced the concept of series solution for the reduced

marginals of W,

The BBGKY hierarchy.

We introduce the marginals g}v (z;,t) of the time evolved measure W™ (zy, t), defined by
g5 (2, 1) = /dzj,N—jWN(Zij,N—j,t) : (2.1.6)

which denote the probability distributions of the first j particles (or of any other fixed

BBGKY hierarchy ([6]):
x
k) Vo, gJJ,V
ik

group of j particles). Clearly g% = W¥.

From (2.1.3) and (2.1.6) it follows that the family {g}}), satisfies the well known

J 1 J . —

N %
(Z) (™
i=1 i,k=1
— T+l N
Z/d%+1/d%+1F( ) VG4 - (2.1.7)
6



Remark. Notice that, for a fixed j, the interaction term in the left hand side of Eq.
(2.1.7) is, in a sense, negligible because the collisions among a tagged group of particles are
unlikely (the potential is indeed vanishing as soon as ¢ is smaller than |z; — zx|). Moreover
the integral in the right hand side is O(g3). The right hand side, which is due to the
interaction between the group of the first j particles with the rest of the system, is O(1)
whenever N = O(e7?), which is exactly the reason why we perform the low—density scaling
(2.6). However, instead of using the above hierarchy, not very well suited for such a scaling,

we will introduce, in Section 3, another set of equations.

2.2 The two—body scattering

Let us discuss here the scattering process between two particles, which will play a crucial
role in what follows. We turn back to microscopic unities, where the potential is assumed
to have range one.

Let qi,v1,q2,v2 be positions and velocities of two particles which are performing a
collision. It is well known that this two-body problem can be reduced to a central-motion

problem setting the origin in the center of mass:

@1+ q

5 0, 49=4q —¢q2. (2.2.1)
Then the evolution is given by
d?q
) = 2F (g(7)) (222)
where
F=-Vo.

The above equation of motion is“almost”explicitly solvable, in the following sense.
Fixed the relative velocity V' = v; — v (hence fixed a value of the energy in the center of
mass), one can restrict his attention to the control of the scattering function w = w(v), see
Eq. (1.2) and Fig. 1 in Section 1. Since the scattering takes place in a plane, this amounts
to control the function © = O(p) (Fig. 1). The classical integral formula expressing © in
terms of the modulus of the incoming relative velocity |V, the potential ® and the impact
parameter p will be written in the Appendix (see Eq. (A.2)). That formula is not so easy
to handle with, so it will not be employed in our work.

In what follows it will be rather crucial to have an estimate on the scattering time
T, = measure of the time interval for which |¢(7)| < 1.

To this purpose, we need to state our precise assumptions on the potential.

7



Hypothesis 1 The two-body potential ® = ®(q),q € R®, is radial, with support |q| < 1
and not increasing in |q|. We assume either ® € C*(R3), or ® € C*(R3\ {0}) and ®(q) —
400 as q — 0.

The smoothness assumption is needed to ensure existence and uniqueness of the flow evo-
lution for the system of NV particles, while the monotonicity is introduced to allow a simple
control on the scattering time 7, as shown below. We defer the more general cases (i.e.
non monotonic) to Section 8.

From now on, we will use occasionally the notational inconsistency ®(r) = ®|j4=.

A bound on the time of scattering.

Consider the central motion given by Eq. (2.2.2) with the initial conditions describing the
two particles just before the interaction, namely ¢(0) = v € S2, ¢(0) = V and |V| > 0,
V - v <0. Denote

L=jvAV|=|pV]€]|0,V] (2.2.3)

the magnitude of angular momentum, being p the impact parameter (Fig.1). A rather

general estimate on 7, is the following:

Lemma 1 Under Hypothesis 1 it is

A

for some constant A > 0, which does not depend on .

Proof. From the conservation laws one derives the well known formula expressing 7, as

a function of V and L :

Te = \/5/1 dr( ! ; (2.2.5)

2 2 1/2
- (T -5 -20()

where r, is the minimum distance from the origin, r, = inf, (o) |¢(7)|, related to V" and

L by
V2 L?

The effective potential, i.e. the potential of the reduced one-dimensional motion (which
is the evolution of the radial coordinate in the system of the center of mass), is the

L—dependent function

2 2

L
2Peps(r) = 55 +22(r) — -, re[0,1]. (2.2.7)



We can write

! 1
Ty = / dr 7
re (Pepp(rs) — Peps(r))
1 ! 1
< - dr—— . (2.2.8)
(minm’l}(—(l)’eff)) 2 Jr, T T

We denoted improperly @ the derivative with respect to r of the function ®|—,. Since

®’ <0 and
L2

ers(r) = ') = 55, (2.2.9)

the result follows easily. W

The estimate in Lemma 1 tells us that 7, = O((pV)™!). This has the advantage to
be general and sufficient to our purposes. Clearly the bound can be improved in many
cases. Singularities in the scattering occur whenever the collision is central (p = 0) and the
energy corresponds exactly to a point of vanishing force (V2/4 = ®(r),®'(r) = 0). This
kind of singularities does not exist if the potential is unbounded at the origin and strictly
repulsive: for instance for potentials diverging at the origin with a power law, formula
(2.2.4) can be easily replaced by 7, = O(V™!). From (2.2.8) it can be noticed also that the

singularity for low energies may appear only if ® goes to zero smoothly (C') in r = 1.

The scattering map.

We conclude by introducing a map which encodes all the properties of the two-body

interaction. The scattering operator I is defined over

{(y, V) e 52 x R\ {0} ‘ Vou< o} (2.2.10)

Z(v, V)= V")

V=V = 2w(w-V) (2.2.11)

V=—v+42w(w-v)

where w = w(v, V) is the scattering vector, see Fig. 1. It follows that V- v = -V’ -/, In

particular, V' - v/ > 0, i.e. Z sends incoming into outgoing configurations.

The following property of Z will be used in the validation of the Boltzmann equation.

Lemma 2 7 is an invertible transformation that preserves Lebesque measure.

9



Proof. Of course, the dynamics being reversible, w(v/, V') = w(v, V) (see Fig.1) and
Z7! is defined in the same way as Z.

To see that Z is measure preserving, we fix cartesian coordinates on the plane where
the scattering occurs, and call ¢ the angle formed by V' and the first axis (with ¢ growing
when V' rotates counterclockwise), v the angle formed by V' and v and such that sin« is
the impact parameter p (with the convention « € [7/2,(37)/2], see Fig.1). Restricting to
the plane of the scattering, we have the parametrization V' = (|V|cos ¢, |V|sin ¢), v = a.

In the variables |V|, ¢, @ the action of Z is simply described by:
V' = (|V'|cos¢',|[V'|sing’), V' =d,

where

V| = V]

o , (2.2.12)

¢' = ¢ — x(sina, [V])
Note that o € [—7/2,7/2]. The first equation is conservation of energy, the second conser-
vation of angular momentum, and the third holds by definition of scattering angle (Fig.1).
It can be shown that y is a differentiable function of its arguments (see the discussion in

the Appendix). Moreover, the determinant of the jacobian of the transformation (2.2.12)

has modulus one, independently of the form of y. This concludes the proof. W

3 The Grad hierarchy

In this section we derive a hierarchy of equations for a family of quantities which are
very close to the marginals introduced in the previous Section 2.1. This allows to put the
dynamical problem in a form somehow similar to the one arising in considering hard-sphere

systems, and more suitable for the study of the low—density limit.

Definition 1 Given a probability density WY on the phase space My, we define its re-
duced marginals fJN :M; =R, forj=1,--- N, by

f(z5) = /5( ) dzi N W (25,258-;) (3.1)

N—j

where

S(x;) = {z:(x,v) € RS ) |v —xp| >¢e forallk=1,--- ,j}. (3.2)

10



Of course the functions ij are, for any j, asymptotically equivalent (uniformly on compact
sets in M, in the BG limit) to the usual marginals. The advantage of the above definition
will be clear in a moment.

Consider a configuration zy = (z;,2;y_;) such that
|ZL’@ — l‘k| > € (33)

forall ¢ =1,---,jand £k = j+ 1,---, N. Since the range of the interaction is &, the
interaction between the group of the first j particles and the rest of the system is vanishing.

Therefore the Liouville equation (2.1.3) on such configurations becomes:
OWN + LAWN + LIwN + £E W =0, (3.4)
where L9, is defined in (2.1.5) and, similarly,

1 J
=~ FirVu

ik=1
i£k

N
> Fy-V

i k=j+1
ik

As already said in the Remark at page 6, we make here the regularity assumptions

needed to justify Eq. (3.4) and all the steps in the derivation that follows.
Derivation of the evolution equations for the fJN .

Integrating Eq. (3.4) with respect to dz; y_; over S(x;)¥ ™7 we obtain:

((%—i—ﬁl)fN Zj, = Z/S dZ]N U5 V W (ZN7 )

1= ]J,-l (XJ)N J

_Z/S( e Ve W (2, 8) | (3.5)
i=1 x;)N =3

where we used that
/ dvin_ i LiyWN =0 (3.6)
R3(N—3)

The first sum is handled by the divergence theorem, yielding

(0 + L£1) [N (z5,0) = Z/ dzjﬂ.../as

i=j+1 (x5)

do(x;)dv; - - / dzn (vi - )WV
S(x5)

_Z/ . dzjn-jvi - Ve, W (2n,1) (3.7)
, x;)N=i

11



where v; is the outward normal to S(x;) in z;, and do(z;)dv; is the surface measure.
Using the symmetry of W, we obtain N — j identical integrals in the first line of
the formula. Furthermore, the boundary 05(x;) can be naturally decomposed, as regards

the x—dependence, in a union of j pieces of spherical surfaces. Namely, setting, for i €

{17"' 7j}7

O'i(Xj)I{Z:(Qf,U)ER6 |t —x;| =cand |z —ag| > forallk=1,--- 7, k#i},
(3.8)

and

we find
(0, + L) [ (z5,1)

=-(N-J Z/ (1 / de+1(Uj+1'Vz‘,j+1)/ dzji1 N W (2, 1)
R3 S(x;)N—i-1

_Z/ dZ]N Ui - V W (ZN7 ) . (39)
The second sum above is treated in a similar way by using Definition 1, so that we get

(0 + LF) [ (z,1)
=—(N—j Z/ (2541 / de+1(Uj+1'Vi,j+1)/ dzj1n—j-1 W (2, 1)
R3 S(x;)N-i-1

—sz"v S (25:1)

Z/ o(@j41 / dvjt1(vi Vu+1)/ dzji1n—j AW (2w, 1) .
R3 S(xj)N—i=1

(3.10)

The integration domain of the last integral in the second and fourth line of (3.10) is not
S(xj41)N 71 as it would be necessary to recover f +1 and close the equation. We could

reduce this integration to S(x;;)V 7!

, and this would produce a small error in the BG
limit. Nevertheless, we want to establish an exact and closed equation, for which we need

further work.

12



Grad’s cluster decomposition.

A generic configuration in S(x;)V 777! differs from S(x;;1)Y 77! because some particle,
say particle hy, could overlap with particle j + 1, this meaning that |z, — z;41| < e.
If this is the case, consider the maximal cluster of overlapping particles, with ordered
indices ¢ = {iy, -+ ,im}, a subset of {j +2,--- , N} with 4y < iy < -+ < i,,. We put
z; = {2, "+, 2, }- The other particles are far apart the group with indices 1,--- , j,j+1,1,
hence each of them is in S(x;41,X;). Integrating out these particles in the last integral of
the second and fourth line of (3.10), one obtains, by definition, f},,,,(z;11,2;). Note that
summing over all the possible choices of 2 gives a factor (N njl 1).

N—j—1 :

Therefore, following [9], we can decompose the integration domain S(x;) in a

union of disjoint sets to obtain

N—j—1
/ , deH,ijle ZN: Z ( )/ de+1,mfﬁ1+m(Zj+1+m)a
S(x;j)N-i-1 -0 A (Xj+1)

where

A (Xj1) = {Zj+1,m C S(x;)™ | foreach ¢ =j+2,---,j+14+m,
there exists a choice of indices hq, hg, -+ h, € {j+2,--- ,j+ 1+ m}

such that |y —zp, | <e, |vp_, —xn| <e fork=2,--- r
d i x| < } . 3.11
an ie{f,riﬂgl-,hr} |x1 x]—i—l‘ ¢ ( )

The result is the following hierarchy of equations, which we call Grad hierarchy:

N—j—1
(0r + L) Z Slem j+1+m7 I1<j<N, (3.12)

where the operator £; = L5 depends also on ¢ through its interacting part (2.1.5), and
§+1+mfﬁ1+m(zj>t) =(N—=j)(N—=j—1)---(N—j—m)
J
2
. ;5 /52 dv ﬂ{ming:h..,j,z;ﬁi ’l,l 1 ye — $g| > 6}(V) /Rs dvj+1(vj+1 — Ui) -V

Az 1.m
/ - J]YFlJrWL(ZJ’ Ti + VE, Vi1, Zjt1ms t) (3.13)
Am(xj+1)

m!

with 241 = x; + ve in the argument of A,,. We indicate with 1y(-) the characteristic
function of the set defined by the condition in the curly brackets.
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In particular it is
N
A§+1 j+1(zjv t)

J
YN . .
=SV -9 /52XR3 Wdvisr Wming .. @i+ ve — x| > e} v)

=1
(Vj1 = v) - v (25, 4 Ve, v, t)
= 52(N - j>C§+1 ]gil (Zj7 t) ) (314)

where (3.14) defines C5 41, which is the same collision operator appearing in the hard-sphere

case, see [10].

Remark. Actually it is clear that, in the BG limit, the term m = 0, i.e. (3.14), is the
only O(1) term in the sum in the right hand side of (3.12). Indeed, for m > 0 and fixed j,

the size of A5, ,, will be
O(N™H2e%™) = O(e™) (3.15)

the e¥™ coming from the successive integrations in the domain A, (x;11). This implies that
we are in a situation quite similar to that of the hard—sphere system [10], and we can hope

to derive the Boltzmann equation in a similar manner.

3.1 Series solution

Consider the dynamical flow obtained by solving the Newton equations (2.4) for a system

of 7 particles:

dt? €

L ZEZF(M) | (3.1.1)
P

where 7 and & run now from 1 to j. Denote by T5(¢)z; the solution of this system of equations
with initial datum z;. The action of this flow on the functions is given by the interacting
flow operator S5 (t), defined as

S:(0)g(z;) = 9(T5(~)z5) . (3.1.2)

We may represent the solution of Eq (3.12) by means of a perturbative expansion, that

is just the iteration of the Duhamel formula:

f;v(t):NZj 3 /Otdtl /Otl dtQ.../Ot“ dt. (3.1.3)
n=0

mi, - ,Mnp>0:
j+n+2?:1 m; <N

‘Sf(t - tl)A§+1+m1$;+1+m1 (tr —ta) - A§+n+2?:1 miS§+n+ZZ;1 m; (tn) ﬁn+2?:1 mi(()) ’
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where fN(t) = fY(-,t), and fY(0) is the reduced marginals of the initial probability

distribution. This expansion will be our main tool.

Rigorous validation of (3.1.3).

We derived Eq. (3.1.3) assuming sufficient smoothness of the initial distribution (see
Remark on page 6). However, by using a density approximation, (3.1.3) can be proven to
hold for a general class of initial measures. The argument can be found in [19] page 281,
or [17] page 18 for cases of hard—sphere dynamics, and it can be applied also to general
smooth potentials. We list the main steps in what follows.

Consider the collection of integration variables in the right hand side of (3.1.3), which

we call

A= (tlv"' 7tn7V1a”' 7Vnavj+17"' 7Uj+nazj+1,m17”' 7Zj+n+zign_1mmmn)7

see also (3.13). The reduced marginal in the integrand takes a form

fjgyﬁ-n-ﬁ-z:?:l m; (yj+n+2?:1 mg (Zj7 A)? 0)7

with z; € M; and A in the integration domain (for the understanding of the detailed
structure of the map, (z;, A\) = ¥Yjints7  m;, we defer to the discussion in Section 6 of
this paper). Now, let us write the expansion in (3.1.3) for a generic measurable probability

density W following the Liouville equation in integral form:
W (zy,t) = S5 ()W (zy,0) . (3.1.4)

To have a nice control on the integration over large velocities, we shall assume the exponen-
tial decrease fJN < e S for some ¢, 8 > 0. Since y is a Borel map (as follows directly
from measurability of the partial mappings (z;,t) — T5(f)z;), the expansion (3.1.3) makes
sense for the reduced marginals of W, and the integrals therein are absolutely convergent.

To recover identity (3.1.3), we use that there exists a sequence of smooth densities
WY which evolve according to (3.1.3), satisfy the exponential bound, and approximate

W lirr(l)WN’V = W a.e. on My. Since the densities evolve according to W (zy,t) =
Y

WHN(T% (—t)zx) (and same equation for W), we also have lirr(l)WN”(t) =WN(t) a.e. on
Yy
My and, consequently, lir%f;\w(t) = fJN(t) a.e. on M;. We are left with the problem of
y—

taking the limit of the right hand side of (3.1.3). Using the measure preserving property

! maps null

of the flows T5(¢), it can be shown that y is not singular, in the sense that y~
sets in M 45, to null sets of values of (z;, A) in its domain. This fact, together with

the gaussian estimate, allows to apply dominated convergence, thus concluding the proof.
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Summarizing, we have the following result.

Proposition 1 Fiz N > 0 and consider a probability measure on the phase space My
with density W with respect to the Lebesque measure, evolving in accord to Equation
(3.1.4). Let fJN(t) be the reduced marginals of W™ (t), introduced in Definition 1. Suppose
that, at time zero, W is Borel measurable, symmetric in the particle labels and such that
fJN < deBXiav for some constants c, B > 0. Then, the reduced marginals fN( ) at time

t > 0 are given by Eq. (3.1.3), for almost all points in M,;.

Remark. 1t is important to observe that the definitions of the operators A% and C;
(respectively (3.13) and (3.14)) involve a trace problem, so that they are well posed if they
act over functions which are at least continuous over a.a. points of the spheres of center
x; and radius ¢ (see definition (3.13)). Nevertheless, this is not relevant to our purposes,
since we will work only with operators of the form [ ds.A5S5(s). These last are indeed
well defined over functions fJN satisfying the hypotheses of Proposition 1, by virtue of the

nonsingularity of the map y.

Additional notations.

For future convenience, let us conclude this subsection by giving some more definitions.
The subseries associated to the dominant term of (3.1.3) (that with all m; = 0) defines a

new sequence of functions which we call {fN}V, :

M) = /dtl/ dty - - / o, (3.1.5)

(t t) j+1 J+1(t1 ) Cj+nSJ€+n( ) j]YHl(O)7
) rm N — YNy (N — Gt 1. n>0,

n

ag(j) =1, (3.1.6)

where we used definition (3.14). Notice that in the BG limit o (j) = O(1).

Finally, it will be convenient to decompose the collision operator C;,; in the following
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form:

J
J€'+1 - ZC;JH
k=1

C:... . =CoT  —CoT

k,j+1 k,j+1 k,j+1

&,+ N _
Ck7j+1 j+1<zj’t) - /52 <R3 dVde+1 l{mingzl,...,j;z?gk |l‘k + ve — l’z| > €}<V)

[k = vj41) - V|ffi1(zj, Ty + VE, Vjt1, 1)
€,— N

hon i) = /sixRa vdvi Yming . g |oi + ve — 2] > e} V)
[k = Vi) - VI fi (25, 2+ Ve, v 40, T) (3.1.7)
where
St ={v | (v —vjs1) - v >0},

S? ={v| (v —vj11) v <0}. (3.1.8)

3.2 The Boltzmann hierarchy

In this subsection we treat formally the solution to the Boltzmann equation (1.1) as we did
in Section 3.1 for the interacting system of particles and compare heuristically the results.
Let f be a solution to Eq. (1.1). Consider the products

Fi(@st) = FOF (2) = f(21,00f (20,0) -+ F(z0) (3:2.1)
It is easy to show that the f; solve the hierarchy of equations
(0 + L7) f; = Cisa fin, 1<j<oo, (3.2.2)

where we introduced the Boltzmann collision operator

J
Cit1= Y Crjn (3.2.3)
k=1
Ck ; = C+. —C .
J+1 k,j+1 k,j+1
CZj+1fj+1(Zjat) = /2 dvdvji (v — vj1) - Vi (2r, o @, v, azjaxkav;-&-ht)
S_~_><R3
Cr i fiv1(zjt) = /2 dvdvjyi (v — vigr) - vz, T Uk 255 T, Vg, 1)
S+><IR3
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and
L R o
Ujy1 = U1 + wlw - (v — vj41)]
w = w(v,vj41 — vi) being the scattering vector (see Fig. 1).
The infinite hierarchy of equations (3.2.2) (which does not express nothing else than the
Boltzmann equation whenever the factorization property (3.2.1) holds) is called the Boltz-
mann hierarchy. Proceeding as before, we may represent its solution by the perturbative

expansion around the free flow:

dty dty - B dty,
omgfmf ]
(t - t1>CJ+1S]+1<t1 —ta) - “Cjtn J+n( )f]+n< ), (3.2.5)

where now S;(t) is the free flow operator, defined as

Si(t)9(2;) = gl — vit,vr, -+ 25— vty v;) (3.2.6)

Remark 1. Note that:
- Eq. (3.1.3) is an identity which expresses ij (well defined by means of the N—particle
flow) in terms of a finite sum of operators acting on the initial sequence f;(0);
jN, Eq. (3.1.5), is just a technical definition;
- Eq. (3.2.5) is a series whose convergence must be proven.
As for the hard—sphere case [10], it is possible to show that such a series is indeed convergent

for a short time. We will show it in Section 5.

Remark 2. The last mentioned resul implies also local existence and uniqueness of
the solution to the time-integrated version of the Boltzmann hierarchy in the class of
continuous functions such that f;(t) < e > for some ¢, 8 > 0 (see e.g. [3]). In
particular, in the case of initial product states, factorization is propagated in time and

each factor is the local solution of the time—integrated Boltzmann equation.

Remark 3. Reminding the discussion in the remark at the end of Section 3 and the fact
that £§ equals zero for € small, we shall guess that (3.2.2) is what one gets just letting
€ go to zero in the Grad hierarchy (3.12). To do so, assume for simplicity that f/Y, is
continuous along trajectories of the flow T ;. Then, we may try to rewrite the action of
Ck i1 on f]‘-’il in such a way that the function is evaluated in incoming collision states.

Call t, = e7, the time of interaction of particles k and j + 1. Since the scattering process
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is, in macroscopic variables, almost instantaneous (t, = O(g)), we assume that the other

particles do not interact in the same time interval. By the continuity of the flow it will be

§+1(—t*)(Z]‘, T) + VE, Uj'i‘l) ~ (Zla o Tk U;w Tty %5y Tk U;’—l-l) ) (327)
hence
Crjif (2 0) (3.2.8)
~ / dVde+1|(Uk - Uj"!‘l) ) V|f;y|—1<21a T 7xk7U;g7 o 7Zj7xk7U;+17t)
52 xRR3
= / dvdvjii (v — vj41) - v ﬁl(zl, e Ty Vg, ,zj,a:k,vg-ﬂ, t),
SixRi”

where in the second step we simply changed v — —v.

We stress that the above heuristic discussion is somehow dangerous. In fact, the re-
quired continuity property of fﬁl, even when true for any fixed NN, is lost in the limit.
This is why we work with integral formulas instead of partial differential equations. The
rigorous version of the above (standard) argument, which will be presented in Section 7,
resorts to the convergence of (3.2.5) to (3.1.3), and requires only continuity of the limiting
initial data f;(0).

4 Assumptions and results

We establish here the hypotheses under which we will work. We recall that N € N and
e > 0 will be always related through the condition

Ne?=1, (4.1)

with ¢ << 1.
Beyond Hypothesis 1 on the interaction potential stated in Section 2.2, we assume

Hypothesis 2 Let fy; := f(j@j be the initial condition for the series solution to the Boltz-
mann equation (3.2.5). We assume that fo is a probability density function over RS, con-

tinuous, and satisfying the bound

sup e§”2f0($,v) < 400 (4.2)
(z,v)€RS

for some constant B > 0.
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Furthermore, indicating by H(z;) the j—particle Hamiltonian written in macroscopic

variables,
1 J 1 J T; — Tk
H(z;) = = e o= 4.
EENEEINICS (43
itk
we have

Hypothesis 3 For any N, let W be a probability density over the phase space My.
We assume that W is a Borel function, symmetric in the particle labels, with reduced

marginals {fé\; é\le, giwen by Definition 1. Moreover, there exist two constants o, 3 > 0

(independent of N ) such that
N (z;)ePH() < eod 4.4
0,7 \“J

uniformly in N and z; € M;.

By Proposition 1, the fi; are good initial data for the evolutions (3.1.3) and (3.1.5).
Note also that Hypothesis 3 implies that we are fixing correlations even at time zero.
Indeed, if the interaction potential diverges at the origin, fé\fj (z;) — 0 exponentially when-
ever xp — x; for k # i. Therefore, initial product states are excluded. This situation is
similar to that of hard—sphere systems, in which an overlapping of any pair of particles
is not allowed. Even if the potential is bounded, but positive at the origin (which is the
case of stable interactions), product states are forbidden by Hypothesis 3. In fact, near
the diagonal (z = ;) the factor e##(%) can grow exponentially with 52.

Our last hypothesis is

Hypothesis 4 Given févj and fo,; = fggj as introduced in the previous hypotheses, there
holds
. N
ll_% fo,j = foj (4.5)
Ne2=1
uniformly on compact sets in M.

We are now ready to state our first result. Let us introduce a notation for the subset

of particles that cannot collide pointwise under the free evolution:

0= {2 € My | (5= 20) A (05— ) 20} (4.6)
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Theorem 1 Assume the Hypotheses 1—4. Let fJN(t) be the reduced marginals at timet > 0,
evolved according to Eq. (3.1.3) and let f;(t) be defined as in (3.2.1) and (3.2.5). Then,
there exists tg > 0 such that, for any positive t < tq and 7 € N, the series expansions
(3.1.3) and (3.2.5) are absolutely convergent (uniformly in €), and

lim SN (1) = £5(2) (4.7)

e—=0
Ne?=1

uniformly on compact sets in §2;.

Theorem 1 is formulated and proven in the same spirit of [10] and [9]. As we shall see
in Section 7.2, the proof, based on geometrical arguments, is abstract and does not give
informations on the rate of convergence. However, the result can be improved under
quantitative assumptions on the rate of convergence and the continuity of the initial data,
as explained in what follows.
Define
M;(6) = {2; € RY

s — x| > 6, i,l{;:1~-j,k7£z'} (4.8)
for & > 0. We assume

Hypothesis 5 Given f({\; and fo,; = fg@j as introduced in the previous hypotheses, for
some C' > 0,

By ;
sup 2 =1 | fo(z5) — fol(z)| < (C')e . (4.9)
z;€M;(e)
Moreover, for some L > 0,
3 | folz,v) — fola',0)| < Lz — 2| (4.10)

Then we have the following:

Theorem 2 Assume the Hypotheses 1—5. Let fJN(t) and f;(t) as in Theorem 1. Then, for
allz; € £2;,j € N and t < ty, there exists a positive g = €¢(2z;) and constants C > 0, > 0
such that, for e < gy,

|1} (2. 1) — f(z5,1)] < O™ (4.11)

J

Observe that Hypotheses 4, 5 are a natural notion of convergence compatible with
the continuity of fy and the estimate (4.4) (which prevents convergence on the diagonals

x; = ). To clarify this point, we construct some explicit example in the next subsection.
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4.1 An example of initial datum

In the following we present a sequence of probability density functions WV satisfying
Hypotheses 3-5. Set, for N =1,2,---,

1

N _ ®N
W (an) = 56" (2) H |z -z > e} (28) - (4.1.1)
1<i<k<N
where
ZN :/ dZNf((]@N(zN) H ﬂ{|xz_xk| > €}<ZN) (412)
RON 1<i<k<N

is the “partition function” and fy is some density satisfying Hypothesis 2 and (4.10). The
corresponding reduced marginals are
FN(z;) .0
N _ 1) QI (. .
fo(z;5) = Z. o (z) ][ Loz — o] > e}(2) (4.1.3)

1<i<k<y

with

FN(Zj) - /]Ra(zvj) deVNfgz)(N_j) (ij) (H H IL{|$z - $k| > 5}(ZN))

i=1 k=j+1

' ( H l{m — x| > 6}(Zj’N)> ’

JH1<i<k<N
(4.1.4)

Proposition 2 The sequence of functions defined by (4.1.1)—(4.1.2), satisfies the Hypothe-
ses 3-9.

Proof. Let us estimate F™(z;)Zy".
First observe that, for some Cy > 0,

Zn (1 - CoNe’)Y < Zy < 2y . (4.1.5)
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The upper bound is obvious consequence of the normalization of fy,. As regards the lower
bound, note that

Q(N-1)
= _ _ | | 1 _
ZN /RG(N—l) dZN 1f0 (ZN 1) {"xl - xk‘ > 5} (ZN 1)

1<i<k<N-—1
N-1

'/R6 dzn fo(zn) H Loz — oyl > 5}(ZN)

> / dzy 1 fy" P (zn-1) H ﬂ{\x — rg| > 5}(ZN—1)
R6(N-1) t

1<i<k<N-1

'/]R6 dzn fo(zn) <1 - Z Loz —an| < 5}(2N)>

> Zn (1 = Co(N — 1)) , (4.1.6)

for instance taking Cy = (47/3)]| follo- Eq. (4.1.5) follows by iteration.

We can also show that
CyN¢e?
Zn_; (1 - jo—g) < FN(z,) < Zy_; . (4.1.7)

The upper bound is immediate, while the lower bound follows from

i N
FN(Zj) > /RG(N;» dzj,Nf(?(Nij)(Zj,N) (1 - Z Z 1{\5@' —xp] < €}<ZN)>

i=1 k=j+1
| ( I e - 8}(Zj’N)>
jH1<i<k<N
> Zn_j—j(N = j)Coe® Zn_j1
A
> Zn_i (1 - jNCoe? =21 ) | (4.1.8)
ZN_]‘

noticing that (4.1.5) implies ZN_j_lzg,l_j < (1-CoNe¥)L
Since Ne? =1, if N is sufficiently large, Equations (4.1.5) and (4.1.7) give in turn the
bounds

FN(z)) 1
1 —2Cyje < 12 < , 4.1.9
07& = Zn (1 — 006)3 ( )
and, in particular,
FN(z)
2. ok (4.1.10)

uniformly in z; € M,.
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Now it is easy to check that, for N sufficiently large, the Hypotheses 3—-5 are verified.
Hypothesis 3 follows from Hypothesis 2. Hypothesis 5 (hence 4) follows from the estimates
in (4.1.9). W

Other examples.

In definition (4.1.1) for the initial density we could also replace the product of characteristic
ey

functions by e ? Tice ®(%3 >, see [5]. This defines a sequence of states which are, in a sense,
the maximally uncorrelated states for which the Hypotheses are satisfied.

Finally, other families of initial data exhibiting a slower rate of convergence (and im-
plying possibly a slower convergence in Theorem 2) can be easily constructed, for instance
enlarging the cut—off in (4.1.1). If in formula (4.1.1) ¢ is replaced by &7 with 7' € (2/3,1],

then, proceeding as before, we obtain

swp | fo(z) — i (ap)| < (O (@111)
z;EM;(e7)

4.2 General strategy of the proof

The proof of our results follows the main ideas of [10], adapted to the present context. The
validity argument is based on a comparison among the series for the N—particle system
(3.1.3), and the Boltzmann series (3.2.5).

- First, we prove that both the expansions are absolutely convergent series, for suffi-
ciently short times and uniformly in € : see Section 5. As a consequence of the estimates in
Section 5, it follows also that (3.1.3) and (3.1.5) are asymptotically equivalent in the BG
limit.

- Then, it remains to prove the term by term convergence of (3.1.5) to (3.2.5). To do
this, it is necessary a preliminary detailed analysis of the generic term. This is presented in
Sections 6 and 6.1 for the series (3.1.5), and in Section 6.2 for the Boltzmann series (3.2.5).
The structure of the generic term is described with the help of a convenient representation
of formulas in terms of tree graphs. It turns out that any given term can be expressed as
an integral over a set of special backwards—in—time trajectories of clusters of particles.

- The proof of the term by term convergence is carried out in Section 7, using in a crucial
way the picture introduced in Section 6. The issues arising from the convergence will be
first discussed in Section 7.1, while the abstract proof leading to Theorem 1 and the explicit

estimates leading to Theorem 2 will be presented in Sections 7.2 and 7.3 respectively.
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5 Short time estimates

The aim of this section is to prove that, for times ¢ smaller than a certain ¢,, the expansion
for fJN (1), Eq. (3.1.3), can be bounded uniformly in . The Boltzmann series solution Eq.
(3.2.5) turns out to be an absolutely convergent series for the same values of t. Moreover,
the difference between f(¢) and f(t) (defined by (3.1.5)) is negligible in the limit. These
results are easily established by assuming the bounds on the initial data in Hypothesis 2
and 3. Here we will follow [9] (see also [5, 19, 18, 3]).

To begin with, we notice that our assumptions on the initial data make natural the

introduction of the norms:

lgills = sup e? )| g;(z,)| gi:M; =R, B>0,
zj

lglls.c = sup e |gsls g=1{9}32, a>0. (5.1)
J1Z

By the energy conservation
18°®)glls.a = llglls.a - (5.2)
for all g and « for which the right hand side makes sense.
The crucial technical estimate is the following:
Lemma 3 Let gjv : M; — R be a sequence of continuous' functions with g]N =0 fory >OON
and satisfying the estimate of Hypothesis 3. Set AgVN = {ZmZO A§+1+mg§\fr1+m}jl.
Then, given 8 < 8 and o/ > «, there exists a pure constant C > 0 such that, for ¢ small

enough,
1

- - 1
4G e < C ( N e &> 19 50 (5.9
Proof. From definition (3.13) we find

J
eP H(Zj)|A§+1+mgﬁl+m(zj)| <(N—j—1)---(N—j—m) Z /52 du||gﬁ1+m||5
i=1
./dvj+1(lvi| + |Uj+1|)€7(675/)H(Zj)6—§v]2.+1

dZ j+1+m
. / G2j1m -4 I (5.4)
Am(xjy1) TV

'The continuity here is required only for simplicity of notation, since it assures well posedness of the
operator action: see the Remark after Proposition 1. If that is not true, the lemma must be reformulated
for fot ds%AESE(s) (that is what we really need to control for the proof of Proposition 3 below). This
can be done in an obvious way using Eq. (5.2) and adding a factor ¢™/n! in the right hand side of the

estimate.
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Here we used that e2(N — j) < 1 and the positivity of the interaction (Hypothesis 1), for
which

]+1+m

H(zj114m) = H(2;) + H(2j140m) = H(z;) Z v (5.5)

1=7+1

Njw

The last integral in the right hand side is bounded by (27“) (%’T)ms‘gm , so that (5.4)

implies

e H(zs) |A +1+mg]+1+m(zj)| (5.6)

B=8" i 2

_ B
< ||9§\i1+m||6(055)mZ/dvj+1(|vz'| +vja])em 2 Dmte 2t
=1

where we used again the positivity of the interaction, and Cjp is a suitable constant. A

Cauchy-Schwarz inequality gives

i
> (il + logal) <

=1

(5.7)

which inserted into (5.6) leads to

H+W%Wm<%m%mmh%7ﬂ) (5.5)

Summing over m and taking the supremum over j with weight e=®" we readily get (5.3),

for € smaller than a constant depending only on 5, . Wl

Let us apply Lemma 3, together with (5.2), to the right hand side of (3.1.3). We
proceed by iteration. For a given n > 0, we partition the intervals [5/2, 5] and [«, 2a] in
n intervals of the same length % and 2, and then apply the above results n times. The

outcome is

1o mm<2/%/ﬁ2/ 0t (Cn)" 1 50

n>0
—Z (Cp.an)" 1 f5" |5,
n>0 ’
< £ g > _(tChL)" (5.9)

n>0

for suitable constants Cp ., C} ,, having used Stirling formula in the last step. Hence

we obtained a geometric series which converges for ¢ sufficiently small (and the radius
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of convergence is explicitly computable in terms of the other constants). Now the same
argument can be applied in a straightforward way to the series (3.1.5) and (3.2.5). Thus,

we have proven the first statement of:

Proposition 3 In the Hypotheses 2 and 3, we have absolute convergence of the series
(3.1.3), (3.1.5) (uniformly in the BG limit for € small enough) and (3.2.5), for allt <ty =
to(B, ). Moreover, for some C" > 0, if € is small enough,

IF¥(®) = Y () llg/220 < Ce (5.10)

Proof. We just need to prove Eq. (5.10). Set C¢"V = {52(]\7 —7)Cs +1g]+1} . With

j
the notations of Lemma 3 and proceeding in the same way, we observe that

1(A= = C9)g™ I, w SSupe Iy A eI sl

m>1

< supe s SO el (2 )

Jj=1 m>1

1 1 N
o 5.11
: _a)+a,_a> g™ N (511)

<"
=~ af (\/(ﬁ_ﬁ/> o

for suitable C5 , > 0, having used (5.8) in the second inequality, and e sufficiently small in

the third. Therefore, proceeding as in (5.9),

150~ P Olln < 3 Z() (Caan) | 50

n>0

<ellfllpa Y _(£2C5 )" (5.12)

n>0

which gives the result with C” depending on (3, a and on the initial datum. H

6 The tree expansion

In the proof of Theorems 1 and 2 it is convenient to represent each term of the expansions
(3.1.5) and (3.2.5) as more explicit integrals of the initial data, fé\fj and fj ; respectively.
As we will see in the present section, it is natural to express such terms by means of binary

trees which help us to visualize the various contributions.
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Consider first Eq. (3.1.5) which, reminding Eq. (3.1.7), we rewrite as

0-Eio £ ([e) [0 [0

SE(t — )C21”§+15§+1(t1 ta) CL S (tn) foiam . (6.1)
where

an:(o-h'” 70n)7 O-i:j:7
JjoJ+1 j+n—1

Z 2. 2. (6.2)

k1=1ko=1 kn=1

We introduce the n—collision, j—particle tree graph, denoted I'(j,n), as the col-

lection of integers ki, - - - , k, that are present in the sum (6.2), i.e
k1 E]j,k261j+17"' 7kn€]j+n—1 , with ]5:{1,2,"' ,S}, (63)

so that we shall write

S=% (6.4)
ke TG

Note that the number of terms in the sum is j(j41)--- (j+n —1). The name tree graph is
justified by the fact that it has a natural graphical representation. This is best explained
by an example: see Figure 2 which corresponds to I'(2,5) given by 1,2,1, 3, 2.

Given a tree graph I'(j,n), and fixed a value of &, and of all the integration variables
in the expansion (6.2) (times, unit vectors, velocities), we can associate to it a special
(e—dependent) trajectory of particles, which we call interacting backwards flow (IBF
in the following), since it will be naturally defined by going back in time. The rules for
the construction of this evolution will be explained in the next section. The notation for
a configuration of particles in the IBF will make use of Greek alphabet i.e. {°(s), where
s € [0, ] is the time and there is no label specifying the number of particles. If s € (¢,41,t,)

(with the convention ty = t,t,+1; = 0) we have j + r particles:

C(s) = (Ci(8), -, GGunls) € Mgy for s € (trpa,tr) (6.5)
with
G (s) = (& (s), mi (s)) , (6.6)
the positions and velocities of all the particles being respectively
£°(s) = (&1(s), -, &5 (9))
n°(s) = (17(s), - s 151 (s)) - (6.7)
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Figure 2: Tree graph I'(2,5) = 1,2,1,3,2. We have also drawn a time arrow in order to
associate times to the nodes of the trees: at time ¢; the line j + i is“created”. Lines 1 and

2 exist for all times; they are called “root lines”.

Rewriting of (3.1.5) as a sum over tree graphs

The reason to introduce these trajectories is that we want a more explicit expression of

each term of the expansion (6.1), namely our purpose is to write Eq. (6.1) as
N—
£} (2 t) = Z Z S [T, (1) (6.8)
n=0 n) on i=1

where
n

Ts, (25, t) = /dA(thnan,n) HBE(Vi§Uj+i — 1 (t)) forin (€7(0)) (6.9)
i=1
dA is the measure on R" x S?" x R3" given by
dA(tn, v,, Vj,n) = 1{t1>t2~~>tn}dt1 c. dtndl/l . dyndeJrl . dvj+n s (610)

and we use the short notation

B (vi; i = 1k, (6) = Wi - (Ui = 0, () [ Lo (o —mp, 60020y Lz, (1) -5 60) > Vhtha) -
(6.11)

In other words, in the generic term 7 (z;,t), the initial datum f(ivj +n 18 integrated, with the

suitable weight, over all the possible time—zero states of the IBF associated to I'(j,n), .

29



6.1 The interacting backwards flow (IBF)

Let us construct ¢°(s) for a fixed collection of variables I'(j,n), 0,2, ty, Uy, Vjn, with
t=tg >ty >ty > >t, >t, 1 =0, (6.1.1)

and v, satisfying a further constraint that will be specified below. The j root lines of the

tree graph are associated to the first j particles, with states ¢, ---, (5. Each branch j + ¢

€
J+e-

particle appears, going backwards in time, at time ¢, in a collision state with a previous

(¢ = 1,---,n) represents a new particle with the same label, and state This new
particle (branch) k, € {1,--- , j+¢—1}, with either incoming or outgoing velocity according
to o, = — or oy = + respectively.

More precisely, in the time interval (¢,,¢._q) particles 1,---,j 4+ r — 1 flow according
to the usual dynamics Tj,,. ;. This defines (5, ,(s) starting from (5, ,(¢,—1). At time ¢,

the particle j + r is“created’ by particle k, in the position

Gir(te) = &5, (t) + ve (6.1.2)

and with velocity vjy,. This defines ¢°(t,) = ((i(t), -+, (5yn(tr)). After that, the evo-
lution in (¢,41,%,) is contructed applying to this configuration the dynamics T, (with
negative times). The characteristic function in the collision operator (3.1.7) (or the second
characteristic function in (6.11)), is a constraint on v, implying that no third particle is
closer than ¢ to the pair k., j + r at the time ..

We have two cases. If o, = —, then it must be v, - (vj4 — 75 (t,)) < 0. In this
case the velocities are incoming and no scattering occurs, namely after ¢, the pair of
particles moves backwards freely with velocities n; (¢,) and vj,,. If o, = +, we require
Vp + (Vjgr — 1, (t,)) > 0 so that the pair is post—collisional. Then the presence of the
interaction in the flow T5,, forces the pair to perform a (backwards) scattering. The two

situations are illustrated in Fig. 3.

Remark. Tt is very important to note that between two creation times ¢,,t,,1 any pair
of particles among the j + r, different from the couple (k,, j + r), can possibly interact by
reaching (or having from the beginning) a distance smaller than . These interactions are
called recollisions, because they generally involve particles that have already interacted
at some creation time (in the future) with another particle of the IBF. In our language,
recollisions are the “interactions different from creations”. Though recollisions are expected
to be unlikely, we will have to analyze them with special care, since they are the main

responsible of the different behavior of the particle dynamics from the Boltzmann evolution.
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Figure 3: At time t,, particle j 4+ is created by particle k,, either in incoming (o, = —) or
in outgoing (o, = +) collision configuration. Particle k, is called the progenitor of particle

7+

6.2 The Boltzmann backwards flow (BBF)

The discussion of the two previous sections can be repeated, with minor changes, for the
case of Boltzmann series (3.2.5). The interacting backwards flow is now substituted by the
Boltzmann backwards flow (BBF) {(s) , for which we use the same notations of (6.5)—(6.7)
with the superscript € omitted. The BBF is introduced exactly as the IBF, see Section
6.1, except for the following differences:

- the interacting dynamics T¢ is replaced by the simple free dynamics;

- in the right hand side of (6.1.2) the second term is missing, i.e. the created particle
appears at the same position of its progenitor;

- there is no constraint on v, other than the one implied by the value of o,;

- if 0, = +, to determine the state of particles in (¢,,1,t,), before applying free evolution
we have to change velocities according to (mg, (tF), vj4r) — (M, (t,), 040 (t,)), where —
denotes the scattering rule depicted in (1.2) and Figure 1. Here n (¢) indicates the limit
from the future, and 7y, (") the limit from the past.

Remark. An important point concerning the Boltzmann backwards flow defined above
is that, in a given interval (¢,,1,t,), the velocities n;(s) = n;(t,"), besides being constant,

depend only on the velocities of particles in the future of the BBF, and on the vectors of
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impact 14, - -+ , 1., but not on the interaction times t;,--- ,¢,.. This simple structure of the

BBF will be exploited later on (see for instance Equation (7.2.11)).

Rewriting of (3.1.5) as a sum over tree graphs

Eq. (3.1.5) can be rewritten:

fi(z;, 1) Z Z ZI_IUZ on (25, 1), (6.2.1)

n=0T(jn) on =1

where

n

Tou@3:8) = [ dMt v vi0) [T B v = (D) osen (€10) (6.2.2)

i=1

and

B(vi;vji — i, (67) = Vi - (Vs — i, (1)) ﬂ{gl,/l (Wi — M (7)) > 0} (6.2.3)

A change of variables

In the proof of the term by term convergence it will be used a change of variables transform-
ing integrals over outgoing variables into integrals over incoming variables. This is simply
the scattering operator of (2.2.11) applied to an interaction of the BBF. We introduce here
such operation.

Fix ['(j,n), 1 <r <n, v; € R¥ and define the transformation Z(") = I‘(,:)r(] n)

Z—(r) . S2n % R?m N SQn % R3n
I(T)(Vn7vj,n) - (V’f‘ 1 I/ral/r‘n ry Vir—1, V VjJrr,nfr) (624)

where only the r—th couple (v, v;;,) is changed according to

! = =V + 2w (W - V) for v, - (Vj4r — Mk, (tF)) >0
V.=, for v - (Vjgr — Mk, (£F)) <0 . (6.2.5)

T

V! = myer () = e (£)

Here w, = w(vp, vj4r — i, (E)).
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Lemma 4 The transformation Z) is a one-to-one, measure PTEServing map.

Proof. T is the composition of the two transformations:

(Vm Uj+r) — (Vm Vr)
Vi = vy — 1 (8) (6.2.6)

and
v Vi) — (L, V) =T (v, V2) (6.2.7)

where Z7! is the inverse scattering operator defined in Section 2.2 (in the case v, -V, <0,
just replace Z~! with the identity). The first is a simple translation by the vector n, (t7) =
Mk, (t,_1), which is a function of v,_;,v;,_; (see the Remark above). Therefore the result

follows applying Lemma 2. W

7 Proof of the results

According to the strategy of Lanford, once proven the uniform convergence of the two
series (3.1.3) and (3.2.5) for short times, we shall conclude the validity results, namely the
convergence of f}¥(t) to f;(t), just proving the term by term convergence. Actually, by
virtue of Proposition 3 in Section 5, it is enough to prove the term by term convergence of
the series (3.1.5) to (3.2.5).

In Section 6 we have rephrased such expansions respectively in (6.8) and (6.2.1), i.e.
sums over binary tree graphs of integrals over the (interacting or Boltzmann) backwards
flows associated to the graph. Hence we must show convergence of the generic integral of
this kind, 7; (z;,t), to its analogue in the Boltzmann series, 75, (z;,t). The present section
is devoted to this problem.

We stress once again the importance of the formulation of Grad (introduced in Sec-
tion 3) which has been our starting point. In the language of Section 6 we could say that
the terms in (3.1.3) that are absent in (3.1.5) collect all the interacting backwards flows in
which two or more particles are created at some time ¢; (graphically, three or more lines
would emerge from a node of the tree). The use of reduced marginals (Definition 1) and
the cluster decomposition introduced in Section 3, allowed to identify all these negligible
terms and to isolate them from the contributions of order one, namely o, (j)7, (z;,t). Now

looking at (6.9), we see that this last object resembles very much the generic term in the
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series solution of the BBGKY hierarchy for hard spheres. Nevertheless, as we will explain
in the next subsection, in the case of smooth interactions one has to be more careful in

studying the behavior of 7 (z;,t) for ¢ small.

7.1 The convergence problem: preliminary considerations

We discuss here, in an informal way, the delicate issues connected to the term by term

convergence, in order to motivate the techniques introduced in the following sections.

Let us focus on 7; (z;,t) and 75, (2;,t). The integrand functions depend on the variables
tn, Vn, Vi, completely through the trajectories of the IBF and the BBF respectively. In
particular, the initial data fé\,’j +n and fo j 4, are integrated over the time-zero configurations
of the flows. Since fé}fj 4 converges to fo 1, by hypothesis, we must focus on the trajectories
and prove that the IBF converges to the BBF for all values of t,,, v,,, v, , outside a set giving
a negligible contribution to the integrals.

Looking carefully at the definition of {*(s) and {(s) (see Sections 6.1 and 6.2), we
realize that a great difference between them is generally caused by one of the following

events:

1. a particle (say j + i) created in the IBF interacts for a very long time (i.e. larger

than O(g)) with its progenitor;

2. a couple of particles (i,h) of the IBF undergoes a recollision, i.e. an interaction

different from a creation (see the remark on page 30);

3. a particle has a very large velocity, so that small differences between the two flows

(generated during interactions of the IBF) become large in a time of order 1.

Item 1, which is obviously absent in the case of hard spheres, is controlled by cutting
off the variables (v;, v;4;) that lead to the singular scattering, and showing that they give a
small contribution to the integrals. Here the main technical issue is an estimate of the time
of interaction, such as that of Lemma 1 (or its generalizations in the cases of potentials
with an attractive part discussed in Section 8). Similarly, item 3 is controlled by cutting
off the energy of the system, i.e. the large values of |v;,|. Item 2 is the most delicate. It
requires to demonstrate that the contribution of recolliding trajectories is negligible in the

limit € — 0.
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To motivate our strategy in controlling the recollisions, we start by the heuristic analysis

of one of the simplest non—trivial cases, namely that in Figure 4.

Figure 4: On the left, a simple case: I'(j,n) = I'(2,1) = 1. The plus sign on the node recalls
that oy = 4. We want to estimate the contributions to the corresponding formula 75 (z,, t),
coming from the recolliding trajectories of the IBF. An example of such a trajectory is

symbolically represented in the figure on the right.

At time ¢ particles 1 and 2 are in the final configuration z, = (x1,v1,x2,v2) € M.
We assume that the IBF is free up to time ¢;, when particle 3 appears with velocity v
at distance ey from particle 1, in outgoing (o7 = +) collision configuration. After the
scattering between the couple (1,3), particle 1 collides with particle 2. This is a collision
which is not a creation, i.e. what we called a recollision. We shall imagine that ¥ =
&5(t1) — & (t1) is order 1 while € is very small. We neglect the time of scattering between
the pair (1,3) and approximate by Y the relative distance between particles 1 and 2 just
before the scattering between 1 and 3.

Denote by 7; the velocity of particle 1 between time ¢; and the time of the recollision.
Then, the recollision implies a geometrical relation between W = vy — n; and Y. They
must be chosen in such a way that there exists s € (0,¢1) for which |£5(s) —&5(s)| = €. This
is implied by the fact that W lies in the cone C'(Y') with vertex 0, axis the direction of Y
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and tangent to the ball of center —Y and radius ¢, see Figure 5. Moreover, by the laws

Figure 5: The recolllision—cone C(Y).

of scattering (1.2) and (2.2.11), it is easy to see that n; belongs to the spherical surface
of the ball centered in % of diameter \12\’ where V' = v3 — v;. In fact, fixed V' and v,
(hence at fixed total momentum), n; moves over that sphere essentially as the scattering
vector w (see Figure 1). In conclusion, n; must belong to the intersection A of the cone
vy — C'(Y) and the spherical surface described above. Clearly, at a given |V|, the surface
measure of A is O(g?) once assumed Y = O(1) and € << 1.

Now we want to estimate

dv / dvavy - (vg —v1) Ty - : (7.1.1)
/713|§R ’ v1-(v3—v1)>0 i ’ ! {771 GA}

where the cutoff on v3 has been added here to obtain an integral over a compact set. By the
above discussion, it follows that a rather natural way to proceed is to express the integral

in terms of an integration with respect to V' and w, so that we get

/dV/:Rd]VHVF/de(w,V)ll{m_ e A) (7.1.2)

where V is the versor of V, we assumed also |v1] < R, and B is the function resulting from
the change of variables v, — w(v1, V) (see Eq. (1.3)). If B were bounded (as in the case of
hard spheres) we would easily conclude that such a contribution is O(¢?). Unfortunately,
this is not true in many physically interesting cases, since B could not exist as a single—
valued function and, even in each monotonicity branch of the scattering map p — O(p),
it could diverge when the map becomes flat (see the Appendix). Thus to control the
integral (7.1.2), we need to know properties of the scattering map (presence and strength

of singularities), depending on the details of the potential. In this way it seems difficult
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to establish a unified analysis of a large class of interactions (see the discussion in the

Appendix).
A strategy for the control of recollisions

We propose a different method avoiding the use of the scattering cross—section (i.e. of the
function B). This is based on two main ideas:

- We work as much as possible on the Boltzmann flow, rather than on the interacting
flow. Of course the BBF is much simpler since the interactions (= creations) are instanta-
neous. Moreover, by virtue of the property described by the Remark on page 31, various
parametrizations of the BBF, different from the usual in terms of t,,, v, v;,, can be conve-
niently used. In particular, the trajectories of the BBF can be parametrized by incoming
collision variables. For these reasons, we find convenient to estimate the events in which
some couple of particles of the BBF get closer than a certain distance (say on a scale
slightly larger than €). Indeed in the complement of this set the Boltzmann trajectories
are close to the particle trajectories, as soon as the scattering time is small and the energy
is not too large (which will be assured by an additional cutoff).

- To estimate the above set of events, we use as much as possible the integration over
time variables. From Figure 4 one can guess that, in general, only a small (O(¢)) interval
of values of ¢; will be compatible with the recollision condition.

However time integrations may produce singularities for special configurations of rela-
tive velocities (see the Remark on page 44). Exploiting the global structure of the BBF,
we will prove that such configurations are either excluded by the condition on the “initial
datum” z; € §2;, or they correspond to small set of values of relative velocities of incoming

collisions, which will be estimated using the map Z() of Section 6.2.

7.2 Proof of Theorem 1

By the result in Proposition 3 of Section 5 and the reformulations of Section 6, the proof

of Theorem 1 reduces to the proof of convergence of the generic term of the expansion, i.e.
Proposition 4 Under Hypotheses 14, for all T'(j,n), o, and (z;,t) € £2; x RT,

li_r)rg) T (z5,t) = Ts,(2;,1) . (7.2.1)

The aim is to apply the dominated convergence theorem to show that the trajectories

of the IBF converge almost everywhere to those of the BBF. As already mentioned, we
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first need to “cut off away” pieces of phase space which correspond to trajectories of the IBF
exhibiting recollisions, large scattering times, or high energies, and prove that they give a
negligible contribution in the limit. Outside this properly defined set of “bad events”, we
will be able to estimate explicitly the distance between the interacting and the Boltzmann
trajectories.

In all this section and in the following we will keep fixed z; € (2; and ¢t > 0. Moreover
the times t,, will be always supposed to be ordered (see (6.1.1)), and the v, to satisfy the
constraint implied by o, (Eq. (6.2.3)). In the present section we also fix I'(j,n) and o,.

We start by focusing on the BBF {(s) and giving a new definition. Consider particle
i and look at the graph of I'(j,n). A polygonal path P; is uniquely defined if we walk
on the tree by going forward in time, starting from the time—zero endpoint of line ¢ and

going up to the root—point at time ¢. See for instance Figure 6. To P; we may naturally

Figure 6: The line closest to the dashed line is the path P; in the tree I'(2,6), with i = 8.

The states of the particle associated to it via the BBF form the“virtual trajectory”.

associate a one—particle piecewise—free trajectory, built up with pieces of trajectories of
(different) particles of the BBF. More precisely, fixed a BBF with parameters (t,,, v, v;,),
denote t;,,- -+ ,1;, the (decreasing) subsequence of t,--- ¢, of the times corresponding
to the nodes met by following the path P; (n; being the number of such nodes, with the
convention ig = 0,t;, = t): see the figure. We call virtual trajectory associated to
particle i in the BBF, and indicate it by ¢'(s) = (£(s),n(s)) € R® with s € [0,], the
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one-particle trajectory given by:

G = {18 Tors € l0) | (7.2.2)
Cr,, () forselty, ti_), 0<r<mn
Observe that, during the time of existence of particle i in the BBF, ¢*(s) = (i(s).

Now consider a couple of particles (i,h) and compare their virtual trajectories. Call-
ing“root”of P; the root line of the tree to which P; belongs, we have two possibilities:
either the roots of P; and P}, coincide (i.e. i and h belong to the same single tree), or not.
In the first case, there exists (uniquely) a node of the tree where P; and Pj, merge. For

any given couple (i, h) we introduce the subsequence of ¢y, - ,t, :
>t >t > > > g s gt = (7.2.3)

defined as follows. Time t° is equal to t if P; and P, have different roots; otherwise, it is
equal to the time (strictly smaller than ¢) of the node where P; and P}, merge. The sequence
and thl, cee ,thnh that

belong to the interval (0,"). Here n;, is the number of such times, and ¢"#*! has been put

tl, ... t"nr is given by the ordered union of the times t;, - ,t

equal to zero by convention. See also Figure 7 below.

We are ready to define a part of the“bad set”to be cutoffed.

Definition 2 Let be § > 0. The set of §—overlaps, N'(§) C R™ x S?" x R3", is

N(b) = {tn,vn,vjm

min mm|g@y—$@ﬂg5}. (7.2.4)

i<h s€[0,t1]

The time ¢! depends on the couple (i, h) under consideration. Notice that the set A(d) is
completely defined via the BBF. Clearly, it depends also on z;,?.

Note also that the set N'(§) detects the d—overlaps (namely when [£'(s) — £"(s)] < )
of the virtual paths P; and P}, excluding the time interval (¢!, ¢°].

In the following, § > ¢ will be taken as a function of € going to zero as € — 0. Then, the
first step in the proof is to show that the restriction of the integrals contained in 7 (z;,1)
to the set NV () is arbitrarily small with . To do so, consider the following definition.

Definition 3 The set of point-overlaps is N = N(0), i.e.

N = {tm Vn,Vin

min mm\g@y—@@ﬂ:o}. (7.2.5)

i<h  sel0,t1]
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Obviously it is

(151_{% ]l/\/((;) = ]l/\/ . (726)

Lemma 5 The set N' has dA—measure zero.

Proof of Lemma 5. We will show that the condition in (7.2.5) implies a certain number
of relations between the integration variables that can be satisfied at most for a dA—null
set of values.

If we are in V, then for some couple (i, h) there exists

t* = max{s € [0,t'] | |€'(s) — &"(s)] = 0} . (7.2.7)
It will be t* € [tF1 #) for some [ € {0,--- ,n,}. [ is the total number of interactions in
the virtual trajectories of ¢ and h between the overlapping time and t°. For ¢ = 0,--- , 1,

we define:

Y=ghth) - £(t7)
ne=n'(s), ny=n"(s) for se (9,
W =nt—n. (7.2.8)

We indicate by f € {0,1,--- ,n} the index such that
t=t;. (7.2.9)

Notice that either t° = ¢ (f = 0) and Y # 0 (because z; € ;) or t° < ¢ (f > 0) and
Y? = 0 (because ¥ is the time of the node where P; and Pj, merge). A possible event in
N (9) is pictured in Figure 7.

Given a point in N, we observe preliminarily that we may assume:
(i) if YO =0, then W° # 0;
(i) 1 > 1;
(iif) T 0.
Assumption (i) corresponds to exclude subsets of the integration domain of codimension 3.
In fact, by the laws of the two-body scattering, if Y° = 0 then W # 0 except for a single
value of the velocity of the particle created at time t° = ¢, namely v;;; must be equal to
Mk, (tF). Note that [ = 0 and Y # 0 is impossible because z; € 2;. On the other hand if
[ =0 and Y° = 0, then necessarily W° = 0, which we excluded by (i). Finally if W' = 0,

then the overlap takes place in the interval [t!, #=1) and this contradicts the definition of I.
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Case A

y%=0, t0=¢

Figure 7: A symbolical drawing of virtual trajectories of two particles i, A in the BBF
showing a d—overlap after [ = 5 interactions. Relative distances and velocities are indicated
as defined in (7.2.8). In case A the two particles belong to different trees, while in case B
they belong to the same tree. ¢} is the first (backwards) time when the particles reach the

distance 9.
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The point-recollision condition is verified only if ming [Y! — W's| = 0, which in turn

implies Y A W! = 0, where W' = % Since

-1
Yi=Y0 -y wee — et (7.2.10)
q=0

we have

-1
0=Y AW =S (WIAWH (11— 1%
q=0
l
= (YO = WY AW =D (W= W) AW (7.2.11)

q=1

But, by the Remark on page 31, all the vectors involved in this relation do not depend on
time. Hence as soon as [(W9—We1) ATW!)] £ 0 for some g, there exists at most one value
of the time ¢¢ fulfilling condition (7.2.11).

Otherwise, it will be

WEAWT =0 forall g =0,1,---,1, (7.2.12)
i.e. all (not vanishing) relative velocities are collinear. In particular, Eq. (7.2.11) implies
YOAW =0. (7.2.13)

As said above we have two cases, which we treat separately.

o Case Y° #£0,t9 =¢.
Both Y° and W° are collinear with W'. Therefore

YOAW? =0, (7.2.14)
which is excluded since z; € §2;.

e Case Y?=0,t° < t.

If all relative velocities W are coincident, then no point—recollision is possible since
WO #£ 0. Finally assume that U := W7 — W91 2£ 0 for some g € {1,--- 1} and put
U= |—g| We have U A W' = 0, which, together with W° A Wt = 0, implies

UAW=0. (7.2.15)
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Let t7 = ty, where f > f (recall (7.2.9)). We change variables
(Vf, Vit f, Vyr, UjJrf/) — (V}, V;, Vigr, Vf/) (7.2.16)
according to

(f)

(Vf—lu V}7Vf,n—f7vj,f—17 Vflavj—l—f,n—f) =7 (vaj,n)

(7.2.17)
Vi = vjp = e, (7))

In the first equation we used the map introduced on page 32, while the second is
a simple translation. We have Wy = Vi and U = =%[n, (th) — m ()] or U =
£k, (t;:) — njrp(t)]; see Figure 8. From the rules of scattering it follows that
the vector U depends only on (v, V)2 Then Eq. (7.2.15) defines a subset of
codimension two in the space of variables (V}, vy, V). By Lemma 4 of Section 6.2,
the change of variables (7.2.16)—(7.2.17) is a one-to—one measure preserving map.
Therefore the subset defined by (7.2.15) has dA—measure zero.

Figure 8: Detail of the virtual trajectory of Figure 7-Case B, for times close to t7 = ¢ .
In the example o = +. The difference of relative velocities is U = W7 — W7t =yt —p~
(here f" belongs to P;; if f* belongs to Py then U = n~ — ™), where n* = ny,, (t}) and
1~ can be equal to n;ip(ty) or i, (t;), depending on the structure of P;. The variables
describing the scattering are (v, v;4 ), or alternatively (v, V).

|
It follows what we asserted before Eq. (7.2.5), that is

Lemma 6 Let § = d(e) > € be a function of € going to zero as € — 0. Then

lim [ dA(to, v, vin) [ [ BT (vis v — 15, (8) Invio) f 40 ($5(0) = 0 (7.2.18)

e—0 !
=1

for allz; € £2; and allt > 0.

It can be U = tw(w - V) or U = £[Vp — w(w - V)] where w = w(vy, V) is the scattering vector.
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Proof of Lemma 6. From Lemma 5, it follows that the integral of any finite measure
restricted to AV(d) goes to zero with 4. But, in our Hypothesis 3, dA ([T B°) i, is uni-
formly bounded by a finite measure for € small. Indeed, using conservation of energy, we

can estimate it by

jtn

B j+n 2
E U'LZ e 2 g:{tvi

=1

ah (T]B°) S < an | 2

Foenlls (7.2.19)

where we used that the energy of the IBF at time ¢ is purely kinetic if € is small enough
(having fixed x; outside the diagonals). l

Remark. In the proof of Lemma 5, we use time variables, when possible, to show that the
overlaps are rare. Otherwise, we analyze geometrical conditions involving relative velocities
of the virtual trajectories, namely Equation (7.2.12), which is proven to be a vanishing
measure condition either by integrating in the incoming relative velocities of a node of the
tree (case Y = 0), or by showing that the condition is impossible by definition of £2; (case
Y? # 0). In the following section, when we will deal with quantitative estimates of the
recollision (or overlap) events, we will follow the same strategy, that is we will integrate
in time unless we face the condition“]Wl A W1 small for all ¢”. Note that, in particular,
this is the case of a sequence of central and grazing collisions in the virtual trajectories,
for which the relative velocities may remain unchanged (remind that the scattering cross—
section may possibly have concentrations on such collisions: see the Appendix). On the
other hand, in this case the virtual trajectories are analogous to a free flow, for which the

recollisions can be easily controlled.

Besides N(0), we still have to take care of some additional subsets of the integration
region. Let p € (0,1). Putting

g __ A
Li=1 o smim2 < Jlogef}

t2= 71_[1 ! (e =g, (8)) Avy| > eF} o (7.2.20)

a simple estimate as the one in (7.2.19) is sufficient to show that
lim [ dA(tn, v, Vi) [ ] B2 (i vgs — 5, (1)) (1 = Luvs) (1 = 1515) fi (¢(0)) = 0.

e—0 !
=1

(7.2.21)
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Thus, to obtain the final result we are left with the proof of

n

im [ dA(tn, Vn, Vi) H B (vi; v — i, (8)) (1 = Inie)) 1515 051 (67(0)) = Tor, (25, 1) -

=0 i=1
(7.2.22)
Notice that up to now we did not use any property of the interacting flow but the conser-
vation of energy. Now we have to examine in more detail the structure of the IBF and to
compare it with the Boltzmann flow. Since we work in the complement of N'() and in
the sets in (7.2.20), we are actually in a favorable situation in proving that the distance
between the two flows is small. Indeed, as we will show in the following lemma, the IBF
has no recollisions and its differences with the BBF are only due to the scattering time,
which is absent in the Boltzmann flow, and to the e—delocalization of the created particles

(also absent in the BBF).

Choose

§=¢e'"#(loge)?. (7.2.23)

Then we have:

Lemma 7 If (t,,v,, v;,) is outside N'(0) and inside the sets (7.2.20), then for € suffi-
ciently small and all i =1,--- ,j+n
max [6i(s) — &7(s)| < D'~ logel (7.2.24)
se|0,

for some D > 0. In particular, the IBF does not admit recollisions. Moreover, n;, (t,) =
M, (8F) for allr =1,--- .n, and nF(0) = n;(0).

Proof of Lemma 7. The proof is based on a simple continuity argument. We proceed

by induction on r proving that, for some D’ > 0,
16(s) — €(s)| < D're" | logelz , s € (try1,tr) (7.2.25)

fori=1,---,7+r, from which (7.2.24) follows since n is smaller then a constant times
|log | for € small. A byproduct will be that if particle ¢ < j+r— 1, at time ¢,, has already
completed the (possible) scattering with its progenitor (or its last son) in the IBF, then
necessarily n¢ (t,) = n;(t) (from which the last assertion of the lemma follows, because the
parameters are taken outside N (0)).

For r = 0 the statement is trivial. Indeed, since we are outside N(d) with 0 > & and
the states at time ¢ of the BBF and the IBF are the same then, for s € (t1,1), (;(s) = (F(s).
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Let now s € (t,41,t,) forr > 0andi = 1,---, j+r. We consider the case (the other cases
being easier) in which particle i in the IBF is interacting at time ¢, with another particle h.
For ¢ small and by inductive hypothesis, this can be true only if the two particles coincide
with the couple (k,, 7 + r), or if they are a couple progenitor—son, (k,.,j + ') with ' < r,
that has not finished yet the two—body scattering. Also, note that no other particle can
be at distance < §/2 from ¢ and h at time ¢, (for € small and n = O(|logel)).

Denote by s* € (t,41,t,) the last (first backwards) recollision time of particle i or h in
the IBF, that is |£,(s) — & (s)| > € for all A’ # h,7 and all s € (s*,¢,), and same equation
with ¢ replaced by h. Then, for the same values of s, particles ¢ and h behave as they
were isolated and we have that |£5(s) — &;(s)| is equal to the same quantity evaluated in
max(s,t, — t), where ¢ is the time of the two-body scattering (in fact, once the backward
scattering finishes, it must be 75(s) = n;(s)). Hence, taking into account Lemma 1 and
(7.2.20), we have

165 () = &s)| < 1€5 (8) — &ilte)| + 24/ 2/ Bllogeft
< D'(r—1)e'"* log 6‘% +24/2/B|loge|AetH | (7.2.26)

which implies (7.2.25) with D’ = 2./2/BA, for s € (s*,t,). The same holds of course for
particle h.

In particular (taking e small so that n is O(|logel)) we have that [£5(s) — & (s)] < 2 up
to the first recollision time. Since we are outside N(¢), for all b’ # h,i

1€ (8) — & (8)] > |&w(s) — &i(s)] — & (8) — &w(8)] — |€5(5) — &i(s)]
s_0_0_09
ZO0T T 173

up to the first recollision time of 7, h, h’, and the same equation holds for particle h. But
§/2 > e. Therefore, by continuity of the flow, |, (s) — & (s)| > £ and [&,(s) — & (s)| > &
for all times s € (t,41,t,) and Eq. (7.2.25) holds in the full interval. B

(7.2.27)

Conclusion of the proof of Proposition 4. Note that Lemma 7, together with Hypothesis
4, can be also used to replace the initial datum f(ﬁw by foj+n in T; (z;,t), that is to show
that

lim dA (b, Vn, Vin) H B (vi; 05140 — 0, (1)) | /051 (€7(0)) = fo4n(€7(0))] = 0.
=1

(7.2.28)

Indeed we can restrict the above integral for values of ¢%(0) in a compact subset of M,

producing an arbitrarily small error.
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Using this last result, estimate (7.2.19) (with fg;,, replaced by fo 4n), dominated
convergence theorem and Lemma 7, Eq. (7.2.22) follows. W

7.3 Proof of Theorem 2

In this section we go through the steps in the proof of Theorem 1, estimating explicitly all
the error terms arising in the limiting procedure, under the additional Hypothesis 5. We
also need to take care of the dependence on n to guarantee the summability. For instance
the bound (7.2.19) is useless in the present context because it grows as n™/2.

In this section, for notational simplicity, we will denote by C' all pure positive constants
depending only on # and a. We also denote by &, &, -+ all the errors in our procedure,
i.e. it will be

Y (z5,1) = fi(z5,0) = > &

i
Preliminary error estimates
We start noticing again that it is enough to control the difference | ij (zj,t) — fi(z;,1)],
since, by Proposition 3, the error due to this approximation is
&l =117 = [ < C7e (73.1)

for ¢ sufficiently small.

Moreover, since 1 — a(j) < jCme? for n < N — j, we have also

N,

&l =" (- as()| Z S [0z <

n>0 (Jyn) on =1

(7.3.2)

A third simple error arises by neglecting the rest of the series expansion so that we

focus on ZZ:O Zr(m) > o 1T, — Ts,| , where
n = D"|loge| (7.3.3)

with € small enough. The error generated by this last cutoff is bounded by the remainder of

the geometric series appearing in formula (5.9), therefore if we choose D" = |log(tC} )| ™"

E1<D DD (15, + To,) < Ce (7.3.4)

n>n[‘]n) On

it is
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for t sufficiently small. Hence,

I fJ|<€1+52+83+ZZZyTE To| - (7.3.5)

n=0T(j,n) on

Elimination of factors B*, B

Focusing on the last term in (7.3.5), we will estimate first the error caused by the restriction
of the integrals to suitable sets of integration variables, where the convergence of the flows
(Lemma 7) is guaranteed.

However, first of all, to simplify the expression of the integrands avoiding estimate
(7.2.19), we get rid of (][] B?) performing the decomposition {([] B%) > ¢} and {([] B?) <
e~*} (and the same for (] B)) for a suitable A € (0,1). Moreover we shall often use in the
following the bounds

n

5O I1 2 1gs, 0 - 0001 > < vi 2 1) <7

J+mn 2
6 2 Z’L 1Y%
Y

Jj+n v2

fogen(C(0)) < CFFmem3 R0 (7.3.6)

consequences of Hypotheses 2 and 3, the conservation of energy and the fact that the
energy at time ¢ is purely kinetic if x; is outside the diagonals and € is small enough.

We need to estimate

DS

n= OF(]n on

[ [ antovnvin) 1 - ,A}HB iUy = () £ (€(0)

+/dA(tn,I/n,Vj,n) {aIrB) > —A}HB Vi; Vjgi — Mk (1 ))f0;+n(C(0))}

n

<23y Z(ﬁ*”/d/\ e—§ZZI?v$[<H 36)2 + (H B)Z] . (7.3.7)

n=0T(jn) on

Remind now the expression of B® and Eq. (6.4). Since Zﬁzll (mg (¢ Z))z is bounded by
the total energy ng v? (the potential being positive), it follows easily that

Z (H Bs) <2 ﬁ ((] +n)vl,,; + % vf) : (7.3.8)

L(jm) i=1
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The same estimate holds for > 1., ) (I1 B)?. Therefore

+n - N —ﬁqﬂ, . 4n _év
el<oy o | dAH(<y+n>v§+ie ey 21t ) (7.3.9)

n>0 =1

where we used the bound
Jjt+n

v A
Zzﬂe*% T < —Z (7.3.10)
e

The integral on the velocities in (7.3.9) factorizes so that

1&4] < 5’\20”” (G +n)" (7.3.11)
n>0
Since . . . i
n! (j+n)!

we have that (7.3.11) is bounded by a geometric series. Hence we conclude that
&4 < CIN (7.3.13)
for ¢ sufficiently small.

Estimate of the set N'(0) (set of d—overlaps)

At this point we just follow the lines of the proof of Proposition 4. Using Definition 2 and

the notations introduced therein, we want to estimate

\55|<ZZZ[/dA]1 (1B < —/\}(HB>1N foin

n=0T(j,n) on

+/dA L[ B) <o) (TIB) 1 fosen] (7.3.14)
By (7.3.6) it is

&) < e AZ 3y g / AN Tpygpye s S (7.3.15)

n=0T(j,n) on

We have the following crucial result:

Lemma 8 Let 6 = c'"#(loge)? (see Eq. (7.2.23)). Given z; € 2y, if ¢ is sufficiently small
and 1 <n <,

Jjt+n v2

"
/dA(tn,I/n,V]n)ﬂN( )€ A < it
n

(7.3.16)
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Here the choice of 4 is not strict and is determined by Lemma 7.
Proof of Lemma 8. First notice that, given a point in N (0), there exists
t; = max{s € [0,¢'] | |¢'(s) — §"(s)| < 0} (7.3.17)

for some couple of particles (i, h). Substituting t* by ¢, we may define [, Y9, W49, f as after
(7.2.7); see also Figure 7.

The case | = 0 and t° = ¢, Y # 0 is made impossible by z; € {2}, as soon as ¢ (i.e. ¢)
is smaller than a constant depending on z;. Conversely, the case [ = 0 and t* < ¢,Y? =0
occurs whenever a creation in the BBF is such that the two particles progenitor-son do not
separate enough before their next (backwards) interaction. In formulas, |[IW°|(t° —¢!) < 4.

This case is controlled by introducing

n

B=I1 oy — et — 1) > 215%9) (7318)

r=1

(remember that the modulus of relative velocity is conserved at collisions). Clearly it is

o S 00+ 3 Y, g @) 20y (919

The reason for the choice of the threshold in definition (7.3.18) will be clear soon. For the

moment note that we have

Jtmn 2
e 2211 [3

Z/ Mo Vi L) = e (DN~ 1) < 2067°)

tn—l
(n—1)!

2

<Cn 55 . (7.3.20)

In fact, performing first the integration in dt,dv,,, reminding that ng (t) = ng, (t,_) is

independent on t,,v;4,, setting s = t,, — t,41 and V = v; 1, — ng,. (), we find

dt, | dvj.,
/tr+1 / UH_ {’ Vjpr — nkr( ))’(t - tr+1) < 2t52/5}

52/5 2t52/5
§/ ds/dijrre TV 4 / ds/ d|V|4r|V|?
0 62/5

< 55 | (7.3.21)

Since the integrals in the other variables give C" 1"~ /(n — 1)!, we get (7.3.20).
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Suppose now that the considered point in A/(§) is such that 131 ~ ) = 1. The d—overlap

condition is verified only if
min [Y! — W's| < § (7.3.22)

for some s € [0,#), with Y given by (7.2.10). It must be [ > 1 and W' # 0. Moreover,
the relative velocities W9 cannot be all too close to each other, i.e. the two characteristic
functions imply
!
S —wet| > 65 (7.3.23)
q=1
Otherwise it would be [W¢—W0| < §3 for all ¢, thus using (7.2.10) and (7.3.22) we would

deduce that
YO — WOs| < 6+ 65t (7.3.24)

for some s > (t° — #'), which is forbidden, for ¢ small, either by z; € 2; (case Y° # 0) or
by definition of 13 (case Y = 0).

Eq. (7.3.22) implies |[Y! A W!| < 6, where W' = % Using again (7.2.10) we have

-1
52 [YOA = ST W A — e

q=0

_ ’(Y0 = WO AW =Y (W= W) AW

g=1

. (7.3.25)

Since the vectors involved in this relation do not depend on the times (Remark on page
31), we can exploit the integration in the variables t? to estimate the set defined by this
condition. However, a singularity will arise when the vector in the square brackets is small

for all q. Let us focus first in this case, which is the most delicate. Assume that
STIW— W AW < 65 (7.3.26)
q=1

Notice that if Eq. (7.3.26) is not satisfied, then |(W? — W4 =) AW!| > &5 /I for some g¢*.
Again we may infer that condition (7.3.26) is not possible in the case t° = ¢, Y # 0.

Indeed, the above inequality trivially implies
WO AW!| <65, (7.3.27)

therefore (7.3.25) gives
YO AW < 6+ 2t65 . (7.3.28)
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Putting together the two last equations we have
YOAWO <O (YO + [W?]) 65 (7.3.29)

which is excluded, for § small, by z; € ;.
Let us study (7.3.26) in the case t° < t,Y" = 0. By (7.3.23), there existsag € {1,--- ,1}
such that
U=U7=WI-wi! (7.3.30)

has modulus

Ul > —. (7.3.31)
But |U A W' < 65 by (7.3.26). Then putting U = % we have
U AW!| < nés . (7.3.32)
On the other hand, by (7.3.27), either
W] <45 (7.3.33)

or [W° A W!| < 5 which, together with (7.3.32) and the constraint n < 7 = O(|loge|),
finally gives
WO AU| < C55|loge] . (7.3.34)

We will use this formula to estimate the considered events, taking advantage from the fact
that U depends only on the impact vector and relative velocity describing the interaction
occurring at time t7 in the BBF (as already pointed out on page 43 and Figure 8), and
that W0 is the (incoming) relative velocity of the interaction at time ¢°.

We shall summarize the discussion above as follows. Denote V, and V' respectively the
outgoing and incoming relative velocities of the collision at time ¢, in the BBF. If t7 = ¢,

we use the notation U, = U9. This is a function of v,, V, only. We have

]16]1/‘/ S Z Z Z HN“I (6) + Z IL{IV <62/5) T Z Z ]1{\V'AUf,|<cal/5|1oga\} (7.3.35)

i,h =1 q*=1 f=1 f'=f+1

where 1 <i < h <j+mn and

-/\/’ill’zq* (5) = {tnv Vn;Vin

the virtual trajectories of ¢ and h satisfy (7.3.25),

with [(W? — WTY AW > 5%/5} . (7.3.36)
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Once fixed all the variables but 9", if Equation (7.3.25) is verified, then t¢" belongs to
an interval of length smaller than §|(W? — W% =) A W!|~1 If we are in ;7 (6) this is
bounded by nég, so that

Castnge o 7T
/dA(tn’Vn’Vjin)l/\fililq*(ﬁ)e 2 =1 Y < C m55 . (7337)
Changing variable v;, — V, we easily find
/dA(tn,vmvj,n)ll{|v| < §2/5yE —5 X < C"—(So : (7.3.38)

Furthermore, it is

e~ 2 Ziti v <C (7.3.39)

/dA(tn, un,vj,n)ﬂﬂng AUp| < C6Y5)logel}

To prove this last inequality, it is convenient first to introduce a further restriction to
the set {2|V|? < 4|loge|} where Vyr = (vj4p — M, (t})). If the opposite inequality holds,
then either [v;4 | or [n, ({y))| cannot be smaller than \v/2/B|log e[, hence the total energy
must be larger than 1/8]loge|. Therefore, using the energy—cutoff 15 defined in (7.2.20),
the error produced is bounded by

/dA<tna Vnavjﬂ'b) (1 - I]‘l) ZZ+? 22
n tm
< ¢ 3lbee] / A (b, v, vjn)e T2 < O el (7.3.40)
n:

which is in turn certainly smaller than (Ct)"/n!d3, being d given by (7.2.23). We are left
with

_B Zj-HL 2

M5 ) < ot P < gy I (T34

We change the integration variables according to (7.2.16)—(7.2.17). Note that

2 2
o2 =3 (Vi Vb () 5 (Ve () (7.3.42)

)

where wy = w(v}, V) is the scattering vector at the collision. Since V varies in a compact

set, we bound the second exponential simply by 1, while the first exponential is estimated by

2
e ? <‘V = (¢ )‘) , where nj, f(t;f) depends only on the variables with index strictly smaller
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than f. Performing first the integrations in dVydV; we find

fs

VARG
{ |Vf/2<4|10g6|}/dvf {[V}AT 11| <C81/5] log e[} © -5 ! )

av
2 _B (11— )2
/dvf’ {31V <tl1ogel} <C55’log5|2>/d|V}|!V}Pe 2 (V71 €5)1)

< (Cliogel?) (ot og=P) (CL+ i, (£)))
j+f-1 )
<C (1 + Z vf) (53|10g5]% . (7.3.43)
=1

Integrating in the remaining variables we readily get Equation (7.3.39).

Collecting all the estimates, Lemma 8 is proved. W

Substituting Eq. (7.3.16) in Eq. (7.3.15), performing the sums and using (7.3.12), we

conclude that
7
2

|E5| < CIe55 | loge|2 < g5 5 M loge|To (7.3.44)

for ¢t small enough.
High energies, low angular momenta

We turn now to the estimates of the errors coming from the truncations defined in (7.2.20).

Proceeding as above we have

€| < Z > [/d/\ L Boy<ey (H BE) (1= L) (1= 2713) foljm

TLOF]TL On

+/d/\ Liqimze) (H B) (1= Tw) (1= 1715) fo,j+n}
<YYo fn - gprge 5

n=0T(j,n) on

< Cier e AZ > ZC””/ (1—15) e 2 ZEF (7.3.45)

n=0T(j,n) on
where in the last step we used (7.3.40). Moreover

Jjt+n 2

— € Z in ’L2 E 221 1Y
/dA (1 ILQ)e = /dA 1{| U]-H" 77k ( )) A l/r| < 6“}6 )
(1.3.46)
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We perform first the integrations in dvj,dv,. Setting V, = (v, — 0}, (t)), o the angle
between V, and v, and using the parametrization v, — (p,¢) where p = sina and ¢ €

[0, 27), we have
dvjirdv, 1 T
e | (v — 15, () Ave] < er}€ 27T

/d“f” (2m)2 / dp\/_i[, {|(Wjr — 5, ()]0 < 2#}€ e
< / v (27)2 B dp—L =5 1 (2m)2 / dp—L— / 4 d|V, |4x| V]
0 V1= p? e /1 —=p%Jo

< e . (7.3.47)

The integrals in the other variables give C"~1t" /n!, therefore performing the sums as above

we obtain

1&| < ¢ (g%—A + gZH) . (7.3.48)
Conclusion (convergence of initial data and backwards flows)

Now we shall estimate what is left of the last term in (7.3.5). This gives two errors: one is
due to the convergence of the initial data (formula (4.9) in Hypothesis 5) and the other is
due to the convergence of the IBF to the BBF (Lemma 7). The first is

& < Z 3 Z/dA Liaszey (T B) (1= 1w 1515

n=0T(jn) on
5 (€ ) = fogal¢O))] . (7.3.09)
Since we integrate outside N(d), the BBF satisfies ¢(0) € M;(d). But § = e7#(loge)?.
Thus, applying Lemma 7, the IBF must satisfy ¢°(0) € M;(¢) for € small enough. Hence

Hypothesis 5 together with conservation of energy lead to

<Yy S [an e iut

n= OF(jn on

< It (7.3.50)

having performed the sums in the usual way.

Finally, the last error is

& < Z 3 Z/dA Liaszey (T B7) (1= Tvie) 1515

n=0T(jn) on

[Fosen(€0) = foganicO)| . (73:51)
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Lemma 7, the regularity assumption (4.10) in Hypothesis 5 and conservation of energy at

collisions imply that we can bound the modulus in the last line by

e (Z £(0) — §k<o>|2) < e R 4 ) D loge
= (7.3.52)
for e sufficiently small. Therefore, proceeding as above we have
|Es| < CIe " loge|? . (7.3.53)
Putting together all the errors &, - - , & and optimizing on x4 and A we conclude that
| (25,t) = fi(z5,t)| < CPe” forany v < é : (7.3.54)

8 Stable potentials

In this section we show how the techniques used in proving Theorem 1 can be extended to
treat a fairly larger class of potentials, including those with an attractive part.

The potentials ® considered in the present section satisfy the following conditions.

Hypothesis 1/ ® = ®(q),q € R? is radial, with support |q| < 1. We further assume
1) either ® € C*(R?), or ® € C*(R3\ {0}) and ®(q) = +o0 as ¢ — 0;
2) ® is stable.

In what follows we will use the usual notational inconsistency ®(r) = ®|j4=.

We remind (see e.g. [14]) that an interaction is stable if it fulfills the following condition:

Ulg, - q5) = Y ®(lg — aul) > —Bij (8.1)
i<h
for some constant B > 0 . In particular, ® is positive (possibly diverging) at the origin.
We also remark that condition (8.1) ensures the existence of the Partition Function and
hence the existence of an equilibrium measure. In our context the stability will be used to
guarantee that Hypothesis 3 implies the bound fg); < ¢/ e 7 Tivi (where ¢ = e*"#B) which
is crucial in our proof.

The potentials ® we are considering include a sort of truncated Lennard-Jones potential
(see Fig. 9 below).
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Figure 9: A cutoffed Lennard—Jones potential.

We note that the proof presented in Section 7.2 depends on ® only through the scat-
tering time 7,. Therefore, in trying to extend it to the present situation, the crucial point
will be the control of 7,, in absence of Lemma 1 of Sec. 2.2 which is not valid anymore.

According to Section 2.2, we reduce the two—body particle system to the central motion
of a single particle, with mass % and velocity V' (the relative velocity of the two interacting
particles).

We recall the formula yielding the interaction time:

T*:\/§/1d7”< ! (8.2)

1/2
- L - 20(r)

where |V]| > 0 is the modulus of the relative velocity before the collision, p is the impact
parameter, L = |pV| € [0,|V]] is the modulus of the angular momentum and r, is the

infimum of the distance from the origin during the scattering process. r, is given by

V2 L2
= 60,1‘—:— 20 } 8.3
r, = max {:c [0,1) 5 5,2 + 20 (x) (8.3)
Before establishing the following lemma in which we control the scattering time, we
discuss the new difficulties we face in presence of an attractive part. Consider for instance

the potentials described in Fig. 9, with a single negative well. The effective potential
L? L2
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may have two critical points, r,, and rj; (minimum and maximum respectively), when L

is sufficiently small; see Figure 10. Fixing a value of L for which such critical points do

Figure 10: When the (real) interaction has attractive parts, the effective potential (drawn

in figure) can have local maxima for a given value of L.

exist, there are values of V' for which

V2 L2
— =~ 20 — .
5 (rar) + 2@\4 (8.5)

In this case the trajectory is close to an unstable periodic orbit and 7, is very large. The
two particles turn around each other many times and remain trapped for a long time.
Clearly such situations are pathological and must be excluded in order to have a kinetic
picture. Actually the following lemma says that the set of such pathological events has a

small measure, although we do not give explicit estimates.

Lemma 9 Given n € (0,1) and K € RT, there exists a set B(n) of pairs (v, V') such that

/ dv / Vv - V|Lgyy — 0 (8.6)
sz Jpv<o

as n — 0 and such that, for (v,V') ¢ B(n) and |V| < K,
T*(Vu V) < 90<7]7 K) ) (87)

where p(n, K) is a positive function which may possibly diverge as n — 0 or K — +00.
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Proof. We can easily find the set of pairs (L?,V?) for which 7, diverges. Such a set is
included in the set for which there exist local maxima of the effective potential (8.4). The

critical points satisfy

P'(y) — —=0. (8.8)

Therefore the pairs (L% V%) corresponding to a divergence of the scattering time 7, must

satisfy (8.8) and
& L?
— =29 — .

This last condition is due to Eq. (8.3), while (8.8) ensures that the orbit reaches r, = y in

(8.9)

an infinite time.
Consider now the curve C in the plane, y € (0,1) — (X, Y’), whose parametric equations
are
X =20(y)y’

(8.10)
Y =49(y) +29'(y)y

Then the set of singular values of (L2, V2) lies inside the restriction C of this curve (X,Y)
to the“physical” subset
{(X,Y)‘Y>O, 0<x<v}. (8.11)

Clearly when ® is bounded the curve C is extended by continuity to y = 0 (for which
L* = X(0) =0,V?=Y(0) = 49(0) are indeed singular points of 7,). Note that, when ®
is unbounded, the parameter y spanning C is bounded away from zero, since it cannot be

smaller than ro := min{z € (0, 1] | ®'(z) > 0}.
Denoting by B((X,Y");n) the disk of center (X,Y") and radius 7, we introduce the tube
T = |J B(X.Y)n) (8.12)

(X,Y)eC

and its restriction to the physical region

T = |J B(X.Y)n). (8.13)

(X,Y)eC
Now observe that, due to the smoothness of ®, the set C has finite length so that
1T ()] <Cn, (8.14)

where |A| denotes the Lebesgue measure of the set A.
Consider the set

T(n)UB((0,0);n) U{|V| = K} . (8.15)
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Its complement G(n, K) in the physical region (8.11) is relatively compact. Therefore, by
continuity of 7, (L?,V?) in the set (8.11) deprived of C (and hence in the closure of G), we
have

Te < @(n, K) (8.16)

in G(n, K), for a suitable positive function ¢, possibly diverging as n — 0 or K — +oc.

To prove the required continuity of 7,, we observe first that r, = r,(L?, V?) is continuous
outside C. Fix a point (L2, V) ¢ C in the set (8.11). Then, for any v € (O, M) ,
the integral

V2 1 dr ! (8.17)

e (- B = 20(r) "

is continuous in (L2, V), the integrand being bounded. On the other hand,

Tty 1
V2 / dr( —0 (8.18)

1/2
- L - 20(r))

as v — 0, uniformly for (L% V?) € B((L3,V);d), if § is small enough. This can be seen
by an argument as the one in Lemma 1, namely using the estimate (2.2.8) replacing the
integration interval (r,, 1) with (r.,r. + 7).

To conclude the proof of the lemma, we introduce the set
Bn) = {(vV) € 82 xR | (L%,V2) € T(m) U B((0,0);m) } (8.19)

where L = |v A V|. Setting cosa = v -V, V = V/|V| and noticing that L = |V sin |, the
left hand side of (8.6) is bounded by

/ dl// dV/ dlV||V]?| cos |1 g = 87° / d]VHV]?’/ dasin af cos a|lgy,
2 2
S s . 0
< 4n? / dv? / dL* 15, < Cn (8.20)
0 0

for n sufficiently small. W

We are now in a position to establish and prove the main result of the present section.
Theorem 1’ (Improved) Under the Hypotheses 1' and 2—4 of Section 4, there ezists ty > 0
such that, for any positive t <ty and j € N, the series expansions (3.1.3) and (3.2.5) are
absolutely convergent (uniformly in €), and

lim f;"(t) = f;(t) (8.21)

a—)O
Ne2=1

uniformly on compact sets in §2;.
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Proof. We just mention where the previous proof of Theorem 1 requires modifications
and how to do them.

The proof consists of two parts, namely the short time estimate and the term by term
convergence.

As regards the short time bound in Section 5, by virtue of the stability property, it is
natural to modify the definition of the Hamiltonian by setting

1
Hy(2;) = H(z)) + jB > 3 Z;vf >0. (8.22)

Consequently we introduce the norms (5.1) replacing H by Hp. Next we deduce estimate
(5.3) by using (8.22) and the fact that Hp satisfies the inequality (5.5), i.e.

Jj+1+m
Hp(2j+14m) = Hp(2)) + Hp(2140m) 2 Hp(2)) + 5 > 7 (8.23)
i=j+1
We use the stability of the potential only in this part of the proof.
Now we pass to analyze the term by term convergence. Everything is going on as in

Section 7.2, with the only difference that we replace

1= 0 ey — g, ) Al > ) (8.24)
by
IL; B ]:[1 1{(V7’7Uj+r - nZT(tT)) ¢ B(U)» |Uj+r - nZT(tr)| < K} ) (825)

According to the form of the function ¢, we can choose n = 7n(e) and K = K (¢) such that
n — 0 and K — oo with € and the scattering time of the collisions associated to the nodes
of the tree (in macroscopic variables) is bounded by ep(n, K) < Ae'™* whenever 15 = 1
(by virtue of Lemma 9). Therefore Lemma 7 (hence Eq. (7.2.22)) is still valid and the
proof is completed by observing that, by Lemma 9, B(n) is a set of vanishing measure (so
Eq. (7.2.21) holds). W

9 Concluding remarks
We conclude by discussing some additional remarks.

1. The potentials we have considered are fairly general, but the basic hypothesis is the

short-range assumption.
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From the very beginning of the Kinetic Theory, Boltzmann himself (see [1]), following
Maxwell [12, 13], considered only inverse power law potentials, besides the hard-sphere
system originally investigated in deriving his famous equation. This is probably due to the
good scaling properties of such potentials. Moreover the differential cross—section is well
defined, even though the total cross-section is diverging because of the long range of the
interaction. On the other hand, it is not clear whether the Boltzmann equation associated
to these potentials can indeed be derived under the low—density scaling.

A simpler problem would be to consider a sequence of potentials with range gently
diverging with N. This problem eludes the present techniques so that we consider it as an
interesting, open problem.

For an analysis concerning the much easier problem of the validity of the linear Boltz-

mann equation for long range potentials, see reference [4].

2. In the present paper we give an explicit estimate of the error in case of a completely
repulsive potential (Theorem 2), while, for stable potentials, we only show the convergence.
It would be interesting to develop a constructive proof of convergence also in this last case.

This would require a more precise estimate of the scattering time to improve Lemma 9.

3. The present validity results, as the ones in the previous literature, are formulated in
a canonical context, namely, for any ¢ > 0, the number of particles N is authomatically
fixed. An equivalent formalism is the grand—canonical one. Here the number of particles
is random but the density is fixed.

More precisely consider, for a given ¢, the phase space of the system as

M=) My (9.1)

N>0
where My is the N—particle phase space (see (2.1.2)). For z € M we define the dynamical
flow by solving the Newton equations in each My. Similarly we define a symmetric
probability measure W¢ on M by means of a sequence of symmetric probability measures
W in each My:

Welmy = e—ﬂfﬂwfv (9.2)

We define the sequence {g5}22, by
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where ng are the marginals of W¥. Therefore 95(z;) are the probability densities of finding

the first j particles in z;. Their normalizations are

N
— e e
Ze s ﬁ (94)

Nzj

which is the probability of finding more than j particles. Then one defines the reduced
marginals accordingly and it is easy to derive the equivalent of the Grad hierarchy for
them.

Note now that the average number of particles is (V) = u.. Therefore the low—density
limit will correspond to p. — 0o and €2, — =1 > 0.

It is not difficult to realize that the validity result of this paper can be formulated and

proven also in this context.

4. We have considered the particle system in the whole space. If we want the system
to be confined in a bounded box, we have to specify the boundary conditions. Assuming
specular reflections, there are additional difficulties which we have to overcome. The dy-
namical flow is only almost everywhere defined (see [11]), but this (as for the hard—sphere
systems) does not create real difficulties. However the analysis of the recollisions requires

some extra geometrical arguments.
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B. Texier and T. Tsuji for stimulating discussions. C. Saffirio has been partially supported
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“Teorie cinetiche e applicazioni” and by Indam—COFUND Marie Curie fellowship 2012,
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A Appendix (on the cross—section for the Boltzmann
equation)

In this appendix we give sufficient conditions on the interaction for having a single-valued
differential cross—section (and we show some counterexample). We also study the bound-
edness properties of the cross—section. The issue is relevant both to motivate our strategy
and to know whether B is a well behaved single—valued function in the usual form of the

Boltzmann equation, Eq. (1.3).
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The assumptions on ® are those established in Hypothesis 1’, but possibly allowing a
discontinuity of the first derivative at |q| = 1.

Consider the planar scattering process of a particle of unit mass. We use the notations
of Section 2.2 and of Figure 1. In particular, we denote by p the impact parameter (by
symmetry we may focus on 0 < p < 1) while the scattering angle is x = 7 — 20 and the
energy in the laboratory V2/2 > 0.

The differential cross—section is defined through the map p = p(0, |V|), by

— L)@ Al
7 = olsin(20)[146 (A1)
Therefore we need to analyze the invertibility of the map ©(p).
The classical formula for © is
! 1
O(p) = arcsinp + p/ dr : (A.2)
Tx ,,,.2 1 — &(T‘) — ﬁ
V2 2
where 7, is the minimum distance of the central motion from the origin, satisfying
20(r,)  p?
1-— 9 —T—Z:O. (A.3)

For purely repulsive potentials with a singularity at the origin, the limiting values are
©(0) = 0 and ©(1) = /2. In general, it is © = nw + O’ for some ©" € (0,7), where n
is the total number of counterclockwise turns that the trajectory makes around the origin
(see Section 8).

While the first term in the right hand side of (A.2) is an increasing function of p, the
second term is clearly non monotonic (in fact it goes smoothly from 0 to 0 when p — 0

or p — 1 and hence r, — 1). Following [4], we set y = p/r and perform the change of

variables
Ve Ty =sm e, (A.4)
to get
) /2 sin @
O(p) = arcsmp—{—/ _ dng(g) : (A.5)
arcsin p Y — VQy%

The advantage of this formula is that the integrand is not singular in the integration region

and we can easily compute the derivative with respect to p.
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A straightforward calculation leads to

do 1 1
B I [ A.6
dp 1—p2< 1_&2)) (A.6)

V2p
2 sin p PN, 2 . (p p P\
[ e (5) 7w (5)+ s (7 ()
/arcsinp (y_\/2 cD,( )>3 V2y2 Y V2y Yy V4y4 Yy

for 0 < p < 1, where ®'(17) indicates the limit of the derivative as |¢| — 1 from below.

In formula (A.6) we are also considering the case in which ® has a discontinuity of the
first derivative in |¢| = 1 as it is the case of the inverse power law potential restricted to
the unitary interval treated in [4]. However, for the case of smooth potentials as the ones

considered in the present paper, the first term in the right hand side of Eq. (A.6) is absent.
The following considerations can be deduced from Eq. (A.6).

1) The ratio p/y — g(p) as p — 0, where ¢ is a positive function of ¢ which form depends

on ® and V2. Then the extremal values of our derivative are:

O s+ /“/2 d@( selime @) o).

dp p—0 5V
s 810/ (g(9))])
do O'(17)#0
o ]+, 17 #0 (A.7)
dp p—1 0, (1) =0
2) The monotonicity property > ( translates in a quite complicated condition on the

potential ®. A convenient sufﬁment condition is given by the following assertion: In the

considered class of potentials, if for all ¢ with |q| € (0, 1)

212" (lql) +29'(l) > 0, (A-8)

then 22 > 0 for all p € (0,1),V? > 0. This condition is derived also in [15].
Condltlon (A.8) can be easily checked for a large subset of potentials. For instance
any potential of the form ®(q) = <| I 1) djgl<1, k > 1, satisfies the condition, hence has

strictly monotonic map. Cases which are smooth in |¢| = 1 can be constructed from the
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previous by using a smooth junction. For instance?

_1 1-§)k+1 _

(UL R) o<l <19
1

®(q) = ¢ T 1-6<|q/ <1,

0 lg| > 1

where k£ > 1 and 0 < § < 1/3 (see Fig. 11).

< 081 N

0.6 N
E=9

0.4 k=20 B
6=0.1

0.2 B

0 ! ! ! ! ! ! ! ! !
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(A.9)

Figure 11: Map O(p) for the potential given by Eq. (A.9), with § = 0.1,k = 20 and Ey =

V2/2=09.

do

3) The monotonicity property O

> 0 is in general not true when condition (A.8) is

violated. A first example is any smooth, positive, decreasing and bounded potential (for

which ©(0) = ©(1) = 0, that implies the existence of at least two monotonicity branches).

We give two different examples of potentials singular at the origin.

e Formula (A.6) indicates that the sign of the second derivative of ® is relevant when

we ask about monotonicity of the map. In fact, examples of non monotonic maps

can be constructed when ®” is not always positive, for instance by taking ® very

3Observe that this is a function C*(R?) with a jump in the second derivative for |¢| = 1 — §. The

parameters k and ¢ can be arranged in order to eliminate this discontinuity (e.g. ¢ = 1/10,k = 71).

Nevertheless, all our discussions are still valid if in the initial assumptions on the potential we require that

®” is just piecewise continuous and bounded outside any ball centered in the origin.
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close to the characteristic function of |¢| < 1. If we consider the function

1
®(q) = —etan ((arctang + g) lq| — g) +1, (A.10)

numerical simulations show that the map ©(p) is non monotonic for e << 1 as shown
in Fig. 12.

O(p)

0.5 -

Figure 12: Map O(p) for the potential given by Eq. (A.10), with ¢ = 0.1 and Eq = V?/2 = 3.

e Even when ®” is nonnegative, the mapping can be non monotonic if Eq. (A.8) fails,

an example being

6k+2

e H0—0%(1+3) 0<|gf <4
P(q) = 5(1 = |q|) §<lql <1, (A.11)
0 lq| > 1

We checked numerically the non monotonicity of ©(p) in the case § = 0.1,k = 4 (see
Fig. 13). Another example similar to the previous one but with continuous derivative

in |¢| = 1 can be constructed again by using a smooth junction.

4) Even when single—valued, we may have a singularity of the cross—section any time the
condition % > ( is violated. In particular, if (1) = 0 (i.e. the force is smooth) and ©(p)

is strictly monotonic, we still have a divergence of 2 for © near to 7/2 (p = 1), that is

H sin(2@)aq>H = +00. (A.12)

[e.9]
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Figure 13: Map O(p) for the potential given by Eq. (A.11), with 6 = 0.1, ¥ = 4 and Ey =
V2/2 =0.5.

References

1]

L. Boltzmann. Lectures on gas theory. English edition annotated by S. Brush,
University of California Press, Berkeley, 1964 (reprint).

C. Cercignani. On the Boltzmann equation for rigid spheres. Transport Theory and
Stat. Phys. 2, 211-225, 1972.

C. Cercignani, R. lllner and M. Pulvirenti. The Mathematical Theory of Dilute
Gases. Applied Mathematical Sciences 106, Springer—Verlag, New York, 1994.

L. Desvillettes and M. Pulvirenti. The linear Boltzmann equation for long-range
forces: a derivation from particle systems. Models Methods Appl. Sci. 9, 1123—-1145,
1999.

. Gallagher, L. Saint Raymond and B. Texier. From Newton to Boltzmann: hard
spheres and short-range potentials. To appear in Zurich Lectures in Advanced

Mathematics.

H. Grad. Principles of the kinetic theory of gases. S. Fliigge ed. Handbuch der
Physik 12, 205-294, 1958.

R. lllner and M. Pulvirenti. Global Validity of the Boltzmann equation for a Two—
Dimensional Rare Gas in the Vacuum. Comm. Math. Phys. 105, 189-203, 1986.

68



8]

[11]

[17]

[18]

[19]

[20]

R. Hlner and M. Pulvirenti. Global Validity of the Boltzmann equation for a Two—
and Three-Dimensional Rare Gas in Vacuum: Erratum and Improved Result.
Comm. Math. Phys. 121, 143146, 1989.

F. King. BBGKY Hierarchy for Positive Potentials. Ph.D. Thesis, Department of
Mathematics, Univ. California, Berkeley, 1975.

O. E. Lanford. Time evolution of large classical systems. In “Dynamical systems,
theory and applications”, Lecture Notes in Physics, ed. J. Moser, 38, 1-111,
Springer—Verlag, Berlin, 1975.

C. Marchioro, A. Pellegrinotti, E. Presutti and M. Pulvirenti. On the dynamics

of particles in a bounded region: A measure theoretical approach. J. Math. Phys.
17, 647, 1976.

J. C. Maxwell. On the Dynamical Theory of Gases. Philos. Trans. Roy. Soc. London
Ser. A 157, 49-88, 1867.

J. C. Maxwell. The Scientific Letters and Papers of James Clerk Maxwell: 1862—
1873, 2. Cambridge University Press, 1995.

D. Ruelle. Statistical Mechanics. Rigorous results. W. A. Benjamin Inc., New York,
1969.

Y. Sone and K. Aoki. Molecular Gas Dynamics. Asakura-Shoten, Tokyo, 1994.

H. Spohn. Boltzmann equation and Boltzmann hierarchy. In “Kinetic Theories and
the Boltzmann equation”, Lecture Notes in Mathematics 1048, 207-220, ed. C.
Cercignani, Springer—Verlag, Berlin, 1984.

H. Spohn. On the Integrated Form of the BBGKY Hierarchy for Hard Spheres.
arXiw: 0605068v1 [math-ph/, 25 May 2006, 1985.

H. Spohn. Large Scale Dynamics of Interacting Particles. Texts and Monographs
in Physics, Springer—Verlag, Heidelberg, 1991.

K. Uchiyama. Derivation of the Boltzmann equation from particle dynamics. Hi-
roshima Math. J. 18, 245-297, 1988.

S. Ukai. The Boltzmann—Grad limit and Cauchy-Kovalevskaya theorem. Japan J.
Indust. Appl. Math. 18, 383-392, 2001.

69



