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Abstract

In the first part of this work, the series expansion for the evolution of the correlation
functions of a finite system of hard spheres is derived from direct integration of
the solution of the Liouville equation, with minimal regularity assumptions on the
density of the initial measure. The usual BBGKY hierarchy of equations is then
recovered. A graphical language based on the notion of collision history originally
introduced by Spohn is developed, as a useful tool for the description of the expansion
and of the elimination of degrees of freedom.

In the second part of the thesis, an integration method is established to construct
the Maxwellian solutions to the stationary BBGKY hierarchy of an infinite system
of particles, in the case of a smooth, positive and short range potential. A problem
of existence and uniqueness of such solutions with appropriate boundary conditions

is thus solved. The result is extended in a milder sense to the hard core systems.
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Chapter 1

Introduction

The BBGKY hierarchy is the fundamental system of equations for the evolution of
correlation functions of a state in Classical Statistical Mechanics, [5]. Their 70 years
old history has brought enormous progress in the investigation of the transition
from the microscopic to the macroscopic world, and they are still an attractive
starting point for new developments. In particular, great advance has come by clever
methods of truncation, approximation and scaling limits of the hierarchy, providing
in various cases a justification of the kinetic equations describing particle systems on
mesoscopic (intermediate) scales. The mathematical rigorous achievement of many
concerned results is still unsolved. Besides this, the complex mathematical structure
of the hierarchy makes it impossible to use the system of equations in its entirety:

for this it seems necessary to develop new techniques.

In this thesis I address some problems related to: a) the derivation of the
hierarchy from first principles; b) the solution of the complete hierarchy in simple
cases. Hopefully, the new results discussed in this work provide a first basic step in a
much harder program, that is the use of the BBGKY for the description of systems

out of equilibrium.

Over recent years there has been renewed interest on non—equilibrium properties
of hard sphere systems, for which the evolution equations, as well as the stationary
non—equilibrium equations, are in many respects the easiest possible to treat. This
is the reason why this thesis devotes special attention to the systems with such
potential. On the other hand, the properties of the hard core dynamics are quite
delicate because of the singular character of the interaction. For instance, the
analysis of these systems leads naturally to the issue of giving a precise meaning
to the BBGKY equations for non regular initial measures: as we will see, in this

case a fair description of the evolution of correlation functions is given by a series
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expansion in the time-zero correlations (the famous one used to derive the Boltzmann
equation). Moreover, we will point out in the last chapter that, for purely hard core
systems, even the problem of equilibrium solutions of the hierarchy has not been
fully investigated.

The thesis is divided into two independent parts, which I introduce respectively
in the following two sections. Chapters 2—6 deal with the derivation of the hierarchy
for the finite system of hard spheres, while Chapters 7-8 deal mainly with the
problem of the integration of the hierarchy for an infinite system with smooth and

short range interaction.

1.1 Results and methods I. Derivation

In his famous derivation of the Boltzmann equation [27], O. E. Lanford makes use
of a series expansion for the time—evolved correlation functions of a classical finite
system of hard spheres in a box. This expresses the n—points correlation function at
time ¢ as a sum of integral terms involving all the higher order correlation functions
at time zero. The expansion is derived, though not rigorously, from iteration of the
BBGKY hierarchy of integro—differential equations, and is considered as a “series
solution” of its Cauchy problem. A rigorous validation of the hierarchy and of the
series has been given years later by H. Spohn in an unpublished note [45], and by R.
Ilner and M. Pulvirenti in [23] (see also the book [7]), using different methods.

In both the previous papers an assumption on the initial measure is made to
derive the BBGKY hierarchy, that is the continuity along trajectories of the hard
spheres flow. However, there is no physical reason to expect such a regularity
property to hold, and it is worthwhile to notice that the final series expansion
makes perfectly sense without assuming it. In fact, Spohn observes at the end of
his note, by a density argument, that the expansion can be extended to a more
general class of measures having no continuity properties. On the other hand, the
interpretation of the BBGKY hierarchy as a family of partial differential equations
is not at all easy, nor standard in any case, since it relies on the nontrivial properties
of the operator T} of the hard sphere dynamics. Hence, the series solution concept
appears to be more appropriate for the description of the dynamics in terms of
probability distributions, and one wonders whether it is possible to derive it without
going through the usual hierarchy. The present thesis (Chapters 2-6) is devoted
to a derivation of the series expansion for the correlation functions, which is not
based on the iteration of the BBGKY equations, and never requires continuity along

trajectories. We rather construct a method of direct integration of the solution of
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the Liouville equation, that allows to establish the validity of the expansion in a
sense even stronger than those obtained in the existing literature: the result holds
for all times in a fixed full measure invariant subset of the phase space, exactly as
it happens for the existence of the dynamics of the underlying system of particles.
The hierarchy of integro—differential equations is then recovered by resummation of
the series, without additional assumptions on the initial measure, thus strengthening
an analogous result in [23].

Let us recall the derivation of Lanford and state our main result in an informal
way. Consider the vector of correlation functions p = {pn}n>1, where p, is defined
over the phase space of n hard spheres of mass m and diameter a > 0 in a box A. A
point in this space is an n—tuple (x1,--- ,xy), z; = (g;,p;), specifying position and
momentum of the n particles. If N is the total number of particles, we set p, =0
for n > N. Then the BBGKY hierarchy for the evolution of p can be written

9 p(t) = Hplt) + Qo) (1.1)

where

(Hg)n(xl,'-- , T, t) = {Hn,pn}(xl,--- y Ty t) (1.2)

is the n—particles Liouville operator acting on p, (including the effects of elastic

collisions) and the collision operator is defined by

n A
A1 A A p—Dj N A
(QB)H (.’13]_,"' 71"7171:) - QZZ/dpdww : <TTL]> Pn-l—l(xla“' )xnaqj +awap’t) .
7=1

(1.3)
Here p is integrated over all R?, and 4 runs over the unit sphere.
If t — Ty(x1,- -+ ,xy) is the flow of the dynamics, define the translation along
trajectories of a vector of functions f = {f,}n>1 as
(S@F) (@1 san) = falTor(@r, - 20) (1.4)

Then, integration and iteration of Equation (1.1) leads to the formal solution

o0) = 50p0+ Y [Cdtn [Nt [T dtnS-1)QS(1-1) Q1))

" (1.5)
In this thesis we analyze in detail the structure of Eq. (1.5) and prove that it
holds, for all times in a full measure subset of the phase space, for any absolutely
continuous measure with density symmetric in the particle labels, and bounded by an
equilibrium~like distribution. The hierarchy (1.1) can be obtained then, in a mild

sense, by taking the derivative, [44]. No assumption of continuity is needed even for
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this last operation. We also allow the total number of particles NV to be non fixed
by the initial measure. The boundedness requirement is stronger than the necessary,
and it is the same used by Lanford to control the convergence of the series in the
Boltzmann—Grad limit. Here it is made to control easily through all the steps the
integrals over momenta of the type (1.3), (1.5).

The main interest of the discussion is the method of the proof. For n = N Eq.
(1.5) reduces to the evolution of the density function, that is the solution of the

Liouville equation:

PN(wla"' 7$N7t) = pN(T_t(JIl,“' ,LL’N),O) . (16)

It is desirable that we can construct the series expansion for the p, from direct
integration of (1.6) over all the phase space of N — n particles compatible with a
fixed state (z1,---,2,). We show that in fact this can be done by eliminating the
degrees of freedom one by one. To achieve the integration of the single degree of
freedom, it is important to understand the structure of the right hand side in (1.5).
This has been widely studied since the work of Lanford [27], see for instance [24]
or [46]. It results that the integrand function in the generic term of the formula,
depends on the states assumed by certain clusters of particles following a fictitious
evolution: this is constructed from the state (z1,---,z,) at time ¢, by suitably
adding more and more particles as the time flows backwards. Following [46], we
shall call collision history such an evolution.

The collision histories can be represented graphically in terms of special binary
tree graphs. Therefore, a graphical picture of the series expansion (1.5) is obtained.
This representation is our basic tool. In fact, it turns out that the integration of a
degree of freedom itself can be translated in graphical language, through appropriate
operations over tree graphs. The graphical rules corresponding to the elimination of a
single degree of freedom, clarify how the various terms of the expansion for p,, emerge
from those for p,+1, thus considerably simplifying the presentation of the proof.
The analytical operations corresponding to these rules, are nothing but a suitable
partitioning of the integration domain, and convenient representation (change of
variables) of the subsets of the partition. Nevertheless, in order to establish the
graphical rules, it is also essential to prove that some classes of collision histories
give a net null contribution to the integration of the degree of freedom: this is done
again with the help of the tree graphs, by showing explicit one by one cancellations
among the collision histories of these classes.

The proof will be discussed in Chapter 5, while preliminaries and presentation of

results will be respectively the object of Chapters 2—-3 and 4.



1.2 Results and methods II. Integration 5

1.2 Results and methods II. Integration

The understanding of the complete system of BBGKY equations without the use of
approximations is an open challenge for physicists and mathematicians. It is often
stated that the problem of solving the Liouville equation is as difficult as finding the
solution to the corresponding full dynamics of particles. Clearly the same is true
for the BBGKY hierarchy as soon as the number of particles (hence the system of
equations) is finite. Nevertheless, if we are concerned with equilibrium or stationary
non—equilibrium for thermodynamic systems, we rather deal with an infinite set of
coupled equations. Hopefully in this case, if the states considered are smooth enough,
we can deduce non trivial informations from the complete hierarchy of equations.
At least, this is what happens in the equilibrium setting, as we shall prove in the
present thesis (Chapters 7-8).

Our main aim is to establish a constructive integration method of the stationary
hierarchy with boundary conditions. The simplest case to face (in three dimensions)
is the thermodynamic equilibrium hierarchy, which is the infinite system of equations
relating the positional correlation functions, when the momenta have a Maxwellian
distribution, and cluster properties of the correlations at infinity are assumed as
boundary conditions, together with translation invariance. For this problem (main
result of the second part of the thesis, [18]) we shall carry out an iterative integration
leading from the BBGKY to the Kirkwood—Salsburg equations, a set of integral
relations which is well known to be one of the equivalent characterizations of an
equilibrium state. This will be done for smooth and short range positive potentials.

The first to notice this equivalence was Morrey in the remarkable paper [33].
There, a lengthy and involved proof did not led from the hierarchy to the Kirkwood—
Salsburg equations, but to a complicated expansion which can be proved to be
equivalent for small densities. Then Gallavotti e Verboven attempted to give a clear
proof of Morrey’s theorem in [17], in the same assumptions of small density, strong
cluster properties, rotational and translational symmetry. This remained as the
only example of a simple method of direct integration of the infinite system. The
iterative procedure is carried out for smooth interactions; it is convergent for small
densities, and it allows an exponential bound of the error term, which is not uniform
in the hard core approximation. Moreover, while looking for a way to extend the
procedure to the hard core case, Genovese and the writer found a bug in the proof,
which gives an incorrect expression for the activity. The correction, as we will see,

makes the procedure slightly involved.

We will present a new simple iterative method providing the outcome with a much
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faster rate of convergence than that of the previous work: that is factorial against
exponential. This allows to extend the result to not necessarily small densities,
weak cluster properties and states with simple translation invariance at infinity.
Together with the above stated equivalence with the KS equations, the method gives
uniqueness of the solution in the small density — high temperature region (resorted
to the uniqueness of the solution of the Kirkwood—Salsburg equations). Furthermore,
since the radius of convergence of the procedure is uniformly bounded in the hard
core limit, it allows to describe the hard core stationary Maxwellian hierarchy as a
limit of smooth versions of it: hence to set the uniqueness of its solution within the
functions that can be approximated with solutions of the smooth hierarchy, with

few restrictions on the form of the approximants.

1.3 Summary

The thesis is organized as follows. In Chapter 2 we define a model of hard spheres,
we introduce our notations, state our assumptions on the initial measure and recall
the heuristic derivation of the hard spheres BBGKY. In Chapter 3 we introduce the
concept of collision history, as well as the graphical rules for its representation, and
explain how to represent formula (1.5) in terms of the tree graphs. In Chapter 4 we
present the first part of our main results, while in Chapter 5 we discuss the proof of
the related main theorem, establishing the above mentioned graphical integration
rules, and applying them to the generic inductive step. In Chapter 6 we present
the conclusions of the previous discussion and make some comparison with existing
literature. In Chapter 7 we introduce the infinite system of particles, state our
results on the integration of the corresponding stationary hierarchy, and discuss two
different methods for the proof. Finally, in Chapter 8 we make some comments on
the solution of the hard core equilibrium hierarchy. Some technical aspects of the

proofs are deferred to the Appendices.



Chapter 2

The hard sphere system

In this chapter we set model and notations, which we inherit essentially from [45],
and state some preliminary result on the hard sphere dynamics (Section 2.1). In
Section 2.2 we introduce the class of measures we will work with, and in Section 2.3

we present the classical heuristic derivation of the BBGKY for hard spheres.

2.1 Model and notations

Let us consider a system of N hard spheres of equal mass m and of diameter a > 0
in a box A € R3. Denote x; = (g;,p;) € A x R? the configuration of the i-th
particle, i = 1,--- , N. A is bounded and has a piecewise smooth elastically reflecting
boundary OA.

Between collisions each particle moves on a straight line maintaining unchanged

its velocity. In a collision of two hard spheres at positions ¢;, ¢; with

&= (g —a)/lai — 4| = (65 — ¢5) /a € S?
and with incoming momenta pj,p} (that means (p — p}) - © < 0), the outgoing
momenta p;, p; (with (p; — p;) - @ > 0) are given by

/ A

pi =pi — @@ (pi —pj)l

p;=pj + @b (pi —pj)], (2.1)
as a consequence of conservation of momentum and energy. Moreover, in a collision
of a particle with momentum p/ with OA at a regular point ¢ (there is only one point
of contact between the wall and the sphere) the reflected outgoing momentum p; is
given by

pi = p; — 20(q)(2(q) - p}) (2.2)

7



8 2. The hard sphere system

where 7(q) is the inner unit vector normal at ¢ to OA. It is easy to see that the
collision transformations (2.1) and (2.2) preserve Lebesgue measure on R? x R3 and
R3 respectively.

We may introduce the n—particle phase space, n=1,--- , N,

T ={(@1, - ,20) € (A X E*)" | |gi — ¢| > a/2 for every

A state of the system is given by a point in the whole phase space I'y.

Under few simple regularity assumptions on 0A (see [3] for the details) the
dynamics determined by (2.1), (2.2) and the free flow has been shown to exist in
[3], [32]. More precisely, it has been shown that there exists a subset I'} C T',

of full Lebesgue measure dz; - - - dx, such that for all ¢ € R and for every point

(x1,--- ,2p) € '} the flow of the n—particle dynamics
(n) *

t—= T, (1, ,xn) €T, (2.4)

is well defined. For all ¢ the mapping (x1,--- ,x,) — Tt(n) (z1,- -+ ,2p) is uniquely

defined as an invertible transformation from I'}, to I';,. Moreover, Lebesgue measure
on I} is preserved by the flow, being preserved at each single collision transformation
of the type (2.1), (2.2) The flow can be extended to be a measure preserving map
over the whole I',;: we refer to [47] for a detailed discussion on the measurability
properties.

The set I';, \ T, which is of null Lebesgue measure, can be defined as the subset
of all the points of I'j, which evolved in time run into either (see for instance [3],

page 16):

e a “multiple” collision, that is simultaneous contact of more than two hard
spheres or simultaneous contact of two hard spheres with each other and at

the same time with JA;

o a grazing collision with the wall (7(q) - p; = 0) or a grazing two—body collision
() — 1)) - =0);

¢ a collision of a particle with a “singular” point of 0A;
e infinitely many collisions in finite time.

The flow through such situations is not determined. We shall refer to them as the
“singular configurations”. Some examples in which a particle undergoes infinitely

many collisions in a finite time are given in [3].
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Let us mention here a fact related to the properties of the flow. Call T the subset
of JI'), collecting all the multiple collisions, the simultaneous collisions (more than
one collision occurring at the same time), the grazing collisions (between particles
or with the walls) and the collisions with non regular points of JA. Consider the

collision surfaces

(I):,ij = {(xh'" 7'rn) € 8Fn\T s. t. |Qi _Qj‘ =q

and ¢; = ¢; + aw, (pj — pi) - w > 0} ,

and ¢; = ¢; + aw, (pj — p;) -w > 0}, (2.5)
and

O =,
\Iz:fi—) = {(z1,  ,2n) €W\ T s. t. |gi—q| =a/2

for some regular g € OA, and p; - 7(q) > (<)0} . (2.6)
We have a decomposition of the boundary
o, =0 ud, UT UT, UT. (2.7)

The Lebesgue measure on I';, induces, through the flow, a measure do,, on 9I';, ([32],
+

[7]), whose restrictions onto @ i) @ff ; are given respectively by

dok,. = +dxy---du;---drj_1djyy - - degdpjdwa®w - (p; —p;)

n,1J

daii = +dxy - -dx;—1dxiyq - - dendgdpip; - 1(q) (2.8)

where w is the unit vector pointing from ¢; to g;, A 3 ¢,q; = ¢+ 7(q), and dq is
the measure over the surface OA. The set T has null o measure, and the Lebesgue
measure on [',, can be written as do,dt, t being the time of the last collision in OI',,.
In references [32] and [7] it is proved that the flow (2.4) is well defined on OI',, again
almost everywhere, with respect to the measure do. This existence property of the
hard sphere dynamics is important for the derivation of the BBGKY hierarchy of
integro—differential equations, as we will discuss in Section 4.1 (see also [7]).

We shall collect the above results, for easy recall in the future, in the following

Proposition 2.1.1 (Existence of the dynamics) The set ', \ I} C Iy, defined by
the above list is a null Lebesque measure subset. Moreover, its intersection with the

boundary Oy, is a null measure subset of OI',, with respect to the measure doy,.
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For the proof, we refer to [3], Theorem II.B.2, page 19 (see also [32] and [7]).

As in [45], we do not identify ingoing and outgoing momenta, but we regard
them as corresponding to distinct points in phase space, so that the flow Tt(n) is only
piecewise continuous in t. Then, when necessary, we distinguish the limit from the

future (+) and the limit from the past (—) writing

Tt(g)(xl, sy Tp) = lim Tt(g(xl, cey Tp) (2.9)

e—0t

We list some definitions that will be useful in what follows.

Fan(xlv"’ 71"77,) = {(xn—i-l,"' ,$N) € FN*’”« | |QZ _q]| >a

fori=1,...,Nand j=n+1,---,N}, (2.10)

for (1, ,xy) € Ty; that is Ty_p (21, -+, ) is the set of the possible configura-
tions of N — n particles when we have n other particles in (z1,---,x,). We call
Q;(x1,- -+ ,xn,P) the points w on the unit sphere surface such that the configuration
(x1,--+ ,Zn,q; + aw, p) is compatible with the hard core exclusion and it does not

run into a singular configuration at any time:
i1, w0, p) = {0 € S | (21, 2, s + atd, P) € Tpy } (2.11)
fori=1,...,n, (z1,--- ,2,) €, and p € R3. If
Qi(xy, - ,xy) = {0 € S*| (x1,--- ,&pn,q + a,p) €Tt VP ERY},  (2.12)
then Q;(z1, -+, 2,) \Qi(x1,- -, 2,) is a set of null Lebesgue-induced measure on S?
for almost all (21, , 2, p) € I'y x R3, by Proposition 2.1.1. Furthermore we define

Qir(z1,- -+ 20, D) (Q—(x1,--+ ,xpn,P)) the points of Q;(z1,- - ,zp,p) corresponding

to outgoing (incoming) collisions:

Qi+($17’ te 7wn7ﬁ) = {uA) € Qi(xlﬂ e 71.71723)) | UA} : (ﬁ _p’L> > O} ’
Qi—(mlf o 7$n7ﬁ) = {w S Qi(xla e 7$naﬁ>) | w - (ﬁ _pz> < 0} s (213)

and analogous definitions for Q; (w1, -+, ), Qi (21, , 7).

The following subsets of I'; will be used to describe the time evolution of
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correlation functions:

F%O):F}LV:ICN:IA‘N: N and, forn < N :
IO = {z, €T |forany 1 <k <N —n, it is 2,5 € Ty
for almost all (xp41, -+, Tnik) € Tk(z,)},

Il ={z, el |forany 1 <k <N —nandscR,

it is (T (2,,), Tog1, -+ > Tnok) € T

for almost all (xp 41, , Tpik) € Fk(Ts(n) (zn))}
= NTEO),

seR

Ky ={z, €T} s.t. (Ts(”)(gn),qj(s) +aw,p) € Kpyq forall j=1,--- n
and almost all (s,p, %) € R x R3 x ﬁj(Ts(n) (zn))-}
I =TH (N Kn - (2.14)

In the definition of K, we put g¢;(s) = (Ts(n) (z,,))q;- The first two definitions
ensure also that (Tégn) (Zp)s Tpt1, - s Tnak) € FL 4, for every k,s and almost all
(Tnt1,  Tpgr) € T (Ts(n) (z,,)). Though it is not clear whether the two sets I'f, and
I'} coincide for n < N, we shall prove, as an extension of the result in Proposition

2.1.1 on the existence of the dynamics, that
‘rn\r;‘ =0, (2.15)

where | - | denotes Lebesgue measure: see Appendix A, where it is proved also that

the restriction of the same set to 0I'), is do—null, and that it is
Tn\Kn|=0. (2.16)

From now on time t is always supposed to be positive, without loss of generality.
We will use the short notation z,, = x1,- - - , x,, and, when there is no risk of confusion,
and we will simply call “particle 7” a particle whose configuration is labelled by an
index i. We shall set m = 1, since the role of the mass is trivial in all the discussion
— see formulas (1.3), (1.5).

2.2 Measures over the phase space

Since all the particles of the system are identical, we will work with the space

Ly of measurable functions fy : 'y — R, symmetric in the particle labels
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(fv((z1,...,zN)) = fn(21,...,2N) for any permutation IT), and having a bound-

edness property of the type

N

|fN(1'17--~7xN>‘ SAHhﬁ(}%) s (217)
7j=1

hs(p) = (25171)2 e~ 3P

on I'y, for some A, 5 > 0. Suppose to have an initial measure P on I'y with density

fn € Ly with respect to Lebesgue measure dxy . ..dxy,
P(dzy ...dzn) = fn(z1,...,zN)dzy ... dey . (2.18)

Then, because the flow Tt(N) preserves the Lebesgue measure, the evolved measure

at time ¢ has a density fy(t) given by

fN(xl,...,mN,t) :fN(TEJIQ(l'l,...,:CN)) (219)

almost everywhere in I'y, which is the Liouville equation in a mild form (the + sign
is a convention). Points of I'y \ I}y are removed from (2.19). Estimate (2.17) is
preserved by the flow by conservation of energy. Hence, fn(t) € L. Of course since
the flow Tt(N) is only defined almost surely, even densities that are regular at time
zero will only be £y—functions at time t.

We define the correlation functions pn,,n=1,2,... by

pn(x1, .y, t) =N...(N—n+1)- (2.20)
/ d(l?n_H...d.%'NfN(l'l,...,.Z'N,t), n<N,
Fan(-Tlv---yl’n)

pn =0, n>N,

(1, xn) = pp(1, .., 20, 0)

where equality is in the space £, and points of T, \ FL(O) are excluded. Observe

that

’pn(xlw"axmt)‘ < A/Hhﬁ(pj) ) (2.21)
j=1

where A’ can be taken equal to a pure constant times N"|A|Y~". The volume of
the system |A| and the diameter of the spheres a will be kept fixed along the whole
thesis, and of course by the hard core exclusion N will be bounded by 3|A|/4ma®.
Let us say once and for all that, as in the following chapters we work with densities
of measures, all equalities will hold for any fixed version of fx, fn(t) and p,(t) in
their equivalence class, and all statements will be true only almost everywhere in

I'y or in its subspaces I';,. Of course, the subsets where the involved flows of the
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dynamics are not defined for any time must be always excluded. In particular we
will show that, assuming (2.19) and (2.20) to be valid over the full measure subsets
I, all derived formulas (and in particular the final expansion) are still valid in the
same set. If we like things to be more definite we can always think to fix a version
of fn, fn(t) assigning, for instance, zero value on the null set I';, \ L.

We remark that P can be, in general, any measure with density in £,. In the

case P is a probability measure, the quantity

1
dzy - - dppn(T1, - Tnt 2.29
N...(N—n—i—l)/yy o Tapn(21 Tn ) (2:22)

is the probability of finding particles 1,2,--- ,n at time ¢ in the Borel set W € I',,.

2.3 Cercignani’s derivation of the hierarchy

The idea of constructing the BBGKY integro—differential hierarchy for a system
of elastic balls starting from the Liouville equation goes back to papers of Grad
in [20]. The first complete deduction was carried out by Cercignani in [6]. This is
perhaps the most straightforward derivation, though not mathematically rigorous.
In particular, the density fy(t) is assumed to be smooth at all times, so that all the
steps to be performed are justified (see the comment after (2.19)). We dedicate the
present section to review this derivation. We will use the notations introduced in
the previous sections, unless where explicitly specified.

The starting point is the Liouville Equation in its differential form, that is, given

a probability density fy = fn(x1, -+ ,zn) on Iy,

N
Oy, > o, ey €T%) | (2.23)

where T'); indicates the interior of I'y and x; = (g;,p;). This is simply the usual
form of the equation valid for smooth interactions and smooth densities in the

region where the state of particles corresponds to inertial motion, so that the term

>N d(zl 8f X drops. Now we want to integrate this equation over its domain of

validity, W1th respect to coordinates and momenta of N — n particles; by symmetry,
without loss of generality, we shall integrate with respect to the particles numbered
from n + 1 to N. If we introduce the n—particle distribution function defined on I',,
by formula (2.20), Eq. (2.23) gives:

dpn afN ad
+N...(N-n+1 Z/ : II dadp (2.24)
=n+1
8 N
+N...(N-n+1 Z / | Olx II dadp =0,
j=n+17TN 9 1y
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where terms with 1 <4 < n have been separated from those with n +1 <+¢ < N for
later convenience.

A typical term in the first sum in Eq. (2.24) contains the integral of a derivative
with respect to a variable, ¢;, over which one does not integrate; it is not possible,
however, to exchange the orders of integration and differentiation because the domain
has boundaries (|¢g; — ¢;| = a) depending upon ¢;. To obtain the correct result, a

boundary term has to be added:

8 N
I [T dadp (2.25)

v l=n+1

( ) FN—n(En)p 8q

0
:N...(N—Tlﬁ-l)pi‘f/ fN Il dqldpl—N...(N—TL-f-l)
0¢i Jrn_p(z,) it

N
N dqidpy | pi - Wijdo;jdp;
Z / XRS /I_‘an($n,$j) H ’ ! !

_n+1 [=n+1
1]
dpn / .
=Dpi- - s Prt1Pi - Wijdoijdp;
dqi -ny zn;rl Q;(z,)%

where @;; is the outer normal to the sphere |g; — ¢;| = a (with its center at ¢;), do;;
the surface element on the same sphere and p;, 11 is the (n + 1)—particle distribution
function with arguments (qx, px), k =1,2,--- ,n, .

A typical term in the second sum in Eq. (2.24) can be immediately integrated by
means of the Gauss theorem, since it involves the integration of a derivative taken

with respect to one of the variables of integration. We find:

ofn N
N...(N-n+ 1)/ P I dadp (2.26)
I'n-n(z,) 4j l=n+1
1
— 0 idodn.
N—nz/ﬁ @ )><]R3pn+1p] WijA0 ;AP + (N—n)(N—n— 1)
Z / Pr+2Dj - Wrjdoyidp;dardpy,
j— Qj(z,,)xR3xT1(z,,)
k#j
1 R
N /8 | Protapy - dSidp;

where dS; is the surface element of the boundary of the region A in the three—
dimensional subspace described by ¢;, and #; is the unit vector normal to such
a surface element and pointing into the gas. The last term in Eq. (2.26) is the
contribution from the solid boundary of A; if the particles are specularly reflected

there (see Eq. (2.2)), then the term under consideration is obviously zero because
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pj-N; changes its sign under specular reflection. We shall point out that the boundary
term is also zero under more general assumptions: it is sufficient to assume that the
effect of an interaction of a rigid sphere with the wall is independent of the evolution
of the state of the other spheres and that no particles are captured by the solid walls;
see [6], pages 50-52, for more informations.

Inserting Eqgs. (2.26) and (2.25) into (2.24), we find:

Opn Opn A
ot T ;pz 8%‘ —n ;j %1/ pn—f—lv;j - w;jdogidp; (2.27)
1 1 N
2 n+2 Vi - Wpidogidp;dqed
+2(N—”)(N_n_1)k §+1/ﬂ( W) XR3XT (z )p Tk R Ok R DR
k#j

where V;; = p; —p; is the relative momentum of the i—th particle with respect to the
Jj—th and we have taken into account that p; - Wg; can be replaced by %ij ‘Wi in
the second sum because of the antisymmetry of &y; with respect to its own indices.
In Eq. (2.27) ¢; and p; are integration variables; hence the sums over j are made up
of identical terms, as well as the sums over k in the second integral. We shall write
G, P, s in place of gj, p;, 2 in order to emphasize that the index j is dummy, and
o, po in place of g, pi, while we shall simply write V;,&;, do; for V;;,@;;, do;; and

Vo, @o, dog for Vij, Ok, doy;. Accordingly we obtain:

0 L 8 R
A Z o § Z / P Vi - idoydp. (2.28)
1 A
5 /7 pn+2Vo - Wodogdp.dqodpo
Qu(z,, ) xR3xT1 (z
where the arguments of p,+1 are (q1,p1,"+ ; Gns Pns @, Px, t) and those of py,1o are

(@1, 1"+ 5 @ns Prs Gxs P+, Q05 P ).

Observe that simultaneous contacts of more than two spheres contribute nothing
to the above integrals, if p,41, pnt2 are integrable functions. In fact, such multiple
collisions correspond to the contribution to the integrals with respect to do;, doy,
coming from the boundary of Q.(z,) (the last being a surface in R3), which is a
one—dimensional subset. Accordingly, their contribution to the integrals is zero,
unless singularities occur, which we ezclude here by using a smooth fy.

Now an important remark: the equations used so far are incomplete, because we
have not used the laws of elastic impact, Eq. (2.1).

According to these laws, in the last formula, any particle entering a collision

with momentum p) at ¢; is at the same time (or a vanishingly short time later) in
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an after—collision state with momentum p; related to p; and @; by

P = pi — @i(@i - Vi) (2.29)
Py = ps + @i(@; - V3) 5
this suggests to assume the following:

,On+1(CI17p1a iy Pis iy Pny q*7p*7t) (230)
= pn+1(q17p17 Qi Pi — az(&)z : V;), * 5 4ny Pny Gk Px +a)l(a)l : V;)ﬂf)

fori=1,--- ,nand 1 <n <N -—1.

Now we examine the term involving p,42 in Eq. (2.28) and claim that it is zero,
as a consequence of (2.30). First, we separate the integral into the corresponding
integrals extended to the subsets Vj - &g < 0 (particles entering a collision) and
Vo - @o > 0 (particles that have just collided). The considered term becomes

1 R
3 P2l Vo - Goldoodp.dgodpo (2.31)
Qi (z,) xR3xT'1(z,,)

1

5 | pn+2|Vo - Goldoodp.dgodpo -
Qu—(z,,)xR3xT1(z,,)

We may show that the two terms in this formula cancel each other.

In fact, changing the variables from py and p. to pf, and p/, given by Eq. (2.29)
with ¢ = 0, and taking Eq. (2.30) (with ¢ = 0 and n replaced by n + 1) into account,
the first term of (2.31) becomes equal to

1

! 10|V - @oldoodpl,dgodpy 2.32
2/9*_(%)mepl(xn) Pn+2’ o - Woldoodp’.dgodpy ( )

where the arguments of p), ,, are the same as in p,42 with p, and pg replaced by
pl. and pp, and we have taken into account that the absolute value of the Jacobian
determinant of the transformation from p.,po to pi,pf is 1. The integral extends to

the emisphere Vjj - &g < 0, because Eq. (2.29) (with ¢ = 0) implies
Vo = Vg — 2o (@0 - Vp) (2.33)

hence
Vo -@o= -V Q. (2.34)

We can now drop the primes in Eq. (2.32), since pf, and p/, are integration variables:
we find

1 .
B ﬁ Pn+2|Vo - Goldoodp«dqodpo , (2.35)
0. (z,)xE3 %D (z,)

so that the expression in Eq. (2.31) is equal to zero.
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Our final result is then

Opn  ~~_ Op
5t TP

n
no_ Vi &ia*diidp.  (n=1,---,N) (2.36
g ;/ﬂ*(wn)xR:” procttere “ ( . )

for x, € T?, where we have replaced do; by its expression a?d@; in terms of the
radius a of the sphere |g. — ¢;| = a and the element of solid angle dw;. We shall call
this system of equations the BBGKY hierarchy for a hard sphere gas. Its physical
meaning is quite transparent: the n—particle distribution function evolves in time
according to the n—particle dynamics, corrected by the effect of the interaction with
the remaining (N — n) particles. The effect of this interaction is described by the
right hand side of Eq. (2.36).

We stress the fact that the hierarchy (2.36) was derived only under the assump-

tions of:
o a symmetrical dependence of p, upon the particles;

o a sufficient regularity of p, at all times;

the validity of condition (2.30)

¢ assumptions on the boundary dA neglecting the surface integral in the last
line of (2.26) (see the comment after (2.26)).

The second item in the list is in particular required in order to neglect the contribution
of a line to a surface integral, i.e. to neglect the effect of triple collisions.

In [23] the rigorous versions of property (2.30) and of Eq. (2.36) are presented
(see also Remark (1) in Chapter 4 of this thesis and Eq. (4.12)). In the following
chapters (3 to 6) of the present thesis we will establish a more appropriate rigorous
description for the evolution of correlation functions starting from any initial measure
with measurable density (plus some decay behaviour for large momenta), and we will
derive the BBGKY hierarchy as presented in [23], showing uselessness of condition
(2.30).






Chapter 3

Collision histories

In this chapter we analyze the structure of the expansion on the right hand side
of (1.5). This is given in general by a large variety of terms. In each of these
terms the integrand function contains a time—zero correlation function evaluated
in a configuration of particles which can be found by flowing backwards in time
the configuration z,,, and suitably adding new particles at the times ¢;,t2 etcetera.
The new particles appear in a collision configuration with one of the pre—existent
particles. This describes a special (fictitious) evolution that will be called “collision
history”, a name first used by Spohn in [45].

In order to have a clear picture of the many terms of the expansion, and of the
configurations of particles involved in them, we shall establish rules for their graphical
representation. In particular, we will show that Equation (1.5) can be written as
a sum over a set of tree graphs. We will introduce the convenient class of trees in
Section 3.1: a class of decorated trees to be associated to the collision histories (as
explained in Section 3.2), and a class of trees with less decorations corresponding
to the terms of the expansion. We will give the rules for this correspondence in
Section 3.3, where also an explicit formula will be given for the generic term of the
expansion.

We want to stress since the beginning that the collision history is not a real
trajectory of the particle system, and the associated collisions are not a sequence of
real collisions. The correspondence between collision histories and sequences of real

collisions is only very indirect ([45]).

3.1 A family of trees

We begin by considering binary tree graphs with generic node as in Figure 3.1: one

segment crosses the node while the other segment is generated by the node. In all

19
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the diagrams time will always flow from right to left along a horizontal axis. We
shall agree to draw the trees in such a way that the root corresponds to time ¢ while
the endpoints correspond to time zero, and that one of the two above mentioned
segments attached to the node is horizontal, while the other has a (meaningless)
slope between 0 and 7/2. We call line of a tree the straight segment which left
extremum is its generating node (or the root of the tree) and which right extremum
is one of the endpoints of the tree.

No trees will be considered with two or more nodes corresponding to the same
time. Call

A(z,;[0,1])

for 1 <m < N,z, € I',t € R, the set of all such binary trees with a number of
nodes m variable in (0,--- , N —n), exactly m + 1 lines (and endpoints), and no

decoration other than the following:
1. a label z,, attached to the root;

2. for n > 1, a label j € (1,--- ,n) attached to each node crossed by the line

ending in the root of the tree.

We avoid to add a label ¢ to the root of the trees if no confusion arises. See Figure
3.2 for an example. We may set A(z,,;[0,t]) = 0 for n > N.

We can always think to order the nodes of the tree from left to right with an
index k =1,2,...,m, which we call ordering number of the node. We refer to the
line generated in the k—th node as the k—th line, and we refer to the line ending in
the root of the tree as the root line. When the k—th node is crossed by the root line
we denote j; the label associated to it.

Two trees will be considered equivalent if they can be superposed, together with
their labels and without altering their topological structure neither the ordering of
its nodes. Hence, even though the nodes of a tree are not associated to precise values
of the time, they are ordered along the time axis. For given number of nodes m and
forgetting about decorations, there will be m! different trees in A(z,,;[0,]); each of
these trees can be decorated with the j labels in n'™0 different ways, mg being the
number of nodes crossed by the root line.

Now take a tree D € A(z,;[0,t]). Sometimes we will also use the notation
D = (z,,,0) to remember that we fixed the root configuration. We shall call collision
history and indicate it by D = (z,,,d), the tree obtained from D by adding a triple
(t, Dk, Wr) € R x R? x S? to the k—th node for every k = 1,2,..., m, where

e 1} is a time variable, so that t,,11 =0 <t, <--- <t <ty =t;
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Figure 3.1. Structure of the generic node of a tree: one of the two lines is generated in the
node, representing a new particle appearing in the collision histories described by the

tree.

time

Figure 3.2. Example of tree in A(z,,;[0,1]). It will appear in the expansion for the n—points

correlation function (n < N — 5); here j1,j5 € (1,--- ,n). In the figure 0 < ty < t; < t.

e pi is a momentum variable;

¢ the unit vector variable w; has some complicated constraint depending on the

other labels attached to the tree, which is defined in Section 3.2.

Call also
A(z,; [0,])

the space of all the collision histories obtained in this way from A(z,;[0,]) for

n < N, and set A(z,,;[0,t]) =0 for n > N. See Figure 3.3 for some example.

x,8) = ——— (x,8) = x‘é

A A,
- — (t1!p1:W1’/1)

2 (t,.p,W,) f
Xub,,) = X (x,,5, ;) =X,

tA A, AN A )
(1.1 Wy.13) (L, P2, Wy, f,) (t,P1,W,,j,)

Figure 3.3. Collision histories in A(z,,;[0,¢]) with 0,1 or 2 nodes.
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Observe that our definition of collision history corresponds to the original one
given in [45]. In fact A(z,;[0,t]) is in a one by one correspondence with the subset
of

U (N xR x R3 x §%)™ (3.1)
0<m<N-n
given by the collections (m, j1,. .., Jmst1, -« stm,Ply- -y DPm, W1, ..., W) With the

above mentioned constraints over times and unit vectors, and with the variables

jr € N defined by

Jjr = label attached to the k—th node, (3.2)
if the k—th node is crossed by the root line;

Je=mn+gq,
if the k—th node is crossed by the g—th line ;1 <¢<k—1.

Notice that 1 < j, <n + k — 1. In the notations D = (z,,,9),D = (z,,,0), we can

identify 6 and & with the corresponding collections of variables:

6: (mujlv"')jmvtlu'”7tm7ﬁ17'"7ﬁm7ﬁ)17"'7wm)a

5= (m, 1, Jm) - (3.3)

3.2 The fictitious evolution of particles
Let us now construct an evolution of particles
Ep

to associate to the history D = (z,,,0). The root of a tree is labeled by our starting
configuration representing n particles at time ¢. In general the root line will represent
these n particles from time 0 to time ¢, and the k—th line the (n + k)-th particle,
k=1,2,---, from time 0 to time t;. The k—th node represents a binary collision
between the particles associated to the crossed line and the generated line ((n+k)—th
particle), and the triple (¢, P, W) specifies the time of collision and the momentum
and position of particle (n+ k) colliding: the vector joining the two particles involved
in the collision and pointing towards particle (n + k) will be awy. Finally, the extra
label ji € (1,...,n) in the nodes crossed by the root line tells us with which particle
occurs the collision with particle (n + k).

Given i = 1,2,--- ,n+m (m = number of nodes), we call

z;i(s;D)
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the configuration of the i—th particle at time s in the evolution £p (and we will put
z;i(D) = x;(0; D) for short) and we define this configuration for 0 < s < ¢ by the
following construction. Take the root configuration z,, € '}, put z;(¢; D) = z,,, and
evolve it backwards in time as if there were no other particles in the space up to
time t; if m > 0 (that is with the flow TS’;LM), and up to time 0 if m = 0. This
defines z,,(s; D) for t; < s < t. At time ¢ stop your (n—particle) system and add
particle (n + 1) in a state x,,41(¢1; D) with momentum p; and position at distance
aw; from particle jq, with @y € Qj, (x,,(t1; D), p1): at fixed z,,,t; we will have either
an incoming or an outgoing collision between particles j; and (n + 1), depending on
the chosen values of p1,w;. Then evolve backwards in time particles (1,...,n + 1)
as if there were no other particles in the space up to time ty < t; (with Tgf_&g F
notice that soon after ¢; particle j; in the evolution £p will deviate from its free
motion if and only if p1, w1 correspond to an outgoing collision. At time ¢y stop the
system and add particle (n+2) as above with momentum ps and position at distance
aws from particle jo (defined by (3.2)), with e € Qj,(2,41(t2; D), p2). Later on
evolve your (n + 2)—particle system backwards up to time t3 < t2, and so on up to
the final step, which is the evolution of particles (1,...,n+m) with the flow TE’ZZT)

from time ¢, > 0 to time 0. We stress that the configurations z,,(s; D) are always

constructed by taking limits from the future. An example is pictured in Figure 3.4.

| P

Figure 3.4. Trajectory drawn by the particles in a collision history of the type (,,,d21) of
Figure 3.3, in the case n = 2,j; = 2,1 € Qa_,jo = 1,02 € Q4.

In the following we will call
&p(s)

the configuration of all the particles of £p at time s, without specifying the number
of such particles, so that Ep = {Ep(s) }o<s<t. In particular if s coincides with the
time ¢, associated to a node, then Ep(s) is the configuration of the particles of
the evolution after having added the new particle generated in the node: Ep(tx) =
(Zntk—1(tk; D), @j, (th; D) + atdy, pr). We call

Np(s)
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the number of particles of Ep at time s, Np(s) € (n,...,n + m), and we name
cluster of particles of Ep the time—dependent collection of particles described by the
evolution.

If we would prefer formulas instead of trees we should write, referring for instance

to the trees in Figure 3.3,

2, (5120, 00) = TV () , t>5>0, (3.4)
(812,00 = T (), £ 5> ~t+11,

Ly g1 (Lny 01) = Tgﬁ)(TgltH@n), ¢j, (t1;2,,01) + a1, p1)

Tpyo(Zp, 02,1) = TEZ:_E) (TETZ;}IL_F (Tf’éltﬁ(zn), qj, (132, 021) + aﬁjl,pl) ’

qjsy (t2;£n7 62,1) + aw%ﬁ?) y

and so on.

Remarks.

(1) Clearly all this construction is not well defined for z,, € I'), \ I'};; defini-
tion (2.11) ensures that the added particles do not run the system in a singular
configuration.

(2) As we anticipated above, the evolution Ep is not a real trajectory although
it is constructed with pieces of possible real trajectories, and a collision history D
is not a sequence of real collisions of the system. In particular, notice that the
configuration x,,1x(s; D) given by D is defined only for times 0 < s < #, and that

in general

ED(tk)

is different from the limits of Ep(s) as s — £tx.

(3) Given the graph (z,,,0), if particles ji and n + k are attached to a node with
time index tg, then in &p for times s € [0, ;] they can collide many other times
between them and with the other particles appearing in the graph at those times,
but mot with other particles of the system that do not appear in the graph. In
general any two particles appearing in the graph at a given time can be in a collision

configuration.

3.3 Lanford’s expansion. A graphical representation

Suppose D € A(z,;[0,t]),z,, € T¥, to have m nodes, m € (0,--- , N —n), and order
them from left to right with the index k,1 < k < m as in Section 3.1. The tree will
be associated to collision histories D € A(z,,;[0,t]), obtained attaching to the nodes
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of D triples (tg, g, Wy ), as explained in the same section, and — see Eq. (3.3) — the

two graphs will correspond to collections of variables
ﬁ: (£n7m7j17 o 7.7771) )
D:(ﬁﬂflv"' s tms D1y Py W1, 7'UA}m)7 (35)

where ji,- -, jm are defined via (3.2).
We denote
V(D)

the value of the tree D given by the rules summarized in what follows. Going from

left to right, i.e. climbing the tree:

e associate to the k—th node of the tree a weight factor
Wi(D) = a*dy, - (pr — pj, (tk: D)) ; (3.6)
« associate to the k—th node of the tree an integration over a subset of R x R3 x 52

lp—
/ "ty / dpy / iy (3.7)
n-Hc 1tk:y )7pk)

(remember that t = ty) where dwy, is the natural induced measure on €25, ;

given by

and at the end

o associate to the m+ 1 endpoints of the tree the (n+m)—th correlation function

at time zero evaluated in the final configuration of £p, that is
Pn+m(l’1(D), T ,$n+m(D)) : (3'8)

Hence V(D) can be seen as an integral over times, momenta and unit vector
variables attached to the nodes of the collision history D € A(z,,; [0, t]), of a product

of a correlation function times a weight function
m
=[] Wx(D) . (3.9)
k=1

Explicitly,

t
/dt1/ db 1/ iy (3.10)
0 R3 Qj, (z,,(t1;D),p1)
t1
/ dt2/ / de...
0 R3 Qo (2,41 (t2;D),P2)

tm—1
/ dtm / dpm / di, R(D) ,
0 Jm(wn+m 1(tm7D)7pm)
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where R is called value of a collision history and is defined by
R(D) = W(D)pntm(z1(D), -+, Tntm(D)) (3.11)

which will be, in our assumptions of Chapter 2, a measurable function over the domain
of integration in (3.10) for almost all z,, € I';,. Formula (3.10) is a representation
for the generic term of the expansion (1.5). The domain of integration in (3.10) is
mazimal for all times if z,, € IC,,, see (2.14). In fact KC,, is defined as the maximal set
of values of z,, for which the evolutions &, s) (hence their value R(z,,,d)) appearing
in the evaluation of V(D) are well defined for almost all values of §, that is for almost
all times, momenta and unit vectors associated to the nodes of the evolution, and
compatible with the hard core exclusion. The corresponding integrals in dd are then
extended over full measure regions over the sets compatible with the condition of
hard core exclusion, so that we can substitute €, (- - - ) with ©;,(-- - ) in the expression
(3.10).

The so defined V(D) and R(D) can be seen as operators respectively over the

spaces of variables

{Z(£n7[07t]) | n = 1’27”' y Ly € Fiut > O}
and
{A(gn;[()?t]) ’ n=12-- 2,¢€ F:,t > 0}7

with values in some space of functions over I'} x (0,00),n = 1,2,--- Notice that the
integrals in t; and w; in (3.10) are over finite regions, while, in our assumptions, the
integrals over p; are controlled by the estimate

n

|pnsm(@1(D), -+ s Znm(D))| < (const) [T hs(ps) T hs (@),
j=1 j=1

which follows from (2.21) and conservation of energy, and

|W(D)| < (2@2 Zp? + Zﬁ?) )
\ j=1 j=1

Hence the integrals in (3.10) are absolutely convergent, they define a measurable
function over I',, for any ¢ > 0 and, using |p|?hg(p)/hs (p) < const for ¢ > 0,5 < f,

we have

V(D) < CT] he(p;) - (3.12)

j=1
with 8’ < 8 and C depending on N,a, A, t. Finally, oserve that V(D) is symmetric

for exchange of particles x; <+ x;,i,j € (1,---,n), and simultaneous change i —



3.3 Lanford’s expansion. A graphical representation 27

J,7 — 4 in the value of the node labels, so that certainly the sum over all trees
Zﬁeﬁ(gn;[o,t}) V(D) is in L,,.
In our main theorem we will prove that, starting with an initial density fn € Ly,

this sum does give the time evolution of the correlation functions.






Chapter 4

The evolution of correlation

functions

In what follows we present our main theorem. After the statement of the theorem
and some general comment, we derive the usual BBGKY hierarchy of equations
(Section 4.1). Finally, we present also an extension of the result to measures of grand

canonical type (Section 4.2).

Theorem 4.0.1 Let P be an initial measure with density fny € Ly. Then for any

t > 0, the time—evolved correlation functions are given by

pulzn )= Y, VD), neN, (4.1)
DeA(z,,;;[0,t])

almost everywhere in I'y,. For any chosen version of fn(t), pn(t) satisfying (2.19)
and (2.20) over the whole sets 'y, the expansion holds for all x,, € I, and t > 0.

In reference [45] this formula is called the “time—integrated form of the BBGKY
hierarchy”. Actually it is the complete expansion of the n—th correlation function
at time ¢ in terms of the higher order (n +m, m > 0) correlation functions at time
zero. The number of terms in the sum is of course finite.

Remembering what has been said next to (3.1), we may define a measure
do on A(z,;[0,t]) as the counting measure with respect to the discrete variables

m, J1,-- ., Jm, and the Lebesgue measure with respect to the variables

A

tl,...,tm,ﬁl,...,ﬁm,wl,...,wm.

With these notations we can say that R(D) = R(z,,,9) is a dd—summable function

on A(z,;[0,t]) for all ¢ and almost all z,, € T',, and we can rewrite (4.1) as an

29
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integral over collision histories:
pulant) = [ dR@,.8)  neN (42)
A(z,,;[0.1])

almost surely in I';,.

Remarks.

(1) We do not need fy and p, to be continuous along trajectories of Tt(n), that
is we do not need

lim fy (T (21, -+ o)) = (e, - 2w) (4.3)

s—0

for a.a. z € I'y, where both the limits from the future and the past are understood.
In particular, our initial density can distinguish between pre—collisional and post—
collisional configurations (which can not be true if we assume for instance (4.3) on
all 7). It is easy to show (see [45]) that, if the continuity along trajectories is
assumed to be valid for fy, then the Liouville Equation (2.19) together with some
integrable bound on fy imply that: () the same continuity property is also valid for
fn(t) and for p,(t) at any time ¢ > 0; (i) for almost all z,, the map t — p,(z,,1)
is continuous. All these properties, even if assumed, would be not helpful in the
discussions of the present paper. In [45] and in [23] the continuity along trajectories
is used to derive the series expansion (4.1).

(2) The bound (3.12) follows from rough estimate of the right hand side of (3.10),
as already explained. That is sufficient for our purposes. From the proof of the
theorem it will be clear that the bound (2.17) could even be substituted with a weaker
one, since it is just needed to ensure absolute convergence of the integrals in (3.10).
Our choice of the decay behavior for high momenta is the same used in the careful
estimate of [27] of the right hand side of (3.10) (see the details in [24]), necessary to
perform the Boltzmann—Grad limit: if the correlation functions satisfy |p,(z,,)| <
c(Nz)" 17—, hg(p;) for some c, z, 8 > 0, then the right hand side of (4.1) is bounded
by | > m>0 25€Z<m)(gn;[0,t]) V(D)| < (N2 ?:1 hg (p5) Zmzo(const-NaZzt)m for
some ¢, 3 < f and 2’ > z(8'/B)%/? (here A (2,,;[0,t]) is the subset of trees with
m nodes). This ensures convergence for N — oo, Na? fixed, at least for sufficiently
small ¢.

(3) Our result is actually stronger than the one obtained in [45] via density
arguments, which is the same expansion integrated over every Borel set in I',, (and
corresponds to the first statement in our theorem). We know that there exists
a full measure subset of the phase space where the dynamics of the hard sphere

system exists for all times (Proposition 2.1.1). Theorem 4.0.1 recovers this property
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for the evolution of correlation functions: the expansion (4.1) is valid for all times
in I',,, that is a full measure subset of I',, and invariant under the flow. This
subset — see the definition of ', in Eq. (2.14) — has not been characterized in a
constructive manner: this would depend on details of the dynamics that have not
been investigated. However, it will be clear from the proof that I, is the maximal
subset of the phase space where the result can be derived for all times. In particular,
the second statement of our theorem is still true if we replace I',, with any full
measure invariant subset of it, say H,, satisfying the following “chain property”: if
x,, € My, then (z,,,y,) € Hnix for almost all y, € I'x(z,).

(4) Choose a version of fn(t), pn(t) satisfying (2.19) and (2.20) in a set H,, C I,
(it is sufficient H, C T) as described in the previous remark. Call (remember
definitions (2.5), (2.6) and (2.7))

HGH =M\ (@, UT,) (4.4)

and notice that ’H%Jr) is mapped by Tt(") onto H,, for ¢ > 0. Then, for all z,, € ”H%H,

we can write

TN (@y) ) = fvlzy) . (4.5)
pu(T(2,),t) = N ... (N —n+1)

/ (n) dynt1 - "dnyN(Tt(n) (z,), dynt1 - - - dyn,t) ,
Fan(Tt (E ))

T

for all times ¢t > 0. The converse is also true. Here the restriction to 7-[,(1+) corresponds

to the conventional + sign used in writing the Liouville Equation (2.19). In the
next section we will use the above formula as a starting point to derive the integro—
differential BBGKY equations.

(5) Theorem 4.0.1 and Lemma A.0.1 of Appendix A immediately imply that, for
any chosen version satisfying (4.5) in f,(f), the identity (4.1) holds for every time
over almost all oI',,.

(6) Formulas (4.1) and (4.2) suggest an interpretation of the contribution of
a collision history to the right hand side in terms of constructive or destructive
correlation effects of the “external” particles (i.e. those different from (1,---,n))
on particles (1,---,n) during the time interval [0,¢]. Consider for instance the
history (z,,,01) = (z,,, 1, j1, t1, p1, W1 ) of Figure 3.3. This gives a positive or negative
contribution to the right hand side of (4.1) depending on the sign of the weight
factor Wi(z,,,d) associated to its node. In the first case, Wi(z,,,d) > 0, the (only)
external particle n + 1 appears in an outgoing collision with particle ji: its effect

on particles (1,--- ,n) is that of creating the configuration (x1,...,xz,) at time ¢,



32 4. The evolution of correlation functions

in the sense that if we forgot the interaction effect of particle n + 1 on particle j;
at time ¢ (thus modifying the trajectory drawn by the collision history), then by
evolving forward in time we would not get (z1,...,x,) at time ¢. In the other case,
Wi(z,,0) < 0, the particle n + 1 appears in an ingoing collision with particle ji: its
effect on particles (1,---,n) is that of annihilating the configuration (z1,...,x,) at
time ¢, in the sense that if we took into account the interaction effect of particle
n + 1 on particle j; at time ¢; (thus modifying the trajectory drawn by the collision
history), then by evolving forward in time we would not get (z1,...,z,) at time
t. More generally, in any tree, we can say that a node with positive weight factor
describes a collision that creates, in the ordinary verse of time (that is going towards
the root) a particle entering the next node of the tree — or entering the root if the
node is the last one (i.e. creating z,, at time ¢); while a node with negative weight
factor describes the annihilation of such a particle. It is then clear why, for instance,
in trees with two nodes, two annihilation weight factors (negative) correspond to
a net positive contribution to the right hand side of (4.1), two weight factors of
different type (one positive and the other negative) to a net negative contribution,

and so on.

4.1 The BBGKY hierarchy

We want to show here how the usual BBGKY hierarchy of integro—differential
equations is recovered from the expansion (4.1). We present below the bulk of this
derivation and refer to the appendices for some technical details. We begin by fixing
a version of the density and the correlation functions satisfying (2.19) and (2.20),
for simplicity, on the whole f‘n, so that Eq. (4.5) holds over all fﬁf) and for all
t > 0 (everything that follows would hold also replacing ', with any subset H,: see
Remarks 3 and 4 in the previous section). As we will see, starting from that formula

it is easy to obtain informations about the function of time
L — pn(Tt(n)(xh T 7$n)a t) ) (46)

and its derivative, without additional assumptions on the initial measure. To begin
with, it can be shown that, for any n and all z,, € f“%*) (or F,TI(JF)), the function is

continuous for every t > 0 — see Appendix D.

Secondly, we can rewrite the expansion (4.1) in a resummed form, which is

convenient to obtain informations about the derivative, as explained in the following.
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Fix n < N, and rewrite the expansion (4.1) as
Pl 1) = pu(T (w1, ) (4.7)

—i—Z/ dt1/ dpl/ e dibra*dy - (p1 — pj, (t1; 2, 61))

—tHt+ (z,):P1)

“Pnt1 (Tgﬂ) (Tﬁtzrt1+(£n)7Qj1 (t1;2,,61) + awl,ﬁl)) + Z V(D),

DeA(z,3[0,4])
m(D)>1
for z,, € ', where (z,,,01) is the tree with one node in Figure 3.3, and m(D) is the
number of nodes of D. Remind that we can always substitute §;, with Q;, in the
above expression (see Remark 3 in the previous section). In formula (4.7) we wrote
explicitly the lowest order terms (zero-nodes and one—node trees) of the expansion.
Since we restrict to z,, € KCy,, in the integrals corresponding to the one—node trees
we may use again Equation (4.1) to substitute pp41(-,0) with p,41(-,¢1) : it follows
that the second term in the right hand side of (4.7) is equal to

Z/ dtl/ dpl/ dinain - (pr — pj, (t152,,, 01))

j1= 1 t+t + m )pl)
Pn+1 ( t+t1+ q;l (t1,$n,(51) + awlaplatl)
n t
-3 [an [ ap / dibra®i - (b1 — pj, (t1; 2,,61))
jlzl 0 t+t1+(m")7pl)

> V(D) . (4.8)
DeA(z,, 4 (ti;z,,,61);0,t1])
m(D)>0

The second line of the last formula gives all the trees with at least two nodes, i.e.
- > V(D). Hence for z,, € I, we have found

DeA(z,,;[0,1])
m(D)>1
pu(@nst) = pu(T, (1, 2n)) (4.9)
+ Z/ dtl/ dpl/ dinain - (Pr — pj, (t15 2, 01))
=t ey (@) P)

‘Pn+1 (TE?ZrtlJr(&n)v dj, (t1;§n7 61) + awl?ﬁlv tl)

(which is again an absolutely convergent integral). Formula (4.9) is the resummed
form of the expansion for the correlation functions, in the sense that iterating the
equation N — n times we are back to the Equation (4.1).

Recalling the continuity property stated at the beginning of the section, we can

write also

(T (2,).1) = pu(z,) + / dty (Quirpnir) (T (@), 1) (4.10)
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for z,, € f‘%ﬂ, where the collision operator Q41 acting on the time—evolved correla-

tion function, is defined by

(Qn+1pn+1 Ly, t) (4.11)

:Z /dep/ di - (p — pg)pnﬂ( Ty, qj + a0, P, t) .

over I', x [0,00). The integrand in (4.10) is a measurable function in the variable t;
for all z,, € K,,, while, for all ¢, the definition (4.11) can be extended to I';,, providing
a function in the space £,,. The definition is, in our assumptions, independent on
the chosen version in the sense that, if p,y1(2,,11) = pny1(2,41) for almost all
2,41 € 'nq1, then the same is true for the time-evolved functions for all £ > 0 (see
(4.5)) and, by the continuity property stated in the second part of Lemma D.0.1,
the two functions coincide also for almost all (z,,,t) € OI',11 x [0,00) (see also
the final paragraph in the proof of Lemma A.0.1), so that Qni1pn+1 = Qnt1Pn+1
for almost all (z,,,t) € I'y, x [0, 00).

Formula (4.10) shows that t — pn(Tt(”) (z,,), 1) is also absolutely continuous. As

a conclusion, we can state

Corollary 4.1.1 Given an initial measure with density fx € Ly, and fn(t), pn(t)
satisfying (2.19) and (2.20) on Ty, the function t — (Qui1pni1) (Tt(n) (z,),t) is

measurable and the correlation functions satisfy

d n n
(T (@) 1) = Qurpusr) (T (@) 1), meN,  (412)

for all z,, € f‘q(;r) and almost all t > 0.

The subsets of the phase space involved in the assertion of the lemma have full

Lebesgue measure. Remind that f‘,(f) is mapped by Tt(n)

onto fn for ¢t > 0.

Remarks.

(1) If, additionally, fx € C(I',) then, for all z,, € I', \ O, and almost all ¢ > 0,
it could be proven that the right hand side is continuous in ¢. The boundary 01, is
discarded as it contains the (possible) points of discontinuity along trajectories of
the time—zero correlation functions.

(2) We did not used the continuity along trajectories of the correlation functions.
Thus the result strengthens the analogous in [7]. Weaker versions of the hierarchy
have been already proved without the assumption of continuity along trajectories,
see [23] or [7].

(3) Unlike the series solution (4.1), the BBGKY hierarchy in differential form

explicitly involves restrictions of the correlation functions to sets of codimension 1:
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this has made crucial the property of existence of the flow on the collision surfaces

(second statement in Proposition 2.1.1).

4.2 Indefinite number of particles

Finally, we can extend the result of Theorem 4.0.1 to a more general class of measures
with non definite (but finite) number of particles. We follow [45] for this purpose.

Consider the grand canonical phase space
I'= Unzorn . (4.13)

Then it will be I';, = ) for n larger then [3|A|/4ma®], because of the hard core
exclusion.

Call £ the space of measurable functions f: I' = R, f = {f,}22,, symmetric in
the particle labels (f,(II(x1,...,2,)) = fu(z1,...,2,) Vn, for any permutation IT),
and having the boundedness property

[fn(@r,- o zn)l < AT] (2hs(ps) (4.14)
j=1

on Iy, for some 4, z, 3 > 0. We can put f, = 0 for n > [3|A|/4ma®]. If P denotes
a measure on I' with density f € £ with respect to Lebesgue measure, then the

time—evolved measure at time ¢ has a density f(¢) € £ given by
fal@r, . amt) = fuT7 (21, .. 20)), neEN (4.15)

almost everywhere in I',.
Given f € L, we define the correlation function vector p:T' — R, p = {pn}5%,
by

[e.o]

1
pn(T1, .. xn,t) = Z — drpt1 ... depsk fovk(x1, .o Tpak, t) , (4.16)
= B rian )

where equality is in the space £,. Again we have that p € £ and furthermore, the
map defined by (4.16) has the inverse

fa(@i, . an,t) =) ( k,) / dTpi1 .. dTpskPpk(T1, - - o Tk, 1)(4.17)
k=0 : Ti(1,052n)

The following extension will be an immediate consequence of the analysis devel-

oped in the next section.
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Corollary 4.2.1 Let P be an initial measure on I' with density f € L. Then for

any t > 0, the time—evolved correlation functions are given by

pn(z,,t) = Z V(D) , neN,
DeA(z,,;[0,t))

almost everywhere in I'y. For any chosen version of f(t), pn(t) satisfying (4.15)
and (4.16) over the whole sets fn, the expansion holds for all z,, € [y and t > 0.

(Here T, is defined as in (2.14) with & > 1.)

Each term in the sum in Equation (4.16) may be dealed with the procedure
explained in Chapter 5. This leads directly to a tree expansion of the type in the
right hand side of (4.1), in which the value of the tree, say V (D), is computed in a
slightly different way in terms of the density function f. To evaluate f/(f), follow
the rules introduced in Section 3.3, substituting formula (3.8) with

1

(k —m)! /rkmm(o),--- Znim (D))
Stk (1‘1 (D)a T 7$n+m(D)7 LTp+m+1," " aﬂjn—l—k) . (418)

ATpymy1 - dwn—&—k

Performing the sum over k, that is >°¢%,,, and using (4.16), we obtain the corollary.



Chapter 5

Proof of Theorem 4.0.1

In this chapter we prove our main result. We shall proceed by induction on n:
supposing the statement of the theorem true for the function p,y1, we derive
the expansion for the p, by integrating a single degree of freedom. The rigorous
integration procedure is rather technical but, in spite of lengthiness of formulas (for
which sometimes we refer to the appendices), the integration of a degree of freedom
in a single term (tree) of the expansion admits a quite simple graphical representation
in terms of “extraction” of subtrees and “reattachment” of extracted subtrees. These
operations over trees are introduced in Section 5.1, while the graphical integration
rules are summarized in Proposition 5.2.1 in Section 5.2. Along the proof of the
proposition, in the same section, we present the analytical operations depicted
by the operations over trees: they consist essentially in appropriate partitioning
of the integration domain and representation of its subsets. However, this is not
sufficient: to prove the proposition it is also essential to notice that a certain class of
collision histories gives a net null contribution to the integral, because of one by one
cancellations. This will be done in Lemma 5.2.1. Finally, in Section 5.3 we conclude
the proof of the theorem, by discussing the summation of all the graphical terms

obtained through the integration procedure.

5.1 Tools: manipulation of trees

The integration of degrees of freedom will be described by a manipulation of the
trees involving “pruning”, “extraction” and “growth” operations, for which we
will need some more notations. As in the previous sections, we will indicate with

m = m(D) = m(d) (or m(D)) the number of nodes of the tree D = (,,,9) (collision

history D), and with jr = jx(D) = jx(d) (jx(D)) the variable defined in (3.2).

Moreover, we will call A,, ,,, the set of trees in A(z,,;[0,¢]) with m nodes and not

37
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specified time and initial configuration (no labels attached to the root); clearly an
element G € A, is identified with a set of variables (n,m, j1,- -+ ,jm), see (3.3).

For the trivial tree, that is the only one belonging to Zl,O, we will use the symbol 7.

Given D € A(z,;[0,t]), order its nodes from left to right with the index k as
in Chapter 3. We name Dy, € ZLm’ the subtree generated in the node number k,
and we call D, € A(z,,;[0,1]) the tree obtained from D by pruning Dy (it will be

m' <m(D) —1).

Now we extend these definitions to the case k = 0. We call fo;j,j =1,---,n the
tree in Ay, obtained from D € A(z,;[0,t]) by pruning all the subtrees Dj, such
that the node k lies in the root line and has a label jj, # j (it will be m’ < m(D)).
Similarly, we call D y.;,j = 1,--- ,n the tree in A(x1, - Tj1, i1, Tn; [0,1])
obtained from D € A(z,;[0,t]) by pruning all the subtrees D, such that the node
k lies in the root line and has a label jz = j. Notice that in the case there
is no node label with value j, it is m’ = 0, fo;j = T, and f/o;j is the tree
in A(x1,-++ ,%j—1,Tj+1," ,Zn; [0,¢]) which is identical to D except for the label

attached to the root, i.e. 5/0;j = (21, ,Tj_1,Tj41," " ,Tp,0) if D = (x,,0).

We can also visualize the trees Dy ; in the following manner. Imagine that the
root line of D € A(z,,;[0,t]) is composed by n coincident identical lines, numbered
from 1 to n and associated to the particles of the initial configuration x,,. The j—th
of these line, j = 1,--- ,n, is thought as attached only to the subtrees generated
in the nodes of the root line carrying a node label with value j. Then we can say
that the subtree Dy j, is obtained by extraction of the j—th line, together with the
subtrees attached to it, from the tree D (and by deleting decorations). The j—th
line will become the root line of the extracted tree. What is left of the original D
after the extraction of Dy,; and after deleting the root label z; as well as the node

labels with value j, is exactly the tree D /0:5-

Jy%i, Xog nj P

Figure 5.1. Notations for subtrees, pruned trees and extracted subtrees.
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Finally, for n < N, we define the composition of trees

OE;i’E:(ij)"'7kq)€Zq+1,1§k0<kl<...<kq’

Okg v Jegsi * A@n3 [0,8]) X A1g = Alzy; [0,2]) (5.1)
Dop; G=H  suchthat Hy, =G, H, =D,

the nodes of Hy, have ordering

numbers ki, -, k, in H, and

the label jy, of H is equal to i ,

for ky <m(D)+qg+1land 1 <i<n+ky—1,

and () otherwise. This means simply that oy; grows the tree D by attaching to it
the tree G in such a way that:

1. the root of G is attached to the root line of D when i € (1,--- ,n), and to the

r—th line when i = n+r,1 <r < m(D);
2. a node with ordering number kg is created in the previous operation;

3. the ordering numbers of the nodes of G in the resulting tree are given by (from
left to right) ki1, , kq,q = m(G).

o
n
- -
noom
~ 2
o
hes
n =
o

|
-
| %
-

- OS, 4; n+1 44 =

X0, X
i 03, 5;n+2 44 =

X0 ] Xno ]

1 1

Figure 5.2. Examples of composition of trees: in 5%3 the indices kg, ¢ indicate to which
line of D (and between which nodes) has to be attached the root of G, and the ky, - - - kg

indicate how to order the ¢ nodes of the subtree G in the resulting tree.
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5.2 Integrating a degree of freedom

Formula (4.1) is trivial for n > N, while for n = N it gives, graphically,

pn(an )= gy —— = pn(TH) (zy)) (5.2)

a.e. in 'y, which is implied by (2.20) and (2.19).

We shall proceed by induction on n to prove the theorem: from (2.20) follows

1
Pn(imt) = / ( )d$n+1,0n+1(£m$n+1,t) s 1<n<N, (53)
1z,

N—-—nJr

so that assuming (4.1) valid for p,,4+1 we can write

1 _
n(z, 1) = dy, D 4
=gy [ dma ¥ V) (54)

'DEA(QyH_ﬁ[Ovt])

a.e. in Iy, or exactly in ', if we are assuming (2.19) and (2.20) to hold over it:
this will be understood in what follows from now on. Then we need to explain what
is the result when we integrate the single degree of freedom in a tree of the set

A(Z,41;[0,1]), i.e. we have to compute

I(D) =1(D)(zy,t) = /rl(mn> dni1V (2p41,0) s, D= (2n11,0) € Alapyr;[0,1])
(5.5)

for a set of z,, of full measure in I';,. Notice that the integral in the above formula is
well defined as a measurable function over I';,, see the final comments in Section 3.3.
The computation of (5.5) will be the main part of the proof, and the rest of

this section. After that, we must just sum the result over all the trees of the family
Z(&n—{-l; [07 t])

5.2.1 Integration of a degree of freedom in a single tree

Given D € A(z,,41;[0,t]), and selected a particle j € (1,--- ,n + 1+ m(D)), call
qgj)v Qg)a T (56)

the ordering number of the nodes, in D, that belong also to the subtree with root
line given by the line associated to particle j: Dy, in the case j € (1,--- ,n+ 1), or
Dy inthecase j=n+1+k, k> 0.

Write g(j) = (q%j), qéj), --+). Define a variable [* = [*(D) by

I =

Q§n+l) if m(ﬁﬂ;n—kl) >1
m(D) +1 if m(Dopt1) =0
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To avoid confusion, indicate with the symbol a;; the Kronecker delta. Finally,

abbreviate QS:LH) = (QYLH) + 1, qénH) +1,.- ’qir?(%l(i +1) +1).

The bulk of the theorem is contained in the following assertion.

Proposition 5.2.1 For any D € A(z,,,1;[0,t]),1 <n < N —1,¢t > 0 and almost

all z,, € 'y, the integral 1(D)(z,,,t) is given by the following sum of values of trees
of A(zy; [0,1]):

I(D) = a,,5,,.,1y0 (N =1 =mD) V(D ui1)
I* n+k—1 . o
1D DI DIA (TR T (5.8)
k>1 i>1 S

Using the terminology introduced in Section 5.1, we can give the following
graphical picture of Proposition 5.2.1. The nodes divide each line of a tree in segments

that we shall call branch intervals. To compute I(D),D = (2,,41,0) € A(z,11;[0,]):
1. extract from D the subtree Dy, +1; what is left is 5/0;n+1-

2. Reattach Dy, 41 through its root to any branch interval of f/omﬂ, with
the following care. The resulting tree will have the old m(D) nodes of the
starting tree D, plus one new node to which the root of Do.y,11 is attached:
the reattachment must be done in such a way that the reciprocal order of the

old nodes in the resulting tree is the same as it was in the original tree D.

3. If the new node lies on the root line, append to it a node label with value in
the set (1,--- ,n).

4. Sum all the possible resulting trees found in points 2,3.

5. If m(Do.p+1) = 0, add to the result of point 4 the tree obtained by discarding
Doj1 =T, ie. Djgpi1 = (2,,,0), multiplied by a factor (N —n — m(D)).

Several examples are provided by Figure 5.3.

5.2.2 Proof of Proposition 5.2.1: first step

In this section and in the following we give an outline of the proof of Proposition
5.2.1: we refer to the appendices for the details.

We shall begin with a couple of general definitions that will be useful along the
proof. Let D € A(z,;[0,t]),D = (z,,0), with ¢ as in (3.3). Let k € (1,--- ,m(D)),
and denote D/, the collection of variables D deprived of variable wy. Similarly,

(€p) /() ((Np)k(s)) will indicate the state (number) of particles of the evolution
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Figure 5.3. Integration of degrees of freedom: from Liouville equation to BBGKY hierarchy.
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associated to D at time s, forgetting (when it is present) particle n + k. We define

two subsets of the unit sphere surface by

Qﬁk)i(p/wk) = {ﬁ)k such that D € A(z,;[0,t]) and (5.9)
1 IR
((SD)/k(tk +5), T4 (g, (t; D) + awﬁpk» € Tnp) p(tits)+1
Vs € (O,Ti)} ,
where 7 =t —t; and 7 = t — tq(nJ,»k) (the condition of existence of the free
1

dynamics is understood in the definition). That is, W € Qg:)i(l) i,,) ensures that

particle n 4+ k moves freely with no collisions with the other particles of £p for all
times (up to t) in the future (4 case) or up to the time, in the past, in which a new
particle is created through a collision with n + k (— case).

For future convenience, given (z,,6) € A(z,;[0,t]), we introduce the set of
collision histories for fized tree d, As(z,;[0,t]), which is in one by one correspondence
with the set of times, momenta and unit vectors with the constraints explained in

the definition of collision history. We use the notation

A

0= (t1y s tm,Ply-sPmy Wiy -y W) (5.10)

Ax(z,:[0,t]) 3 D = (z,,0, %), and we define a measure dé on Az(z,;[0,t]) as the
Lebesgue measure with respect to the variables t1,..., ¢, P1,- -, Dm, Wi, - - -, Win-

The value of the tree can be written
V(D) = / dbR(z,,3,5) . (5.11)
(z,5[0,t])

The proof consists of two steps. In the first one, by using a careful subdivision
of the integration region as well as appropriate changes of variables, we derive a
formula which is the same as (5.8) except for the fact that the integrals over collision
histories in the right hand side (hidden in the definition of V') are restricted to certain

subsets. Namely, in the assumptions of the Proposition and using the notations
D= ($n+175) )
f/O;n-i-l ©L q(n+1).i f0;71-1—1 = (grmik,i) ) (512)
77+ 9

we can prove

I(D) = a,5,,,1y0 (N =1 =m(D)) V(Djgs1)
I* n+k—1

k>1 i>1
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for almost all z,, € I'y,, where
ALY (@,:0,8]) == ALY (@, 10,8) UALY) _(a,5[0,1) (disjoint union)
A (@i 10,1]) = {Ans € As, (4]0, 1)), with

A~ A

Vki = (th"‘ 3 D1 P, WL 7wm(7k,¢))
such that 0y € Q§-:)ﬁk‘i)i((£nﬁk7i,’Vk,i)/wk)} : (5.14)

In what follows we shall explain briefly and without formulas how this equation
is derived, restricting for simplicity to the case m(Do.n+1) = 0; the rigorous proof
is in Appendix B. In I(D) we integrate over x,;1 an expression which is given by
an integral over the collision histories D that are compatible with the tree D, of
a function R which depends only on the evolution &p — see (5.5), (5.11). After
interchanging these integrations, we can parametrize z,11, that is the state of
particle n + 1 of the evolution at time ¢, with the state of the same particle outgoing
its last (in [0,¢]) collision in Ep, when this collision exists. Such a state is described
by the time of the last collision t*, the index ¢ indicating which particle undergoes
the collision with the n + 1—th, the unit vector @* := a~(g,+1(t*; D) — ¢;(t*; D)),
and the momentum p* of particle n + 1 outgoing the collision (which is equal to
Pn+1)- Then, for x,1 such that this collision exists, say with ¢, we change variable
Tpt1 — (5, p*,w*): the resulting integrals [ dt* [ dp* fﬂgf dw* correspond to a
new node that has to be added to D, while the Jacobian determinant produces the
associated weight factor. The net effect is the value of a tree produced via operations
1 and 2 of the list at page 41, when the integrations associated to the new node are
restricted to “outcoming collisions producing a particle that does not collide with
the particles of the evolution for all times in the future up to time ¢”.

We are left with the integral over x,41 such that the last collision does not exist.
There the integrand is composed by a weight function which is independent on x, 1
(since we are assuming also m(Do.n+1) = 0), and a time—zero correlation function
Pt 14m(D) which depends on z,41 only through its correspondent value at time
Z€ero Tﬁlt)_,'_(ﬂjn+1). Therefore, by changing variable z,41 — 2, | = Tg{r(aznﬂ) and
extending the integration over the whole one particle phase space compatible with
the state of the other particles of Ep(0), we eliminate completely the particle n + 1
and recover a correlation function p, +m(D)’ multiplied by a factor N —n — m(D)
(see definition (2.20)). This correspond to operation 5 of the list at page 41, and
produces the term in the first line of (5.13).

The error term in the preceding extension of the integration region will contain an

integral over the states a7, ; of the particle n+ 1 at time zero such that “there exists
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a first collision (in [0, t]) with at least one of the particles of the evolutions associated
to Dg.pt17. This integral function is in turn integrated over all such evolutions, that
is over all the collision histories D’ that are compatible with the tree 50;71“. Calling
t*, p*, w* the time, momentum and unit vector variables describing, in the usual way,
the state of the free evolution of x| ingoing its first collision with the particles of
Ep/, we can proceed as before by making the change of variables x| — (t*, p*, 0*).
Again we have resulting integrals [ dt* [ dp* fQ@ dw* corresponding to a new node
to be added to D41, and a Jacobian determir;mt producing the associated weight
factor. The net effect is the value of a tree produced via operations 1 and 2 of the
list at page 41, when the integrations associated to the new node are restricted to
“incoming collisions producing a particle that does not collide with the particles of
the evolution for all times in the past from t* up to 0”. This term, together with
the one obtained in the above paragraph, gives, once summed over all the possible
choices of particle i, the term in the second line of (5.13).

The case m(Do.nt1) # 0 is treated in the same way, with the only important
@)’ See

Appendix B.2. Here we only mention that, in particular, the “last collision” has to

difference that the role played by time 0 is now played by ¢,. D) = tq(n+1)
1

be understood in the time interval [t;«, ], and in the terms with “no last collision”
we perform a change of variable z,, 41 — 2], = Tﬁlt)ﬂl* (Zn41). After this change
of variables, the extension of the integration region to the whole one particle phase
space compatible with the state of the other particles of Ep () gives a term that
is shown to be identically null, using cancellations between outcoming—incoming
collisions occurring at time ¢;+. This explains the Kronecker delta in the first line of
(5.13).

5.2.3 Second step: cancellations between collision histories

Let us come now to the second step of the proof of Proposition 5.2.1: we will show
that we can extend to Ay, ,(z,;[0,?]) the integral in the right hand side of (5.13),
since the total contribution of the missing set is equal to zero. This is achieved by

the following

Lemma 5.2.1 In the assumptions of Proposition 5.2.1 and with the notations of

(5.12), (5.14), it is
I* n+k—1
5 /. i B2 T iy i) = O (5.15)

i1 51 785, @Al ) (@ai0)

for almost all x,, € T'y,.
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Formula (5.15), together with (5.13) and (5.11), complete the proof of Proposition
5.2.1.

We give the proof of the lemma in Appendix C and outline it briefly in the
following. Consider the set of all the possible trees of the form Gi; = (z,,,75;) =
ﬁ/O;nH okg(fﬂ);i Do;n+1, obtained from a given D through the operations 1 — 4
in the list at page 41 (k is the node of Gj; that is created in such operations,
and jj(Gk,i) = i). In the left hand side of (5.15) we sum and integrate over the
corresponding set of collision histories Gy, ; such that the associated evolutions satisfy

one of the two following special recollision properties:

A. the particle generated in the node number k is in outgoing collision at time
ti with particle ¢ and, if we let this particle evolve forward in time together
with the particles of the evolution &g, ,(s),s > ti, it undergoes a new collision

within time t;

B. the particle generated in the node number k is in incoming collision at time #,
with particle 7 and, in the backwards evolution &, .(s),s <t (of which the
particle takes part), it undergoes a new collision within the time of the first
node that is found climbing the line generated in node k, or within time 0 if

there is no such a node.

We shall refer to the “new collision” as the “recollision” with the other particles of
the evolution.

The lemma follows from the observation that for any evolution (i.e. collision
history) of type A there is an evolution (collision history) of type B (and viceversa,
so that a one by one correspondence is established), giving opposite contribution
to the left hand side of (5.15). To find it, add to the evolution &g, , of type A the
free flow of particle n + k from the time ¢; up to the time of the recollision (or, if
you start from an evolution of type B, erase it from the time of the recollision up
to the time t;). Clearly the new evolution (and associated collision history) that
is obtained in this way, say Sgk,,i,, is of type B (or A), with k and i substituted
by some different values ¥ < k(> k),1 < <n+ k'’ — 1. The two evolutions will
correspond, in general, to different trees. Moreover, the value of function R(Gy ;) is
obtained from R(Gy ;) by substitution of the weight factor of node k of G, ; with the
weight factor of node k" of Gy ;. But this is, up to a minus sign, the transformation
in the integrand function induced by the change of variables (tg, W) — (g, Wyr),
where wy, wy are the unit vectors labelling the nodes k and k" in the two collision
histories. Hence the lemma is proved performing this change of variables in the

restriction of the integral to the collision histories of type A (or B).
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5.3 Sum over trees

Using Proposition 5.2.1, Equation (5.4) becomes

1 _ _
plent)=5—| X (N-n-—mD)V(Don)
5€Z(§n+13[07t})

m(Do;n+1)=0
I* nt+k—1

+ > YoV (D/o;n+1 O g DO;nH) } (5.16)
DeA(z, ,:[0.4]) k21 21 B
for 1 <n < N, ae. in I',.

The content of the square brackets is graphically represented by a sum of trees
of A(z,,;[0,t]) with certain multiplicity factors. Hence, to deduce the assertion of
Theorem 4.0.1, we are left with the problem of showing that in this sum we have
exactly N — n copies of each tree of A(z,,;[0,t]) — see Figure 5.3 for some example.
This follows easily from analysis of the extraction&growth operations described by
Proposition 5.2.1, as explained in what follows.

Fix G € A(z,;[0,]), with number of nodes 0 < m(G) < N —n. If m(G) < N —n,
consider the tree D = D (Tnt1) € A(z,41;[0,¢]) which is obtained simply
adding a coordinate x,11 € I'1(z,) (and such that z,,, € I'; ;) to the root of
G. Tt is m(@é?%ﬂ) = 0, and we see that fl‘1(zn) dxn+1§(0) (zn+1) produces all the
N —n —m(G) copies of G that can be obtained through operation 5 in the list at
page 41.

Now we want to find all the trees in A(z,;[0,¢]) that produce one or more
copies of G via operations 1 — 4 of the list. Suppose that node number k of G is
created in point 2. Then it is clear that we have one and only one tree producing G:

this tree can be reconstructed with the following operations:

1. prune the subtree Gy and delete the node together with the label (if any)
attached to it;

2’ reattach the same subtree to a/k in such a way that the root line of G is
superposed to the root line of G/k, and the reciprocal order of the nodes in

the resulting tree is the same as it was in [

3’ add a coordinate x,1 € I'1(z,,) to the root, as well as a label n + 1 to the new

nodes crossed by the root line.

We shall call D) =D (xn+1) the result of these operations. By construction, we
have D™ ¢ A(z,,41;[0,t]) (for 2,41 € TS, 1), and Jr@) dﬂjn+1f(k)(xn+1) produces

a copy of G when node number k is created in operation 2 of the list at page 41.



48 5. Proof of Theorem 4.0.1

The operations 1’ — 3’ can be repeated for any node of G, giving m(G) trees
(some of which are possibly equivalent) in A(z,;[0,¢]). In particular, we have
exactly m(G) different ways to produce G through operations 1 — 3, hence operation
4 gives m(G) copies of G. These copies, together with the previous N —n — m(G)
copies obtained by operation 5, give the total number of N —n copies of G appearing

in the square brackets in (5.16), thus concluding the proof of the Theorem. O



Chapter 6

Comments, comparisons and

perspectives

Let us summarize what we have done in the previous chapters. We discussed a
derivation of the series expansion used by Lanford [27] to perform the Boltzmann—
Grad limit, expressing the time—evolved n—points correlation function in terms of
the higher order correlation functions at time zero for a system of N hard spheres
in a finite volume. We established a new method of construction of the series
based on step by step direct integration of degrees of freedom from the solution of
Liouville equation, rather than iteration of the BBGKY equations. Each term of
the expansion was written in the form of integral over some fictitious evolutions
of particles called “collision histories”, for which we could introduce a convenient
graphical representation. We showed that these graphs can be used to control the
integration procedure leading from the expansion for p,4+1 to the expansion for
prn. Mutual cancellations between collision histories showing special “recollision
properties” were exhibited as an important part of the proof. The method provides
a construction of the series expansion in a fixed full measure subset of the phase
space, under the only hypothesis of some integrable bound for the density of the
initial measure, and symmetry in the particle labels. This strengthens the results
previously obtained in literature. We stated also an extension of the main theorem

to initial measures with non definite number of particles.

Without assuming continuity along trajectories of the initial measure, we could
resum the final expansion and recover the usual BBGKY hierarchy of integro—
differential equations for hard spheres, as originally deduced by Cercignani in [6]
(and rigorously obtained in [23] by using the continuity assumptions). In fact, the

final expansion can be also seen as the series solution of the Cauchy problem for
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the BBGKY hierarchy: actually this is the way it was presented in [27] where,
nevertheless, a rigourous discussion was still missing. In the hard sphere systems,
the rigorous analysis of the dynamics and derivation of the BBGKY equations is
more complicated than for smooth potentials (which was well known at the time
of [27]), because of the singular character of the interaction. Such an analysis was
realized, for the Hamiltonian dynamics, in [3] and [32], while the rigorous derivation
of the hierarchy was first made by Spohn in [45]. In what follows we make some
comparison with that note.

The starting point in [45] is an equation (Proposition 1, formula (20)) expressing
the variation py(z1, -, Zn,t) — pn(Tg) (x1,-++ ,2p)) as a sum over the number of
collisions in [0,t] between the cluster of particles (1,---,n) and the others (n +
1,---,N), of the corresponding gain and loss terms expressed through the initial
probability measure P. This equation can be considered already as a rough form of
the BBGKY hierarchy: the goal is to show that the sum of all the gain and loss terms
is absolutely continuous with respect to the Lebesgue measure and has a density
given by the collision operator of the hierarchy applied to p,41, i.e. to compute the
derivative of those terms with respect to the time. To do this, some probability
estimate on the number of collisions is needed, together with the continuity along
trajectories of the initial measure. After that, the expansion of Lanford is derived,
as usual, via iteration of the hierarchy. Finally, it is rephrased as an integral over
collision histories and then extended to non continuous measures of grand canonical
type by a density argument.

Coming back to the starting point, formula (20), we see that it does not keep
track of what the external particles colliding with (1,---,n) do during [0, ], and
that a control on the number of collisions in the time interval is required. As we
saw, in the notion of collision history every time, going backwards, an external
particle collides with (1,---,n), we add it to the cluster (1,--- ,n) and keep looking
at it. We saw also that, using this notion, we can directly express the variation
pn(x1, -+ T, t) — pn(Tg) (x1,---,7p)) as a sum over the number of new particles
that can appear in the history, rather than over the number of collisions. In this
way, provided we introduce the notion of collision history from the beginning, we
can construct directly the final expansion (without the need of strong estimates nor
continuity assumptions). Notice also that this construction is carried on through
nothing but the same kind of steps leading to Eq. (20) of [45]: a decomposition of
the phase space, a flow of the coordinates (change of variables) from time ¢ to the
time of the last collision or to time zero, cancellations between sets.

There are various other rigorous discussions on the hierarchy and the series
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expansion for hard spheres. A derivation of the BBGKY hierarchy in the form of
integro—differential equations is given in [23]. There the authors show that, using
the special flow representation introduced in [32], a weak version of the hierarchy
(integrated against test functions in a suitable space) can be derived. The final result
follows then from uniqueness of the solution of the weak equations in the case of
initial measure continuous along trajectories. Another discussion that has to be
mentioned is in the work by K. Uchiyama [47], where the same results of [45] are
proved in a similar way, with the continuity along trajectories of the initial data
substituted by the continuity over almost every point of the phase space (at the end
removed again by density). Finally, other rigorous analysis on the Cauchy problem
for the BBGKY hierarchy can be found in the works of D. Ya. Petrina and V. I.
Gerasimenko, see [19], [36] or the book [37].

We hope that the methods presented in the previous chapters can be used to
deal with different situations. For instance, we believe that the whole analysis can
be applied to discrete initial measures. Another direction of research would be the
derivation of the smooth potentials case: following the ideas of [24] the procedure
valid for the hard sphere case can be probably extended. Finally, it would be
interesting to apply our methods to the construction of the series expansions in cases
with boundary conditions different from those used here, and suitable for modeling

of open systems.






Chapter 7

Constructive integration of the
BBGKY

In this chapter we deal with the problem of establishing a constructive iterative
integration method for the infinite BBGKY hierarchy, in the equilibrium setting and
for smooth interactions. In Section 7.1 we setup the problem and give the definitions
needed. In Section 7.2 we present a new method of integration directly leading to the
Kirkwood—Salsburg equations. In Section 7.3 we discuss an alternative procedure

inspired by paper [17], and make comparisons with it.

7.1 The infinite system of particles

We will concern with an infinite classical system of particles interacting through a
smooth positive pair potential with finite range. We will introduce a class of measures
over the phase space of the system, with properties that assure the existence of
smooth correlations, and the infinite hierarchy of equations satisfied by them. We
list below the definitions required.

1) The phase space H is given by the infinite countable sets X = {z;}3°, =
{(gi,pi)}520, i € RV x RY,v =1, 2,3, which are locally finite: A N (U$2,¢;) is finite
for any bounded region A C R".

2) The Hamiltonian of the system is defined by the formal function on H

o 92 0,00
P
HX) =3 5 +> ¢la-q), (7.1)
i=1 1<j

where ¢ : R” — RY is assumed to be a C'! positive function with compact support,

depending only on |g|.
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3) A state is a probability measure p on the Borel sets of H (see [41], [40]).
Following [40], we may define it as a collection {up} of probability measures on
Hp = B2 (A x R¥)", A C R” bounded open, satisfying the following properties:
a.  the restriction of up on the space (A x R¥)" is absolutely continuous with

respect to Lebesgue measure, with a density of the form %,ug\")(xl, cee Ty,

symmetric for exchange of particles;
b.  py(RY x RY) =

c. if AC A, then

) (.. °°1/ deor oo day o P (g .
M (ml’ y L z_: p (A\A)XR¥)P Tn+1 Lnt+plpr (xla ’xn+P) 5
(7.2)

d. us\n) < CRTI 1 na(|pi]) for some constant Cy and na(|p]) € L'(RY), so that

the expression in the right hand side of the following equation is well defined:

o

n+p) (

pn(xla T axn) = Z a /AXR”)?’ dxpyq - d$n+p/ﬁg Ty, 7$n+p) )

(7.3)

where we assume ¢, -+, g, € A;

e. there exist &€ > 0,7(|p|) € LY(RY), [p|n(|p|) € L (RY), such that

n

D1, mn) <E [ nllpil) - (7.4)
i=1
Equation (7.3) defines the correlation functions of the state.
The state is said to be smooth if its correlation functions are C! functions on
(R” x R¥)™ with derivative bounded by \ap”] < CR€™ IT5=1 n(|pjl), for some Cy, > 0.

It is said to be invariant if

(n) (n) (

Hp (:Ela”' 7$n) = :U’A_|_a g1 +a,p1,- - 7Q7L+a7pn) (75)

for all € R and A.

Remarks. (i) Condition b., together with the compatibility condition c., imply
the normalization of the measures py, i.e.
> / day -~ danpil (o1, - an) = 1. (7.6)
n>0 'V (AXRY)™

(ii) Condition e. guarantees convergence of the inverse formula

M&n)(‘rl"” [ Ty) = Z (—

p=0 P

/(AXRV)p da:nﬂ . dxn+pﬁn+p(q;1, e wrn—i—p) : (77)
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hence the definition of correlation functions of the state is well posed. (iii) The defi-
nition (7.3) implies that an invariant state has also translation invariant correlation
functions.

Finally, a state is Mazwellian when there exist p, : R"® — R™ such that the

correlation functions have the form

7 — - 76_/823?/2 “ e
5, (z1, 7;cn)_i:1_[1<(2ﬂ_/ﬁ)y>pn(q1, Q) B>0. (7.8)

4) A smooth state is a stationary solution of the BBGKY hierarchy of equations
with Hamiltonian H if
n

Di - Vgpn(xi, -+, 2n) = Vg, W (a1, Gim1, Git1, -+ sqn) - VP (21, -+, 20)]

=1
:Z/ dédﬂvqﬁp(ql_g)szpn—i-l(wla ,xn,f,w) ) n=>1 ;
i—1 YRVXRY
(7.9)
for any (z1,--- ,,) € R?*", where
WQ(q17"' Vqn) = Z‘P(q_%’) . (7.10)
=1

Remarks. (i) The solutions to the Newton equations of the infinite system of
particles with Hamiltonian H can be constructed in any dimension for a large class
of potentials in a full set of initial data in H, with respect to a Gibbs measure; see
for instance [31] and [27]. The result has been also extended in several cases to
much larger classes of (nonequilibrium) measures, e.g. [25], [26] (for v = 1), [13] (for
v = 2) and [8] (for v = 3). (ii) In all these cases the time evolution of a state is
generally described, at least for smooth correlations, by the BBGKY hierarchy of
equations ([9]), that is Equation (7.9) for time dependent correlation functions and

with the additional term %ﬁn(:cl, -+, Tp,t) in the left hand side.

7.2 Integration of the equilibrium hierarchy

We want to solve Equation (7.9), after having assumed that the state is invariant
and Maxwellian with parameter 8 > 0, [33]. Thus the problem is equivalent to

consider the following infinite system:

lePn(Qla T 7qn) = 75[VQ1WQ1(Q27' T aQn)Pn(QM e ,qn) (711)

+/]RV dyv(hgp(ql - CU)Pn-H(Qh o 7Q7L7y):| ) n Z 1 )
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for p, € C'(R"") symmetric in the exchange of particle labels, translation invariant
and bounded as
pn <&, £E>0, (7.12)

with
Vg, pn] < CRE™, C,>0,i=1,---,n. (7.13)

The equations are then parametrized by the two positive constants p = p1(q1), and
B > 0. The Eq. (7.11) for n = 1 will be useless in our assumptions.

To achieve the integration we need to add some boundary condition. We choose
the cluster property defined as follows. Denote A, and B,, any two disjoint clusters
of n and m points respectively in R”, such that A, U B, = (q1, - , ¢n+m)- Indicate
dist(Ay, Bm) = inf{|¢; — q¢;|; ¢: € An,qj € By, }. Then there exists a constant C' > 0

and a monotonous decreasing function u vanishing at infinity such that
|ontm(Ans Bin) = pn(An) pim(Bm)| < C" M u(dist(An, Bin)) - (7.14)

This is known to be satisfied by every equilibrium state at least for sufficiently small
density (small p) or high temperature (small /3); [39].

Our main result is the following

Theorem 7.2.1 If a smooth Mazwellian invariant state is a stationary solution of
the BBGKY hierarchy with cluster boundary conditions, then there exists a constant

z such that the correlation functions of the state satisfy

Pulqry -+ 5 qn) = ze W (@2 ) [pn—l(qg, Q) (7.15)
0 _1)ym
+Z( ) dy - - dym,
m' Rmv
m=1
m
L (1= e 2O 9)) ol 3 Gs w1+ )] -
j=1

Conversely, a smooth Mazwellian state satisfying (7.15) is a stationary solution of

the BBGKY hierarchy.

The integral relations (7.15) are called the Kirkwood—Salsburg equations. The
series in the right hand side is absolutely convergent uniformly in ¢, - , g, since
© has compact support and p, < £". We shall point out that, for n = 1, the first
term in the right hand side has to be interpreted as z; the Equation is in this case
independent of ¢; by translation invariance: it provides a definition of z in terms
of integrals of all the correlation functions. Formula (7.15) is one of the several
characterizations of an equilibrium state, and z is identified with the activity of the
system, e.g. [30], [42], [12], [22].
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Proof of Theorem 7.2.1. We prove here the direct statement. The proof of the
converse statement is analogous to the one of point (74) in Proposition 8.0.1, which
will be discussed in Chapter 8.

In primis, we rewrite (7.11) as

eBqu (QQ,~.- ,Qn) (vqlpn((ha e ’qn) + Iﬁpn(ql7 e ’qn)ququ (q2’ N ’qn)>

= -8 /Ra dyV g (g1 — y)e™ a9 p gy, g, y) (7.16)

so that the left hand side is equal to Vg, (pn65W41) . For the sake of clearness,

hereafter we will put

Prlqr; a2, .- qn) = €W (@00 p (g gy s (7.17)
Kooqr (0, 9) := (1 — e Plav)y — (1 — = Pela=v)) _ (1 — ¢ Frlao—v)y

The p,, satisfy

VaPula1562, - - -5 Gn) (7.18)
- /R dy1Va, (1 - 6’6”(“91)) pr1(qus a2, - - qns 1) -

Fix gp € R” arbitrarily. We shall integrate the previous equation along a straight

line qoq; connecting qo to ¢1. Using the smoothness assumption and (7.17) we deduce

Pn(q1; G2 - -, qn) pn(qqu,---,qn) (7.19)
= —/ dQI/ dy1 qoq (T1,91) Pt 1 (T15 G2, - - - Gns Y1)

where | q‘f)l dqi and 6—@1 denote respectively integration and differentiation along the
straight line. Interchanging the integrations in the right hand side and integrating
by parts we find

q17q27"'7q’n> ﬁn(QmQQ?uQn) (720)
/dyl 1 —€ ~Belao— yl))P +1(QI,Q27---,mel>

+(lfe Bolar— yl))p +1(QO,Q2,---,Qn,y1)}

@ _ 8
+/ dy1 dq1 K goq, (q1,y1) == L (@ige ) -
R4 q0 8

All the above integrals are absolutely convergent thanks to (7.12), (7.13), smoothness
of the potential and compactness of its support.
In the last term of the above equation we may iterate the projection of (7.18)

along M , that can be written as

opn(q;qa, .. ., 0K goqr - A ~
Pnl@ qg_ n) = dy1 =2 (q1, Y1) P+ 1(G15 42, -+ Gns 1) - (T:21)
8q1 Rd 8
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The last term of (7.20) then becomes, proceeding as after (7.19),

q1
—/ dyl/ dys | dqiKgoq (q1,91) (7.22)
R R4 q0
0K,
%(qhyﬂpnw(m,%,'” s Gny Y1, Y2)
1
_ - _ —Beleo—v;)\ 5 .
5 /Rd dyl /Rd dy2|: 1_‘[ (1 e 7 )Pn+2(CI17(I27---aQnayl7yQ)
+ 11 ( e Pela- y]’) ﬁn+2(qO;q2,---,qn,yhyg)}
71=1,2

A

1 a1 _ _ 8,07’L+2 _
t35 /Rd dy1 /Rd dy2/ da [ KQOQI(ql?y])qu(Q1aq2?'"7qn7yl?y2)a

q0 j=1,2
having used also the symmetry for exchange of particles to perform the integration
by parts. We may iterate again (7.21) in the last term of this formula. After N — 1

iterations (N integrations by parts) we have

Pn(qi;q2, -, qn) — Pn(Q05 G2 - - - Gn) (7.23)

k
o dyk |: H (1 - e_ﬁso(qo_yj))p/\n+k(ql; q2, 5 qn, Y1, - 7yk>
k=1 ' Jj=1

k
H (1 - 6_/8‘19 “ yJ))ﬁan(QO%Q% oy dny YL, 7yk):|

N

1 @ _
v /dyl ' "dyN+1/ A1 [ Kgoar (@15 95)
N! o

j=1

0K,
%(QIayN—f—l)pn—&—N-&-l(QhQ%'" yqny Y1, 0 :yN-H) .

Call @ the maximum value of ¢. The assumptions on the interaction potential

and (7.12) allow to bound explicitly the last term with

1 N
Nl — ol <3 /RV dy (1 _ 65@(1/))) (724)
. (/ dy|V(1 — e—ﬂw(y))|> (65¢>n+zv €n+1+N |
Ru

Thus by taking N — oo, it follows that, for any arbitrary ¢y € R”, the correlation
functions satisfy the set of integral equations

[e.9]

e~ PWao (g2, 1qn) Z kl /dy1 - dyp, H (1 — e Bel90— yg)>

k=0 j=1

-eBWﬂ(yl’”"y’“)p +k(q1,qz,--~ L  Yk)

k 0 k;l /dy1 - dyx H ( —B@(th—yj))

’yk)Pn+k(QO7Q2a”' yAdn, Y1, 0 7yk) ) (725)

_ e—Bqu (qz,"' 7‘1n

B Wao (1
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where the series in both sides are absolutely convergent uniformly in qg, g1, - , ¢n-
Notice that the exponentials e#War (W1 4r) and efWao (W1:9k) disappear from the
formula as soon as |q; — qo| is greater than twice the range of the potential.

What is left in order to complete the proof is just taking the limit as |go| — oo
of (7.25). Here we need the invariance assumption and the cluster property (7.14)

which, together with finiteness of the range of the integrand, imply

© (1 k k
pu(qr, - qn) [1 +> ( k') /dyl ey [T (1 _ e*ﬁso(yj))pk(y17 . 7yk)}
k=1

J=1

o) -1 k
— pefﬂwln (Q27"' ,(In) Z ( k‘) /dyl P dyk
k=0 ’

. H (1 - e—ﬁso(q1—yj))pn71+k(q2, s Gny Y1yt 7yk) . (726)
J

k

=1
The factor in the square brackets on the left hand side is a strictly positive constant
depending on 5 and pg, k > 1; this follows by using that pi are correlation functions
of a probability measure, and it is checked for completeness in Appendix E. The

direct statement of the Theorem is thus proved by calling

2= P . (7.27)

—1\k
[1 + o, G Jdyy - dy T (1 - 6*5“"(%))/)16(3/1, e 7yk)}

O

Clearly, the direct statement has no meaning for all values of the parameters

p, B, since it could happen that, for given values of those parameters, there are
no solutions to the Kirkwood—Salsburg equations obeying the hypothesis of the
Theorem. In particular, we refer to translation invariance and cluster properties,
which are only proved to be valid inside the “gas phase region” (small p / small
B). We want to stress also that, outside that region, there could be multiple—valued
solutions to Eq. (7.15), including both gaseous and liquid states. Existence and
uniqueness are assured by the Theorem just for £ small, as explained by the next
corollary. In any case, we believe that it is interesting for the method to work for
any value of £, unlike the one presented in [17], and like that of [33]. Moreover,
the dependence on the free parameter g of formula (7.25) (which has been derived
without using the translation invariance or the cluster property) can be used to
take into account even different boundary conditions and/or symmetry assumptions;
for instance we will see in the next section the case of an equilibrium system in an

infinite container.
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Corollary 7.2.1 In the hypothesis of the Theorem, for £ sufficiently small the state
is uniquely determined by p, 8, and it coincides with the (unique) solution of (7.15).

Proof of Corollary 7.2.1. The result follows from the well known theory of
convergence of the Mayer expansion for z small [38], [34], after noting from Eq.
(7.27) that z = O(¢) for ¢ small. We sketch the proof for completeness.

By iteration of (7.15) we get the formal expansions

00
p=2z Z c1p?
p=0
0o
pn((J1,"' 7Qn) :chn,p(qla"' aQTL)zp 5 n>1 y (728)
p=0

where the coefficients are defined in terms of § and ¢ by the explicit recursive

relation
Cn0 = 5n,1 (729)
Cn,erl (ql’ P ,qn) — e*,@ Zj:g @(Q1qu) [5n>lcn71,p(q2’ P ,qn)
© (_1)k
+Y ( k') /dyl"'dyk
k=1 ’
k
: H (1 - e_/&p(ql_yj))cn—ﬁ—k—l,p(q% s dns Y, 7yl€)} ’ p=0.
j=1

In particular, it follows that

0,n o
Cn,nfl((,h, e 7Qn) =€ ﬁ2i<j #lai=ai)
and
Cn,P(Qh"’ 7Qn) =0 fOI'p <n-—1.
Calling
Iy = / (1—e ) da (7.30)
by induction on p and using the positivity of the potential one finds the following
estimate uniform in ¢q1,--- ,q, € RY :
enplar, v an)| < I; "V (Ige)? . (7.31)

Hence the expansions (7.28) are absolutely convergent uniformly in the coordinates,

as soon as

2] < (elg)~t. (7.32)
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The first equation (n = 1) is, in this case, the expansion of p in powers of z, an it is
of the form p = z + O(2?) : thus it can be inverted for z small, to determine z as a
function of p and p.

Therefore, to obtain the corollary it is sufficient to take
€< (2elp)7t. (7.33)

In fact, with this choice the denominator in (7.27) is bounded from below by
1 — Ig€e’® > 1/2, so that |z| < 2¢ and Eq. (7.32) is satisfied. O

7.2.1 Infinite containers

The proof of Theorem 7.2.1 can be easily adapted to cover the more general case
of a non invariant state for which translation invariance holds just as a “boundary
condition at infinity” in dimensions 2 and 3. We discuss this in the present section.
Here we will call ro the range of o, that is rqg = inf{r s.t. ¢(q) = 0 for |¢| > r}.
Consider an open unbounded set Ao, C R” with the following properties:

(a) A is polygonally connected;

(b) for any q € A, there exists a polygonal path I'(¢) connecting ¢ to oo such
that

dist(0Awo, {y € T'(q) s.t. |y| > n}) > 1o (7.34)

for sufficiently large n (here dist is the usual distance between sets in R”).
This includes all reasonable geometries suitable for the modeling of a very large
container of particles.

The associated phase space, denoted H,__, is defined as in point 1) of Section 7.1
with the ¢; restricted to As. All the other definitions of Section 7.1 are extended as
well to the system on A, just by restricting the coordinates ¢; € A. In particular, a
smooth Maxwellian state on H__ is a collection of probability measures on H, with
A C A, bounded open, satisfying properties a.—e. of Section 7.1, with correlation

functions of the form (7.8),

pu € C' (M) ) C () (7.35)

and satisfying also estimates (7.12) and (7.13) over Ax.
The stationary BBGKY hierarchy of equations for such a state reduces to

unon((ha ce 7Qn) =-p [vthWtIl (QQ, T 7Qn)pn(QIa ce 7%1) (7-36)
+[\ dquIQO(ql - y)anrl((ha T ,Qn,y)} ) n=>1 5

for g1, -+, qn € As, which we shall integrate with the boundary conditions:
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(i) pn satisfy the cluster property (7.14) on Ay;

(i) pn satisfy the following property which we call invariance at infinity: there
exists a sequence of translation invariant functions {f,}5°, f, : R — R, a
constant C' > 0, and two monotonous decreasing functions (-),e(-) vanishing

respectively at infinity and at rg, such that

lpn(qo0 + q1,q90 + a2, -+ 40 + an) — fula1, G2, qn)| (7.37)
< C™[a(|qo]) + & (dist(OAo, {g0 + q1. -+, @0 + qn}))]

for all go,q1,- - ,qn With qo +q1,- -+ ,q0 + qn € Ao-

In this section we will call p = f1(q1). The following extension of Theorem 7.2.1
holds:

Theorem 7.2.2 If a smooth Mazwellian state on Hp_ is a stationary solution
of the BBGKY hierarchy satisfying cluster boundary conditions and invariance at

infinity, then there exists a constant z such that

pu(qr, s an) = ze MW 200 (o (go, o qy) (7.38)
0 (_1ym
+ ( ? dyy -+ dym
m=1 m: A%
m
. H (1 - e—,&ﬂ(ch—yj)) pn71+m(q27 Gy Y1, 7ym)} .
j=1

Conversely, a smooth Mazwellian state on Ao satisfying (7.38) is a stationary

solution of the BBGKY hierarchy.

These are the Kirkwood—Salsburg equations in the infinite container. For n =1
the first term in the right hand side has to be interpreted as z. In this case the
equation is not independent on ¢; : a definition of z in terms of explicitely constant
functions follows using (7.37), by sending ¢; to infinity, keeping it well inside Ao
(that is at least at a distance 7y from the boundary dA,), which is certainly possible
in our assumption (b) on the geometry of the container (see Eq. (7.40) below).

Proof of Theorem 7.2.2. All that is said in the proof of Theorem 7.2.1 up
to the formula (7.25) can be repeated here by restricting the coordinates to Ao,
substituting the integration region R” with A, and the straight line qfq_{ with a
polygonal path entirely contained in A,, connecting gy to q;. We obtain that Eq.
(7.25) is valid with gy € Ao and the integrals restricted to A¥ . Take the limit of

this expression as |gy| — oo with gy moving along a path I'(q;) defined as in point
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(b) above: properties (i) and () and the finiteness of the range of ¢ imply

0o 1 k k
polar, - an) [1+ Y ( k,) /uw dys - dyg T (1= e7720)) fuln, - )|
k=1 ’

j=1
—BWey (a2, 4Gn) o~ (=D
= pe a1 3 dn ZT/Ak dyldyk‘
k=0 oo
k
: H (1 - 6_B<p(q1_yj))pn—1+k(q27 5 dqn, Y1, ayk) . (739)
j=1

The factor in the square brackets on the left hand side is a strictly positive constant
depending on § and f,k > 1 (apply the discussion in Appendix E). The direct

statement of the Theorem is thus proved by calling

2= P . (7.40)

—1)k
1+ 50000 G o dyn - dye T (1= €500 fi(yr, - )]

O

The proof of Corollary 7.2.1 can be also adapted to the present case in an obvious

way. Relations (7.28)—(7.29) with p,c1, replaced by pi1(q1),c1p(q1) and all the

involved coordinates restricted to Ao, show that if £ is taken as in (7.33), Equations

(7.38) have a unique solution determined by p = f; and 3, and compatible with the

assumptions of Theorem 7.2.2. In particular, this solution is actually translation

invariant in the region {q1, -, ¢n € Ao, dist(0A, ¢;i) > 70}, as follows by induction

on p from Eq. (7.28). The activity z is given in this case by the inversion of the
power series

o0
p==z Z lim  cip(q) | 27, (7.41)

— lg|—o0
p=0 dist(0Aco,q)>70

where the coefficients of the expansion are independent on the way the limit is taken.

Corollary 7.2.2 In the hypothesis of Theorem 7.2.2, for & sufficiently small the
state is uniquely determined by p, B, and it coincides with the (unique) solution of
(7.15). a

7.3 The method of [17]

In this chapter we discuss the method established in [17] for the integration of the
hierarchy (7.11). We point out an error in the formula for the activity. We modify
the proof in order to obtain a correct expression, leaving essentially unchanged the

procedure.
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We will need somewhat stronger assumptions than those of Theorem 7.2.1,
namely the smooth state is Maxwellian with positional correlation functions p,

satisfying:

a) pn(qi, - ,qn) <&, with £ small enough;
b) pn are translation and rotation invariant;
¢) pn satisfy an exponential strong cluster property, i.e.

05 (g1, qn)| < (CETeMumaml Ol 0,  (7.42)
where the truncated correlation functions pl can be defined by

p3 (q1,42) = pa(q1,2) — p(q1)p(a2)
% (a1, a2, 43) = p3(ar, a2, 43) — p2(q1,42)p(a3) — plq1)p2(ae, g3) + p(a1)p(g2)p(gs) |

etcetera ([11] and [17], page 279).
Let us start by integrating Eq. (7.11) along a straight line connecting gy (arbi-

trary) to ¢; : using the same notations introduced for (7.19), we have

Pn((h; - 7Qn) — B_B(qu ((I2:"' 7Qn)_Wq0(Q27"' 7Qn))pn(q07 g2, - 7Qn)

n / "ag [ ay 250D =) (Wi (a2 0)- Wiy (02, 00)
0 R¥ oq

',0n+1(le7 42, ,qn, yl) . (743)

which is nothing but a rewriting of Eq. (7.19). In the assumption b), the case n =1
is a trivial identity, hence we shall assume n > 2 in the following. The strategy now
consists in taking the limit as qo — oo right away, before iteration of formulas. This
is also the essential difference with respect to the method discussed in the previous
section, where such a limit is taken at the very end of the proof, after infinitely many

iterations. From (7.43) we get

pu(qr, - qn) = pe PWalazan)p 1(q2,--- \ n) (7.44)
te Bqu(qz,~~7qn)/ day / dy 5%05(]1 Z/l))qul(q%.."qn)
q1

'Pn+1(Q1, q2,: " ,qn, yl) )

where the double integral in the second term on the right hand side is not absolutely

convergent, but it is well defined since it is equal to

e*ﬁqu(QZ:'“:qn/ dql/ dy ’6(’06(;11_3/1)) (7.45)

Pn+1(q1, G2, ans Y1) — p2(qi, Y1) pn—1(g2, - - - ,Qn)) ;

. (eﬁW‘h (l]Q,“' 7(]71,)
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the added term being null by the assumed rotation symmetry of the potential and
of pa. The exponential clustering (7.42) ensures that the double integral (7.45) is

absolutely convergent, hence we can interchange the integrations to find

pa(ar, -+ an) = (p—y)e PWalazan)p gy o qp) (7.46)
_i_e*Bqu (‘h,"'afIn) dyl “ dql 8(—ﬁg0((j} _ yl))qul (CI27"'7(In)
R¥ —0 a(]1

‘pn-‘rl((jlv qa, - 7mel) )

where we put

I(—Bo(q —y1))

q1
7:/ dy1 dqip2(q1,y1) 57 (7.47)
R¥ —00 q1
Q- 3 o(— 71 —
E/ diy dqip2(q1, 1) ( [3<p8(q1 y)) )
B(q1) —o0 q1

Here B(q) is the ball centered in ¢ with radius equal to the range of ¢, and the

second equality is again true by the rotation symmetry. It is
v < A¢?, (7.48)

where A could be bounded in terms of 3, the integral of |Vi| and the range of ¢ (or
even in terms of 3, the integral of ¢ and the number of changes of sign of 2 ol ‘)

The authors in [17] proceed by iteration of formula (7.46). Call for simplicity
C=p—7. (7.49)
The first iteration gives

pular = gn) = Cem @) oy (g gy) (7.50)

- dyl(l_e felar= yl))p (QQv"' 7Qn7y1)]

+e~ BWqy (q25-+,qn) / dy1/ d(h/ dyg/ dq2H< e—Bw(t?j—yj))>

.BBWLIQ (q27"'7qn7y17y2)pn+2(q27 q2’ Ceey qn7 y17 y2) .

If we iterate once again (7.46) in (7.50), the last term of (7.50) becomes

Qn q1
Ce—BWar (@2..00) / du / day / dy [ dao (7.51)
2
1;[ (3%
,BW q1
a1 (02,--,an) / dy / dq / dy2 / dqa / dys / dgs
3 (

’Pn+3(QS7 q2,---,49n,Y1, 927?13) .

1-— eiﬁw(q] yj))) Pn-i—l(QQ? c s qn, Y1, yQ)

(1 — e P(aG=v:)) | eBWag (@20an.91,92.3)
8q]
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which is not equal to the formula in step 8) of [17] with N = 2; that is, the first
term of (7.51) is not equal to

Ce—ﬁwa (Q27-~~7Qn)1/ dyl/ dya(1 — 6—590((11—2!1))(1 _ e—ﬁ@((h—w))
2 RY RY
‘p’VL-f-l(qu"‘ 7Qnay17y2) . (752)
In fact, integrating in g, the first term of (7.51) we have e #Wa1(@2:4n) times
q1 0 _ _
/ dy1/ dth/ dy (_(1 _ eﬁs@(mm))) (1 — e Pela—u2)y
R —o0 R oq
‘pn+1(q27-"7Q7’L7y17y2) 5 (753)
in the last formula we can interchange the integrals in g; and y2 and this leads to
a _ _
/ dyl/ dyg/ da <6(1 _ e—ﬂw(q1—y1))> (1 — e Pela—w2)y
Rv RY S oq
'Pn+1(Q2, -5 Qqn, Y1, y2) (754)

but, since the integrals in y; and y2 are not interchangeable, it is

q _ 1 _ e Bel@—y1)
/ dyl/ dyg/l diy(1 — e-Pe@-my 0 = €7 ) (755)
v RY — 00 8q1

Pn+1 (CI2, -y A4n, Y1, y2)
A(1 — e Pe(@—v2))

q1 _
4 / dy / dyz/ d(jl(l _ e—ﬁw(ql—w))
RY Rv — 00 8q1
'Pn+1(CI2; -5 Qn, Y1, y2)

in spite of the symmetry of p,+1. This means that integration by parts of formula
(7.54) does not lead to the desired term (7.52).

To convince the doubtful reader of (7.55), it will be sufficient to check it in the
case n =1, g1 = 0, at first order in the Mayer expansion for py (see (7.28), (7.29)):

/ dy, / dy> / " 41 — e et 20 =T gy
R¥ R¥ —00 8(j

%/ dy1/ dys2 /0 dq(1 — e_ﬂ“"(q_yl))a(l _ B_B(p(q_m))e—ﬁs@(yrw) .
R¥ R¥ —00 aq

(7.56)

We shall do this here briefly and in a direct way for the one-dimensional case v =1,
and assuming for simplicity that ¢(g) is a monotonically decreasing function of |q|,
so that the three factors in the integrand are monotonic functions of the absolute
value of their arguments. We refer to Appendix F for a proof of (7.56) valid in
any dimension. First of all, notice that by symmetry we can restrict the integrals

in y; (in any dimension) in both sides of (7.56) to the ball B(0); in fact, fixed y;
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outside B(0), for any value of the couple (g, y2) we can find another one that gives
opposite contribution to the integrals. To do that, reflect the couple (g, y2) by the
((v — 1)—dimensional) axis passing through y; and perpendicular to the line 0.
Secondly observe that, in the monotonicity assumption, the left hand side in (7.56)
is strictly positive, since the only negative contributions are exactly cancelled by the
same symmetry argument. Finally, we shall show that in the case v = 1 the right

hand side in (7.56) is strictly negative: write

0 _ 1 — e Pe(a—y2) _
/RV dy1 /RV dy2 /_ dq(1 — 675“’((1791))8( eaq )675“’@71’2) (7.57)

0 - _ o= Bp(@—y2)
) dq(1 — epeta-my QL= TTH)
RY R¥ —o 0q

0 _ _ o= Be(q—y2)
_ /RV dyy /RU dyo [ dg(1 — e—ﬁw(q—m))@(l 66(1 )(1 _ e—ﬁ@(lﬂ—yz)) )

The integral in yo in the second line is equal to zero. The integrand in the third line

changes sign when we exchange ¢ and y2, hence what remains in one dimension is
d 0 _ —Be(g—
- /+ dy1 /Oo dyz/ dg(1 — (3_'8‘P(‘7_3/1))6(1 € f)(q ) (1 — e~ Pelun—v2))
—d 0 —oo 8q
<0 (7.58)

The additional terms missing in the formula in step 8) of [17], obtained by
repeated iteration of (7.46), give higher order corrections to the constant ¢, and all
these (infinitely many) corrections lead to a definition of the activity. However, to
construct the correct expansion for the activity, it is convenient to keep the inverse
order of integration in formula (7.46): that is to iterate Eq. (7.44), as we show in

what follows. Let us use the short notations

-1 h h B '
ICELI) = (h!)/Ruh dyl : dyh H (1 —€ 530(%))0}1(91, te 7yh) ; IC(()l) =1 5

j=1
h
(M) (g ... — <_1)h/ _ o= Be(a1—y;)
Ky (a5 qn) = W S dyr dyhjl;[l(l e J)
'pn—l-i—h(qQa oy qny YL, ayh) ; n=>2 ) (759)

and the convention 0! = 1. The result is the following

Lemma 7.3.1 After N iterations of formula (7.44) we have

N
pn(Qla te 7Qn) = e_Bqu (fI2:"‘ 7q") Z C(N_h)lcl(ln) (qlv e aQn) (760)
h=0

+Rn,N(Q17 o 7Qn) P
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where the remainder R, n is given by

RnN Q1» "aqn :( 1)N+1 ~AWay (42:--4n) (761)

q1 q1
/ dql/ dyl/ dQ2/ dys .. / dQN+1/ dyn+1

N+1 a
PWan i1 (@25 Y1 YN 1) H —(1- efﬁso(tiryj))
=1 \9

'Pn+N+1(CYN+17QQ7 e qny Y1y 7yN+1) )

and the coefficients (N1 are defined by

N—h
(VM =p 3o (7.62)
n=0
cm= 3 (2 )Z >1 7 (ﬁpljl) (KM .
j1,d2-->0 1>1 ]Z i>1
i>1 W=

Notice that C™) can be obtained by expanding formula (7.27) and collecting all

the terms of order n.

Proof of Lemma 7.3.1. For N = 0 Eq. (7.61) coincides with (7.44). The inductive

step follows from direct substitution provided the following formula holds:

q1 ql lIN 1 _
/ dth/ dyl/ de2/ dys .. / dqn /RU dyn

0 _
H <a_(1_e BW(% yj))) pn+N—1(QQ7'"7Qn7y17"'7yN)

=1\

_ ZC(N K (g1, ) (7.63)

This equality follows from explicit computation of the line integrals in the left hand
side, which can be performed again recursively starting from the innermost. At
each step, before the explicit integration, we need to exchange the integration order
Jdq [dy — [dy [dq : this produces higher order terms contributing to formula
(7.62).

Notice that for N =0 Eq. (7.63) reduces to the identity

1 (@2 a0) = K§ (a1, an)-
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Assume that (7.63) is true with N replaced by N — 1. Then

N q1 qN—1
(=1) / dq /RV dyl/ dCJ2/ dys .. / qu/ dyn (7.64)

Moo
(8 (1- e Pelai— yf))) PraN-1(42;5 - s @y Y15 -+ YN)
i=1 qJ

Q1 0 _
_ da / d ( 1 — e Be(@—u) )
_da [ dn 8q1( e )

.

N—
C(Nilih)lcgzn—i_l) (qla q2,° - ,qn, yl)
h=0
N-1 h+1 - rq
— (N-1-m) (D" .
-y / i [ d i
h+1
( (1— eﬁw(qul))> H (1 — e~ Pel@—us)y
q .
7j=2

pnn(@2s @Y1 Y1) — Pr—1(@2s S @n) Prr1 (Y1, s Yhs)]

where the subtracted terms in the last formula are null by the symmetry assumption
b): fixed i, for any value of the vector (y1,--- ,yp+1) we can find another one that
gives opposite contribution to the integral, by reflecting (y1,- - ,yn+1) through the
((v — 1)—dimensional) axis passing through g; and perpendicular to the line 0.
Assumption ¢) and the finiteness of the range imply that the resulting multiple
integrals are absolutely convergent, so that taking inside the integration [?._ dq

and computing it by parts we get

q1 q1 qN-1
/ dq /V dy, / dgs - dys . . / dgn - dyn (7.65)
N
H <(1 —54,0(% y]))> Pn+N— 1(q25"'7qn7y15"'7yN)
j=1 \"%
N-1 h+1 h+1
—1) .

_ C(N—l—m(i / dur - d | o-Bela—u)

P S, Y1 Yh+1 ]1;[1( e )

: [pn—i—h(qu"' ydns Y1, 70 7yh+1) — Pn— 1(6127"‘ aQn)ph-i-l(yl,"' 7yh+1)]

N
C(N h)]C( )(q17 7Q7L ZIC N P ,C(n)(q17 7qn) :

p=1

p"qz

T
I
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We have
N
Z " e (7.66)
p=1
3 (Xi>140)! .
= — Z ’C Z ( )Z >1Jz i>1Jt H(/Cz(l))h
p=1 1.2+ 20 [1i>1 Ji! >
i>1 iji=N—p
N o
I ST I
P=1ipgar20lip21, (Ii<izp 361 (Gp — 1! i>1
ZiZI 1j;=N
' al i>17i) —1)!
g 20 i>1 st (H1<z#p~72 ) (Gp — 1)!
2121 1ji=N ijI
= Z ( )Z >1 Ji (Z’L>1 .]’L) H(’C(l))]z
ZiZl ij;=N
= C(N) ,
which, substituted in (7.65), concludes the proof. .

The convergence of the iteration procedure that has been set by the previous
lemma is handled in assumptions a) and b). In fact, the remainder R, n(q1,...,qn)

can be bounded as outlined in [17], using the cluster property, by

|Rn,N(QI¢ cee ,Qn)| < (Af)n+N+1 > (767)

where A is a suitable constant depending on 3, C, s and . So it goes to zero when

N — oo if € is small enough. For what concerns the constant (V=" notice that

h
e < Qe (7.68)

where Ig is defined as in (7.30); hence

10! ;67\
s v GERT(E) ow

J1,J2°-=>0
i idi=n

USEEDY H@l(l)”] < @,

J1,d2---20

i>1 Z]z—n

the last sum being exponentially bounded in n. Therefore for £ small we can take

the limit N — oo in (7.62), and we obtain that Equation (7.61) converges to the
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Kirkwood—Salsburg equations (7.15) with activity z = O() defined by the absolutely

convergent expansion
o0
z=py CM, (7.70)
n=0

which is in turn equivalent to the first of the Kirkwood—Salsburg equations, Eq.
(7.27).

Remark. We have the following differences with respect to the method presented
in Section 7.2: (i) the rate of convergence of the iteration is exponential, Eq. (7.67)
(instead of factorial, see (Eq. (7.24)): this implies convergence for sufficiently
small values of &, see also the comment after the proof of Theorem 7.2.1; (ii)
rotation invariance and strong cluster assumptions are strictly needed to control
the convergence of the integrals over the unbounded domains of integration: this
makes the method not suitable to extend the result to different kinds of boundary
condition, such as the one discussed in Section 7.2.1; (iii) the radius of convergence
of the procedure is at least 1/A, where A is not uniformly bounded in the maximum

of the potential (see the proof of Proposition 8.0.1 in the following chapter).






Chapter 8

The hard core limit

In this section we deal with the infinite system of hard core particles with diameter
d > 0, stating some consequences of the discussion of Section 7.2. For this we mean
the case of an Hamiltonian H (X)) defined by (7.1) with

@ oo, gl <d
vd(q) =
0, lq| > d

over the phase space Hq = {X = {x;}20 = {(¢i,pi) }20, xi € RV x RY | |¢; — q4| >
d for i # j}. Definitions of Section 7.1 can be easily extended: [2]. In particular, a

state is a probability measure on the Borel sets of H, having correlation functions
5y HOY 5 RY (8.1)

where
HYY = {{wi}iso = {(ap) Yo, wi ERY XR” | g — g > dfori#j}.  (32)

The state p is smooth if it is in C (ﬁ((in)) and piecewise C' 1(?—[&”)), and satisfies (7.4)
and similar bound for the derivative.

Let

Qilqr, - ,qn) = {w € S| |gi + dw — g;| > d for every j € (1,--- ,n),j #i} .
(8.3)
Following [6]!, we also say that u is a stationary solution of the hard core BBGKY

!Cercignani derives the non stationary hierarchy for a finite system of hard spheres in a box,
assuming smothness of the correlations at all times. There exists also a rigorous derivation that can

be found in [23]. The problems concerning the infinite system dynamics are treated in [4].

73
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hierarchy if, for n > 1,

n
Zpi ’ tipn(«fl, T 7'rn) (8'4)
=1
n
= _dy_l Z/ dwdr w - (pl - Tr)ﬁn—l—l(xlv L, Tn, gt d(.Uy 7T)
i=1 7 (g1, ,qn) xRY

for any (x1, - ,2p) € ”Hén)

, where w varies over Q;(q1,- - ,qn), 7™ varies in R, and
dw denotes the surface element on the unit sphere (for v = 1 it reduces to > ,_ ;).
The equations should be complemented with the boundary conditions imposing that
the correlation functions take the same value on configurations that correspond to
the incoming and outcoming state of a collision.

In the case of a Mawxellian state we have spatial correlation functions
pn Ry — RT (8.5)

where
R ={(qu,-+ an) €R™ | |gi — ¢ > d for i # j} (8.6)

with p, € C(R;"), piecewise C'(R%") and satisfying the hierarchy
Vapn(ar, - an) = —d”_I/ dwwppi1(qr, -+ o, @1 +dw) ,  (8.7)
Q1(q1,,qn)
which is the analogous of (7.11) for the hard core potential. Observe that in this case,
if the state is also invariant, the equations are parametrized by only one positive
constant, p = p1(q1) (8 does not appear). Finally, notice that the cluster property
is formulated as in (7.14) for the functions defined on RZ(ner).

The direct integration procedures established in the previous chapter cannot
be applied to solve the hierarchy (8.7), the difficulty coming from the presence of
“holes” in the phase space (notice that, in the proof of Theorem 7.2.1 in Section 7.2,
as well as in the proof Lemma 7.3.1 in Section 7.3, the integration paths necessarily
cross regions contained in the range of interaction of the other particles involved in
the formula). However, the solution of (8.7) describing the equilibrium correlation
functions of the hard core system, defined (uniquely for p small) via its corresponding
Kirkwood—Salsburg equations, can be approximated with solutions of the smooth
hierarchies (7.11), with few restrictions on the form of the regular potentials that
can be used.

More precisely, let () e C L(R¥),e > 0, be a family of smooth positive potentials
with compact support, depending only on |q|,¢ € R”, and converging pointwise to

the hard core potential:

¢9(q) — palq),  for |g| #d. (8.8)

e—0
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For brevity, we will denote M) the set of smooth invariant states on H which are
Maxwellian with parameter 3, and obey the estimates (7.12)—(7.14) (with possibly
different constants Cy,,C). We call By(q) the ball with radius d and center ¢ € R”,

and

ng(QM T aqn) = {(yh T ,ym) € Rzm ‘ (Qb s dny Y1, ,ym) € Rz(n—’—m)} :
(8.9)
Then the following holds:

Proposition 8.0.1 Fix § > 0, and sufficiently small p > 0. Then there exists a
(small) constant & > p such that:
(i) for any € > 0 there is a unique state in MBE) with spatial correlation
functions {p%s)}flo:l solving the hierarchy (7.11) with potential ¢, and pga)(ql) = p;
_ ©E) (g —as
(i) it is ]pgf)(ql,--- Jqn)] < (26)7e B2 sy ¢ 0i=15) for alle > 0,n > 1 and

(g1, ,qn) € R"™; moreover,

(e) e
i@ dn) =2 palar, - dn) (8.10)

uniformly in every compact subset of RY", where the functions p, : RY™ — RT are

given by the hard core Kirkwood—Salsburg equations:
pn(q, - qn) = Z[pnq(qz, ) (8.11)

0 _1)ym
+Z_:l( ?

m:

R?”(QQ?"' ﬂn) ﬂ(Bd(ql))m

‘Pn—l-&-m(QQW 5 dn,Y1, 0 7ym)] .

(i) the limit functions py, satisfy the hard core hierarchy (8.7).

Notice that the sum in the right hand side of (8.11) is finite, because of the hard
core exclusion. From points (4i) and (%) of the proposition, and the known theory
of equations (8.11) for small densities, it follows that the limit functions p, provide
a smooth, invariant, Maxwellian state on Hy4 with correlation functions p,, on ’Hén)
of the form (7.8), obeying the stationary hard core BBGKY hierarchy (8.4), and
cluster boundary conditions.

It would be interesting to find an iterative procedure that integrates Eq. (8.7)
directly, as we are able to do in the smooth case. This is, as far as we know, an open

problem. A direct integration can be carried out for p small in the case v =1 : we

discuss it in Section 8.1.

Proof of Proposition 8.0.1. Applying the direct statement of the Theorem in
Section 7.2, we have that any state in M%) with fixed density p < &, solving the
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stationary BBGKY hierarchy with interaction (%) (or, equivalently, Eq. (7.11) with
interaction ¢(®)), satisfies also Eq. (7.15) with the same interaction, for some value of
the activity z.. By the proof of the Corollary in Section 7.2, this last set of equations
has a unique solution if £ is taken as in (7.33) (notice that this does not follow from
the method of [17], since the estimate of the remainder term in step 9), page 283 of
[17] is not uniform in the maximum of the potential, hence in ¢). Thus point (7) is

proved by chosing & (hence p) in such a way that

1

E< .
2e SUP.~q f]R” (1 — e*ﬁ‘,ﬁ(f)(ﬂi)) dzx

(8.12)

The solution p,(f) for given € can be expanded in (absolutely convergent) power

series of the activity, so that we have formula (7.28) with z replaced by z., a
superscript (¢) added to p, and coefficients of the expansions c(f;, 07(15,;, defined by
Eq. (7.29) with potential p(®). Since ¢(®) is positive, it turns out (see [21]) that
the coefficients of the series expansions have alternating signs, and that the same
expansions have the alternating bound property [35], which means in particular that,
for z. > 0 (which is certainly true if p is small enough for all £ > 0), they can be

bounded with their leading terms as:

0,n

_ E)(qs—as
Pl < 2ley 1 = 2l B2 ic; ¥ a0 (8.13)

This, together with (8.12) and (7.27), gives the required estimate.

Using now this bound and assuming by induction on p that ch,;),, — cﬁ?}, as € — 0,

(0)

where ¢y, are the coefficients of the formal expansion obtained by iteration of Eq.

(8.11), we obtain from (7.29) that for |¢; — ¢;| > d:

;I_I}%) CElE:;-FI(Qlu e ,Qn) — |:6n>lcn—1,p(q27 o 7Qn) (814)
= (=1)*

+ Z k!
k=1

0
'C&H)_k_Lp(q% s lny Y1yt 7yk)}

/ dyy - - - dyy,
R (g2, 1) () (Ba(g1))™

0
= C;,;H—l(‘]la e ,Qn) .

This concludes the proof of point (7).
Point (i) is now a particular case of the following Lemma, which is the analogous

of the converse statement of the Theorem in Section 7.2:

Lemma 8.0.2 If a smooth Mazwellian state on Hq satisfies (8.11), then it is a
stationary solution of the hard core BBGKY, Eq. (8.4).
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Proof of the Lemma. We compute the gradient with respect to g1 of expression
(8.11), in a configuration (qi,---,¢,) € RY". Remind that the series in the right

hand side is actually a finite sum. We have

Vaon(ar, - qn) (8.15)
Zzi(_l)kv / dy1 - dypn-14k(a2, 5 dns Y15 5 Yk)
K R (g ) (Bala) R

o= (=D /
=2 k dyy -+ dyg
k;l k! Rl(ikil)u(QQV"7qn)ﬂ(Bd(q1))k71

‘Vql/ Ay pn—1+k(a2, 1 Gns Y Y1 Yk—1)
RY (g2, @n 1, yk—1) [ Balar)

where the second equivalence holds by symmetry in the exchange of particle labels

and by uniform convergence of the integrals. The integral in the last line of the

formula is extended on a region which has positive volume for sufficiently small k,

and piecewise smooth boundary: the ball centered in ¢; minus the union of the

balls centered in the points g2, -, qn, Y1, - ,Yr—1. Being the integrand function

Prn—1+k(- - ,y*, -+ ,) continuous in the closure of its domain, it is easy to see that

the gradient with respect to g; of such an integral is given by the surface integral of
the restriction of the function over the part of the boundary of B;(g1) that remains

ouside the other balls, i.e. using the notations of (2.11) and (8.4):

dy_l / dwwpn—l—i—k(‘]Qa 5y qn,q1 + dwa Yty 7yk‘—1) .
Ql(ql:' sdn Y1, ,yk—l)
Interchanging the integrations we find

Vi aqn) (8.16)

— d”_l/ dwwz i (_1|)kk
Ql(Qly' 7Qn) k=1 k

. dyr - - dyk—1
/nglw(@,.. G q1+dw) ((Ba(qr))*—1

'Pn—1+k(Q2a 5y dny 41 + dwvyla o 7yk71) .

Using that (8.11) holds also, by continuity, over the boundary of RY", we recognize

function

_pn+1(QI>Q27"' y dn, 41 +dw) (817)

in the above expression, thus obtaining Eq. (8.7). Taking into account the assumption
(7.8), Eq. (8.4) follows. O
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8.1 Integration of the hard rod hierarchy

In this section we shall find the unique and explicit solution to the one—dimensional

hard rod hierarchy

dp
87(1?((]17,,, 7qn) = qu(|QI —a _Q1| > d)pn—l—l((hv' 5y 4n,q1 — d)

_Xq1(|Q1 +a— ql| > d)anrl((ha q2," " yqn,q1 + d) ,
(Q17"' 7Qn) S RZIL )
Xz(A) =1if x € A and 0 otherwise, (8.18)

with the assumptions of invariance under translation and permutation of particles,
sufficiently small p = p; (precisely p < 1/d), cluster property (7.14), continuity
over @Z and piecewise C'! regularity on R};. The special feature of this case is the
existence of an explicit form for the equilibrium correlation functions, [29]. In what
follows, we derive this expressions from the hierarchy by direct integration and
without going through the corresponding Kirkwood—Salsburg equations.

To do this, we can follow the procedure of [17] in a rather natural way by ordering

the particles from left to right: ¢; < ¢;+1 — d; hence we start rewriting

0pn

T@(Qla"' ,Qn) = Pn+1(CJ1 —d,q1, - ,C]n)
—X(q1 € g2 —2d)pp+1(q1,q1 +d,q2, - ,qn) ,
“eR, @ <gu—d. (8.19)

Now we choose gy << ¢1 and we integrate from g to ¢i:

pn(q1aq2a"' 7qn) :Pn(QO»QZ,"‘ aQn) (820)
q1
+/ dq(pn-i-l((j - d7 67 qa - 7Qn) - X(q S q2 — 2d)pn+l(77 q_’_ da q2, - 7qn))
q0
qo+d

:pn(QOaQ%"' aQn)"’/ den+1(§—daan2"' 7QTL)
q

0

q1+d o o
—/ dax(§ < g2 — d)pn+1(¢, 7 — d, g2, 1 qn) »
q

1
where we used again symmetry the symmetry in the particle labels to split the

integral in the second equality. Sending ¢y to —oo gives
pn(Qla q2, - 7Qn) = (p + dp?(d))pn—l(Q2a e 7Qn) (821)

q1+d o o
_/ dQX(QSQ2—d)Pn+1(q,q—d,QQa"' 7qn) ’
q1
pQ(d) = P2(q7q +d) ;

having used the cluster property and the translation invariance.
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Call R := p+ dpa(d). Tterating once the above equation we have

Pn(QL q2, - 7Qﬂ) (822)

qat+d B
= R[pn1(a2++ 1 an) —/ dix(q < g2 = )pu(@, @2, 1 n)] -
q1

We stress again that the above explained procedure does not lead to the Kirkwood—
Salsburg equations, since the extracted constant R is different from the activity of
the hard rod gas (which is known to be given by z = Ref!, see for instance [29]).
Nevertheless the set of equations (8.22) can be solved explicitly for every n, starting
from n = 2 (the equation for n = 1 is useless in this case), as we will show below.
In fact, the simple structure of Eq. (8.22) allows to construct easily p,, from p,_1 :
this structure is due to the strong symmetry used to split the integral in the second
equality of (8.20), and it seems to have no analogue in higher dimensions.

We start with the n = 2 case.

Proposition 8.1.1 Call x = |q2 — q1|, > d. The solution of (8.18) for n =2 is

[z/d] k k=1 (o
3 p (x — kd) — (z=kd)p
= - . 2
Proof. Formula (8.22) for n = 2 and q; = ¢2 — d gives
P p
d) = —— R = . 8.24

Moreover, it implies

d
%(m):—Rpg(x) , d<z<2d

%(m)zR(—pg(&:)—l—pg(x—aD ,  2d<uz

which solved together with (8.24) and using the continuity assumption leads to:

1. the two point correlation function reads:

(z) A d<xz<2d (8.25)
= — P N .
P2\T 1— pde ) X )

2. for every k =1,2,--- if formula (8.23) holds for z in the interval (kd, (k+ 1)d),
then it holds also for z in the interval ((k + 1)d, (k + 2)d).

This concludes the proof. Il
It is known that in dimension one the correlation function are factorized in

products of ps. This is also valid for our solution, as stated by the following
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Proposition 8.1.2 The solution of (8.18) for n > 2 is

1 n—1
pn(qla et 7Qn) = pn,Q H pQ(qju Qj+1) . (826)
j=1

Proof. We proceed by induction on n. For n = 2 we have an identity. Fix n > 3 and
suppose (8.26) to be true for n — 1. Then from (8.22) we have
@2 —diaz-  an) = —"—pu1(g2. -+, an)
P 1—pd

_ p? 117=5 p2(gj, 4i41)
1— pd pn—Z ’

0
%(QIV“7Qn):an(q1a"'7Q7L)a d<Q2—(J1<2d7

dpn

p) (QIv7Qn):R(pn(qlv7Qn)_pn(q1+d7Q27aqn))a 2d<CI2—Q1
q1

Again this equation can be solved by induction on k > 1 for ¢; in the interval

(g2 — (k +1)d, g2 — kd), using the continuity assumption, thus leading to

1 n—1
plqrs - an) = — [ r2(a5: aj+1)
[(qQ_qu)/d] ( P )k (@2 —q1 — k?d)k_l ,(%%ql%kd)ﬂ
X p e -» .
= 1—pd (k—1)!

Using Proposition 8.1.1, this gives equation (8.26). O



Appendix A

Dynamics of hard spheres

In this appendix we state the properties of the dynamics of hard spheres that,
together with Proposition 2.1.1 of Section 2.1, are used in our discussions.

First, we prove formula (2.15). We recall that the set I'l, N C,, is the maximal
subset of the n—particle phase space over which our main result can be derived

pointwise for all times. We do not know whether T = I'l . However, we have

Lemma A.0.1 Foranyn < N, the set Fn\FIL has Lebesgue measure zero. Moreover,

or, N (Fn \ FZL) is null with respect to the induced measure over OI'y,.

The induced measure over the boundary do is given by Eq. (2.8). The lemma is a
simple consequence of the existence of the dynamics over the full measure set I},
stated in Proposition 2.1.1. Since we have no information on the structure of I, nor
its measurability properties, we will prove the lemma via abstract arguments.
Proof. It is sufficient to prove the assertion for any finite bound on the energy.
A little abuse of notation will be used in what follows: we indicate with the usual
symbols I',,, T’ Z’FL--- the bounded sets corresponding to an energy of the system
not larger than E > 0, and with | - |,| - |* respectively the restriction to the various
sets of the Lebesgue measure and of the usual Lebesgue outer measure (that is the
infimum, over all the possible coverings of a set built up with n—dimensional boxes,
of the sum of the measures of such boxes). In the following we will use that the flow
of the dynamics preserves also the outer measure, which can be easily deduced from
the fact that it is an invertible measure preserving transformation (see [32], p. 651).

We abbreviate

Z0 =T\ T, (A.1)
Zp =Ti\Th = U T(ZD) .
seR

81



82 A. Dynamics of hard spheres

By Proposition 2.1.1, it is [[';4x \ I'},, | = 0 for any &, hence by the very definition

( ) must be a null set. By the same reason, it suffices to prove that Z, is a null set
too. To do so, we use a contradiction argument: suppose that Z, is not null; we
will show that this implies the existence of a not null subset of I';, 1 \ ', for some
k > 0 (which is forbidden by Proposition 2.1.1).

For any z, €I},1 <k < N —n, call
Bi(z,) = {y,, € Tr(zy) st. (24, 9,) € Tngr \ Thgrc ) (A2)
so that we can write Zn Ui,v 7 ,)c,
Z0) = {z, €T}, st. [By(z,)[* > 0} . (A.3)

Given a function 7 : A (0,00), define also

N—-n
zi= U U @), z= 2z}, (A.4)
z, €2 s€l-n(z,)n(z,)] k=1

Observe that, in the assumption |Z,|* # 0, there exists necessarily a value of k such
that,
for any n(z,) > 0, |Z k;| >0. (A.5)

Otherwise, take no(z,,) > 0 for which |Z7(:7£)\* =0 for all k, and let &, be a sequence

of positive numbers converging to zero: writing

Zn = U U {Tzﬁ()(x y(@n) z, € Z{) and no(z,,) > em}
m=1 jeZ
= U U Tg(JnE ( ﬂ{T z,), with z,, € Z9 no(z,,) > em and s € R}) ,
m=1 jeZ

we would get |Z,|* = 0 by subadditivity and preservation of the outer measure (the
set in the argument of TQ(JE) is a subset of ZT(LnO), hence it has outer measure zero).
From now on k indicates the variable for which the condition (A.5) holds. Given

a function 7, we can consider the following subsets:

Bi(z,) = {y, € Brlz,) | 3T (@, y,) Vs € [-n(z,), n(z,)]
and T(”+k) (z,, Y ) = (T(n) (z,),T, (k) (?/k))}
) s.t. z, GZ(;andykEBk( n)}bs

n’ yk
(2, y, )W) SEl=n(zn)m(z,)]

U U (1), 79 (Bi(z,))) - (A.6)

z,€2(0) s€l=n(z,)n(z,)]
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By definition Wéolz C nqr \ T4, and since 7 is null we have \Wy(zo,g\ = 0. Points

(

of Wno,z do not have well defined evolution for all times, but still the evolution

exists up to times 7(z,,), and this enables to define Wénlz Notice now that for any

z, € Zr(LO)

|Br(z,)|* > |Br(z,)|* — [{y,. € T'k(z,) such that they experience
at least one collision between themselves or with particles in z,,
or with the walls, when evolved with the (n + k)—th particle

dynamics, within time [—7n(z,,),n(z,)]}*

> |Bula,)* — O(n(z,)) > P& g (A7)

2

for n(x,,) sufficiently small (the bound with O(n(z,,)) can be obtained by simple
geometrical estimate; see for instance [3], p. 24-26, which can be easily adapted to
our case).

Choose a function 7(z,,) such that the above inequality holds. Then from the
last line of Eq. (A.6), using (A.5), (A.7) and preservation of outer measure, we see
that it must be

w0, (A.8)

n,

Since Wfln,g C ik \ T4, the contradiction is found. This proves that I', \ T} is a
null set.

To prove the second assertion of the lemma, notice that a not o,—null set A,
over OI';, in which the dynamics is everywhere well defined, spans a set of strictly
posive outer measure over I';, through the operation US€[07T],T > 0. In fact, the time
return to dI'y, is 7(z,,) > 0 for almost all z,, of the set, and the Lebesgue measure
over the subset of points of I';, whose previous collision was in 0I';, is do,dt, t being
the time elapsed after the collision ([32], [7]). Hence each “box” By, of 9T, spans
at least a set of measure [p doy(z,)7(z,) in I',. Conversely, each box of positive
measure in I';, corresponds to a set of positive measure over JI';, : we refer to [32]
for more details (see Lemma 3.1).Since Uyejo.77(Zn N OL'y) is a subset of Z,, which
has been shown to be null, it follows that the set Z,, N dI',, must be also null in the
measure do,, over JI',,. This, together with Proposition 2.1.1, completes the proof.
O

Let us turn now our attention to the set IC,,. It is unclear whether kC,, coincides
with T'f . In any case, what is relevant for our purposes is formula (2.16). To deduce
it, we state another known feature of the hard sphere dynamics, which is related to

the collision surfaces. Denote with dA the Lebesgue measure on R.
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Lemma A.0.2 Given a set A C T'), with |A| =0, then Tt(n) (z,,) ¢ A for almost all
(z,,t) € 0"y, X R, with respect to the product measure doy, X dA.

The lemma can be easily deduced from the properties of the special flow representation
discussed in [32], [7]. For a complete proof, we refer to [47] (Lemma 3.4). From
Lemma A.0.2 it follows

Lemma A.0.3 For any n < N, the set I'), \ K,, has Lebesgue measure zero.



Appendix B

Proof of (5.13)

B.1 Case m(Dy,11) =0

Consider a tree D € A(z,,11;1[0,t]), D = (2,41, 0) and suppose m(Dg.p41) = 0. We
will prove the statement in this case first.
From (5.5) and (5.11) we see that

10)= [ dwne | A6 R(2,11..5) (B.1)
Ii(z,) As(@, 41:004])

= / dS/R(Q,w xn—i—lygv 8) ;
s 5(2,:[0,t])

where we called A | 5(x,,; [0,]) the set of collision histories Uy, ., er, (2, ) A5(Zn415 [0, 1])
(which is in one by one correspondence with the elements &' = (2n41,9)), and
d§' = dx,11dd the measure over this set. By assumption (2.17) — see also (3.12)
and discussion above —, R is a summable function over A __t 5(2,;[0,1]), and all the
integrals can be interchanged freely.
Now introduce the subsets
0
Aijl;g@"; [0,t]) :={D € Anﬂ;g@n; [0,¢]) such that (B.2)
1
Tari(5D) = T oy (@) ¥s € (1.5, 1)}

AN (2,:[0,4]) = {D € A, |, 5(2,3 [0,]) such that

n+1;0
T (5;D) = T, oy (wn41) Vs € (£7,1)
t* € (th, tk—1) and gny1(t"; D) — ¢i(t"; D) = aw™,

@7 =1,0% - (Pn41(t" D) — pi(t™; D)) > 0},

for 1 <k <1*(6),1 <i<n+k—1, where [*(§) is the variable defined in (5.7). In

our assumption [*(§) = m(d) + 1 (and b)) = = 0): we give the definition in this way

85
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because it will be useful to deal also with the more general cases. We remind the
reader that the configuration of a particle in the evolution associated to a collision
history is defined as the limit from the future of the flow of the dynamics; for example

in (B.2) it is gp+1(t*; D) = Tﬁlt)ﬂur(xn“), etc. Then

(D) = /A N d6' R(z,, ¥n11,5,0) (B.3)

;5 Eni(0:8])

m(8)+1 ntk—1 A )
+ / ) délR@  Tnil,0, J) .
;;1 ; A" (@ (0] m
Put, as usual, D = (z,,,1,9, $). In each term of the sums in the second line of

(B.3) we can perform the change of variables
Tnyl — (t*7ﬁ*aw*) ) (B4)

where t*,%* are the variables introduced in the definition of the integration sets
(B.2), and p* := pp4+1(t*; D) = ppy1. That is, t* is the first time of collision of
particle n 41 with the other particles of the collision history going backwards in time,
particle 7 is the one colliding with n + 1, and @* := a=! (go41(t*; D) — ¢;(t*; D)).

2,11)* .

Then it is a simple exercise to see that the measure transforms as dé' = a
(p* — pi(t*; D))dt*dp*dir*dd (see for instance the Appendix 4.B of [7]), where
pi(-) does not depend on the full D = (z,,,,9, 4) but just on (t*,z,,0,0) =
(t*,f/o;nﬂ,s). Rename the dummy variables as (¢, py, W) — (tio1, i1, Wiv1)

forl=Fk,k+1,--- ,m(d), and (t*,p*, 0*) — (tg, Pk, W), and call the new resulting

set of variables

’A}’k,i = (th N T 7tm(3)+17ﬁ17 e Py 7I3m(3)+17w17 R 1)) 7wm($)+1) ,
(B.5)
and also d4y,; == dt*dp*diw*ds.
Consider now the tree defined by

ak,i = (@naﬁk,i) = ﬁ/O;nJrl Oksi fO;n-‘rl € Z(gna [07 t]) (B6)

(in our case it is D jg.p41 = (2,,6), and Do;ny1 = T ), and consider the collection of

variables
gkvi = (gnvﬁk,iaﬁyk,i) . (B?)

We shall see that, at least for a.a. z,, € I'};, the domain of integration of the new
variables is the set of 4;; such that Gy ; is a collision history in [0, t], with only one

additional constraint on wy, which implies that particle created in the outcoming
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collision at time t; would move freely in the future (since in (B.2) t* is the first
(backwards) time of collision of particle n + 1 with the others).

First of all, it is clear that we can assign to Gy ; an evolution &, ,(s),s € [0,], in
the same way as we do for collision histories, and that this evolution is well defined
in our domain of integration for almost all z,, € I';, (the evolution coincides with
Ep: just erase particle n + 1 in the time interval (¢*,¢)). Then, our integration
region is defined as the set of 45 ; such that: (i) 0 < tm(ﬁk,i)zm(g)ﬂ <tm(,)-1 <

S<te <t (i) P Py, € R3 ; (iii) for [ = 1,--- ,k — 1,40 such that
(Qn—&-l—l(tlSgk,z’)ﬂ]jl(ﬁkﬂ.)(tl;gk,i) +m@z,ﬁz) € Dot 5 (iv) 9 € QY ((Gri)jay) 3 (v)
Wy, is such that the clusters of particles of Gy ;, (1,2, - ,n,n+k),(1,2,--- ,n +
Ln+k),---(1,2,--- ,n+k—2,n+ k) are respectively in I', 1, I o, , T 14,

i.e. they do not run into singular configurations; (vi) for i = k+1,--- ,m(7y,), W €

*
n’

between the set defined by (i),...,(vi) and the set A%)iJr(gn; [0,t]) defined in (5.14)
(and equal to {4, such that conditions (i), (ii), (iv), (vi) hold, and condition (iii)

Q5. @ny1-1(t; Gri), Pr) - Now, restricting to z,, € I}, consider the difference

*

is modified by replacing I',1; with I}, that is by @ € le(ﬁk,i)@nﬂ—l(tl; Gr:i), D1)
for i =1,--- ,k — 1.}); this difference contains only values of 4;; such that some
subcluster of particles of (1,---,n+k) run at some time into a singular configuration
(and we can also notice that this singular configuration does not occur, in any case,
along &g, ,(s) for s € [0,1]). Hence, for almost all z,, € T}, the integral in d4y; over
the difference set must give zero contribution: otherwise we could find, in the phase
space of such cluster of particles, a set with Lebesgue measure different from zero
over which the dynamics is not well defined (contradiction with [3], [32]). We do not
give a formal proof of the last statement (which is not difficult to believe): this can
be found in [47] (see Lemma 6.2 of that work).

In conclusion, noticing that, after the above renaming of the variables,
Pi(t"; D jount1,0) = pi(tr; Gr.i)

and

A

a’w* - (p* _pi(t*;ﬁ/o;n—kly 5))R(gn, Tpt1 (5, %, 0%),6,0) — R(Gk) , (B.8)

we have obtained

/ k.i; dg,R(invanrl’gv 8) = / deyk,iR(lnaﬁk,ia:Yk,i) (B9)
AEED (4 110.4]) ALY (@, 50.4)

nt13 " Thyit

almost everywhere in I',.
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Now we want to deal with the term in the first line of (B.3). For almost all

z,, € I' the integration region in the term considered can be rewritten as
{5’ = (#n41,0) such that (D jo:n+1 5) e As(z,;[0,t]) and (B.10)

(6@ i) (1 T i (@ni)) €TnG (1 Vs € (0,8)] 5

P 0;n41:9)
in fact we can notice, as done just above, that the error term is an integral over
a region of zero measure, corresponding to singular trajectories. In the region
(B.10) the dependence of the integrand on the variable x4 is concentrated on the
correlation function, since the particles of the evolution appearing in the definition of

the set evolve independently of 2,41 in our assumption m(Do.,+1) = 0. Explicitly,

R(z,,Tni1,0,0) =W (ﬁ/omﬂ, 5) Pt 14m(3) (Tg)Jr(an),5(5/0;“1,3)(0)) (B.11)

(here we used the symmetry of the correlation functions).

Hence by making the change of variables
Tnr — Ty =T, (2ng) (B.12)

we obtain the integration over

{5// _ (m;H, 8) such that (5/0;n+1, 3) € Ag(gn; [0,t]) and (B.13)
)
(5(5/0”14_175) (S)aTsf (':E'/fl—l-l)) S FN(f/Om+1,$)(s)+1 Vs € (O,t)} s

in dé”, of the function

A

W (Dons1:0) Pussions) (#h1 €p0,01,.5(0)) - (B.14)

We want to complete now the integral in order to obtain the function p, +m(3)-

This can be done extending the integration to the full set
{8 = (#/,41,6) such that (Djgn11,6) € Ag(z,; [0, 1)) (B.15)

and 2, € Lim®) (5(5/0;%1’5)(0))} :

The integral in dé”, over the region (B.15), of function (B.14) gives, after ordering

the integrations,

doW (D 9111, 0 / dx!, B.16
/. o (Djonsrd) | » (B.16)

n+m(3) (5(5/0;n+1"§) (0))
_ / E— 0
Puitin®) (741 E0 0,0 0)
= (N —n—m(6)) / dowW (f/o;nﬂ, S) Prtm(3) (8(5/0;%1’5) (0))

As(z,i(0.4)
=N =n=m@)V(Don1) -
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Subtracting the error term, we have obtained

N N
/Aw) ooy 2 s En11,0,0) = (N = = m(@)V (D jon 1)

+1;6

m(8)+1 ntk—1

'pn+1+m(g) (xn—I—la 5(5/0;n+175) (0)> (B.l?)

 ou ds"w (5/0;71 Y 3)

for almost all z,, € I'),, where

A(k’i?i)(gn; [0,t]) := {5” = (x;Hl,g) such that (z,,,9,6) € As(z,;[0,t]) and

n+1;0
1 *
<€(£n75’5)(8)7T5(—) (xln—i-l)) € FNI — A)(s)-i-l Vs € (Out )7

71050

t* € (tg,tg—1), and (TS(P(J:;LJr Mg — G (t*52,,0,0) = a*,
| = 10" - (T (@ 11)) 5. 0) < 0} . (B18)

In expression (B.17) we have decomposed the error term in a sum of integrals, where
labels k£ and ¢ describe between which nodes and with which particle of E(D/O 1)
occurs the first collision, moving forward in time, of the external particle with initial
configuration 7, at time 0. Once again to write (B.17) we removed sets of zero
measure (i.e. points z;,; € T\ T7).

We can treat the terms in the second line of (B.17) as we did for those in (B.3).

In this case we perform a change of variable
Ty — (7,0, 07), (B.19)

where t*, p* are the variables introduced in the definition (B.18) and p* := p ;. The
measure transforms as do” = —a2d* - (p* — pi(t*; 2, 6, 3))dt*dﬁ*du§*d(§. We rename
the dummy variables as (t;, py, ;) — (ti41, D11, Wig1) for I =k, k+1,--- ,m(d),
and (t*, p*, w*) — (tk, Pr, Wi ), and we introduce the same notations of (B.5), (B.6),
(B.7). We can assign to Gy ; an evolution &, ;(s),s € [0,t], which is well defined
in our domain of integration for all z,, € I'}, and that is obtained by adding to
5(5/0;n+178) the free flow of 2, ; in the time interval [0,;]). Moreover, for almost
all z, € I'y, the domain of integration of the new variables is the set of 43 ; such
that Gy, ; is a collision history in [0, ], with only one additional constraint on y,
which implies that particle created in the incoming collision at time t; moves freely
in the past (since in (B.18) t* is the first (forward) time of collision of the particle
starting in 2, ; with one of the others); this is so by forgetting, as usual, the zero

measure sets in which some cluster of particles of G;; run at some time into a
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singular configuration. This means that, making use of the definitions (5.14), (5.9),

and rewriting the integrand with the notations introduced,

A

- /A(zm-;_)(z 10.4]) do"W (5/0;n+1v 5) Pr+14m(3) <$;L+175(5/0m+1,8)(0))
n+1;6 =nILl
= / 0 i B (& Vi i) (B.20)
Asi— @nil0H)

almost everywhere in I',.
This last equation, together with (B.17), (B.3) and (B.9), gives (5.13).

B.2 Case m(Dyy11) >0

Let us consider a tree D € A(z,,41;[0,t]),D = (z,,41,9), with m(Dg,+1) > 0. This
case is very similar to the previous one and it is discussed essentially in the same
way, with the only difference that the role played by time tm(S) 41 = 0is now played
by t.5 = tq§”+l>(3) — see (5.6), (5.7) (through all this section I* and ¢(" ) will
indicate the values associated to o defined by (5.6) and (5.7)).

In particular, the analysis from (B.1) to (B.9) is exactly the same once we restrict

to I* the sum over k in (B.3), and substitute (B.6) with

Gri = (Zns Vi) = Dot O g Dosnt1 € Alz,; [0,1]) - (B.21)

Hence we have again

(D) = / 0 d6'R(z,, 2n11,5,0) (B.22)
AD (a,l0.0)
* n+k—1
+ / d’?k,lR(ina Yk is FAYk,Z)
kz::l ; ALY (@,i0.0) ’

almost everywhere in I'y,. Of course now ﬁ/o;n+1 # (z,,,9), and Doi1 # T, but
they have a more complicated structure depending on the labels attached to the
nodes on the root line of the tree D.

Call DE:) the collection of variables obtained from the collision history D =
(2, Tni1,0, 8) by depriving it of x,+1 and of the variables associated to the nodes

with ordering number larger than [* — 1, and substituting m(0) with {* — 1. With
the usual notations (Eq. (3.3) and (5.10)),

Dg) = (gnal* - 17j17' T 7jl*717t17 o 7tl**172317 o 713[*71712}17 o 77@[*71) .
(B.23)
Then, for almost all z,,,; € I';,41 such that D € A;OJ)rl-S@"; [0,1]), it is also Df) €

A(z,; [ti+,t]): that is the same collision history restricted to the time interval



B.2 Case m (Do, +1) > 0 91

(ti=,t], and deprived of particle n + 1. For these values of z,, putting ;. ; =

Tg)ﬁl* 4 (Tny1), we may define also a collision history with time span [0,#;<] by

P = (SDS_*) (t ) 15 oy + atiys, pre, m(3) — 17, (B.24)

A

jl*+17 o 7]m(3)7 tl*+17 e 7tm(5)7ﬁl*+17 o 7ﬁm(5)7wl*+17 o 7wm(8)) .

This will belong to Ay, )+2(5D§_*> (tis), Ths1s Gnr + ays, Pre; [0, s ]).
+

We can rewrite the integration region on the first line of (B.22) as the set of values
of ¢’ such that z,,1(s;D) = T£1t)+s+(f13n+1) Vs € (t+,1), Df) € A(z,; [ti+,t]) and

P e AND(*)“ )+2(5 (t1e)s Tyt Gy + atly=, P [0, 15+]) (we are just discarding
+

(%)

D
+

a zero measure set for almost all z,, € I'y). After that, we perform the change of

variables

1
Tt — Tyy = Ty (nsn) - (B.25)

We obtain

/A(O) dd'R(z,,, Xpt1,0,0) (B.26)

nH;g(zn;[O,t])

-1
_ /,4 46" (H WT(DS:))> a2iy- - (P — plys ) R(DY)
r=1
where A is a short notation for

A= {3” = (2)41, 6) such that Df) € A(z,; [tix,t]) , (B.27)

™ e Ayx
Dl (10

1
and (0 (6,70, 1o (@) € T o s € (1,0}
+

+2((€DE:) (tl*)> x;’b—f—l? Q;v,—i-l + awl*)ﬁl*; [07 tl*]) )

Observe that the values of W+, P« in 5 associated to the particle colliding, at time
t;-, with the one in zj,; in the evolution Dsk ), describe both outgoing and ingoing
collisions: we will strongly use this fact at the end of the proof.

Extend now the integral to the integration region
B:= {3” = (2/,.1,0) such that DS:) € A(z,,; [t t]) , (B.28)
P e AND@(H*)%(gD@(tl*)?$;L+17q;+1 + aty, Prs; [O,tz*])} ;

and notice that the error term is an integral over the set of variables such that, for

some 1 <k<I*1<i<n+4+k—1t€ (t,tr_1), 0" € S', it occurs that

(sD@(s),TEiLH_(x;H)) €N (o)1 (B.29)
+
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for all s € (t;=,t*), and

(TﬁltZ*—l-t*—(xfn—l—l))q - Qi(t*§D(*)) = a”, (B.30)
i (19, 4 (@ ))p = pilt75 L)) #0 (hence < 0)

(particle i is now identified ordering, in the usual way, the particles of DEL*)

A(zy; [t 1]))-

Then in B\ A, calling p* = (Tfltz*(é)_”* (x,41))p, We can associate to x;,; the

triple (t*,p*,@*). Adding to § the triple (t*,p*,w*) and renaming the variables

c

as explained before (B.5), we obtain a collection 4 ; defined as in (B.5). This,
together with (B.7) and (B.21), defines a collision history associated to the tree
Gri 4> as soon as the corresponding clusters of particles do not run into a singular
configuration. Clearly, in this case it must be Gy ; € A(*) L _(z,;[0,t]). Moreover,
dd" = —a2uy, - (Pr — pi(tk; Gk.i))dAki (where ty, pr, Wy are now the elements in Gy ;).
By performing this change of variables and erasing sets of zero measure, we see that

Eq. (B.26) becomes

d5' Rz, wnin,8,8) = / a8 [ TT Wi B.31
/AS)) (2, 0.4) (Zns Tt (H ) ( )

-a%l* (B = P) RODY)
) n+k—1
- Z > / d%,iR@m%,n Aki)
_ i=1 :E
for almost all z,, € I'),.

Furthermore, the first term in the right hand side of the above equation is equal
to zero for almost every z,, € I',,. In fact, there exists an involution that associates
to each element 87 of B another element 84 of the same set in such a way that the
corresponding values of the integrand function have the same modulus and opposite
sign. This involution is given by the collision rule applied to the two particles
colliding at time %+ in D(,* )

Given (/S\i, = (yl,gl), Y1 = ((yl)qa (yl)P)a

, as explained in what follows.

A~
A~ A A A

51 = (tla"' 7tl*a"' 7tm(3)7p17"' yPIxy apm(g)awlv"' 71Dl*7"' ,’UA)m(g)) )
(B.32)

by definition of DY it follows that in its starting time ¢ we have always a particle
in the configuration ((y1)q + aty,p<). We put 6§ = (y2,02) with (y2)y = (¥1)q,
(y2)p = (y1)p + Wi [y - (Pr= — (y1)p)], and g equal to &; except for the component
P+ which is replaced by pj. = pp — = [l - (Pr= — (41)p)]. The element 05 will
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belong to B. Looking at the integrand function, notice that the transformation
8! —» 04 leaves unchanged the value of R(D(,*)), as well as the value of the
functions WT(DECK)) for all 1 <r <[* — 1, but transforms a - (= — (y1),) into
a?Wp - (P« — (y2)p) = —adyp= - (P~ — (y1)p). Hence the integrand function changes
its sign.

Hence, equations (B.22) and (B.31) give the result. O






Appendix C

Proof of Lemma 5.2.1

Fix z,, € I'},, and look at elements 4y, € Az, (2,;[0,¢]) \ A%)_(gn; [0,t]). By
definition (5.9) and using the notations (B.5) and (B.7), we have two cases:

1. 0y € ij(% N+ (Tt -1 (tr; Gr,i), Pr), and there exists 1 < A" < kand 1 <7’ <
n + k' — 1 such that for some time t* € (tp, trr_1),W* € S?, it is

1 N N *

(ggk,i(8)7T£t)k+5_ (qjkﬁk,i)(tk; glm) + CL’LUmpk)) € FNgk,i(S)Jrl Vs € (tkvt ) 7
1 B, B * e

(Tftlﬂ*,(qjkm,i)(tk; Oki) + kaaPk))q — qir (t"; Gpi) = ad™

~ % 1 A N
0 '((T£t1+t*—(ij(7k,i)(tk§gk,i)+awk7pkz)> — pir(t%; gm) C.1)

2. W € Q5 ) (@nyi—1(te; Gri)s Pr), and there exists £ + 1 < & < I* and
1 <4 <n+k —1 such that for some time t* € (tp:, tpr_1),0* € S?, it is

(o) n(s), TH (tx; Gr.i) el Vs € (£, 1) ,

Gr,i) 16(8): T2 v \ @3y, o) (i Gi) + @i, D Ng,, ()78 k

1 A A il
(T£t2€+t*+(qjkﬁk,i)(tk; g’”) + awk’pk)>q — (t ;gk7i) -
Y 1 P *
w" - ((Tﬁtl-&-t*—l—(qjka,i)(tk; g’“) + awk’pk))p — b (t ;gk7i)) =0 (C2)

Denote R4 and R_ the sets of triples (k,4,9;) with 1 <k <1*,1 <i <n+k-1,
and y; € Ay, , (z,;10,¢]) \ A%),i@"; [0,t]) satisfying respectively property 1 and
property 2 of the list above. Introduce a measure dp over R4 U R_ as the counting
measure with respect to k,7 and the Lebesgue measure with respect to 44 ;, and

rewrite the left hand side of (5.15) in the short notation

dQR(Enaﬁk,ia ﬂ?k,z) =+ / dQR(grwﬁk,i’ @k,z) . (03)
R4+ R—

We may define a transformation J over almost all Ry as
J(kaiaﬁ/k,i) = (kl7i/777k‘/,i/) ) (04)
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where %/,4' are defined in point 1 of the list above, and

Mt = (W0 sty ) D1 Dz ) 01 Wi, ) (C.5)

is constructed from the collection of variables 4y ;, substituting the elements (¢, W)
with (¢*,1%*) (defined in point 1 of the list above), and reordering the components
to obtain the usual decreasing sequence of times. Notice that (z,,,7 ;) is the tree
that is obtained from % ; pruning the subtree generated in the k—th node and
reattaching it to the line representing particle ¢/, in such a way that a new node
with ordering number %’ is created, and that all the other nodes maintain the same
mutual ordering. Then, it is clear that 7 ;s is in A%/,i/ (z,,;[0,t]) as soon as all the
clusters of particles associated to it do not run into singular configurations for all
times. This is true for almost all 44 ;, at least for almost every z,, € I';,. Moreover
in this case, by construction, My is in Ay, , (2,;[0,t]) \ A%),’i/ (z,,;]0,t]), and it
satisfies property 2 in the list above, i.e. (k7,7 ) is in R_. Hence

TR, — R (C.6)

where RY C R4 and R, \ R has zero measure (for almost all z,, € I'};). Further-
more, the inverse function J~! is defined over almost all R_ in a natural way. In
particular, R* = J(R%) C R_, R_ \ R’ being a zero measure subset.

After substituting R4 and R_ in (C.3) with R’ and R*, we perform the change
of variables (k,, %) — J(k,%, %) in the first integral. The function

m(Y,;)
LI WeGea)onime, ) @nimem, ) (Gri) (C.7)
=1

rth
is invariant under this transformation, while the measure transforms as

Ak Wi (Zs Vi i> Vi) = — A0k it Wi (2, Vit v Al ir) - (C.8)

Therefore, the two terms in formula (C.3) cancel each other. O



Appendix D

Continuity properties

In this appendix we prove some property needed in the discussion of Section 4.1. We
always assume to work with an initial measure P with density fy € Ly; Liouville
equation and correlation functions are defined by (4.5), which is assumed to hold, for
simplicity, on the whole set i) (defined as in (4.4)). The value of trees is defined
by (3.10).

The following mild continuity property of the correlation functions can be derived
with no need of additional assumptions on the initial measure (and, as expected,

V(D) inherits the same property as a function of (z,,,)).

Lemma D.0.1 Forall z,, € FL(JF), the functions of time

t— Pn(Tt(n) (gn)v t) 5
t — V(D)(T," (z,),1) (D.1)

with D € A(z,;[0,t]), are continuous for all t > 0, that is

i p, (T4 (2,), £ +2) = lim pu(T (), 8 — ),
e—0t

e—0Tt
lim V(D)(T{? (x,).t +¢) = lim V)T (z,).t—2)  (D2)
e—0Tt e—0t

hold for all t > 0 and all x,, € Tl. In particular, Eq. (D.2) is true for all t > 0 and

almost all z,, € 01y, with respect to the measure doy,.

Remark. The continuity property stated in the above lemma is a consequence
of the Liouville Equation, and it does not imply the stronger “continuity along
trajectories”, i.e. properties (i) and (ii) in the Remark (1) of Section 4, which are in
general not valid unless we assume Eq. (4.3) for the initial measure.

Proof. We will deal first with correlation functions. For n = N the claim is a
trivial consequence of the Liouville equation (4.5), since the considered function is

constant in time.
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98 D. Continuity properties

Suppose that the property holds for the function p,41 for some n < N — 1.
Take € > 0 small, and define Fgﬁ) (z,,) as the one—particle configurations x,;

(n+1)

compatible with z,, and such that the evolution T does not lead to a collision of

the (n 4+ 1)—th particle with the others in the time interval s € (0,¢]. Then we have
/ A1 pnt (T2 (20) g 1) (D.3)
— dx 7 (z , Tpnt1,t
/mT(z)(xn)) wraonss (T ) onrn 1)
= (n+1) (n(n)
= ‘/r(1+5>(Tt(ﬁ)(xn)) dTp41Pn+1 (Ta-i- (T (2n), Tntr), t +€)
+O(€) _/ (n) dxn-i—lpn-i-l (Tt(—?) (in)vxn-‘rl)t) ‘ .
(T ()

The term O(e) is the restriction of the integral in the first term of the first line to the
points that, evolved backwards in time together with the configuration of particles
7}(42 +(z,), display a collision with one of these particles in the time interval (¢, +¢]:

explicitly it can be written, with the usual change of variables, as

S0 [0 [ 0G0

t+t + :pl)

‘Pn+1 (Tt(+g+(£n)7 Tit)l—&—s-i-(Qj(t +t1) + a1, p1), t + 5) ) (D.4)
+
where here p;(t + 1) = (50,4 (22)) it +10) = (T4 (2a)) . and Q17(-)
J J
denotes the subset of 2, selecting particles that do not collide with the others when
evolved forward in times of the interval (¢ 4 t1,t + €. Clearly the term in (D.4) goes
to zero as € for € — 0 in our assumptions.

A term similar to (D.4) is given by

dTp41Pn+1 (TE(ZH)(]}(P (Zn), Tnt1),t + 5) =0(e) .
(D.5)

/FI(TEP(mn»\rﬁ*a)(Té;"(x )

T

Hence (D.3) becomes
(n+1) ((n)
|/ iy L ot (L@ @) omi) e 42) - (©0)

it (Ttg(%), zas1,t) || +0()

Dominated convergence and the inductive assumption imply that this flows to zero
with £. A similar analysis can be performed for negative ¢, therefore we have shown
that, for all z,, € FL,

lim p, (T2 (), ¢+ €) = pu(TF (2,), 1) (D.7)

e—0
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for any ¢ > 0, which means continuity of the function in (D.1) for those ¢ such that
T{" (2,) ¢ O,

To deal with the collision configurations, notice that, for all z,, € T},

pu(TE (@), ) = pu(T (2,), 1) (D.8)

for all ¢ > 0, even if this is not true for the initial measure (this property must not
be confused with the “continuity along trajectories”, see Eq. (4.3)). In fact, for
n = N Eq. (D.8) is again a trivial consequence of the Liouville equation, while for

n < N, it is easily proved by induction: assuming it for p,1,

dx’fl-‘rlpn-‘rl (Tt(jrl) (gn% Tn+1, t)

T (@) 1) = [

(1P (z,))

= (n) dZL‘nJrl,OnJrl (Tt(f) (ﬁn), Tn41, t)
(T2 ()

= p(T (2,),1) (D.9)

Equation (D.8), together with (D.7), prove the first assertion of the lemma for the
correlation functions.

Coming now to the functions V(D) and remembering the explicit expression
(3.10), we observe that V(@)(Tt(gi(gn),t te) = fgie dty ---, where the dots
indicate a function that depends only on the states of the evolution £p,D =
(ﬂ(ggi(gn),m,jl, o dms by Sty Py Pms W, c ¢, Wy ), during the time inter-
val [0,¢1]. Then for any ¢; € (0,¢) this function is actually independent on e: we can
substitute Tt(ilgi(@n) in D with Tt(il) (z,,). Thus we obtain V(@)(Tt(gi (x,),t+e) =
fg dti---+ fttig dty - - -, where the first term concides with V(D) (Tt(;) (z,,),t), and
the second term can be bounded, proceeding as after (3.10), with O(e). This shows
that property (D.7) holds also for the function V' (D), while property (D.8) is obvious
for V(D), so that the claimed continuity property is proved for all z,, € I'} and all
t>0.

Finally, to prove the statement over almost all 9I',,, it suffices to apply the second
part of Lemma A.0.1. O






Appendix E

Positivity of the activity

In this appendix we check that the constant introduced by (7.27) in the proof of
Theorem 7.2.1 is well defined and positive. We put x; = (¢;, p;). Using assumption
(7.8) and the very definition of correlation functions, Eq. (7.3), we can easily rewrite

the denominator in (7.27) as

i (—1)k / der - de ﬁ (1 B e*W(qﬂ')>ﬁk(x1, Ty (E.1)
im0 B s j=1
o k p
(=P / ~Be(a)Y %)
= _ dl‘ldxk 1—e lqu) % (xlv'”7‘/1:k)7
é; Pk =)t J(axme)r jHl( i

where the term k& = 0 has to be interpreted as 1, and A is any open region containing
the ball centered in 0 and with radius equal to the range of ¢. Expanding the product,

the integral in this expression is

p n
Z(_l)n/ dwl e d:[;k Z < e_B‘P(qji)) /‘Ls\k) ($17 . 73:*]{:)
= 1

1<j1<<gn<p \i=

P D\ A(km)
n
= Z(—l)” <n> Cym (E.2)
where the equality holds by symmetry of ug\k), with

(k) _ . T el ) ,®) ..
Cy = ,/(AXRu)k dxy dxy, <Z]T[1€ ) 12N (71, s Tk) - (E.3)
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102 E. Positivity of the activity

Putting (E.2) into (E.1) and interchanging the sums, we have

* 1 & (=)™ (kn) k k!
PR D Dl & S I el Vi
P B S = (k—p)(p—n)!
— 1 1 ey 2 k!
S e Sy R
= k= ! o (k—n—p)lp!
SN IR e
k=0 " n=0 "V
21
= yc/(\’“’“) . (E.4)
k=0 """

Since ,uXC) > 0, this is a positive quantity. Condition (7.6) implies that it is different

from zero.



Appendix F

Proof of (7.56)

Let us compute the right hand side of formula (7.56) for a sequence of smooth
potentials ga(s) approaching the hard core potential ¢g4, as introduced in Chapter 8,
see Eq. (8.8). We assume that the functions () have support contained in the ball
B;(0) centered in 0 and with radius d > 0.

After a change of variables the right hand side of (7.56) becomes (notice that we
can always interchange the inner integrals)

0 o — B (G—y1—y2) .
/ dy1/ dg(1 — e=P#" >(q—y1))/ dyga(l € )e—w( ') | (F.1)
RY —o0 R 0q

Consider the function on R” defined by
BO(z) = [ dy(1— e P9 W=2))o=B20) . (F.2)
RIJ
this is smooth as the potential »(¥) and
BE)(z) — By(x) , (F.3)

e—0

where By(z) is the volume of the ball By(x) centered in = minus its intersection with
B;(0). The limit By(x) is continuous and differentiable in = # 0 for d = 2,3 (and in
x # 0,4+2a for d = 1), with bounded derivative. We can write (F.1) as

/ dy /0 dg(1 — e—ﬂw(g)(ti—y))m . (F.4)

R¥ —00 aq

Notice that by symmetry all the integrals are in fact over finite regions (the integral
in dy can be restricted to By(0), hence the integral in dg can be restricted to
the interval (—2d,0)), and that %(qu_y) = %‘?w almost surely in dg. By
dominated convergence we can take the limit inside the integrals in (F.4), and we

have

o 0B(G—y)
d M I F.5
/B 0 ) ax<(q—v) 9 (F.5)
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where y () is the characteristic function of |z| < d. Performing the integral in dgq

we obtain the explicit result
[ dyBa(y) = |BalBatd) (F.6)
Bq(0)

where |By| is the volume of the ball of radius d.

Now, suppose that formula (7.56) is not true, i.e. that the equality holds. Then

—BpE) (G-
/ dyl/ dy2 /0 dg(1 — 6_5‘P<6)(‘?_y1))8(1 —eeTa yQ))e—Bso(E)(m—yz)
RY R —o0 oq

1 . E s
=3 /RZV dy1dy2(1 — 0B )(yl))(l _ Bl >(y2))e_/3¢< ) (y1—y2)

1 . ) 8
=3 /R?l’ dy1dya(1 — e—,&p( )(yl))(l _ 6_64p< >(y1—y2))e—/3<p< ) (y2)
1

—Bp®)
=5 [, du(l =P ) (F.7)

where in the first equality we integrated by parts using symmetry for exchange of
y1,y2 (and the fact that (7.56) is not true) and in the second equality we performed

again a change of variables. The result in the limit ¢ — 0 is

1
o | B (F3)
Ba(0)

which is different from (F.6) (easy calculation shows that for v = 1,2, 3 respectively it

is | Ba|Ba(d) = 2d°, 7d* (+%2), Yn?d, while L [, o dyBa(y) = &, 28wd?, Ln2dd).

Thus we got a contradiction. O
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