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1 Introduction

Boltzmann’s groundbreaking work on the kinetic theory of gases revolutionized thermody-
namics, and led to the creation of statistical mechanics. In 1872 Boltzmann proposed an
integro-differential equation to describe the evolution of the particle density of a rarefied gas.
In his celebrated H-Theorem, Boltzmann verified the second law of thermodynamics for his
equation, and confirmed Maxwell’s statistical model of equilibrium states.

In 1900, Hilbert published 23 problems that helped set the mathematics research agenda
in the 20th century. Hilbert’s sixth problem was motivated by Boltzmann’s work on the
kinetic theory of gases. Microscopically a gas is modeled by a large collection of particles
that are interacting according to Newton’s law. Boltzmann’s mesoscopic description involves
a particle density that solves a nonlinear partial differential equation. Macroscopically a gas
or fluid is governed by Euler and Navier-Stokes equations.

In his sixth’s problem, Hilbert asked the question of giving a mathematically rigorous
derivation for the macroscopic equations of fluids, from the Newtonian laws governing mi-
croscopic particle dynamics. In other words, Hilbert proposed a unified theory for gas/fluid
dynamics that includes three levels of descriptions: microscopic, mesoscopic and macroscopic.
Hilbert’s sixth problem consists of two steps:

1. (Kinetic Limit) The derivation of Boltzmann’s kinetic equation from the microscopic
Newtonian dynamics of a rarefied gas.

2. (Hydrodynamic Limit) The derivation of the fluid equations from Boltzmann’s kinetic
equation as collision rates goes to infinity (equivalently, as the gas gets denser).

The hydrodynamic limit for the Boltzmann equation leading to incompressible fluid equa-
tions is rather well-understood, as a result of series of progresses that were made by many
authors during the last decade of the 20th century.

The precise mathematical formulation of the kinetic limit was given by Grad in 1949. In
reality the number of particles is given by the Avogadro number and the effective interpar-
ticle interaction is microscopically small. To derive Boltzmann equation from such a large
interacting particle system, we need to apply some kind of “law of large numbers” by sending



the number of particles N to infinity, and sending the interaction distance € to zero. For the
validity of the Boltzmann equation, we need to make sure that a typical particle interact
with finitely many particles in one unit of time. For this to be the case, Grad discovered
that N must be related to € by N ~ ¢%~!, where d is the spatial dimension.

Boltzmann’s derivation of his kinetic equation was based on his Stosszahlansatz (molec-
ular chaos hypothesis). More precisely, if initially particles of a gas are statistically indepen-
dent, the correlations built at later times are negligible, and can be ignored. The rigorous
verification of this hypothesis is the main challenge in the derivation of Boltzmann equation.

The first breakthrough in the kinetic limit part of Hilbert’s sixth problem was achieved by
Lanford in 1975. He showed that Boltzmann equation does indeed approximate the particle
density in large N limit provided that Grad’s relationship holds, and time is sufficiently
short.

Recently,Yu Deng, Zaher Hani, and Xiao Ma have settled the long-time derivation of
the Boltzmann equation from a hard sphere system provided that the Boltzmann equation
possesses a classical solution.

In Hilbert’s sixth problem, the microscopic description of a gas was governed by the New-
tonian mechanics. With the discovery of quantum mechanics, Boltzmann’s kinetic theory of
rarefied gases had to be revised. Kinetic equations are widely used to understand dynamical
aspects of quantum many particle systems. In a mean field regime, the Schrodinger equation
of large number of bosanic particles can be approximated with the non-linear Schrodinger
equation.

1.1 Hard Sphere Model (HSM)

Microscopically a gas is modeled by a Hamiltonian ODE in R?¢. A gas of N particles is

described by a vector q = (x,v), where x = (21,...,2x) € R denotes the location of
particles in RY and v = (v,...,vy) € R denotes the velocity of particles. By Newton’s
equation
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where V' represents the potential governing the two-body interaction between particles. As-
suming V'(z) = W(|z|) is radially symmetric (i.e., the force in central) leads to the conser-



vation of momentum, energy and angular momentum. That is
d
% Z v; =0,
d
% Z T; X U; = 0,
{ Z]v@\Q—FZV T; — I, } = 0.
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(For the conservation of angular momentum in dimension d > 3 we replace the vector z X v
with the matrix (zfv/ — 290’ 1 1 < 4,5 < d).) If the gas is dilute, then N < ¢~¢ where N
is the total number of particles and ¢ is the diameter of each particle. For our purposes we
assume that V(z) = Ve(z) = W (%) with W a function of compact support, so that the

range of interaction is of order O(g). To have a more manageable situation, we consider an
extreme case of the above scenario, namely when

oo if |r| <1,
1.1 Wi(r) =
(L) (r) {O it r > 1.

For this case, we have a simple description of our model. The potential (1.1) prevents a pair
of particles to have a distance less than . This means that so long as |x; — x;| > ¢, the
potential energy is zero. In summary, we always have |z; — x;| > ¢ for i # j and da‘” = v;,
CZ’; = 0 whenever |z; — ;| > ¢, i.e., each particle travels according to its Velomty except
when two particles collide. At a collision, the pre-collisional velocities (v;,v;) change to
post-collisional velocities (v],v}). To figure out what (v], v}) is, recall that our system enjoys
three conservation laws: the conservation of momentum, angular momentum and energy.

More precisely,
v + vl = +v; |vj|2+|v 2= v+ [v;[2, 0! xa vl X = X 2+ vy X @
i T U= Ui T U, i j i i TV XL = U X Ty T U j-
By the conservation of momentum and energy,
J_ i
v; =+ a, v; = v —a,

for a = (v; — v;) - n n for a unit vector n. The conservation of angular momentum forces

Ti—XT4 .
n =n;; = —=. In summary, the n;;-component of v; and v; are interchanged:
J \a)l—ac | ’ J J
j_ _ L J
(12) ?)i = vV; — (Uz‘ — ’Uj) . nijnz-j, TLZ']‘ = .
|w; — ;]



Boltzmann derived an important PDE for the evolution of the macroscopic densities in
the case of a dilute gas. To describe this derivation, we need to be more precise about the
assumption N < e7¢. In 1949 Grad discovered that indeed one needs N = O(e'~?) for
the Boltzmann derivation. In fact, Boltzmann derivation was based on several assumptions.
The first assumption says that the mean free path of a particle in a dilute gas is positive and
finite. The mean free path is the time a typical particle travels in average with no collision
encounter. Note that each particle is a sphere of diameter €. Such a particle traces a set
of volume O(e'7?) in one unit of time. If particles are scattered evenly in space, we find
O(Ne'~?) many particles in a set of volume O(g'~¢). Hence typically a particle encounters
finitely many particles in one unit of time. This can be rephrased as the positiveness of the
mean free path.

1.2 Kinetic Limit

As we mentioned previously, for a dilute gase, we assume that N = O(g'~9), for a constant
A > 0. This guarantees finiteness and positivity of the mean free path of the gas. Boltzmann’s
equation yields a mesoscopic equation for the evolution of the particle densities. By a density
we mean a function f(z,v,t) such that

(1.3) gd! Z((mi(t),vi(t)) — C(z,0) f(z, v, t)dzdv

Rd JR4

for every bound continuous function ¢. Normally we assume (1.3) is valid initially for a
function f(x,v,0) = f°(x,v), and expect to have (1.3) at later times for a suitable function
f(z,v,t). Note carefully that if (1.3) is valid at ¢ = 0, then

lime?™'N = Z ::/ Oz, v)dzdv.

e—0

Boltzmann was the first who derived a PDE from the evolution of the density f in the case
of HSM. According to Boltzmann, f must satisfy

(1.4 T v gy =t - ()

where Q= (f) = fLf, with

(1.5) /Rd /Sd 1 — vy, n) f(x, v, t) dndu,,

with B(v — v,,n) = [(v —v,) - n]T, and

(1.6) ) = /]Rd /Sd 1 — vy, ) f(z, 0, 1) f(z, 0], t)dnduv,.



Here, dn represents the standard surface measure on the unit sphere, and

vV'=v—(v—uv) - nn,

vh=v+(v—uv,) nn.

The term B(v—wv,,n) f(x,v,t)f(x,vs,t) represents the loss term. Its form has to do with
the celebrated molecular chaos assumption of Boltzmann. This assumption roughly asserts
that before a collision, particles are (approximately) stochastically independent. Hence the
probability of having a pair of particles near a point x at time ¢, with velocities v and vy, is
approximately f(z,v,t)f(x,v,,t). The gain term has a similar interpretation.

In the case of the HSM, the initial condition (1.3) holds if the particle configurations

q = (z1,v1,...,2N,vn) is selected randomly according to the measure
1

(1.7) Z—fo(azl, v1) f (22, v2) ... fP(zn,vN) dordyy . .. deydoy
N

with

Iy — /.../fo(xl,vl)...fo(a:N,vN)Il(qE Q) dzydv, ... drydoy

where
Q={q:|z; —xj| > forall i #j}.

We are now ready to state part of Hilbert’s sixth problem:

Conjecture 1.1 Take a function [ > 0 with [ f%dzdv < co. Assume that q is initially

distributed according to (1.7). Then (1.3) holds for all ¢, where f is the unique solution to

the Boltzmann equation (1.4), subject to the initial condition f(x,v,0) = f°(x,v). O
Lanford in 1975 established Conjecture 2.1 for short times:

Theorem 1.1. There exists tg = to(f°) > 0 such that the Conjecture 1.1 is valid for t <
to(f?).

Lanford’s method [La] is perturbative and is based on the BBGKY hierarchy equations.

The main challenge in studying Boltzmann’s equation stems from the quadratic form of
Q. We may regard (1.4) as an ODE in infinite dimension. Recall that the ODE ‘fi—i = 2% does
not have a global solution in . We expect PDE (1.4) to be well-posed because of the special
structure of (), in particular the subtle cancellation in Q = QT — ~. However, Lanford’s
method does not take advantage of this cancellation, and is not expected to work globally
in time.

llner and Pulvirenti [IP], using a similar idea replaces the smallness in time with the
smallness in the initial data:



Theorem 1.2. There exists a constant C(3) such that if

fO(z,v) < C(B) exp(—B(|z* +[v]*))),
then the Conjecture 1.1 holds for all times.

The issue of existence and uniqueness of solutions to Boltzmann’s equation is not well-
understood. DiPerna and Lions [DLi| established the existence of a so-called renormalized
solution in 1985. The uniqueness of the renormalized solution remains open. However, Lions
[Li] shows that if there exists a bounded solution to (1.4), then the renormalized solution
is unique. The existence of a bounded solution for any bounded f° is a long-standing open
problem. The main challenge is as how to control the collision terms @Q*. It is an open
problem to show fOT [[ Q*dzdvdt < oo. Microscopically this corresponds to showing that
in average N~! times the total number of collision encounters occurring in a time interval
[0,T7] is finite. This is just the first step in establishing Conjecture 1.1. Moreover, we need
to verify some variant of the Stosszahlensatz (molecular chaos hypothesis) of Boltzmann.
Lanford’s interpretation of this principle is this: If initially the probability density of the
configuration is given by a product like (1.7), then this property is almost true at later times
as N gets large. A different interpretation of Stosszahlensatz is given in [R1] and [R2].

1.3 Boltzmann H-Theorem and Renormalized Solutions

When d > 2, the best existence result available for (1.4) is due to DiPerna and Lions [DLil].
This existence result is formulated for the so-called renormalized solutions and the uniqueness
for such solutions is an open problem. Note however that if we already know a bounded
strong solution exists, then there exists a unique renormalized solution [Li]. Before we give
a precise definition of a renormalized solutions, we discuss some of existing estimates for
solutions.

We first describes the conservation laws. Assume that the collision kernel B satisfies

B(v,n) = B(—v,—n), B(v—2v-nn,n) = B(v,n),
so that the following physically natural identities hold
(1.8) B(v —v,,n) = B(v, —v,—n), B —v.,n)= Bv—u,,n).

We also use the compact notation f, = f(v.), f' = f(v), and f. = f(v)).
Observe that if 1 : R? — R is a bounded continuous function, and

Ula, 1)) = / S @0, t) dv, V(e t;9) = / o) f(z,v,) do,



then by (1.8),

(19) Uy +v-V, = ///S v ) (00 + () — () — (v.)) dodvdn.

This yields d + 2 many conservation laws by choosing ¥ € {1,v, |v|?. Indeed if

p(x,t) =U(z,t;1),  (pu)(z,t) = Ulw,tiv),  2(pE)(z,t) = Uz, t; Jv]),
Alx,t) =U(x, ;o @),  2B(x,t) = Uz, t; [v]*v)

then we have

(1.10) (pu) + VA =0,

In particular,

(1.11) %/p(x,t) dxr =0, c(lit (pu)(z,t) de =0, %/(pE)(w,t) dzx.

Similarly, we set

H(f)(x,t) = /f(x,v,t) log f(x,v,t) dv, R(f)(z,t) = /vf(m,v,t) log f(x,v,t) dv,

which is as if we choose ¥ = log f in (1.9) (in spite of dependence on (x,t). As in (1.9), we

can readily show

(1.12) H(f)e+V-R(f) = =E(f),

where

/Q (logf+1)d /Q )log f dv

——5 J[ [, Bo—emistio PE dviv.dn
// /Sd Bl —v,n)(f'fi— ff.)log “;/}fi dvdv,dn > 0.

- [Hn)0) do

Let us set



From (1.11) we deduce the following important bounds: f solves (1.4) in the time interval
[0, 77, then

(1.13) sup H(f)(t) < / / ) dxdt < H(f)(0).

te[0,7)

The entropy equation (1.12) can be used to determine spatially homogeneous equilibrium
states. More precisely, if f(x,v,t) = M(v) solves (1.4), then by (1.12), we must have
E(M) = 0. This is equivalent to saying that MM, = M'M. for every v,v, € R? and
n € S4L. If log M = h, then h satisfies the conservation law

(1.14) h(v') + h(v)) = h(v) + h(v,).

Let us write C for the set of continuous functions h : R? — R for which (1.14) holds for every
v,v, € R and n € S¥!. It was shown by Boltzmann that dimC = d + 2, and that C is
spanned by 1,v, and |v[%. In this way Boltzmann has shown that his equation is consistent
with the Maxwell statistical equilibrium model of gases. More precisely, an equilibrium
solution M can be represented as

v —u?

(1.15) M(v) = M, 4(v) = p(2nRA)~¥? ¢~ 2or

for a constant (p,u,0) € (0,00) x R? x (0,00). Observe

1 1
(1.16) p= /M dv, pu= /UM(U) dv, pE=p <§|u|2 —|—e) = /§|v|2 dv,

for e = dRO/2. The solution M given by (1.15) is known as a Maxwellian, modeling an ideal
gas at equilibrium. The constants p, u, e, and R represent the mass, the momentum, the
internal energy, and the gas constant. We are now ready to explain the hydrodynamic limit
part of the Hilbert’s sixth problem: If f* solves

(1.17) fftv £ =rQUM),

with x representing the Knudsen number, then as k — 0, the solution f* is approximating a
local Maxwellian of the form M, ¢) u(wt),0() := M (2, ). If we substitute M (z,t) for f = f*
n (1.10), we are led to the Euler (hydrodynamic) equation:

pe+ V- (pu) =0,
(1.18) (pu)e + V(p(u®@u)) + Vp =0,
(PE)i + V- ((pE + p)u) = 0,

where the pressure p is given by p = Rp#f.



As the first attempt, we may consider weak solutions to (1.4). To make sense of a weak
solution, we need to make sense of [ Q*(f)¢ dzdudt, for a test function ¢ of compact support.
This is well-defined if Q*(f) € L}.,. Our conservation laws and (1.13) are not strong enough
to accommodate a local L' bounds on Q*. The following definition proposes a notion of a
solution that avoids L' bounds on collision terms.

Definition 1.1 We say that f is a renormalized solution of (1.4) if

Q*(f)
L+ f

for every positive T', and for every Lipschitz continuous 3 : [0,00) — R that satisfies

sup(1 +7)[5'(r)] < oo,

fe LY ([0,00) xT¢xRY), f>0, € L'([0,T] x T x RY) |

we have that .
B +vB(f)e =B (SRS f)

in weak sense. O

An important aspect of the Boltzmann equation is the smoothing effect of its flow term
0, +v-0,. This is known as the velocity averaging lemma and was quantitatively formulated
and studied by Glose et al. in [GLiPS|. The velocity averaging lemma has the following
flavor: If both f and % + v - 8L belong to a weakly compact subset of L'(T? x R? x [0,T1)
and ¢ is a bounded smooth function, then the velocity average [ f(x,v,t)y(v)dv =: p(z,t)
belongs to a strongly compact subset of L!(T?xR%x [0, T]). More concretely, if fi+v-f, = g,
and p(z,t) = U(x,t;1), then

(1.19) sup/ /]p (x4 h,t) — p*(z,t)|dzdt < co(log |logd])~V% H(g).

|h|<d

On account of Definition 1.1, what we have in mind for g is Q(f)/(f + 1). As for v, recall

L(f)(z,v,t) = /B(U—v*)f(x,v,t) dv,,

where B(v) = [ B(v,n) dn. This would allow us to obtain the weak regularity of f
“(f)/(f +1). As for the weak regularity of QT (f)/(f + 1), we use the weak regularity of
= Q (f)/(f+1), and the entropy production bound of (1.13). After all, if a = f'f., and
b= ff., then we use the elementary bound

a< kb+% 1 (% 2k> < k:b+(logk)_1alog% 1 (b > k)
< (logk — 1)L b(% - 1) log%,

to argue that for an error of order O((logk)™"), we can switch from QT (f)/(f + 1) to
Q= (N/(f+1).

O



2 Lorentz Gas

According to Conjecture 1.1, the Boltzmann-Grad limit of the HSM is expected to be gov-
erned by Boltzmann equation. In Section 1.3 we gave an overview of the existing results for
the Boltzmann equation. A natural question is whether or not some the estimates in Section
1.3 have microscopic counterpart. Indeed this is the case if we add some randomness to the
collision mechanism (see [R2] and [RV]). However for the fully deterministic model such as
HSM it is an open question to derive Boltzmann equation as in Definition 1.1.

A natural question is whether or not we can bound the total number of collisions. For
example, if N(T') = N¢(T') denotes the total number of collisions that occur in the interval
[0, 7], a bound of the form

(2.1) sup e TENE(T) < oo,

e€(0,1]

would have the same flavor as Q* € L!'. Perhaps a microscopic counterpart of Q¥ € L!
would go as follows: Let us write 7,5 < 77> < ... for the collisions times between i-th and
j-th particles. Then we would like to bound

(2.2) dlEZZ (755 < T)[(vi — v5) - i,

1,7 k=1

uniformly in €.
We can use the conservation laws to deduce a weaker bound. To see this observe that if

Zm — v;()t]%,

then X (¢) does not change between collision times, however if 7 is a collision time between
i-th and j-th particles, then
X(t4) = X(7=) = |v; — T0}* + |z; — TU;-|2 — |z — Tvi)? — |z — T2
= —2e7(v] — v;) - nyj; = 2eT(v; — v;) - N7,

with all terms on the right-hand side evaluated at 7— (pre-collisional time). Recall n;; =
(x; — x;)/|x; — z;]. Hence (v; — v;) - n;7 < 0. From this we deduce

(2.3) dlzz H < Ttk (v — vy) - ny| < 72X(0).

i,j k=1

Note
/ 22Oz, v) dedv < 00 =  supEe’X(0) < oo,

e>0

10



which yields a bound of order O(e™!) for the right-hand side of (2.3). Perhaps we should
mention that mesoscopically, we always have

d
pr // |z — vt|*f(z,v,t) dedv = 0.

Microscopically, X (¢) is not conserved, though can only increase for an amount of order
O(e), and this is responsible for our bound (2.3). Needless to say, (2.3) is not good enough
for our purposes. A bound on the total number of collisions remains formidable challenge.

We now describe another challenge we encounter as we try to establish Stosszahlensatz.
For the validity of Boltzmann equation in Boltzmann-Grad limit, we need to show that
recollisions do not occur frequently. We explain this for a variant of HSM that is known as
Lorentz gas.

In a Lorenz gas, we have a light particle (z(t),v(t)), and immobile particles at locations
x;, © € 1. The collection w = w® = {z; : i € I} is random and selected according to a
Poisson point process of intensity A = e'=¢. More precisely, if U is a bounded open subset
of RY, and N(U) = f(wNU), then wNU = {x1,...,zy@) is selected according to the
probability measure

(N = 0) + i(N DTNV ) = N) ] dai

where |U| denotes the d-dimensional volume of U. Given a realization of w, we define of
(x,v) for x € A(w), where

Aw)={zeR: |z —z;|>¢ foriel}.

Alternatively, we may replace R? with the torus T¢, and assume that w = (21,...,2x)
with 1, ..., 2y are selectly intedendent and uniformly from T?. Again, the relation between

e and N is given by N = g!7¢,
The dynamic of (z(t),v(t)) = (z(t,w”), v(t,w?)) is given by @(t) = v(t), o(t) = 0, so long
as z(t) is in the interior of A(w). Moreover, when |z(t) — x;| = €, for some i € I, then v(t)
changes to
v(t+) == v(t—) — 2v(t—) - n; ny,

where n; = n;(z) = e 1 (z — ;).

as ¢ — 0, where q is a Markov process with the infinitesimal generator

Ah(z,v) =v - hy(z,t) + / (v-n)” (h(z,v —2(v-n)n) — h(z,v)) dn.

Sd-1

11



We now provide some heuristics for Theorem 2.1. To simplify the presentation, we
consider the periodic version of our model so that the number of particle is Nand nonrandom.
Let us write ¢(z,v) = ¢i(x,v;w) for the flow of ¢(t). Note that if initially (x(0),v(0))
is selected according to fY(x,v) dxdv, with f° a continuous function, then at later times
(x(t),v(t)) is distributed according to f(z,v,t) dedv, where f(x,v,t) = f(z,v,t;w) is given
by
f<x7vvt):: f0(¢;1(x,v)).

It is not hard to show

{ft(:c,v,t) +v- fo(z,0,t) =0, xr € NMw)?,

(24) flz,v,t) = f(x, v—2(v- nz(x))nz(x),t), |lx — x| = €.

Let us write x(z) = x(z;w) = 1(z € A(w)), and

f<xavvt) ::u/nf(x,v,t;ujkx(x;aﬁ dw.

We also write w’ for w \ {z;}, and (;(x, n;w) = ]1(9: =x; + 5n). By divergence theorem,

frrvefo= [ 10T do =S [ [ b)) o) dn o

—Ne [ o tie)Gleme) ) dn dot = Q7 - Q7
where
@ = [ [ far G me) e n? dnds
@ - [ @t @) dn d'

Fix T' > 0, and write € for the event of a recollison in [0, T, i.e., the set of w such that (z, )
collides one of immobile particle twice in [0,7]. We also write n = 1 (w ¢ ). Observe that
when w € Qp, and v - ny(z) < 0, we simply have f(z,v,t;w) = f(x,v,t;w'). This is because
¢; ' (x,v) does not encounter x; when n = 1. As ¢ — 0, we have f(z,v,t;w') — f(z,v,t),
and

limnQ) = f [ (v-n)" dn.

Sd—1

On the other hand, by the boundary condition in (2.4),
QT = / flz,v—2(-n)n,t;w)¢ (2, n;w)(v-n)" dn dw'.
gd—1

12



We can now can argue as for )~ to show
Q") = [ (0-n) Fla,v = 20 nnt) dn,
e—0 §d—1

because (v —2(v-n)n) -n = —v-n < 0. In summary, f — f in small £ limit, provided that
the probability of a recollision is negligible as ¢ — 0.

In the case of a Lorentz gas, we can readily show that the times between collisions are
distributed as independent exponential random variables, and that the angles between v
and n;’s are independent uniformly distributed random variables. A recollison occurs when
sum of such angles are almost 27, and this occurs with negligible probability. It is far more
challenging to prove analogous claim in the case of HSM.

3 BBGKY Equations for HSM

Recall that in HSM, we have N particles z = z¥ = (21,...,2y), with z; = (z;,v;) € R*.
Let us write
2" = (Zht15- -5 2N),
so that z = zV = (2%, 2"). We write
Ek:{zk:(zl,...,zk) e R |z; — x;] > ¢ for i # i,j€{1,....k}},
Ey = {2" = (241, s 28) e REV=R g — 5| >efor i £, 0,5 € {k+1,...,N}}.

We assume that initially, z is distributed according to F°(z) dz. At a later time, the law of
z(t) is given by F(z,t) dz. We assume that F° is symmetric: If we swap z; with z;, F° does
not change. The same holds for F'. We may write

OEN = U0 By = Uiz; (05 En U 05 Ew),
where
&%EN = {Zk = (21,..., ) € By oy — 5] = ¢, £(v; —vj) - ny; > 0}'

As we discussed in Section 2, the function F' satisfies a transport equation with boundary
conditions:

51) {Ft(z,t) +v-F(z,t)=0, ze€Eg,

F(X, jﬂlijv7 t) = F(X, V,t), (X, V) c aijEN,

where T"v is obtained from v by replacing (v;, v;) with (vj,v}) as in (1.2). We define
F¥(z" ) = / F(z" 2" t) daF,
En(z*)

13



where
EN(Zk) = {ik : (Zk,ik) c EN},

for zF € E,. We wish to use (3.1) to derive an equation for F*. As a preparation, we define

k N R N B
=1 I ¢/@@iay), €& = ] €’(wix)),

i=1 j=k+1 ij=k+1

where B
N (xi, x5) = ]l(|x1 — x4 > 5)'

With these notations, we may write
FHah) = [ RO e $ERY i,
for z* € Ej. As a result,

FRR ) +vF - (25, 1) :/(Ft(zk,ik,t) R (2,55, 0) e (xh, KVERY) daF
+

+/F(zk,ik,t)§(xk,)2k)(€fk & (XF)) di”
+ / F(2*, 25 1) (VP - & (xF, %9))E(XF) dz"
—/F(zk, 2" 1) (VP - G (37, %7) 4 F - n (xF, %F)) €(%F) d2

+ / F(2F, 2%, 1)€(x", %%) (V" - & (%5)) d2*
::Xl + X27

where we used (3.1) for the second equality, and integrated by parts for the third equality.
We claim that X, = 0. To see this, for distinct i,7 € {k+1,..., N} =: I}, we define

Xy = / F(2*, 2%, )6 (x", %°) (vi - €5 (25, 25) + 05 - €5 (w3, 7)) dzidz;.

14



For X, = 0, we simply show that X;j = 0 for every distinct pair of 7,7 € I, Indeed,
(3.2) Xy = /F(Zk,ikat)f(xkik) ((vi = v5) - nag) 035(dy, day) dviduy,

where o;; is the surface measure on the set {(z;,2;) : |z; — ;] = ¢}. We now perform a

change of variables (v;,v;) — (vj,v}) in the integral on the right-hand side of (3.2). This

change of variable is of Jacobian 1, and does not change the F'(z*, 2" t) term because of the
boundary conditions in (3.1). prever, i{tphanges (vi—vj) ‘n;j to (vé—v}) Nij = — (vi—vj) MNij,
which results in the equality X3 = —X3’. This confirms our claim X5’ = 0.

We now turn our attention to X;. For any (i,7) € {1,...,k} x {k+1,..., N}, we have

Xy ::/F(zk,ik,t)f(xkik)(vi-52(:171-,333‘) + ;- & (@i w))) dz

:/F(zk,ik,t)f(xk,fck) ((Uz — ’Uj) . nij) a;(:ci,d:cj) d’Uj,

where o (;, dx;) is the surface measure on the set {x; : |z; —x;| = e}. From this we deduce

Xo= 30 3 [ F@R ) (0 v) ) € R o dy) doy [T e

i=1 j=k+1 rel*\{j}

We then use the symmetry of F' to assert that X; equals to
k
(N —k) Z/F(zk,ik,t) (v = Vs1) M) E(xF, xMERP) oh1 (i, dTpyr) dogyy d2FH
We may rezjvlrite this as
(N —k)et? zk: / /Sd—l FRY (2R zi—en, vpir, ) ((0; — vgs1) - ) dndogpr =: A (CFTHER) (25, 1),
i=1

where A\, = \* = (N — k)e?~!. Note that an assumption of the form N = \e!~¢ leads to
A, — A as € — 0. In summary, we have derived the BBGKY equation

(3.3) FF(z*,t) +vF - FR (2", t) = N (CFH R (27, 0), z" € EY,
' Fr(xF TUvk) = FF(xF vk 1), z" € 0,;F}.

As in Section 2, we write C’;j“ = Q) — Q,., where

k

Qﬂ‘(zk) :Z // h(Zkyﬂfi — EN, V41, t) ((Uz - Uk+1) : n)_ dndvyy1,
i=1 it
k

Qﬁh(zk) :Z // h(Tézk, T; — EN, Ujyq, t) ((vZ — ka) . n)f dnduvy 1,
i—1 Sd-1

15



where v} = Vg1 + (V5 — Ugy1) -1 1, and Tiz"* is obtained from z* by replacing v; with
v} = v;— (v; — Vg41) - . Let us write ¢F for the flow of z, (ignoring the interaction between
z" and z*), and define SFh := h o ¢f. We can then apply Duhamel’s formula to (3.3) to
assert

t
(3.4) FR(z" 1) = (SFFY) (2°) + A /0 (SE, CETER) (2%, 41) dty,
where F¥(z") = F*(z*,0). We may apply Duhamel’s formula to (3.4), and after an induction
we learn that F*(z* t) equals to
N—k m
B9 (SEENG+Y [ (Sh,CEsE, o chn SR ) [
m=1 Am(t) i=1

where \J" = A\ ... Agpm—1, and

Ap(@)={(t1,. .. tm) s t>t > > 1, >0}

The formula (3.5) suggests a strategy for tackling Conjecture 1.1. Note that if we can
show

(36) lim Fl(Zl,t) = A_lf(Zl,t), lim FQ(Zl, Zg,t) = )\_2f<21, t)fg(Zg),

£—00 E—0OO

then by standard arguments we can readily establish (1.3). More generally, we may try to
show

k

(3.7) lim F*(z", ) = X ][ f(z.1).

e—00 !
=1

On account of (3.5), we may achieve (3.7) in three steps:

i) We show that in the small ¢ limit, the operator SF converges to S¥, where
t ¢
(3.8) (SFR)(xF,vF) = h(x" — tv¥ vF).

(ii) We show that in the small € limit, the operator Qf converges to Qki, where

(3.9) (Qph) (xF,vh) = Z//Sd1 ((v; — ves1) - )~ A(Z", 25, 041, 1) dndy,

and Q} is defined as in (3.9), except that we replace (v;,vx41) in the argument of h
with (v], vj44).

16



(iii) We show that the series is absolutely convergent as N — oo.

It turns out the crucial step is (iii), which allows us to replace the large sum in (3.5) with
a fixed finite sum for a small error. Once this is achieved, it is not hard to verify (i) and (ii)
in this finite sum because each term in the summand involves finitely many particles. That
is, we only send ¢ — 0 in (i) and (ii), while the number of particles is fixed. Indeed if there
are { = k +m many particles, then the probability of a collision in an interval [0, 7] goes to
0 as € = 0. We are now ready to sketch the proof of Theorems 1.1.

Proof of Theorem 1.1 On account of our discussion above, we only need to verify absolute
convergence of the series in (3.5). Our initial density is given by (1.7) with f° that satisfies

2
vy |

(3.10) (1) < AMy(v,) == A(2m0)~ V26~ 3.

From this, it is not hard to deduce that there exists a constant A such that

(3.11) Fy(z") == F'(2*,0) < AT [ My (vi) = A'MG(v").

i=1
Clearly the operator S; does not alter the right-hand side by the conservation of energy:
(3.12) (SiFy)(2*) < A'My(v").

Let us first replace (v;—v,)-n) " in the definition of @} with a bounded function B(v;—v.,n).

We can then assert
-1

(QF1SIFy) (2") < coBo(t = DA T [ Mo(vy),

i=1
where By is an upper bound for B, and ¢ is the total measure of S*!. From this and (3.5)
we arrive at a bound of the form

i N—k m
FF(zF 1) <APMEFEF) |1+ AT A™(coBo)™ (k(k +1) ... (k+m — 1))t—']
m:
L m=1
r N—k
(3.13) <SAFMEFY [T+) (20AcoBot)™ | .
L m=1

From this it is clear that the expression in the brackets is uniformly bounded if 2AAcyBot < 1.
For HSM, B is not bounded. To deal with it, we borrow from our Maxwellian to bound
this. To see this, observe that for and a > 0,

¢ ¢
_ 2|2 _ _|vl)2 _ —_|v¥?2 —
g lv;le™ V' < a7Y2 max [E |v; e~ V'] ] < o V202 max [|v£|e vl } = cia V22
vt vt
i—1 i=1
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for ¢; = 271/2¢~1/2. From this we deduce that for o, 5 > 0,

¢ ¢
> v = vega M > (oil + [vea]) e oM P
i=1 i=1
<c |: 1/2€1/2_|_B 1/2€:|
As a result,
k4+m—1 ¢ k+m—1 k+m—1
H Z|U¢—W+1| exp | — Z (Oé|V€|2+BU?+1) < C71n—1 H [a_1/2€1/2+ﬁ_1/2€]
=k =1 =k =k
This in turn implies
ktm—1 ¢ ktm—1
H Z ’Uz‘ _ W+1\ exp [—((m B 1)04—1—6) ’Vk+m’2} < C;nq H [a’1/2£1/2 +B—1/2€]
=k =1 =k
If we choose a = /(m — 1), we obtain
k+m—1 ¢ k+m—1
T1 3 el exp [28107) < (™)™ T [l = 1202 1.4
=k =1 =k

< (2016_1/20{: +m — 1))m71.

In summary,

k+m—1 ¢
(3.14) H Z lv; — Ve | < (2016_1/2(k +m — 1))m71 exp [25|Vk+m|2} .
=k =1

We now choose 8 € (0, (46)7') in (3.14) to assert that the expression

k k+1 gk+1 k+m k+m mk+m k
(St tlc Sm —ty " Ck+m 15 Fy )(Z ),

is bounded above by

k+m
AFME(V)EIVT (26, 572 (K 4+ m — 1)) (o A)™ / H M@ )e2Bil® gy,
j=k+1

S AkM9k<Vk>625‘vk|2 (261571/2“{ +m— 1))m_1(CoA)m(1 . 46&)*m/2
= APMEE)RI (ke m — 1) e,

18



This and (3.5) allow us to assert

N-k m
FR(2h 1) < AFME(VF) + ARM (vF)e My [/\mc?(k: +m - 1)’”‘17%} .
m=1 )

We then use Stirling’s formula to assert that there exists c3 such that
N—k
F*(2" ) < ARME(VR) + AFME(VF) eV N (est)™.
m=1

From this we conclude that if st < 1, and 6 = (6‘1 — 45)_1, then we can find a constant A
such that
FR(ZF 1) < AFME(V),
for every k€ {1,...,N}. O
So far we have assumed that total number of particles is fixed in our HSM. To allow more
flexibility, we choose a state space

E={wCR": N(w):=fw< oo}

To have a probability measure P on &£, we start with a family of measurable symmetric
functions
W, : R¥™ 5 10,00), m €N,

and set
1
]P’(N(w) =m, w={21,...,2m} € A) = —'/ Win(z1, .oy 2m) dz1 ... dzp,
m: Ja
for m € N and A C R?*™_ Additionally, we need a constant py € [0,1] to represents the

probability of N (w) = 0. Note that if

1
P i=PN =m) = Win(z1, ..oy 2m) dz1 ... dzp,

TTL' R2dm

for m € N, then we must have
o
o=t
m=0

The probability measure P is an example of (finite) point process, and (W,, : m € N,) are
known as Janossy functions. The corresponding correlation functions are defined by

[ 4
1
(3.15) pe(2") = plar, .o z) = Wi(2) + > E/R Wiz T] dzesa
=1 i=1

2(k+£)d
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Conversely,

(="
!

r

Wi(2*) = pr(2") +>

r=1

k r
(z°, W dw;.
L et 11

Note
]EZ {h(zl,...,zk) o F o F oz {2z C w} = /pk(zk) h(zk) dz".

Moreover,

/pk(zk) dz" =ENN —1)...(N —k+1) L(N > k)].
For our HSM, we may start with an initial probability measure Py = P such that

(3.16) lim e 'EF M = X € (0, 00),

e—0

where [E° denoted the expected value with respect to Pg.
Given f°(z), we define Py = P§ to be the point process associated with Janossy functions

m

Wo(z") = 20 (2™ [ £,

i=1

where
Xim(2™) = W(|a; — 2] > € for i # 3, i,j € [m]),
with [m] := {1,...,m}, and

X _(1-d)m m

€ m m

Z.=1+ E - /Xm(Z )”fo(zl-) dz™.
m=1 =1

One can show that (3.16) holds for A = [ fY dz. Also, if we replace x,, with 1 for a small
error, we can show use the factorization property to assert that the corresponding correlation
functions satisfy

m

(3.17) Pz, 0) ~ emi=d Hfo(zi).

=1

The configuration w = w(0) evolves with time according to the HSM dynamics. The
configuration w(t) = {z(t),...,zn(t)} is distributed according to the probability measure
IP7, which is a point process associated with Janossy functions

(3.18) Wi (2™, ) = Wy, (¢ (2™)).
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In the case of HSM, the analog of F* of Section 3 is given by
Fs,m(zm7t) — Fm(Zm,t) — Z:‘(d_l)mpfn(zm,t),

where pZ (z™t) is defined as in (3.15) for W, as in (3.18). The analogs of (3.4) and (3.5)
read as

t
(3.19) F¥F t) = (ST FY) (2") + /0 (SE, CPHY R (25, 1) dt,

) PR = Y [ (st cis, ot SR @) T
m=0"Y Am(t i=1

We now try to rewrite (3.20) in a more manageable way. Observe that the m-th term
involve a composition of m many collision operators and each collision operator is a sum.
Hence the m-th term involves a sum of the form

k+m

SR I I

i1=1 im=1 ~ET (k,m)

where T'(k,m) consists of v = (i1, ..., k) with i, € [k],...,im € [k + m]. Pictorially, ~ is
a tree with k roots. The tree represents the creation of m particles: Initially we start from
roots that are labeled from 1 to k. At level 1, we add the particle £ 4+ 1 in interaction with
the particle i1 € [k]. More generally, at level j, we create the particle k + j in interaction
with the particle ¢; € [k + j — 1]. In summary, a term on the right-hand side of (3.20) is
constructed in the following way:

1. We specify m € N U {0} to represent the number of particles of w that are interacting
with the starting particles {z1, ..., 2z} in the interval [0, ¢].

2. A tree v € T(k,m) of k roots representing the creation of m particles in the form of
collisions with the existing particles.

3. The time of creations: t =tqg >ty > --- > t,, > 0.

4. The velocities vyi1, . .., Vprm € RY, and relative positions nq, ..., n,, € S¥! of the created
particles.
Given the above data, we still have to deal with the evolution of particles z1,..., 2x1, in

the interval (¢,,,t+1). When a collision happens in (t,,, t,,+1), we refer to such collisions as
recollisions. In the Boltzmann-Grad limit, we need to show that the probability of recollisions
is negligible in small ¢ limit. Put it differently, only the collisions associated with the
recreation of new particles survive the limit and are featured in the Boltzmann hierarchy
equations.
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4 Cluster Expansion

Given ¢ > 0, and a path (w(s) = {z1(s),...,2a(s)} : s € [0,1]), we associate a dynamical
graph A = A(t) with the following recipe: The Vertlces are [n] = {1,...,n}, and the set of
edges consists of pairs (4, j) such that z; and z; collide during [0,¢]. We allow multiple edges
between i and j if there are recollisions. We write (A, ..., Ax) for the connected components
of A. We are interested in

(4.1) I, =71 4y,

Given a function h of connected graphs (clusters), we wish to study the partition function
(4.2) As(h) = 4 togE e2i ),

Given two e-clusters o and 3, we write a ~ (3 if the union of o and [ is still connected, and
a ~ f3 if particles in @ do not collide with particles in 8 during [0, ¢]. We write x.()) for the
indicator function of the set of graphs A that would produce an e-cluster. We may write

A(h) = Ed_l(log Z.(h) —log Z.(0)),

where

B 1+Z ! Z /2dn )\ < Pk (H ]1)‘i°°)‘j> (1} XE()‘I') (eh()\i) H fo(zr) dzr)) )

i#j TEN;

where P¥ denotes the set of partitions of dynamical graphs with n verties and k many
clusters. Note that the number of ways a set of n points can be partitions into sets of

cardinalities nq,...,n; is
n!

ny!.ong!

Since we consider the on ordered decompsotion {Aj,...,\x}, the above number must be
devided by k!. As a result,

=1+ Z n! Z k! Z nl L(ny+---+n,=n) (n+etng) (1)

/ (H ]1>w‘°°/\g'> (H Xe(A ‘)‘ | = n; [eh(/\i) H fo(zr) dzr]) )
R iz

reEN;
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From this we deduce

kv (HHAM> ( X)L (IN] = i) [ IT ) dz,
=1 n;=1 i#£j reN;
) 1 k
— h
=1+ E/ dVE ()\Z) H]l,\mo)\],
k=1 i=1 i#j
where 0 o(d-1) (d=1)|A
h B g Hm €
VP (dX) _mzl — XML = gdzr— N ————x-(\)dzy.

We next study the exclusion term
O, M) 1= H Dy en; = H (1—1Txmn,)
i#j i#j

- Z H (_ ]b\iN)\j)

GGy (1,))€E(G)

= Z §0<’\7 G>>

GeGy

where G is the set of graphs of k vertices, and F(G) is the set of edges of G. Any such graph

can be decomposed into connected subgraphs Gy, ..., Gy. Observe
¢
(i.5)€E(G)  r=1(i,j)eE(Gr)

Writing C,, for the set of connected graphs with m vertices, we may write

1 k!
Z Z 6! mq!l...my! Z

GEeG My ’ " G1€Cmy - ,GeECm,

Moreover, since

Hduh()\i) =11 I av)

m=1reGpm,
with Gy, ..., G, the connected component of G, we may write
k
(H M(A») D erG) =) (H dv( ) \,G)
i=1 GEGy GeGr \i=1

- I IT @0 T eirc

GegGr m=1reGnm
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where Gy,...,G, denote the connected component of G (with ¢ = ¢(G) the number of
components). Hence

- +Z£' (Z /Hdz/ wmxl,...,Am)>,
where 11 = 1, and for m > 2,

YA dm) = > [ (= 1)

GECm (1,j)€E(G)

Thus
(4.3) log Z.(h) = i %/ﬁduﬁ(&) V(A5 Am)
m=1 =1
5 Cumulant Bounds
Recall that we wish to show
5.1 Fu(m ) ~ [ £ ) = 57 1),
=1

where f is the solution to (5.1). For (??), we compare F™ to (F1)®™ =: f®™_ To explain
our strategy, let us first take disjoint open sets A, ..., A, C R% and consider

(5.2) E (H (NAj(t) - ENAj (t))) =: /A ) Er(zrjt) dz"”

where Ny(t) = §(ANw(t)). For our purposes, we wish to show that £” — 0 as ¢ — 0. From
(5.2) we can readily check that E' =0, F? = F? — f @ f, and

E3(2%) = F*(2*) = F2 (21, 20) F*(23) — F%(21, 23) F' (20) = F*(22, 23) F ' (21) +2F (21) F* (22) F* (23).

More generally, given an index set I, we may write F'! for F/|, when the arguments are
(z; : i € I). With this convention, we define

(5.3) BT = (—1) e g

JCI
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where |J| = §J. When I = [r], we have ! = E". We derive (5.3) by carrying out the
multiplication in (5.2). Similarly, we write

r

[T, 0) = TT N (0 — BV, 1) + NG, (),

j=1
and multiply out the right-hand side to deduce

(5.4) Fl— Z FEUN) gt

JCI
where E? = 1. For example F? = E? + f®2 and

F3(2%) = B*(2*)+ E*(21, 20) F*(23) + E* (21, 23) F* (22) + B2 (29, 23) F (21) 4+ F 1 (21) F (22) ' (23).
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