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1 Introduction: model and main results

1.1 Mathematical context

The Boltzmann equation statistically describes the dynamics of rarefied gas, and may be seen as an
intermediate mesoscopic scale between microscopic and macroscopic points of view: it can thus be
used to derive fluid mechanics equations from Newton classical equations (see for example [3, 19, 25]).
This model allows on the one hand quantitative simulations [28, 17], and on the other hand qualitative
comprehension of the intrinsic statistical behaviour of fluid matter. In fact, introducing the entropy
of the system as one of its Lyapunov functional, Boltzmann proved that the density of particles
irreversibly converges towards an equilibrium on large time scales. This equilibrium is called the
Maxwellian state, where the gas occupies uniformly all the available space, and where the velocities
of the particles are distributed according to the Maxwell Gaussian distribution (1.4), which only
depends on the temperature of the system.

The mathematical derivation of this equation from microscopic Newton equations has only been
proved in 1975 by Oscar Erasmus Lanford IIT [21, 22], in the case of hard sphere interactions, yet
on very small times. The main hinderance to long time scales is the emergence of correlations
between colliding particles: the quantitative estimates on the system’s chaoticity deteriorate over
time, preventing from dealing efficiently with recollisions of particles.

Nonetheless, in a framework close to thermodynamic equilibrium (i.e. the Maxwellian state
presented above), the statistical stability of the dynamics guarantees the preservation of a certain
amount of chaos over large times, allowing a stronger control of correlations. In a Rayleigh gas setting,
that describes the behaviour of a small fraction of tagged particles near equilibrium [26], Henk van
Beijeren, Lanford, Joel Louis Lebowitz and Herbert Spohn proved in 1980 the derivation on large
time scales of a linear version of the Boltzmann equation, called the linear Rayleigh—Boltzmann
equation [27, 23].

In 2013, Isabelle Gallagher, Laure Saint-Raymond and Benjamin Texier returned to the work
of Lanford and his former student, Francis Gordon King [20], to generalize their proof in the case
of compactly supported potentials, hence providing precise estimates on the convergence rate in
Lanford’s theorem. These quantitative estimates allowed in 2016 Thierry Bodineau, Gallagher and
Saint-Raymond to study the convergence rate in the linear case, along with its dependence on the long
time scaling, so as to infer Brownian hydrodynamic limits [5]. These estimates on the convergence
rates have been improved in 2024 in our previous paper [12].

Joined by Sergio Simonella, the authors also studied the symmetric linearization of the Boltzmann
equation on long time scales [6, 8], precising their study so as to capture rarer dynamics events that
are involved in fine correlations between particles. Eventually, they completed their analysis of the
fine scales of the dynamics in 2023 [7], studying the finest correlations of the system through its
cumulants (2.1): they exhibited the equations governing the fluctuations of the empirical measure
and its large deviations.

The present work is dedicated to performing this study in the Rayleigh gas setting, where the
expected limit of the empirical measure follows the linear Rayleigh-Boltzmann equation. The rel-
evant model to introduce the empirical measure of tagged particles is a gas mixture, introduced in
the companion paper [13], in which most of the particles are initially distributed according to the
equilibrium state, and in the low-density regime. Meanwhile, some other tagged particles are ini-
tially perturbed from this equilibrium, their number going to infinity, yet necessarily in a more dilute
regime, to remain in a Rayleigh setting. We choose the grand canonical ensemble to get symmetry
and simplify the study of cumulants. This model allows to study the statistical behaviour of the
perturbed particles, and permits in particular to explore the phase transition around the low-density
scaling. Indeed, looking at the fluctuations of the empirical measure, we show that there is no thresh-
old ahead of this scaling, which is thus the exact regime to consider, to observe correlations at the



limit.

On the other hand, we exhibit a linear version of the Hamilton—Jacobi equation that describes the
limit cumulants of the tagged particles, and derive a large deviation principle in a tighter functional
framework than [7]. These two results are nevertheless still restricted to small time scales, because
of the absence of strong a priori bounds on the cumulants, due to their non-linear combinatorial
structure. Recently, Yu Deng, Zaher Hani and Xiao Ma [10] showed that assuming uniform bounds
on the regular solutions to the Boltzmann equation, and computing a very fine combinatorial analysis
of the dynamics trees, the derivation was valid for long times. Their method might be applied to
statistical results like the ones presented in this paper, to extend their time validity, especially since
the uniform bounds of the limit are known in the linear framework.

Note that the way we deal with the geometry of recollisions in this paper is different from how
it is done in the companion paper [13]: we improve here the analysis performed in the most recent
geometric method to get a convergence rate in a full power of ¢ instead of ¢|loge| (see Section 3).

Section 1 recalls the definition of the model we introduced in [13], and states the main fluctuation
and large deviation results. Section 2 is dedicated to the study of the cumulants of the nonideal
Rayleigh gas, providing the equations that drive their evolution in terms of dynamics trees and
interaction clusters, short-time bounds and the study of their convergence and limit. Qur optimized
geometrical computation, necessary to prove the latter results, is postponed to Section 3. Eventually,
Section 4 explains how the results from Section 2 lead to the fluctuation and large deviation results.

Two appendixes follow to expose technical results, about the change of parametrization of the hard
sphere scattering rule (Appendix A), and the functional analysis of the linear Rayleigh-Boltzmann
and Boltzmann—Hamilton—Jacobi equations (Appendix B).

1.2 Microscopic hard sphere model

The model that we present in the following sections has been introduced in the companion paper [13].
At the microscopical scale, we consider the hard sphere model: the state of a gas of N particles is
completely determined by the positions (in the d-dimensional torus ']Td) and the velocities of every
particle, represented by the vector

zy = (21,...,28) = (zy,vy) € DV = (T? x RH)N,

The hard sphere model consists in the following exclusion condition, which asserts that two particles
cannot get closer than a certain diameter ¢ > 0: the positions must belong to the hard sphere
exclusion set

X5 = {ay € T, Vi # 3, d(zi,x;) > e}, (1.1)

where d(-, ) denotes the distance on the torus. Hence, the state of the gas zy has to remain in the
open domain D% = X5 x R,

Within this set, the particles’ dynamics is given by the Newton equations for uniform line move-
ment. On the contrary, on the boundary of D%, at least two particles (let us call them ¢ and j)
collide, by the condition |z; — ;| = €. Then, if the scalar product (z; — x;) - (v; — v;) is positive, it
means that the particles are exiting the collision in uniform line movement; but otherwise they are
entering the collision and must scatter according to the following system giving the post-collisional
velocities (v, v;'):

xi—mj xi—xj
1S e

!
Vi = UV — <’UZ'—Uj,

(1.2)

CE,'—.TJ' Hfi—m]‘
€

/
(o :vj+<vi—vj, -



In the hard sphere case, the interaction is taken instantaneous and elastic: the system (1.2) stems from
the preservation of momentum and kinetic energy. Appendix A is dedicated to the parametrization
of this scattering system by either one of the following angles,
Ti— T vl — v
w=—"—"2 o oc=—F7-". (1.3)
€ v’ — v’
This dynamics is well-defined up to a zero measure set of initial configurations, in which infinite
amounts of collisions might happen in finite times, along with collisions between more than two
particles at a time. This result was proved by Roger Keith Alexander [1], and might also be found
in [15].

1.3 Statistical grand canonical description

As the number of particles NV gets large, this hard sphere dynamics becomes very difficult to compute,
especially because it is very chaotic, so that we choose to describe the gas statistically. This paper
is dedicated to the study of a gas of identical particles, yet divided in two distinguishable parts,
represented by tags £y = (¢1,...,¢n) € {0,1}": the tag ¢ = 0 will be attributed to ‘tagged’ particles
initially distributed at thermodynamic equilibrium, and the tag ¢ = 1 to particles initially perturbed
away from that equilibrium.

Our grand canonical model, introduced in [13], randomizes the number N of particles to a random
variable N/, the expectancy of which is tuned by a parameter u called the chemical potential. The
kinetic limit that we consider is called the low density limit, or Boltzmann—Grad limit, and consists in
letting this chemical potential p go to infinity while keeping a constant mean free path M_lel_d =1,
so that the particles’ diameter € goes to 0. In this limit, assuming initial chaos, the first marginal of
the density usually converges to the solution to the Boltzmann equation [21, 15, 10].

This solution of the Boltzmann equation, studied by Boltzmann and Maxwell, when well defined,
relaxes in large times to an equilibrium called the Mazwell state and defined [9] as

Mp(a,v) = <2€T>d/2 exp (—§|v12) | (1.4)

The parameter [ stands for the inverse temperature of the system, tuning its intensive (kinetic)
energy. It appears that the density M ?N Lps, is an equilibrium of the microscopic hard sphere dy-
namics, and in this paper we consider specific initial conditions that are close to this thermodynamic
equilibrium, to retrieve a linear version of the Boltzmann equation, whose theory is much simpler
and hence might be derived for long time scales. More precisely, we consider the nonideal Rayleigh
gas mizture model introduced in the companion paper [13]: we work in the grand canonical ensemble
and we add the additional tagging variable £,y indicating to which set each particle belongs.

The particles at equilibrium are taken in the usual low density (Boltzamnn—Grad) limit, whereas
the tagged perturbed particles only occupy a tiny fraction of the gas, smaller than the Boltzmann—
Grad density: otherwise indeed they would behave like a classical Boltzmann dilute gas, satisfying
the non-linear Boltzmann equation. This all boils down to the following scaling,

ped™ =1 and 1<\ < p, (Se i)

where p > 0 corresponds to the chemical potential of the particles at equilibrium, and A > 0 to that
of tagged particles. The notation A < p simply means that A\u~! goes to 0 as A and y go to infinity.
Formally, the particles at initial equilibrium will be tagged with a 0, and the initially
perturbed ‘tagged’ particles will be tagged with a 1. The tags of all particles hence form



a vector £, € A, = {0,1}", identified to the corresponding subset ¢, C [1,n], with the following

notation
2y H 900 Zz

<n
6i=1

o = 1Ll = [{i <n, 6=1}] and @5

Indeed, while the majority of particles are initially distributed according to equilibrium, the tagged
particles will be perturbated by an initial perturbation ¢o € L3°IL;°(Mpg/2), happening in the phase
space (contrary to [5, 12] where it only happened in positions). Now, the mixed grand canonical
ensemble consists in relaxing the number of particles, weighting it with a mixed Poisson law depending
on the number of tagged particles.

More precisely, at fixed A, and u = €', we defined in [13] the correlation functions (F2) of
the system, describing its evolution based on the marginals of the canonical densities of the gas.
Denoting £,,,, = (£,,£;) and %,,,, = (2,,,23), these correlation functions initially satisfy [13]

=n+p T \=no=p Zn+p — \&ny£p
. NEl P16 —— &l
P20 €A, '
where the normalizing (grand canonical) partition function is defined as follows
) Nepl 16| -
Z=2 > p,/M?p(vp)wo " (2 )z (zp)dz,. (1.6)

p=0¢,€Ap

Our probabilistic study is based on the random variables (Z L, i)1<i<A, giving the states at

€ ’L’
time ¢, and the tags of the particles. The probability density of the initial state (ZE[ Z], L;) is given by
the initial correlation functions above (1.5), and the evolution at time ¢ is a deterministic piecewise
affine function of the initial state. The correlation functions are in fact defined such that for any

observable H,, € C:°(D" x A,), for any ¢ > 0, we have (see once again [13])

ST oINS FE( 2, 0,) Ho (2,0, £,)d2,,
D,

E| Y H(Z. L.z L ]
¢, €N,

1< #i,; <N
(1.7)

This formula between the correlation functions and observables will be used in the combinatorial
computations of Section 2.1, when expanding the cumulant generating function.

By the usual BBGKY arguments [13, 14], the correlation functions satisfy the following hierarchy
in our mixed scaling (S, »)

OFy + v, Vo, Fy = Ly + c< 'Fria, (1.8)

where the collision operators are defined as

CLFE | = Z/dwdvnH W, Upt1 — Vj)4 X

{Fé+1(§n,£n, Ti + Ew, vn+17 E) - F?i—&—l(gmgm Ti — W, vn+17£)]' (1'9)

Morally, we look at the influence of a (n 4 1)-th particle—with tag f—on the dynamics, colliding
with one of the n existing ones with angle w and velocity v,41, whence the name collision operators.
The cross section (w,vy4+1 — v;)+ weights the likelihood of such a collision.



1.4 Linear Rayleigh—Boltzmann equation

In the case of a single tagged particle, it has been shown [5] that the first correlation function Fy
converges in the low-density limit to the solution g = Mg of the linear Rayleigh—Boltzmann equation
with initial condition ¢q:

op+v-Vap = [ [ o) = eI Ms(v0)w,ve = v} dveds,

0(0,z,v) =

(1.10)

This linear equation is globally well-posed in the velocity-weighted space LZ°IL;°(Mg/) (see Ap-
pendix B), and allows to derive the linear heat equation in the hydrodynamic limit [5].

The formal limit of the hierarchy on the correlation functions (1.8) with initial conditions (1.5), is
satisfied by the family (M g)”@@én Jn>1, with ¢ the solution to the Rayleigh-Boltzmann equation (1.10)
with initial data ¢g. This result is formalized in the companion paper [13, Theorem 1], where we
show the long-time convergence of the correlation functions with a quantitative convergence rate.

1.5 Main results: fluctuations and large deviations

As a consequence to the convergence of the correlation functions, we also prove in [13, Corollary 1.1] a
law of large numbers for the empirical measure defined as follows. For any observable H € CX°(Dx A1)
we define the following random variables: the empirical measure of all particles

ZH H, ), (1.11)

and the empirical measure of tagged particles
= X E ZEZ’ ]lL =1- (112)

To study further than this first order convergence, we will introduce its fluctuation field around
its expected value, and present its limit. Eventually, we state a large deviation principle for the
empirical measure, that we prove in the following sections.

Indeed, the empirical measure of the tagged particles, defined in (1.12) for an observable H, can
be seen as the observation of a measure 7y € M(D) on the domain D, writing

_ / H(2)d75(2). (1.13)

The family (7%)g<s<; defines a measure on the trajectories of D%, The set Traj([0,t], M(D))
of such measures is endowed with the Skorokhod topology. On the other hand, one may define the
fluctuation field

G = VA& —E[#)), (1.14)

to capture the next small order after the law of large numbers [13, Corollary 1.1].

Theorem 1 (Convergence of the fluctuation field). There exists a time T > 0 such that, in the
mized scaling (S-,.)), the fluctuation field defined above converges in law on [0,T] to a Gaussian
process ((;), whose equal-time covariance is given for any t < T by

E[Glolalnl] = [ M)e(t.2)g()h(:)dz, (1.15)

where ¢ denotes the solution to the linear Rayleigh—Boltzmann equation (1.10).



Indeed, unlike in [7] where the limit fluctuation field satisfies a linear stochastic equation of the
form

d¢; = £¢; dt + diy,

here the limit fluctuation field is trivial and does not depend on the second cumulant (see next
Section 2.1); there is no interference between the tagged particles, on the mere condition that A\ <
¢!~ without any phase transition between this scaling and the nonlinear scaling A ~ ae'~%. The
proof of this theorem is given in Section 4.2, thanks to finer objects than the correlation functions,
called cumulants, that capture finer scales of the dynamics and allow to rescale its rare events to
characterize them.

To study the large deviations of the dynamics, we will harness a weaker topology than the
Skorokhod one. For a measure m = (ms),c(o, € Traj([0,t], M(D)), and an observable h € C°([0,t] x

D), we define the filtered mean

{(h,m}, — /h (t, 2)dmy (2 / / (s + v - Vo) (s, 2)dmy (), (1.16)

that filters the transported part of the considered observables. The first quantity that will be relevant
for the large deviation principle will be the limit object Z(¢, h), that is defined in (2.39) as the limit of
an expectancy, and which can also be defined as the mild solution (Proposition 2.8) to the Hamilton—
Jacobi system

oM

(05 = v Va)q" = 5 (a", p) - 08(0) = Mo, (1.17)

«%—wvwwm—m=—%H@W[% . pf(t) = h(t), |
q

with the Hamiltonian
Hq,p) = [ duaduo(or — v ) Mp(oa)a(e) ()7 1),
in the sense of
(£, h) = T(0, h) +/ ds/ )(0s — v - V) (1 (s +/ H(g(s), p (s))ds.  (1.18)
More precisely, we are interested in its Legendre transform, defined for v € Traj([0,¢], M(D)) as

A(t,0) = sup [{h,v} = Z(t,h) — 1], (1.19)
heB: s

where the supremum is taken over observables in B; 3, defined in (2.40) as the set of observables with
bounded transport, and such that el is uniformly dominated by the inverse §/4-Gaussian.

Eventually, for the lower bound of the large deviation principle, we need to consider the set S; of
strong solutions, on [0, ¢], of a biased linear Boltzmann equation of the form

(0s —v-Vg)o = /dvcdw(v — Ve, w)+ Mga(ve) (n(v/)ep(z)*p(zl) — U(v)ep(zl)*p(z)) , (1.20)

for some p € B; 3. The large deviation principle might then be formulated as follows.

Theorem 2 (Large deviations of the empirical measure). In our mized scaling (S- ), considering
the tagged empirical measure (1.13), there exists a time T > 0 such that, for any t € (0,T], we have
the following large deviation upper bound

1
limsupxlogIP’(frtE eF) < - igéA(t, v), (1.21)
v

e—0



when F is a closed set in the Skorokhod topology. Additionally, when O is an open set in this topology,
one has the large deviation lower bound

hr;lﬁi(l)lf%bgP(frf €0) > — nei(l)lrgstA(t’ v). (1.22)

Note that the most useful result is the upper bound on the probability of deviation, which has
no restriction on its infimum. Nevertheless, the lower bound, which precises that the upper bound is
optimal, is here restricted (like in [7]) to solutions not that far from the Boltzmann linear equation,
since they must be solutions to the biased equation (1.20). The proof of this theorem is the subject
of Section 4.3, once again based on the convergence of the cumulants. For this reason, since without
a priori bounds on these objects our method does not allow to show their convergence on large times,
the theorems above are restricted as in [7] to short times.

2 Cumulants of the nonideal Rayleigh gas

2.1 Cumulant generating function

The cumulant generating function is the functional logE [exp (um;[H])|, containing all the informa-
tion on the moments of the empirical measure. Using the identity (1.7) between the correlation
functions and observables, the formal expansion of this functional leads naturally [7] to objects called
cumulants, which we define below. We then prove rigourously the said formal expansion of the
cumulant generating function (2.5).

2.1.1 Cumulants

The definition of the cumulants is based on a decomposition into partitions, so that for ¢ € P, a
partition of [1,n], we denote |o| the number of subsets (0;)1<i<|o| that compose this partition, which
is not to be confused with the cardinal |o;| of one of these subsets. Eventually, we denote P* c P,
the set of partitions o € P,, that contain exactly k = |o| subsets.

Definition 2.1 (Cumulants). The cumulants associated to a family (G, ),>1 are defined as

gn(émgn) = Z (_1)‘U|_1(|U| - 1)!G[U](§na£n)v (2'1)

o€Pn
where for any partition o € P,,, we denote

lo]|

G[U] (gnﬁﬁn) - H G|Ji\(§ai7£ai>'
=1

Note that the n-th cumulant g, is constructed from all the correlation functions (G;) for i < n.
Indeed, it decomposes the interactions between n particles into products of interactions within the
subsets of every possible partition, to measure the defects of independence. One may easily check
that for a tensorized family (G, = G{™), all the cumulants g,, vanish for n > 2.

We denote (f;) the cumulants associated to the hierarchy (F.). Note for example that the second
cumulant is f5 = F§ — F£®? encoding the defect of independence between pairs of particles. One
will see in Section 2.4 that when expanding the pseudo-trajectory formula, this corresponds to the
rare dynamics in which a distinguished couple of particles interact together. The cumulants of the
exclusion indicators (1 x:) are denoted ¢,,, studied in further detail in the companion paper [13].



Proposition 2.1 (Inversion formula). With the definition above, the injectivity of cumulants is a
consequence of the following inversion formula

G = Z 9lo]- (22)
O'Epn

The proof is written for example in [7, Proposition 2.2.1] or our PhD thesis [14, Proposition 5.1.1].

2.1.2 Expanding the cumulant generating function

We go now to the proof of an expansion for the cumulant generating function. By linearity, and
using the fact that before having been assigned a tag, the particles are exchangeable, one has

[exp(ZHZgl, )]_H;HE (Zﬂzﬂ, )k}

_1+Zk, Zi:

k>1

k! k &
1 n
Z k! k! Z HnHln ’
ki+--+kn=Fk n (’ngN)Jgn

(kj>1)]§n ij;ﬁij/

1
n!

denoting H; = H (Zg]z, L;), and expanding the power k by partitioning the resulting sum according
to the number of different particles implied in each product. Hence, using the relation (1.7) between
observables and correlation functions, and permuting the sums to get rid of the sum over k, we get

(once again extending the correlation functions by 0 outside of their domain)

N
E [exp (ZH(Z;?,LZ-)N = 1+Z S Aalynlt, \/F6 (t.£,) ( 5 ‘H(zz,ﬁz)k)
=1 ki>1

n>1 Z €A
—1+Z ZA‘“”'“/F%E —1)®7(L,). (2.3)
n>1 E eAn

Now that we dispose of an expansion for this expectancy in terms of correlation functions, let us see
how the cumulants appear along with a logarithm. We start from the formula (2.3) above and use
the inversion formula (2.2). Hence, using the exchangeability of particles to reduce the partitions to
the number of elements in each of their subsets, we get

[exp <ZH ZM L) )1
OSSN "'f'zﬁ'/

n>1 Z eAp oc€Py i=1

fo, 701 H - 1)®Ui (ﬁai)

los |

(@) @ s o
-1-2 Z Z 'H Z AT pi 1€ f;i(t7£())(€H_1)®pz(£())7
e R Y S Lyien,,
(pz>1)7,<5

where the denominator s! stems from the arbitrary order that we impose on the partitions’ subsets.
We have also split the labels £,, € A,, into the labels ﬁ(l) € A,, on each subset. Eventually, we sum
over n to relax the condition on the subset cardinals p;, and factorize everything as

S

[exp@ff t]L>]—1+Z > S A [ ) -0 |

s>1 p>1 P e LEAp

which makes appear the exponential of the quantity defined below.



Definition 2.2 (Cumulant generating function). Thanks to the computation above, the two following
definitions are equivalent, defining the cumulant generating function:

6l H] = logE[exp <ZH (z" L))] (2.4)

=1

=3 e [ Rg) e -0, (25)

p>1 K €Ay

Note that it is not directly a generating function as one can be used to, since it is not an expansion
in powers of the observable H, but in powers of its exponential, which makes appear combinations
of cumulants when deriving along H, not directly cumulants.

Let us finally observe that if the observable is of the form H(z,¢) = h(z)1,—;, (i.e. counting only
the tagged particles) then the cumulant generating function writes

slii Z U HICE VRS (26)
p>1 P

We do not renormalize yet the cumulant generating function, since according to whether the observ-
able H weights all the particles or only the tagged ones, the suitable scale will be y or A.

2.2 Pseudo-trajectories

The first step to understand the cumulants is to find an equation on them implying only other
cumulants, which we do by computing an expansion of the dynamics, based on the interactions
between the particles (Lemma 2.1). We start by defining a pseudo-trajectory formulation of the
hierarchy on the correlation functions.

A
We henceforth choose to denote p, = — the fraction of initially perturbed particles, so that

iterating Duhamel formula as in [15] or [5], we can write the Dyson expansion

=3 Y 5 Qug ()FS(0), (2.7)

k>0 4* ENg
developing the choice of the encountered tags £; = (Zn+1, . ,Z,Hk), with the successive-collision
operators defined as
. i 7,
angz (t) = @n(t — tl)CfL”'H @n+1(t1 — tg) - Cn++]€k_1®n+k(tk)dik7 (28)

T (t)

where O,,(7) denotes the transport semi-group operator in D; with specular reflections, for a time 7.
The collision times are integrated over

Tk(t)i{ﬁk‘Oitkﬂgtkg-ugtlgtoit}. (2.9)

The main idea of the proof, coming from Lanford’s original paper [21], is to use a coupling between
this expansion and its limit version, implying imaginary histories of the particles, that eventually
lead to the state z,, at time ¢. These histories, called pseudo-trajectories, are non-physical trajectories
that—in a way—allow to extend the method of characteristics for the successive-collision operators.

Indeed, the transport operators appearing in (2.8) correspond to following the characteristics of
free transport, with specular reflections: taking the first operator O,,(t —t1) of a functional amounts

to consider this functional at time ¢, in a state gq[fl] given by the hard sphere dynamics.

10



Then, the first collision operator (1.9) writes

51
CrFrii1 —Z > 51/dwldvn+1 W1, Vng1 — 0 Fo gy (280, Ly, i+ s1ewn, v, 0),
1=1s1==%1

where z<+1> =2/ and gﬁf” = z,, scattered for the gain term, and let unchanged for the loss term, so

that the collision is always incoming, allowing to pursue the backwards method of characteristics with
the next transport operator. Hence, for given collision parameters (i, s1,w1, vp41), this operator can
be seen as a weighted adjunction of a particle to the characteristics—or pseudo-trajectory—which
scatters (or not, according to s1) with particle 7, creating a new state z[ 1] = () z; + 51600, “5{‘1)1)
The integration and sum over these collision parameters will yield an 1ntegral over pseudo-trajectories.

Iterating this extended method of characteristics and tracking the pseudo-trajectories (zL Jgj) thus
[0]

constructed, we bring the analysis back to the value of the functional at time 7 = 0, in the state z;, ..

We will have to record the labels of the existing particles meeting the new one, the velocities of
the particles that spring up, the angles at which the encounter happens, and whether they scatter or
not. The pseudo-trajectories will also keep track of the tags of the encountered particles.

Here is precisely how we construct the pseudo-trajectories. The choice of the successive encoun-
tered tags is registered in £; = (fni1,...,0nsk), and expanding all the sums in all the collision
operators (2.8), we can sum it up to the history (mg,...,my) of which particle encountered the
(n + i)-th new one. These particles naturally belong to the following set

M = {(ml,...,mk) ‘ Vi<kmi<n-+i-— 1}.
We consider the scattering labels (sq, ..., sp) € {£1}*. The fact that some encounters do not scatter,

along with the fact that particles are artificially added, is why the pseudo-trajectories are not physical
trajectories. Once the total history

Xi = (1m0, £y 53) € Hge = Moo x Mg x {£1}F (2.10)
is fixed, for given collision parameters (wy,, Vn41,- - -, Untk), We can construct the pseudo-trajectories
for every z, = [t] backwards in time to a conﬁguratlon zurm, following the inductive procedure
below:

2=z,

Vie[0,k], V7 € (tix1,ti), 2 [T] +; follows (backwards) the physical hard sphere dynamics

Vi€ [Lk], 2 7n+z = (ZS-‘F]Z <8f>7$mz + Sigw;, v 72?1)
(2.11)
One may observe that the change of velocities in the last step is automatic by the hard sphere
dynamics’ boundary condition, but it will not be for the limit version of pseudo-trajectories, since
the limit particles are formally pointwise. In the end, one can write the pseudo-trajectory formulation
of the Dyson expansion

0
= Z Zp‘ il dtk /dwkdvm_l cdvp g H Si{wi, Upgi — vim])_,_FeJrk (0, zLLk,En_Fk)
k>0 Xp i=1

(2.12)
A small technical detail lies in the fact that the added particles must satisfy the exclusion condition.
A way to deal with it may be to impose a condition on the domain on integration of the collision
angles [7], yet here to simplify we merely change the definition of the pseudo-trajectories: if at any
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moment the exclusion condition is violated by the adjunction of a particle, then the trajectories are
frozen in this state until time 7 = 0, so that the integral formally vanishes thanks to the initial
distribution Fj; ;. (0) being 0 outside of Dj,

The formal limits (¢ Ltiz) of the pseudo-trajectories are defined as their hard sphere versions (2.11)
for ¢ = 0, with the noticeable difference that in the dynamics on each time interval (¢;4+1,¢;), the
particles are pointwise and hence follow the free flow without any scattering. They will be used in
Section 2.9.3 to identify the limit cumulants.

2.3 Pseudo-trajectory measure

We start from the pseudo-trajectory formulation (2.12); recall that a pseudo-trajectory is fully de-
termined by its final configuration z,, = z[,f], and the following parameters: number of collisions, a
collision history, collision times, collision angles and collision velocities, summed up in the parametriz-
ing vector
. . d-1  pd\F
\I’n - (kanaEkan»Qk) € H{k} X Hn,k X Tk(t) X (S x R ) )
k>0

referring to the definitions of the collision times (2.9) and collision history (2.10)
Xi = (g G, 55) € Moo = M X Ay x {£1}
Hence, denoting v, ; = v; the velocities of added particles, and introducing the measure

+
dy[t](\ll ) n k|dtkdwkdvk H Si wuanrz U?Ezii]>+a (2.13)
i=1

the pseudo-trajectory formulation rewrites as

(0= [P (0.25)) dugy(w). (2.14)

(0]

where zy, ~denotes the initial configuration deduced from the pseudo-trajectory, according to the

construction given in Section 2.2 (the initial configuration ;{BL also includes the tags of the corre-
sponding particles). Note finally that the sums over k and y;, in the pseudo-trajectory formulation
result from the domain of integration of the measure vy, and so remain implicit.

The formula giving an expression for the expectation of the empirical measure according to
the correlation functions (1.7), may be generalized |7, Proposition 3.3.1] to observables H,,(z%%)
depending on the whole trajectory on [0, ], as

E| Y H.(Z Ly, 2% L)
1<ip 1, <N

=t Sl [z [P0, 20 v (),

£, EAn

where Hn(ggf]) is projecting the whole trajectory on the trajectories of the n first particles. The
object that we will study, for tensorized observables, is hence the H-weighted correlation function

FE[H|(t,2,, L) /F 9y o (00 dug (w,). (2.15)
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Note that for H = 1, we retrieve the correlation functions. Moreover, the cumulant generating
function (2.4) also generalizes to obervables depending on the whole trajectory Hn(gg’ﬂ), as follows

&I H] = logE [exp (ZH z 1, ))]

=1

=Y S A [ e -1 (1), (2.16)

p>1 z EAp

Indeed, the computation of Section 2.1.2 are identical for the expansion of this generalized version
of the cumulant generating function. The following section gives a formula for the H-weighted
cumulants f, [H].

2.4 Expansion and equation on the cumulants

We perform from now on the expansion on the cumulants, that may be found in [7, Chapter 3,
Tree expansions of the hard-sphere dynamics], for the general indistinguishable case. The purpose
is to start with the pseudo-trajectory equation (2.14) on the correlation functions, and to identify
the cumulants in an expansion similar to the one characterizing them (see the inversion formula in
Proposition 2.1). This expansion is a first illustration of the link between cumulants and dynamical
interactions.

We start by splitting the pseudo-trajectories into mon-interacting aggregates, to factorize the
pseudo-trajectory measure. At a fixed pseudo-trajectory V,, = (k, X1, t, Wg, U1 ), for a set of particles
A C [1,n], we will denote

P(A)cAUn+1,n+ k| (2.17)
the set of all particles contained in the pseudo-trajectory stemming from A (depending on the his-

tory xj). Then, if ]11[70;(]1 is the indicator that particles p and ¢ never collided on [0, ] during the
pseudo-trajectory (z,,, ¥,,), we denote for A, A" two subsets of [1,n],

tgw= 1 TI 1

pEP(A) geP(A)

the indicator that no particle stemming from A encountered any particle stemming from A’, dur-
ing the whole pseudo-dynamics on [0,¢]. Under the condition A % A’, the pseudo-trajectories are
independent and the measure and observable factorize as

vy (W aoa ) HEAYY (00 ) = dugg (W) HEA(2) x dvpg (W) HOY (2 },)

Vauar
We keep this factorized writing for the moment, to remember that the pseudo-trajectories are defined
and constructed independently on each aggregate. In practice, they behave as if the particles from
two different aggregates could not interact: they overlap one another when they meet.

On the other hand, we denote the aggregating condition agg(A) the indicator that all the particles
in the aggregate A are connected through collisions in their pseudo-trajectories, i.e. that there exists
a path (i1,...,i4)) € [1, |A[]" such that

{ir,-..,qa} = [1,]A]] and Vj € [1, [A]-1], 1 O,tNAl L =L (2.18)

This eventually leads to the following conditioning according to the partition x € P,, into aggregates:

E
FLH)(0) = ) / [Hagg(m) dvyy (T, ) H®" (2 Qﬂ)] ( 11 11m7oﬁj) F=(0,25).

RePy”  i=1 1<i<j <
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Henceforth, we denote the measure weighted by the observable

H n
dv [[Ot]}(‘lj )= H® (ZEI/ ])d’/[t}( n)- (2.19)
Now, still in the idea of factorizing, we want to decorrelate the condition of exclusion between the

aggregates 1, 1x;, using the cumulants of the exclusion (Definition 2.1) thanks to which we write

I Tews, = D dp(en,. )

1<i<j<|k| pG'P‘ [

recalling the notation
lp|

SRy Rie) = 1T 01 (5,,)
=1

Finally, we still need to expand the initial distribution F**(0, z[ ] ) to completely factorize the formula,
to make appear a cumulant expansion. We need to expand it in a coarser way than the partition p,
to be compatible with the product ¢, above, so that we consider the cluster cumulants, defined by
the expansion
e (0] [0]
Fe(0, 2y, - ﬂ| ‘ = > [0 %1 : ,JJ%‘) (2.20)
0'673|p‘

due once again to the inversion formula (Proposition 2.1). This expansion is made in clusters, and
so depends on the partition of the aggregates p € P,|. The following notation o <1 p < k means that
the partition ¢ is coarser than p, which is coarser then k, and in the end we write

||
Fmn =Y | [Hagg k) e )| S gy

KEPn i=1 o<p<dK

To identify with a cumulant expansion, the last step is to use the same trick as in the proof of the
inversion formula to invert the partitions (Proposition 2.1), starting by considering a partition o
of [1,n], then considering a partition p on each subset ;. This is made possible by to the compati-
bility condition

7p‘
€7p_fU ’

and thanks to the factorizing identity

ol ol o}
i = H%H =11 [ o 11 %] :

= j=1 1€0;
Since the initial cluster cumulants f;** do not depend on the subdivision k, we can also invert k

and p to finally get the cumulant expansion

lo| |ol ||

=S 00/ X O | X 6 [osstsn) afihw.)]

o€Py j=1 pG'ng j=1 K)Eij =1
whence the following lemma by injectivity.

Lemma 2.1. The cumulants satisfy the following integral equation, in terms of aggregates and clus-
ters of interaction

|p| ||

FEH(E 2, 0,) = Z/fn”’ A AT S gf)pJHagg r) )| 2o

P
pEPy lel 7j=1 Hepp

Note that the indicators agg(x;) and the cumulants ¢[p) depend on the whole pseudo-trajectory,
and hence depend on the time .
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2.5 Initial cluster cumulants

This section is dedicated to proving Lemma 2.2 below, yielding an explicit formulation of the initial
cluster cumulants implicitly defined in (2.20), and useful to find bounds in Section 2.8. We denote

Ry = {2y, 1<i<lpl} and T,={z,1<i<p}

the set of clusters and the set of integrated particles, N = |¥,, |+ -+ [¥, | the total number of
particles contained in the clusters, and

[HX(')]@)NM = H ]lX‘Z‘(g)
2Ry B

the indicator that within each cluster, the particles exclude themselves. Finally, we denote as before
1,0y = 1 — 1.y, the exclusion condition between two subsets of particles x and y (potentially
clusters), and for S C Ny, k < pandl < g, we introduce the cumulants of the cluster exclusion

bskil = Y I (—1eny),

GeCsyy) {zy}€EG
where C4 stands for the connected graphs on a set A.
Lemma 2.2 (Explicit formula for the initial cluster cumulants). For any A, u > 0, with the notation
above, the initial cluster cumulants can be written as

S -4 APt ®p 1 rOP+

faf0,29, 20, )= []IXM} Mg Dl o Mg o, prg:
P,q=0

Proof. To obtain an explicit formulation for the initial cluster cumulants, we will identify them using
the following characterization

0,29 . = Y ey Lz ). (2.22)
P1 P‘ ‘ O—epl ‘ ﬂ| ‘
P
Using the exchangeability of particles, we have
151, p—1£;] 7
0] Sy 1 AP [ @y @Ntp "
PO ) =S Y [0 mmg g dz

P1 !
Zu 150 Cen, p:

p
ZZ /\qﬂp 7 ®Ly  ®q 3 fON+p .

q\( /SOO "0 MfB ﬂXprd&p
K p>0q=1

To retrieve a cumulant formulation like (2.22) above, we will expand into cumulants the exclusion
condition—which is the only obstruction to independence. To get rid of the partition function Z,
in the process, we will not expand the condition according to the integrating variables z , to make
appear the partition function at the numerator. More precisely, decomposing the exclusmn condltlon
within each cluster, we write

(0] (0] o BN p| A (0] [0] %
]lXN+p (g\l;pl, e 7&\1//3“;' 7§p) - |:]]-X()j| X ]lX\p\-HD (g\l;ply e ,g\l;p‘pl 7ép)7
with
(0]
ﬂ)ﬁplﬂ (éxppl e 77 f’l K p H Loy H Loy H Lopty
z,YER |, ASRIIS B z,y€el’y

- Z H (_]lzfvy)-

GGQ(NMUFI,) {zy}eEe
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We want now to split the sum above according to the partition induced by the connected components
of the graph G, as for the standard cumulants of the exclusion [13, Appendix A]. Nevertheless, since
we want to make appear the partition function, we will compute a coarser splitting. Indeed, we will
merely isolate the part of the graph which is not connected to any cluster of X, i.e. the subset B C Iy
of integrated particles that are only connected between themselves. We still decompose the rest of
the graph into its connected components, yielding a partition of X, U B in which each subset has to
contain a cluster (otherwise it would have been kept in B), which we denote o € 75[N| ol B€]. Hence,
one can write

lo|

]l)elpHp(gEI(’)]m’” ’= p‘ |’ p Z z H (—]lzwy) Z H Z H (—]lx"’y)

BCTI'p Gegp {z,y}€EG 0675[N|p‘7BC] i=1GeCo,; {z,y}€EG
lo|
. *
= 1, (2) > 1.
BCTy c€PIR,,Be] =1

gathering the first sum over Gg by inverting the usual expansion, and recognizing cumulants of the
exclusion [13, Appendix A]. In the end, a partition o € 75[N|p|, B¢ is a partition of R, on which some
particles from B¢ are added, either tagged by ﬁz or not. We will use the symmetry of particles to
reduce these added particles to their numbers of 1-tags ki, ..., k|, > 0 and of O-tags l1,...,[, = 0,

R
and similarly for the particles in B, in numbers kg, lg > 0. Omitting the indicator []l X(.)} "o gain
lisibility (it factorizes and distributes very easily), we thus write

F* |0, z[o] ...,gg]
Plpl
o]
Aqﬂp 1 q! (P—‘Z)! / ®q 1 fON+p
- ZZ Z Z %o Mﬁ Lt H¢Ui7ki+li
Zy 250 g=1 q'(p — q)! oCPu, ok = kol.. kot lo! - o) Kotlo %
lo+-- +l‘ |=pP—4q
?ENM(@N )\kO l() |J|

_7 B ®ko 3 y@lo+k Y,
_T Z k"lo /SO OM ’ U]Ik-HO Z H Z k:'l' Yo B chn,ﬁ-l

ko,lo=0 JGPN‘M =1 k;,01; >0

lo|

—_— ®U z ®l+k
S | L o / Qf o 05 MGG
O'E'PN‘ | =1 kl,lz>0

recognizing the partition function Z,, at the numerator. The lemma is thus proved by identification
once added back the indicator ]l ‘p . O

2.6 Dynamics trees

Starting from the formulation (2.21) of the cumulants in terms of pseudo-trajectories, we will rewrite
this integral to make appear the correlations’ history between the particles. Indeed, the cumu-
lants encode the small defects of particles’ independence, which correspond to fortuitous encounters
happening between the pseudo-trajectories of the n considered particles. In fact, we prove that
asymptotically, the n-th cumulant f;, is supported over trajectories implying exactly (n — 1) of these
fortuitous encounters, thus connecting all the pseudo-trajectories. This way, each of these interactions
has to be clustering, to eventually form a minimally connected graph.
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We will control these fortuitous interactions between pseudo-trajectories in the integrated form

lp| ||

S [z [ 10,25 2 VL S 0 TTasste) afifwa)| . @229

pEPn J=1 | KEPp; i=1

which is the integral over z,, of f:[H|(t,z,,%,) in its form (2.21). The integral over the endstate z,
allow to act on the arrival positions z,, of the trajectories to make the fortuitous interactions appear or
disappear. In the end, we will perform a change of these variables z,, that harnesses these interactions.

To that end, these fortuitous encounters will be recorded in dynamics trees, allowing us to express
the conditions of their existence. They stem from two different sources: first, recollisions appear
within the aggregates (x;) to make them connected; and on the other hand, on each cluster p; of
aggregates, the extended cumulants of their mutual exclusion ¢,, make appear overlapping conditions
between the aggregates, recalling that when two different aggregates meet, they overlap one another
without interacting. This formulation in dynamics trees will be the first step to prove bounds on the
cumulants, and to compute their limit (Sections 2.8 and 2.9.3).

Clustering recollisions As explained above, within a typical aggregate k; C [1,n], denoting
A = k; and a = |A|, each pseudo-trajectory W 4 contains recollisions (2.18) that connect the aggregate
altogether, according to the condition agg(A).

Definition 2.3 (Clustering recollisions). In a given pseudo-trajectory, looked at backwards in time
starting from time ¢, we call clustering recollision the first recollision connecting the pseudo-trajectories
stemming from two different particles. In an aggregate A, we order these clustering recollisions back-
wards in time from 1 to (a — 1), which defines a recollision tree T C(ggﬁ]) € T;* whose ordered edges
record these recollisions: two particles m, m’ € A C [1,n] are connected in this tree if and only if a
clustering recollision happens between the pseudo-trajectories stemming from m and m’. Eventually,
we define
(5, w§<ica—1 € ([0,8] x S9!

the ordered collision times and angles at which the recollision occurs.

For simplicity, we denote T3 = Tc(ggj)i]). We now partition according to the associated tree

agg(A) = Z Tpe—ry.
TeT;)

Under the condition 73 = Y, we will perform a change of variables that harnesses each of the clus-
tering recollision conditions. To do so, we need to know which particles, from the pseudo-trajectories
stemming from m,m’ € A, collided to connect them. Recall that P(m) denotes the set of all par-
ticles added in the pseudo-trajectory stemming from m. Then, for every edge e = (m,m’) € Ev,
we define col.(A) the pair of particles (pe, ge) € P(m) x P(m’) that collided on (0,¢) to connect the
pseudo-trajectories of m and m/, when creating the edge e. Eventually, we also partition according
to which particle collided with which, for each clustering recollision:

agg(A) = > lre_y > [T 1q)=colea)-

TeT) pe€P(m),qe€P(m') e€Exy
e=(m,m’)EEy

We introduce the following notation for the indicator that the clustering particles are those we want
(the Fraktur & is chosen after the historical German word for collisions StofS, at the origin of the
concept of molecular chaos Stofzahlansatz [11])

G(Pevqe)T[A] = H Lp. ge)=cole(4)-
ecEy
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We can now harness the successive clustering conditions, which correspond to the ordered edges
of the tree T, enumerated (e1,...,eq,—1) = ((m1,m}),...,(mq—1,m,_;)) backwards in time. The
relevant variables that we want to make appear are the times and angles of the collisions, when the
current integration variables are the arrival positions x4 at time ¢.

As we are interested in the relative positions of the particles implied in the clustering recollisions,
we start with the following change of variable of Jacobian 1, denoting T4 the barycenter of the
positions x 4,

Ty = (an (fe = Tp, — xQE)eeET> )

where we take the convention p. > ¢, to be consistent in the following with the measure v. Thus,
once recursively determined the clustering conditions associated to all the edges preceding an edge e
such that cole(A) = (pe,qe), the condition associated with this edge states that at time 77, the
relative position z, (75) — x4 (7s) must belong to the sphere of radius e, defining the recollision
angle w; € S?1. Hence, denoting 7q the time of the closest deflection that underwent p, or ¢
between ¢ and 7;, and Axq the relative distance travelled between t and 74, the relative positions at
time ¢t might be retrieved from
xpe - xQe - Ewg - (Tg - Td)(vpe (7—6C+) - UQe (T(S_‘_)) - Al‘d (224)
The parameters (75, w;) are unique because we consider the very first time (backwards) at which p,
and g, meet, so that the mapping (2.24) above is invertible: we consider the local change of variable
Tp, — Tq, = T > (75, wS) € [0,75] x S,

e e

where €’ is the edge ordered right before e. Since Azq is a piecewise affine function recording the part
of the dynamics that does not depend on 77 (but depends on the previous recursively determined
clustering conditions, the dependency in 77 being explicit in (2.24)), the Jacobian of this change of
variables is

e 0 (16F) =0 (7E7),08) . = 1™ (wp, (7E7) = 0 (7E7), ) .- (2.25)
Iterating this computation, we change the variables (Zc)cep, to the ordered times 7§, _; and an-
gles w_; of clustering recollisions (also indexed by the ordered edges of Evy), finally leading to

H
/ dzA |:]]-TZ:Y6(pe,qe)T [A]] dy[[oyt]} (\I]A)

dz g c c c c c
= / Ma_ldga—ldza—l []ITXZTG(pe,qe)T[A”dl/[[(it]](\pA) H <Upe (Te+) - UQe(Te+)¢we>+'

Clustering overlaps Now for a general cluster R = pj, of size r = |R|, we expand the cumulant

qu = Z H (_ﬂniwnj)

GEC\M {’i,j}EEG

making appear overlap conditions 1y,~x;. At fixed pseudo-trajectory parameters ¥g, changing the
barycenter z,, of an aggregate moves rigidly the whole aggregate pseudo-trajectory, since by con-
struction the trajectories are defined independently on each aggregate. That way, we can act on the
barycenters to make them match the overlaps given by a given graph G € C,|. In the same fashion
as for the recollision trees, we define the following objects.

Definition 2.4 (Clustering overlaps). In a given pseudo-trajectory, we call clustering overlap the
first overlap (backwards in time) appearing between independently defined aggregates, connecting
them according to the overlap condition discussed above. As for recollisions, clustering overlaps
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define an overlap tree TV (z \Il[o,t]) S 7? and for each edge e = {m, m’} associated to an overlap, we
R

K|
define
Tovzsup{()gsgt,]l,[fj] :1}

e ~Eo

its overlap time (arbitrarily taking the latest possible, to make them consistent with recollisions when
constructing pseudo-trajectories backwards in time), along with the associated overlap angle w¢".

As for the recollision trees, we denote Tp" = T°(z \If[o’t]) the overlap tree. Now, we partition
R

the expansion of the cumulants according to the associated tree, treating separately when the graph
appearing in the sum is the overlap tree, and when it presents some additional cycles. Denoting
Cjx/(T) the connected graphs containing T, we have

bn= X tmper I Claws) + 3 trper XTI ()

i . e

Focusing first on the tree part, one can write

|| ||

> o [T age(ki)dvjg (¥s) = (D)= 3" Tree—y [T aga()dvyy (¥s,),

KEPR i=1 Te’ﬁ:‘ i=1

the overlap conditions being included in the overlap tree matching condition. At fixed overlap
tree T = TR", we act now on the aggregate barycenters that appeared during the change of variable
harnessing the recollisions. Recall that moving these barycenters moves rigidly the aggregate pseudo-
trajectories. Like for the clustering recollisions, we hence focus on the relative positions of these
barycenters through the change of variable, of Jacobian 1,

@ri)icte = (TR (e = Tp, = Tg)pep, )

conditionning on the overlapping particles (pe, ge) associated to the edge e, as it was done for recol-
lisions.

Clustering trees At this point, we observe that the knowledge of a recollision tree on each ag-
gregate, and of an overlap tree between these aggregates, is equivalent to the knowledge of a global
decorated clustering tree Th € T,~*, recording all the clustering interactions between the r particles
of a cluster R, and recording whether it is a recollision or an overlap through a decoration on each
edge. This leads to the mapping

1)

< < <, %

Tix7e — T
=1

TOV (TC

m)z‘gm —  Tg.

The decorations are denoted sp, by analogy with the scattering labels of the pseudo-trajectory
histories (2.10): indeed, this time again, we choose that a sign +1 corresponds to a scattering (i.e. a
recollision), and a sign (—1) to no scattering (i.e. an overlap). In the decorated clustering tree, the
aggregates correspond to the decorated connected components retrieved when removing the overlap
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edges (we denote €€*(T) the set of these decorated connected components), so that the tree part of
our cluster measure writes

|5

5 el 5 O T e
=1

~EPR TeT* Aem*m

For each global tree Y € 75", we thus have (r — 1) encounter times and angles (7,w})ecry,
either associated to a recollision or to an overlap, according to the decorations (s¢)ecp,. Once
computed the recollision changes of variable in each aggregate (i.e. decorated connected component
of 1), we Compute the same on their barycenters to harness the overlaps, eventually leading to
the variables (Tr,7,_;,wyr_1). Since the overlap change of variable has the same Jacobian as the
recollision one (2.25), we end up with

||

ree d
/deR > ¢[t Hagg(’ii)dy[[(ﬂ](\ljm) = Y > / R —dwh, d7rp,

KEPR i=1 T€T< * pe€P(m),qe€EP(m
e= (m m )GET
*+ * [H]
X Are=vSp. g)r H Se(Up (T07) —0g (T77), wl) + H dV[O,t](‘IIA)’
e€By Aeee*(T)

Now, keeping in mind that the pseudo-trajectories do not interact between decorated connected

components of the clustering tree, one may gather back the measures l/[[éq t]] on the whole set R. This
means that we consider a unique history

% *
(kJmkngkaﬁlmtkagkuyk)

for all the dynamics, although the pseudo-trajectories are still independently defined on each aggre-
gate. Moreover, we want to keep track of the time ordering between the particle adjunctions and
the clustering encounters. To that end, we will add to each edge e € Ey of the clustering tree the
information of the time interval [t;;1,t;] (between two particle adjunctions) in which the clustering
encounter occur. This way, adding this information to the knowledge of which particles are involved
in the clustering encounter, each edge e = {m, m’} is associated with the triplet

(Pe, Qe ie) € P(m) x P(m) x [0, k],

for this triplet’s compatibility, we write

such that 7. € [t +1,%;,]. Keeping the notation &, 4. ;.)
[tree] dmR
de Z ¢ Hagg K;z dyot Z Z dwETdTET]lT* TG(ps»Qaaie)T[R]
KEPR i=1 Te']’< * Pesqeste
e€cBEy
x TT selope (72) = vq (72F),w8) - dvfyl (W),
ecEy

With all this in mind, we are now able to gather all the particles adjunctions and clustering encounters
into a single tree encoding the whole dynamics. Indeed, at fixed number of added particles k, the
choice of the history (s, m;,) contained in the measure v, along with the clustering information, may
be encoded in a dynamics tree TS € 7.3 +k’ in which two vertices are connected either if a clustering
encounter happens between them, or if one of them was added to the other one, i.e. if they form
a couple (n + j,m;), with the associated signed decoration. The edges are time ordered from the
ordered clustering conditions in T = T, and the intervals (i.).cp, defined above. This provides the
following mapping
Ta™ x [Lr+k" x [0,k]"r x {£1}* x Mpp — TgpCTr

TE ) (pea Qe)e ) (ie)e ) Sk ) my = T]%
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with the condition p.,g. € P(m) x P(m') for every e = {m m'} € Ey. This mapping is injective,
and made bijective by restriction to its image Tlg’k c T 4k containing all the admissible dynamics
trees. More precisely, an admissible dynamics tree is such that the added particles from [r+ 1,7 + k]
appear in increasing order, and in particular do not have encounters before appearing. For such
a dynamics tree, the global dynamics might be recovered, starting from the highest ordered edge
(the closest to time 0) and reconstructing the trajectories up to time ¢, as in the example given in
Figure 1 (note that in this example the edge 0 is not admissible as it would connect the vertices 4
and 6 before they appear). From the dynamics, the parameters (T, (Pe, e, te)e, S, my;) can be
retrieved, making the mapping bijective. Recalling the expression (2.13) of the measure, this lets

1

1 2 3 ]
time ¢t
4
2 5
iii . *® —> X

Figure 1: Example of retrieving the pseudo-trajectory dynamics (right) from the dynamics tree (left)

us with encounter times 7, angles wp, , stemming either from the adjunction of a particle in the
pseudo-trajectory expansion, or from a clustering encounter (recollision or overlap). Generalizing
the notation (v, (Te™) — v (e ), we)+ to the adjunction of particles (even if in this case one of the

particles does not really exist at time 7.7), one can write the condensed measure

||

/de > ¢[tree] Hagg(ﬁi)dV[[ﬂ](‘I’m)

KEPR =1
e
— Z Z Z / ddeka® ]le H Se(Um (Te ) — Ve (Te ), we ) 4 dwedTe.
k=04, €Ay, Ter e={m,m’'}eE~

Although the order in the velocities’ difference above do not change the calculus (as we integrate w,
over the whole symmetric sphere), recall anyway that this order has been chosen such that m > m’.
Summing everything up, we get the following proposition.

Proposition 2.2 (Dynamics tree formula for the integrated cumulants). For any time t > 0, the
cumulants decompose into two terms

FrlH@) = fIE]E ) + fRH] @),

the first one containing only trees in its expansion, and the other including cycles. Indeed, the integral
of the first tree term rewrites as the expansion

[ ) dz, = 3 1P L),

pEPn
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where

dz 0j

T Z PujH@p]]le —r

|P]
1P k20 b TETS

x duy, H Se(Um (T 1) — vm/(Te+),we>+dwedTe. (2.27)
ecFEy

|p|
1P ) = [ 1002 2 ) o, I

The term f;[H] leyelel corresponds to a similar expansion, stemming from the part ngf]yde] of the ez-
clusion cumulants (2.26). Recall that the cluster cumulants f* were defined in (2.20).

2.7 Discarding overlap cycles: a tree inequality

We start the estimates on the cumulants by controlling the part of the cumulant expansion containing
cycles. A cycle in the overlap conditions imposes a strong geometric constraint, which will provide
smallness (Section 3). But first, we will compute a tree inequality to simplify the sum over all the
connected graphs (see [14] for details about the general tree inequality). Indeed, recall that the cycle
part of the exlusion cumulants writes, for a general cluster R,

e Pt 3 T (~Tais,)-

TeT GEC\M(T)\{T} {i.j}€Ec

Denoting ]l% the indicator that the global dynamics contains a cycle, the sum over the cycling graphs
rewrites as

> I ) =15 TT Clame) 300 TT (Fley)

GeCl (DT} {ij}eEa {i,j}E€EY E'CES {ij}eE’
- ]1?% H H7NHJ H (1 - ILN72’7<‘Nj)
{i.j}€Ex {i.jteEs

computing the inverse expansion of the exclusion cumulants, the latter product being smaller than 1.
We are hence brought back to the tree case, and dominate the cycle part by the tree part, with the
additional strong cycle condition

1d = | |

4
5 [cycle] £P(() =ki ! rr®p;
/f <> /f dvnH |p]| 1 éz: w H ]]ngj:”r

PEPn kj >0 Ly,

xdvg, [T se(om(re™) = vn (7o), we)  dwedre x 10 .
ecEy

This term is negligible in front of the tree one, because of the strong geometric cycle condition, as
stated in Section 2.9.2.

2.8 Bounding the cumulants on short times

We hence need to study the tree part of the integrated cumulants, written (Proposition 2.2)

ol

dz,.
[ fmee = Y [ o0 dvnH = DIDMDY / v, Ly x (2.28)
PEPy k;>0 Zk Ter
X H Se(Um (Te ) — vy (Te ), we ) 4 dwedTe.
ecEy
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As in [7], this bound is only valid on short times, considering that we do not have a priori bounds
for the cumulants, unlike for the correlation functions [13].

Proposition 2.3 (Cumulant bound). For u large enough in the mized scaling (S- . \), there exists
a time Tg depending on 8 and d such that for any t < Tg, one has for an absolute constant C' > 0

that on
ree n n
[ remo)| < S
More precisely, we have
6 tree I[[l TL]] < C"n HI™ 2.99
falH []()_unllll (2.29)

The latter inequality specifies that the leading term in the integral formula for the cumulants is the
one corresponding to the trivial partition p = {[1,n]}.

We denote from now on the total kinetic energy, preserved at fixed number of particles by the
transport and by elastic collisions,

k
logll? = > Juil?,
i=1

where |v;] is the Euclidean norm of the velocity v; € RY. We also denote as in [13] the initial bound

(2.30)

1
MM 2 00 .
‘ 7 8/2¥ Lw(D)]

Cp = max [HMBHLB/Q s [Msepollrpa s

Proof. First step: initial cluster cumulants. To get bounds on this cumulant, we will start
integrating the initial cluster cumulants, of which we recall the following expression (Lemma 2.2),
where N = |¥,, | +---+|¥, | denotes the total number of particles contained in the clusters,

N (0] o | oN &L APpd LOP B
fn p(oagg/pl PRI 7&\11/)‘/)') - [ILX(.)} Mﬁ ()00 N = p‘q| d p+q 0 M ¢N|p\»P+q
p,.q=

Using the definition (2.30) of Cy to control Mg and ¢g, we have

/

and we apply the tree inequality [13, Proposition A.1] to the cumulant of the exclusion

‘¢N‘p‘,p+q) < Z H ]lxwy-

TETNW Ulp+q] 12:Y}EEG

ol lol
N 2 (CoA)Ppt ®p+
. < CNePlunl® 3 ' MEP "}cbmmm! depkdzp+q,
pazo  PT

e, [0] [0]
fnﬂ((],g\l,pl ey \I/p‘ I

Like in the proof of the bound on these cumulants [13, Proposition A.1], we use the integration
variables 2z, and (T, )r, the latter moving rigidly the clusters (zy, ). Integrating over successive
leaves of the tree, removing the edge {i,j} leads to a factor |, |- |V, C4e?, depending on the
number of particles in each cluster. For this reason, this time we need to dlscrlmmate according to
the degrees di, ..., d|,4ptq Of the vertices Uy ... W Since the number of trees on

[1,m] with prescribed degrees dy,...,d,, is equal to

(m — 2)!
iz (di =1V

* *
o T1s -5 Tpigr

23



we get (also integrating the density Mg over v, )

ol
0 0 _
/ fﬁ,p(o,gng . ,gyp ) H dz,,
[l P
lol
N _—Blunl? (CoNP 1 g(1pl4p+g—1) (lpl +p+q—2)! d;
< CO € N Z p!q! ¢ Z H|ﬂ|+P+q H |\I]p1| '
,q=0 dis-sd)p|4ptq !

Now, we observe that

(pl+p+q—=2)! _ <p+Q> <p+Q+ ol = 2)(\;)! _o)< <p;q>2p+q+p|_2(|p| — 9.

plq! P p+q

We write on the other hand

ol |\1j |d 14 2N
H Z P | — H |‘Ilpz|exp(|\llpz’) — )
=1 dz>1 =1
and similarly
p+q 1
H ' < ePta.
i=1dj,4;>1 (djpfi — 1!
We eventually get, since |p| < N and CoA < p,
|pl ) p+q
/ fﬁ’p(ové T, depk < 26200)N —Blluyll (Ip| = 2)le d(|pl—-1) Z ( )(2uad)p+q
‘ l p,q=>0
< (26°Co) Ve el (| p| — )10 37 (e,
r=0
eventually leading, for an absolute constant C, to
o o lol )
JATCEUE Ty IT 4z, < (CCo)"eenl (] - e, (2.31)

Second step: bounding the collision kernels. The observable H being bounded, we can dom-
inate it roughly. Moreover, let us observe that the factors bounding the initial cumulants (2.31)
decompose on the clusters as

r —_Bllv 2
(CCo)Neflenl? = T[ (O o) Pesle w01 (2.32)
i=1

so that for a generic cluster R = p;, we harness the associated velocity decay to study

Sr = Z Z ] Z /dvr+k]le - H Se(Um(Te ™) — v (1), we ) 4 dwedTee —Bller il

k2024, €Ny, TETﬁk ecby
With our notation, r + k = |Ug|. Since we just bounded the dependency on the initial value, the

trajectories do not depend anymore on the particles’ tags, allowing us to bound roughly the sum
over /., using that p, < 1. We will use the velocity decay to bound the velocities appearing in the

24



collision kernels. We bound each edge separately, starting from the furthest from time ¢, so that the
other collision kernels will only contain velocities that do not depend on the considered edge.

For each edge corresponding to a clustering condition, using the Cauchy-Schwartz inequality, we
bound all the possibilities for this edge by

r+k
2 > (om(m D)+ o (2] < 40+ k) 4+ F)llee 12, (2.33)

m,m’=1

where the factor 2 stems from the choice of the edge’s decoration. For each edge associated to a
particle’s adjunction, since one of the vertices corresponds to the particle that is added, we only have
to sum over the choice of the second particle as

r+k
2> (lom ()] + o (2)]) < 24/ (r + K) w1 (2.34)

m=1

Determining whether the edge is a clustering condition or a particle’s adjunction corresponds to an
additional factor 2"7*. In the end, harnessing the velocity decay (2.32) and integrating the ordered
times, we get

r+k—1
Sn< 38 [ dupppdap,dzp, (4 07 (o Blul?) el

k>0
r+k—1 _ r4k—1
<y 8 ti(r+k‘) LWy k! (Cavr+F) i
= (r+k—1)!
< (Cat) N k) et (2.35)
k>0

using in the end that (r + k)" 1 < (r + k — 1)le" .

Last step: combinatorial manipulations. We now gather it all to bound the cumulants using
their expression (2.28) from Proposition 2.2. Using the exchangeability of particles to reduce the
partition p € P, to the cardinal of its subsets, and denoting Cr = ||H s and C' = CCy, we write
for a constant Cy depending only on the dimension that

 oy1edl-1) i
’/fa tree] ’ Z Z (Z 2)‘5 n' C(H H Z C t ri+kj— (rj +k7j)rj_l

ilral
i=1ri1+-+r;=n (LRSS j=1k;>0

SCH” leZZCtr]—I-k —1 kjtr;

e i=1 Jj=17r;20k;>0

in the scaling pe? = £, and harnessing the denominators ;! to control the terms (r; + kj)rj_l. Now,
for ¢ small enough the series are convergent (and the term r; = k; = 0 actually does not appear, as
it corresponds to the empty tree), so that we get

Cnn! . )
t H -1
‘/fn [ree ‘_ A 57, .4t
11
Chn
< 4=t (+8)
un

which concludes the proof. The second point (2.29) of the proposition is proved observing that the
term 8¢ corresponds to the sum for ¢ > 2, i.e. to the sum over the non-trivial partitions. O
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2.9 Limit cumulants

Since the cumulants f;; decrease very quickly as n increases (Proposition 2.3), we only need the
convergence of the first cumulant to compute the large deviation principle, and the convergence
of the fluctuation field. Indeed, in the rescaling (A\"~!f¢) that appears in the statistical study of
the tagged particles, the cumulants vanish for n > 2, as soon as % goes to zero. Nevertheless, for

completeness, we also compute their limit in the rescaling (u" 'fS). The corresponding formula
could be used to capture the fine scales of the dynamics in a further study.

2.9.1 Rare encounters of tagged particles

First of all, we will show that the encounters between tagged particles are very rare. Indeed, when
we have bounded roughly the sum over the possible tags ¢, € Ay by 2% one could have looked at the
influence of the encounters with at least one tagged particle, which corresponds to the sum

ol s (K
Yot =) (JPL
ngAk =1

£, 70,

< quk-

This leads to the exact same bound as the previous one, with an additional factor p, < 1. In the
end, we get the estimate presented in the proposition below.

Proposition 2.4 (Rare tagged encounters). Denoting

[ o

the integrated cumulants where the domain of integration of dv is restricted to {{}, = 0}, one has in
the usual mized scaling (Se . \), for any t small enough and an absolute constant C > 0, that

’/f& tree] /fa [tree]O )‘ < 1HH”

2.9.2 Discarding cycles

In the expansion of the integrated cumulants in terms of dynamics trees (Section 2.6), we emphasized
that non-clustering encounters may happen, either stemming from a non-clustering overlap, or from a
non-clustering collision. We state here that the dynamics presenting such cycles are negligible in the
said expansion, in particular proving the smallness of the cycle part of the expansion (Section 2.7).
Using a more precise computation than the previous method [6], we achieve an optimal bounding
factor in ¢ instead of €|loge].

Proposition 2.5 (Cycles are rare in the dynamics). We have the following estimate on the expansion
proved in Proposition 2.2 for the integrated cumulants, under the constraint that a cycle happens in
the dynamics:

ol iz
“0(0)d, T -2 HE0i1
> [ rOde T 75 3 2 T =

PEPn Jj=1 k;>0 Ter
J

CTL

Mnl

x dvg dwp, dT g, H Se(Um(Te ) = vy (Te 1), we) 4 X ]IQ < H|% - €

ecEy
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The cycle condition imposes strong geometric constraints that result in a additional factor € in the
usual bounds for the integrated cumulants. The dynamics implying cycles are thus negligible in the
expansion above.

The proof of this proposition is given in Section 3, based on geometric estimates.

2.9.3 Convergence of the integrated cumulants

Now that we stated that the cycles and the other tagged particles asymptotically have a negligible
impact on the dynamics of n fixed particles, we go back to the expression (2.27) given in Propo-
sition 2.2 for the integral of cumulants, to determine their limit (Theorem 3 below). Indeed, by
Propositions 2.4 and 2.5 above, up to an error of order (¢ + p,), the pseudo-trajectories gf_:}k only
include clustering encounters, and none of the added particles is tagged. Hence, the velocities of these

pseudo-trajectories only depend on the dynamics tree 7; [ﬁz]] . and on the dynamics parameters in the

integral, so that they are equal to the velocities of the limit pseudo-trajectories C Crr k, (see Section 2.2)
. This way, similarly as in the companion paper [13], the positions of both pseudo-trajectories are
(ke)-close, and in particular they are identical for the n final particles. Since the only tagged particles
are among these n final particles, and since the equilibrium Mg only depends on the velocities, we
get

e n 'n T
g MG () = (g MR ().

The observable H®" also only depends on the n studied particles, so that one can bound

n ﬁn n n
(O g M ) — HO (D) (0,251

n gn mn
= |HE )| - [lpg ™ ME L ) — B (0,204 )]

by the initial error estimate [13, Proposition 2.1]. Eventually, recalling the result (2.29) of Propo-
sition 2.3, the leading term in the cumulant expansion corresponds to the case of a single cluster
p1 = [1,n], once again with an error of order e. We end up with the following limit formula for the
integrated cumulants.

Theorem 3 (Convergence of the cumulants). For t > 0 small enough, the integrated cumulants
J fi[H](t,£,) converge as € goes to 0 in the scaling (S: ) towards the following limit formula

[ fale ) (2.36)
dCCd’Un T Tt n n
=Y ¥ [ arg, TT selwhe - ol e B AL L),
k>0 ve7d ec€by

[n].k

where none of the added particles in the pseudo-trajectories are tagged, and with the quantitative

’/fn[H](t,E /fn (t,2,)

Let us observe finally that some of the trees in the formula above do not contribute to the sum.
Indeed, imagine that in a tree two added particles (hence non-tagged ones), both meet as their first
(forwards) encounter at a time 7.. Then, changing the sign of the encounter leads to a weight

T R ) o+ M (v [‘”)Mﬁ( 0] ) — s (ol T = ol ) 0 (0) 2 (212

bound
C’VL

- IIHII" (€+pu) -
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using the equilibrium structure. Note that since they are added, they do not contribute to the
weight 9089 ;| ®n 5o that the contributions of this tree and of its counterpart with a changed sign
cancel out. In particular, for the first limit cumulant f; = F}, as pictured in Figure 2, the only shape
of tree that contributes is the linear one. Hence, it is enough to know the signs associated to each
encounter, and one may write

/ Fu[H](t,0) (2.37)

=>.2 / dzy dvpdwydry, H si(vy" * — Ul+;r]vwz>+H(d0’t])[ ®ZM®1+k](C1+k)

k>0 S

Fortunately, this expansion coincides with the limit pseudo-trajectory formulation (2.12) of the first
correlation function, solution at the limit to the linear Rayleigh—Boltzmann equation (1.10).

1 1 A
1 1 = T{1,2}
T2 = T{1,3}
) T3 = T{1,4}
-t =10

2 3 4 1

Figure 2: Left: example of non-contributing dynamics tree in the expansion (2.36) of the first
correlation function. Right: only contributing tree for 3 added particles.

2.10 Convergence of the cumulant generating function

We study here the convergence of the cumulant generating function in the case (2.6) of an observ-
able H = H1,—; weighting only the tagged particles, generalized to observables depending on the
pseudo-trajectory z% in the whole time interval [0,] as in (2.16). It writes

ol =Y 20 [ g [ 1] (11,)
p=>1 p'

For p > 2, using the bounds on the cumulants (Proposition 2.3), one has

Sl o] 1 () e

p=2

<ax22 (CHe )’

as soon as 2A\C/||e” — 1| < p in the scaling (S.,, ). Hence, rescaling properly the generating func-
tion, we get the following proposition thanks to the convergence of the first cumulant (Theorem 3).
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Proposition 2.6 (Convergence of the cumulant generating function). For any time t smaller than the
short time Ty considered in Proposition 2.3, still in the mized scaling (S- . ), the rescaled cumulant
generating function converges as

A ey — /F1 (1) /F1 —1. (2.38)

All the cumulants of order greater than 2 vanish in this scaling, at the opposite of the non-linear
version [7] in which they contribute to add non-linearity in the limiting generating function. Next
section is dedicated to the equations driving this limit.

2.11 Hamilton—Jacobi equations for the limit cumulant generating function

For observables that behave according to the structure of the trajectories, i.e. of the form

H(Z0) = g(t, 210) — /Ot[as — 0 Va)g(s, 2(s))ds

as introduced in Section 1.5, we will study the limit cumulant generating function (see Section 2.10),

denoted .
Z(tg) = [ Fi |exp (- [ (0.~ v-)a.) | 0 (2.39)

It is relevant to consider observables in the functional space

gGIB%Tﬂi{h‘EIC>O: Vi< T

(hit0) = o)

+ 10 = v - Va)h(t)[lLee(p) < C}

(2.40)
Indeed, the relevant variable that will appear as boundary condition of a Boltzmann equation will
be e9(t) (see the proof of Proposition 2.8). Note that the time of validity of Theorem 2 depends on this
norm C' chosen for g € By 3. One may choose to extend this class of functions to observables growing
as small inverse Gaussians, using part of the exponential decay of the cumulants to compensate this
growth (see [7, Chapter 7]), yet that would mean losing control on the solutions to the Hamilton-
Jacobi system below (Proposition 2.7).

We will use the formula (2.37) above to find the Hamilton—Jacobi equation it satisfies. Observe
that the term & = 0 in this expansion corresponds to the initial value Z(0,g). For any k > 1, we
will split the dynamics tree in two, to isolate the influence of particle 2 at time 71. To this extent,
let us define 5, = (s2,..., sk), and similarly ¥;,_;, @0 _1,Tr_1, and Ck (C1,¢3y- -+, C14k). We split
according to the sign sy, Wthh labels the first collision (between v; and vy = v7), writing

Lo (D)

Z(t,9) — 1(0,9) (2.41)
k
= /dzldUdeldﬁ( — vg,w1)+ Mp(vh ZZ/d@d@diHsi@EH — vﬁ:],wzﬁr
13 =
S ~[0]
<exp (att. = [0 =0 T2gts.ct") [%M[?’ﬂ@k )

— /dzldvgdwldn( — vg, w1 )+ Mp(v2) ZZ/dwadTHS vﬁl],wl>+
k>1 3

<exp (gle.f") - [[@ g, ) g G,
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~[0,t . .
where the pseudo-trajectory ¢ L ] corresponds to the scattering case s; = 1 in the first term, and to
the overlapping case s; = —1 in the second one. Now, by the fundamental theorem of calculus for
the transport equation, since there is no collision in the pseudo-trajectory on [r1,t], one has

t
0

ot.10) = [0 == Vgl Gs) = (a0 = [ (0= v Vada(s,a(9).

In the overlapping case, we have g(71,¢1(77")) = g(71, m[fﬂ,vl) = g(71,C (71 )), yet there is a discon-
tinuity in the scattering case. Indeed, in the scattered case, writing

g(r1, G (7)) = g(r, 2™ on) — g(r, 27 o) + g(m, 2l o)),

and recalling that the mapping (v},v5) — (v1,v2) is of Jacobian 1, the first term in the expan-
sion (2.41) above writes exactly as the second one, with an additional factor

[71]

exp (g(Tla‘Tl ’Ull) - 9(7-1755[171]77)1)) :

This way, the expansion (2.41) of the cumulant generating function corresponds to an integral over
time of the same expansion at time 71, with an additional weight depending on z;(71): this is precisely
the partial derivative of the functional Z(t, g) with respect to g(t) as an independent variable, in the
direction of the said weight (the functional Z(t,g) is clearly analytical in this variable g(¢) by the
expansion that we used above). Hence, one can write

t al' ’
I(t,g) —Z(0,9) = /0 dT%(ﬂg) [/ dzidvadw(vy — 1127w>+M,8(Uz)(69(7’21)_9(7’21) -1).

One may identify the partial derivative with the function z + 9y Z(t, g, 2) such that

oz
%(t’ 9)[h] = /D gy L(t, g,2)h(2)dz.

The function z +— 9y Z(t, g, 2) is shown [7] to be continuous in x, with values in the space of measures
weighted by the inverse of the Maxwellian M 5 ! Hence, we are left with

t ’
Z(t,g) =Z(0,9) +/ dT/dzldvgdw<v1 — v2,w)+ Mg (v2) 9y Z(T, g, zl)(eg(T’zl)fg(T’zl) —1), (2.42)
0

yielding the following proposition.

Proposition 2.7 (Hamilton—Jacobi system for the limit cumulant generating function). Introducing
the Hamiltonian

H(q,p) = /dzldUZdw<U1 - v27w>+M5(U2)Q(Zl)(ep(xl’vl)_p(xl’vll) —1),

for any time t < Tp (see Propositions 2.5 and 2.6), the limit cumulant generating function is a mild
solution of the equation

KLt 9) = H (T (t,9),9(8))
in the sense of (2.42).

At fixed t > 0 and g € By (defined above in (2.40)), this Hamiltonian equation incites to
introduce the following Hamilton—Jacobi system

oH
(0s = v-Vu)g" = 5 -(a"p) - 41(0) = Meoep(p(0)) (2.43)
oM '
05 —v- Vo) (0 = g) = === (¢, p"y | pl(t) = g(p),

dq
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where the unknowns (¢l p) are meant to find the minimizing values of (0g(t)I (t,9), g(t)) for this
Hamiltonian. Next proposition is dedicated to proving that the mild Hamiltonian solution

(t,9) = T(0,9) + /0 ds /D g(5)(0, — v - V) (ol (5) — g(5)) + /0 (), P ())ds  (2.44)

is well-defined, and to identify it with the functional Z(t, g).

Proposition 2.8 (Identification of the Hamiltonian solutions). For any time t > 0 and any observ-

able g € By g, the Hamilton—Jacobi system (2.43) admits a unique global solution (q[t],p[t]) such that
2 R

(q[t]e_p[t],ep[t]) e L™ ([0,1‘5],.7175/4) , and the functional Z(t,g) defined as (2.44) from this solution

coincides on [0,t] with our functional

I(t7g) = j'(t,g),

Proof. To prove the well-posedness of the equation, we compute the change of unknowns

{ v(s) = e/
0(s) = (0s —v - Vg)g(s),

and we consider the functional J(¢,60,7v) = Z(t,g). For this functional, the formula for the partial
derivative with respect with ~ is even simpler: where the derivation of the term v = €9 with respect
to €9 let it invariant, the derivation with respect with v makes it disappear. Thus, in the previous
formulas, we have to add it back in the weight corresponding to the direction of the derivation. The
associated Hamiltonian is hence

H(x,n) = /dzldvzdw(vl — v2,w) 4 Mg(v2)x(21)(n(21) — n(21)), (2.45)

for the variables x = ge P and n = eP, and the Hamilton—Jacobi system writes as

A

oH
(05 —v-Va)x +0x = %(x,n) » x(0) = Mgy,

(0s —v-Va)n—6n= —?;;(x,n) ;o n(t) = (1)

This system is equivalent to the following linear Boltzmann—Hamilton—Jacobi system

(0s — v Va)x = —Ox + / dvadw(v = va,w) 4 (Ma(vh)X(2') = My (v2)x(2)) (
2.46)

(0s —v-Vg)n=+6n— /dmdw(v — vg,w>+Mg(v2)(n(z”) - n(z))

Contrary to [7], these equations are decoupled, since the coupling was stemming from the non-
linearity. Moreover, they are not symmetrical: these linear equations are very close to the Rayleigh—
Boltzmann equation (1.10), yet the first one has the same collision kernel as the equation on Mz, and
the second one the same as the equation on . Appendix B is dedicated to showing that in our func-
tional setting, this system admits a unique global positive solution (x,n) € L*™ ([0, t], Fi,8/a X }"17_5/4),
proving the first part of the proposition.

To perform the identification, we start to show it on small times. We prove that

A

J(t,60,7) = J(t,0,7) (= L(t.9)).
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where the second term is defined through the same change of unknowns. Both functionals are mild
solutions to the same Hamilton-Jacobi equation (see for example [7] for the algebraic details). It is
hence enough to show that there exists a unique solution to this mild equation in a regularity space
common to both functionals.

Denoting Bg g the (F; _g/4)-ball of radius R > 0, let us define the norm

ITps = sup [T(E,6,7)],
0lc<R
YEBR,g

and let us assume the regularity condition, for every 0 < g < 3/,
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for some explicit constants Cg, CN'/g depending continuously on 3. Then, considering the Hamilton—

vG € C'(D), [¥2 € D,|G(2)| < RCsfoleiF] = ’/67\7 (t,6,7) ’
Jacobi equation (2.42) and the modified Hamiltonian H defined in (2.45), we have for any function-
als 7, J' satisfying the regularity asumption (2.47) above, and ~ in the ball Bg s, that

‘7%(87],7) - 7:[(8%7',7)‘ < ‘/dzdvgdw@ — Vg, w)+ Mg(vg) [8%7 — 8%7’} (z)‘fy(z’) — ’y(z)’ . (2.48)

Using the fact that v € Br g, we have on the one hand for any z € D,

[ dundate = o0, M) (2| < BP0

B
< Ret"P Oyl

with the notation (B.4) for the loss factor v3(v). On the other hand, using a variant of Lemma B.1
to rewrite the collision operator in terms of its integral kernel [14, Lemma 3.3.1], we observe that

/|2

’/dwdw(v — vg,w)+ Mg(ve)|y(2")]| < R/dvgdw<v - vg,w)+M5(v2)e§‘”

2
2 2
-3 In—Sv\2+In\2Z|vI2+(|"‘ i ) ]

8|n—v|?

2
|z, ) ]

8|n—v|?

< RCyeilv |2/
o \n—v\‘” ’

so that we recognize precisely the collision kernel of the modified collision operator (B.3). Thanks to
its bound shown in Appendix B, Lemma B.1, we get

G

‘/dvgdw@ - v2,w>+Ma(vz)h(z’)\’ e o]’

In the end, the functional in z integrated against [6%7 A '} in (2.48) satisfies the assumptions of
the regularity condition (2.47), so that

(0,7 .7) -

R?IB/'

A(0,T',7)] < ﬁIHJ( )l
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This inequality is precisely the hypothesis of the abstract Cauchy—Kovalevskaya theorem stated in [7,
Appendix A], for equations of the form (2.42) that we consider. According to this theorem, there
exists a short time on which there exists a unique solution to the mild equation on J, with the
regularity (2.47) that we imposed. To show that both functionals J and j are identical on short
times, it is now enough to show that they share this regularity assumption. It is trivial in the case
of J since by construction we have

0T (t,0,7) = x(t).

For the other one, we use its analyticity in + to write for any A € R that

1 2 ) ‘
/a'yj(t, 977)(2)G(Z)d2 = ﬁ / j(t7 977 + eZGAG)eizede'
0
Since we assumed that for any z € D,
G(z) < RCsvle Tl

C y
< R/iﬁeﬁ \0\27

if we choose
\ = v =5
RCp
we obtain '
v+ 629)\G S BRﬁ/.

Eventually, thanks to the analytical formula, we retrieve exactly the wanted regularity domina-
tion (2.47). Now that the identification is established on short times, on any time interval [0, ¢], one
has uniform bounds on j thanks to the long-time existence result on the linear Boltzmann—Hamilton—
Jacobi system. Hence, after the first small time of identification, since J = J, both functionals still
belong to the same functional framework, allowing to extend the proof of the uniqueness until any
fixed large time ¢, concluding the proof. O

3 Geometric control of dynamics cycles

We prove here Proposition 2.5, adding the analysis of geometric cycle constraints to the bounds proved
in Section 2.8. Thanks to a fine computation to handle the appearing singularities (Section 3.4), we
achieve a full convergence rate in a full power of ¢, better than the previous existing one [6].

3.1 Parametrizing the cycle

First of all, it will be useful in the following to parametrize the encounters in terms of the angle o
instead of w (see Appendix A for the associated change of variables). For a general cluster R = p;,
at fixed number of added particles k; and fixed labels, we want to show that the cycle condition in
the following integral

_ 2
> [ty rdvepdopdrp, [T seon(n?) = oDl el a3
TGTI%,C ecExy

leads to similar bounds as without the cycle constraint (see (2.35)), with an additional small factor e.
This way, we will be able to use the same computation as in Section 2.8, when bounding the integrated
cumulants, gaining smallness from the cycle.
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We have denoted v, ;, = (vg,v};), and we define V = max(1, ||v,,4||2) to control the total energy.
For simplicity, we will not precise in all the following, every time we use an adverb of time, that time
1s looked at backwards.

Let us hence suppose that two particles, say i and j, create the first cycle at a time t. € [Tet1, 7c),
through a non-clustering collision or overlap. The cycling condition imposes strong geometric con-
straints, providing smallness when integrating over well-chosen parameters in the dynamics, re-
strained to small geometric volumes. Nevertheless, to integrate over a collision angle in (3.1), we
need to make sure that the velocities appearing in the product over the edges do not depend on
this angle: we will hence start identifying the corresponding edges, and sum over them to make the
associated velocities disappear like in (2.33) and (2.34).

The parametrization of the cycle will depend on whether one of both particles i or j has undergone
a deflection between t and 7, or not. We hereafter define the relevant interactions to parametrize the
cycle. Should it be the case, let us denote k the particle that deflected i at the closest time 74 > 7,
and if such a deflection never happened let us denote k the particle that overlapped ¢ at a closest
time 7oy > 7. One can arbitrarily choose ¢, among i and j, to be the closest to have been deflected,
or to have been overlapped if none of both has ever been deflected. Eventually, something that might
happen is that the first connection between i and j (before their cycle) stems from i overlapping a
fourth particle (call it 1), after having encountered k (see i, j, k, [ in Fig. 3).

The choice of this configuration (i, j, k,1) € [1,7 + k]* and of (7, 7q, Tov) C {mp}p<r4k—1 corre-
sponds to a combinatorial factor of order (r + k).

Since the first cycle happens between 7. and 7.1, before the time 7, every encounter is clustering,
registered in the tree T, and every velocity in the dynamics thus only depends on the signs and angles
associated to the edges of Y. This way, we may sum over these edges like in Section 2.8, as soon as
we do it in an order respecting the interdependence among the encounters.

The set K C Evy of edges possibly impacted by the collision between i and k at time 74 is defined
as follows: we start with all the edges between 7.1 and 0, since the cycle happens before (as we look
at time backwards, time 0 is after the cycle occurs). Then, we can define the connected component
of k when removing the edge 74 between ¢ and k, component of which we add to K all the edges after
the deflection time 74 (see the definition of the dynamics tree in Fig. 1). Eventually, we add to K
all the potential overlaps undergone by ¢ after 74, apart from the one with [ if appropriate, since we
need it to close the cycle. We hence condition on this set K, which corresponds to a factor 2° once ¢
is fixed, and we can sum beforehand over all these edges as in (2.33) and (2.34). To be finally able
to integrate over the deflection angle o4 associated with the time 74 without impacting velocities in
the product over the edges, it only remains to dominate roughly the one associated with the overlap
time 74, in the deflection case, as follows:

‘Ui(TOVJr) — Ul(TOV+)‘ < 2V.

This factor will be found back in the final estimation (3.10). We will now treat both cases separately:
as said before, if one of both particles has been deflected before 7., we will use the angle o4 of the
corresponding collision to parametrize the cycle condition. Else, we will use the distance between
the aggregates involved in the closest overlap. Both ways will raise some singularities in velocities,
that we will control afterwards, in Section 3.4.

3.2 Deflected case

If one of the particles has been deflected before 7., we have fixed the closest deflection, involving
i and k at time 7q. Taking the encounter time just before 74 as a reference (call it 1), we shall
denote wu;, uj,uy the velocities of particles i, j, k between 79 and 7q, and ug,u},uz these velocities

between 74 and t. (cf. Fig. 3). We first suppose that k& # j. Then, there are three possibilites for

34



> o

t
0
,,,,,,,,,, tC
********* Tov
77777777777 - T
Deflection case 3 (j stems from ) Overlap case t

Figure 3: The three deflection cases, and the overlap case

the origin of particle j, considering that at time t. it creates a cycle with ¢: it can stem from the
connected component C; of ¢ at time 7y, from the connected component C of k at time 7y, or from
the connected component C; of a particle [ overlapping ¢ at a time 7.y, between 7q and 7. (Fig. 3).
The dependency of x; — z; along the setting at 7y is different in each case.

> If j is in the connected component of ¢ (Fig. 3, top left), this is the simplest case and
[ — @] (te) = w5 — 2;](70) + (14 — 70)[wi — uy] + (tc — 7a) [u; — .
> If j is in the connected component of k (Fig. 3, top right), then

[z = x](te) = [2i — 2 + 2% — 25](7a) + (te — 7a) [uf — ]
= ewd + [z — 25](70) + (Ta — T0)[ur — ;] + (te — 7a)[uj — 4.

> Eventually, if j is in the connected component of [ (Fig. 3, bottom left), then

s = 23)(te) = [0 = 1 + 1 = 23)(7e) + (b = Te)th = ]

= ewoy + [ — x](70) + (Tov — T0) [ — uj] + (tc — Tov)[u; — ujl.

Actually, it may happen that w; is deflected between 7y and 7oy, yet it only requires to change
the term (7ov — 70)[w; — u; ], splitting it according to each segment between two deflections.
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In each case, using the cycle condition [z; — x;|(t.) = ew. + (, for a ( € Z% due to the periodicity of
the domain and satisfying |¢| < tV, one can write

(te — ) [} — uj] = Az (7)) + ews, (3.2)

where 7. € {7q, Tov}, Ax(7y) is independent of wq (see the explicit formula (3.5)), and w, € we —
{0,wq, woy } satisfies |wy| < 2. This relationship (3.2) defines a cone to which u; — u; must belong to
achieve the cycle, whose height depends on the relative position of ¢ and j at time 7: if Axz(7y) is
large enough compared to €, we will be able to control the height of this cone, and hence its angle,
which constrains o4. Otherwise, it will provide a strong condition on the encounter times. First, if

|Az ()| > 4e, (3.3)
then N
(te 7t — ]| 2 127
so that ) v
< . (3.4)
te = 7| T |Az(ry)]
Now, the value of Ax(7.) is respectively given by
[zj — x;)(10) + (Ta — T0) [j — u4 if j € C,
Ax(T*) = [.I'k — .’I}j](T()) =+ (Td — To)[uk — ’U,j] ifj € Ck, (35)
[ — x](70) + (Tov — T0)[w — u;] if j € C,

which is affine in 7, € {7q,7ov}, so that denoting (7. — 75)Au the projection of Ax(7.) on Au €
{u; — us, up, — uj, u; — u;} according to the considered case, one has |Ax(7)| > |(7w — 75)Au|. Thus,
using (3.2) and (3.4), we know that

o — Ax(Ty) + cws
7 J ‘tc o 7_*‘
belongs to a cylinder of width at most
4eV 4eV

< )
[Az(r)] ~ (7 = 75)Aul

(which contains the previous cone of controlled height, cf Fig. 4, a.). Hence, u} also belongs to such
a cylinder, since u; remains unchanged. Now, the deflection condition states that

i — (s + ) /2] = |ui — ugl/2,

so that u] — (u; + ug)/2, whose direction is given by o4 (see Fig. 5), also has to belong to a sphere
of radius |u; — ug|/2. The intersection of this sphere with the previous cylinder is included in the
union of two cones, of which solid angle is maximum when the cylinder is tangent to the sphere (cf.

Fig. 4, b.), namely
d—1
Cygmin |1, ( . v ) .
(7 = 76) Aul - |ui — ug|

the condition that ¢ and j create the first cycle within the tree T, we can

Eventually, denoting 1;;;
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el sin(u, v)| !

|Az| 7y N

[te — 7«| i / N >

Figure 4: Geometrical estimates
bound the following integral using that d > 3,

eV d—1
Ly L < in |1, . .
/ zQ]dUddT ~ Cd Z /mln l (|(7_* — TS)AU’ ) |u2 — Uk’) ] dr. (3 6)

[¢l<tv
V ] (d—1)—(d—2)
|Aulf - |u; — wg

eV

< af =%
< CaltV) <|Au|-ruz-—u,c|

+(d2)[

(3.7)

Finally, if the condition (3.3) is not satisfied, then the condition |7, — 7| < 2¢/|Aul provides an even
better bound integrating over 7,, with the same singularity |Awu|™!.

The case k = j is treated in a similar manner, without singularity since the disjunction on
the height of the cone is not necessary: the cycle must occur because of a periodic shift ¢ # 044,
necessarily providing a height larger than 1, which yields a negligible term (of order g4~ see for
instance [6, proof of Proposition B.2]).

3.3 Non-deflected case

If none of both particles ¢ and j has ever been deflected, we have considered the closest overlap,
involving ¢ and k at time 7o,. Taking the encounter time just before 7., as a reference, call it 7y,
we will use the same notation as previously, knowing that none of the velocities changes between 7q
and 7o, and that the velocities of ¢ and j are given by their initial velocities v; and v; (see Fig. 3,
bottom right). Then, the overlap at time 7,, and the cycle creation at time t. give respectively the
following conditions

{ 21(10) = i(70) + (Tov — 70) (uk — i) = Gov + oy (3.8)

xj(10) — 2i(10) + (tc — 70)(vj — v3) = (e + ewe,

for some ((ov, e, Wov, we) € (Zd)2 X (Sd_l)Q. Since before 7, all encounters are clustering, removing
the two encounters t. and 7, divides the past encounters that involve ¢ and j into two connected
components: C containing j and k& and C5 containing ¢. By construction, when &, varies alone,
both dynamics components C1 and Cy move rigidly one with respect to the other, and the distance
zk(10) — xj(70) remains fixed, so that

Toy = 21 (10) — 2i(70) = [28(70) — 25 (70)] + [2j(70) — :(70)]

has to belong (3.8) to two cylinders of axes (ur — v;) and (v; — v;) and of common width e.
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If j # k, the volume of the intersection of these cylinders is of order e?|sin(uj, — vi,v; — v;)| ™!
(cf. Fig. 4, c.), so that with the same notation as in the previous deflected case (3.6), recalling the

changes of variables (2.25) and (A.2), we have

2 .
/]li(} idooyvdToy = B /]lz(j dZoy < Cy (tV) c
J |Ui _ Uk’ J

| sin(ug, — vi, v; — v3)| - [vi — gl

(3.9)

If j = k, since none of the particles has been deflected, this means that the cycle is due to the
periodic conditions with (o, # (.. Hence, the difference of both lines of the system (3.8) provides

(TOV - tC)(uj - ul) = (Cov - Cc) + 5(Wov - Wc)a

so that for e small enough (u; — u;) must belong to a cone of opening at most 3¢, and integrat-
ing as before over v; and v; provides a negligible term (of order e971, see once again [6, proof of
Proposition B.2] for instance).

3.4 Handling the singularities

Now, we are left with some singularities to handle in our bounds (3.7) and (3.9). To do so, we will
either: use some of the relative velocities appearing in the product over the edges to cancel them,
use a previous deflection to integrate them, or integrate them using the initial velocities v,., in the
case where there is no such deflection. First, the singularity |u; — ug|™" in (3.7) and (3.9) appears in
the product over the edges in the integral (3.1) that we want to bound, so that it cancels out. The
remaining singularities above hence consist in

1 1 1 1
luj —wsl g —wel o fuy—wl [ sin(ug — v, 05— v)|

For one of the three first singularities, of the form, |u; — u,| ™!, we will discriminate on the history
of j and n.

If j or n  has been deflected by a particle m at a closest time 75, we will integrate over this collision’s
parameters. If this deflection is between j and n, by the scattering identity |u; — u,| = [u} — uy|
between post and pre-collisional velocities, the singularity cancels out in the product over the edges.
Otherwise, let us say by symmetry that j is colliding m # n, so that in particular u,, does not depend

on 3. Using the deflection equation (A.1), we write

dO‘adT& :/daadta

[uj — up|

ux + uX ux — uX -t
R

2 PG

-1
uy + up, — 2up

+ 03
Juy — | ¢

2
= 7‘“* ey /dU&dTa
¥l m

We are brought back to studying an integral of the following form, computed in hyperspherical
coordinates (cf. Section A) for w = (1,0,...,0), its maximum value being reached for any |w| = 1,

do T sin=24 ~
lw + o] 0 v1—cosf
The remaining singularity |u} — u’,| 7!, due to the collision, now appears in the product over the

edges in (3.1) and hence get cancelled like |u; — ug| ™.

Nevertheless, to be able to integrate over these parameters (oj,7;), we first need to dispose of
the velocities that are impacted by them: as we did for K in the beginning of this appendix, we fix
the corresponding set J of edges, and sum over them beforehand (along with the choice of K, the
choice of these disjoint sets corresponds to a factor 3°).
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If neither j nor n has ever been deflected before 74, we integrate directly the singularity over

By
the velocity v; at time 0, using part of the exponential decay e*§|”1|2, as the singularity is locally
integrable in dimension d > 1.

The sine singularity only appears in the non-deflected case, and so is integrated in the same way
over v; and vj, using for example once again hyperspherical coordinates

. _Ui2 e_(v+vi)2—vi2
/ dvjdv; = / / - dv | dv;
| sin(uy — v, v; — ;)| | sin(ug, — vi, v)|

d—
g/ Cd/ gl S0 40 N g <@
| sin 0]

3.5 Conclusion

In the end, we have obtained enough smallness and there is no more singularity, so that we can
eventually sum over all the remaining edges, and conclude the domination exactly as in Section 2.8,
yielding the same bound as (2.35). The choice of the disjoint sets K, J C Exy gives a factor 3
which becomes 3" /2 with the sum over ¢, so that we get the following final bound (the constant C
stemming from the different cases)

_ 2
Z /]1Td Tdvr—i-kdo-ETdTET H S€|Um Te ) - vm’(7—€+)‘e Bllyﬂrk” X ]IQR (3'10)
TETI% A e€hby

k-1 rk—1
< C(T’ + ]{7)73T+k /dvr+ke 7,, + k)r 1 ( ('l“ + k.)VZ) . V2d+1€

e (GO (r 4 )

This bound is similar to (2.35), possibly for different constants, with an additional factor . Hence,
the same computation as in Section 2.8 leads to Proposition 2.5. Note that more precisely, 74 or 7oy
has been integrated before, and v; and v; also might have been integrated before with the singularities,
yet it only changes constants.

To sum up the strategy, we fixed a configuration of cycle [i, j, k, 1, (T¢, T4, Tov), J, K], summed over
all the edges in K whose associated velocities would have been impacted by the collision angle o4,
so that we could integrate over the collision parameters oq, and 74 oOr 7oy, Or Zoy. This made appear
some singularities that we have handled by summing first over the edges of J, to free some collision
parameters or velocities, eventually integrating over them. O

4 Proof of the fluctuation and large deviation results

We eventually prove in this section Theorems 1 and 2. We start presenting tightness properties, so
that we will be able to prove these theorems in a weak form, to extend them afterwards to stronger
topologies.

4.1 Tightness

We expose here tightness results for the empirical measure and the fluctuation field, useful to extend
weak results, in the sense of observables, to results in the strong Skorokhod topology on the set of
trajectories Traj([0, t], M(D)).
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The results of this section are given without complete proofs, which can be found in the paper
dealing with the fluctuations and large deviations of the general symmetric hard-sphere dynamics [7].
Indeed, these proofs rely on the bounds on the cumulants, that we proved in Section 2.8 in our mixed
model, and are otherwise identical.

Proposition 4.1. There exists a distance d, based on normalized bounded observables, and associated
to the strong Skorokhod topology on Traj([0,t], M(D)), such that

1
li li —1 o) > Al = — 4.1
Al OgPL:g?ﬂdmmﬁ— ] > (1)

and for any n > 0,

1
lim lim /\log]P’[ sup d(75,7y) >n| = —oo. (4.2)

d—~400 A—>+00 |s—s'|<6

The proof of this proposition follows from the estimate on the cumulants given in Proposition 2.3,
with the same proof as in [7, Proposition 7.3.2].

Proposition 4.2 (Tightness of the fluctuation field). There ezists a distance d, based on some nor-
malized bounded observables, and associated to the strong Skorokhod topology on Traj([0,t], M(D)),
such that

li lim P d(0,¢5) > Al =0
LGS ngﬂ 0.6) 2 4]

and for any n > 0,

lim lim P d(¢s, ¢ =0. 4.3
lim lim L:Eﬁla (G 6) > (4.3)

The proof of this proposition is once again identical to the one in [7, Proposition 6.2.3], using
the bounds proved in Proposition 2.3. Note that in the integrated form, dominating roughly the
bounded observables, it is easy to remark that the bounding estimates that are true in the non-linear
symmetric case remain true in our linear tagged model, since by symmetry one can rewrite the sum
over the tags £, as

_ L A o
S ALl \gp|/M§@p% p]lxgdgpzup/ MEP (“goo—l-l) Lx:dz,,
L,eNp
P

which formally corresponds to a bounded symmetric initial data {M 3(Pupo + 1)}

4.2 Convergence of the fluctuation field

Since the fluctuation field ((;) defined in (1.14) is tight by Proposition 4.2, identifying its limit
moments is enough to characterize its limit, as they decrease fast enough (see the method of moments
in [4, Theorem 30.1]). Hence, to identify the limit fluctuation field with a Gaussian process, and to
find its covariance, we consider the following sampled observable

J
H(O 0 =121 Y 4 (2199).
j=1
For simplicity, we denote f,(t) = fu(t,£, = 1,,) and Fy(t) = Fi(t,¢; = 1) the cumulants associated
to the tagged particles only. Recall that the random set Sy contains the labels of tagged particles.
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With the same notation as in Sections 1.3 and 1.5, we have

Z[Z% (259 -2 [ Fr o) ]

] 1 |ieSy

To characterize the law of this fluctuation field, we look at its Fourier transform, using the generalized
cumulant generating function (2.16) to write

E [e1#]] = exp <g5[o 1 [ i/fé D exp (_i )\é / Ff(ej)zpj) . (4.4)

Expanding the cumulant generating function (2.16) yields

ot [ =S [ ]

M,/f,,[ H—H2+O<|\1/LIXH)1.

Using the estimates on the cumulants stated in Proposition 2.3, and the convexity of z — (1 4 x)?,
we bound for any p > 2

1 [ o (VY] <

AT e ]| < 2

Then the cumulant generating function writes

2] - o)

where the first term simplifies in the Fourier transform (4.4). Eventually, in the mixed scaling (S: ,, 1)
this provides the following convergence

E {eiCE[Hl] — oxp ( /Fl (21T )ap; (2 [93‘])})
i,j=1

thanks to the convergence of the integrated cumulants shown in Theorem 3. By the method of
moments mentioned above, and thanks to the tightness (4.3) of the fluctuation field, ¢; converges to
a Gaussian process (¢, with time-observable covariance

/ 1 [g(zF)n m)]‘

At each time, it is hence characterized by its covariance (1.15) with respect to observables. This
concludes the proof of Theorem 1, recognizing the expansion (2.37) of the solution Mgy to the
Rayleigh—Boltzmann equation. ([

PP p p+1
\PC HHH L9270 (HH\> ’
L 3 VA

so that

ol
p>2 p:

A
+2(C||HH)2;
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4.3 Large deviations of the empirical measure

We explain here how the convergence of the cumulant generating function (Sections 2.10 and 2.11)
leads to the large deviation principle for the empirical measure (Theorem 2), following the method
of [7].

Upper bound Let F be a closed set for the Skorokhod topology. In particular, F is also closed
for the weaker topology given by the opens of the form

On5(v) = {m € Traj([0,2], M(D)) , [{h,m —v}| < 5},

for observables h € CZ° and measures v € Traj([0,¢], M(D)), where § > 0 is fixed (we recall the
definition (1.16) of the transport filtered mean). For any open set of this form, one can write

P(7 € O55(v)) < E [exp(Mh, 75} — Mh,0} +A5)] .
Now, since by definition
ey _ 1 ] ! s
{h,wt}_AE;A [h(t,Zi )+/0 (as+u.vx)h(s,zi )}

and harnessing the definition (2.16) of the cumulant generating function, we get
P(7f € Oy 5(0)) < exp (@Bﬂ [ht + /(85 +v- Vm)hs] — Mh, 0} + Aé) .

Taking the limit superior, thanks to the convergence (2.38) of the generating function, and using the
notation Z(t, g) for the limit cumulant generating function (2.39), one has

1
lim sup 3 logP(7; € Ops5(v)) <Z(t,h)—1—{h,v}+3d.
e—0

By definition of the Legendre transform (1.19), for our fixed 6 > 0 there exists an observable g € B; 3
such that
{g,U} _I(t7g) +1> A(ta U) - 57

so that
1
limsup —log P(7; € Oy 5(v)) < —A(t,0) + 26.
e—0 A ’

By the tightness result stated in Proposition 4.1, F is in fact compact, and one can extract a finite
covering of open sets F C U¥_, 0, 5(v;), so that

. 1 . . .
2 —_ < — . < — .
hr;n 5(1)1p 3 logP(7; € F) 112£A(t, v;) + 20 ég%A(t, v) + 26

The result (1.21) follows, considering that 6 > 0 may be chosen arbitrarily small.

Lower bound The lower bound follows from more elaborate methods, that works only for mea-
sures v such that the Legendre transform A(t,v) is reached for an observable h € B, g, which is the
case when v is a strong solution of the biased Boltzmann—Hamilton—Jacobi equation (2.43)

(s —v-Vg)o = /dvcdu)(v — Ve, w) 4+ Mp(ve) (U(v')ep(z)_p(zl) — D(U)ep(z,)_p(z)) )

for some p € B; g, whence the restriction on the infimum defining the lower bound. The algebraic
details are exaclty the same as in [7, Chapter 7] and proceed of industrious topological considerations,
so that we do not replicate them here. O
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Appendix

A Scattering parametrization

This appendix is dedicated to the parametrizations of the scattering. Indeed, the scattering sys-
tem (1.2), denoting (v, w) = (v;,v;), is equivalent to

, vtw v —wl
2 2 (A1)
, vtw v — wl|
= — g y
2 2
U'/ _ /
with o = | ! /| denoting the deviation’s direction with respect to the mean velocity. Since
v’ —v;

(v,w,v’,w') are in the same plane, o and w also belong to this same plane (see Fig. 5). Thus, we
might reduce their dependency to the 1-dimensional circle, where the following holds

oc=7— 2w,

o going through the circle, and w through the half-circle.

Figure 5: Deflection parameters

Change of variable w — 0. Let us denote u = w — v the precollisional relative velocity. We want
to change the variable w € S‘i‘l into o € S%7! in the following integral, written in hyperspherical
coordinates

o S w, u)dw = /f(w)|u| cos(0y_2) sin?2 0, sin? 3 0y .. .sin?0_5sinfy_o dby 1,

S

where the d — 2 first angles (6;);<q—2 range [0, 7], and 641 ranges [0, 27]. Thus, choosing the angle
0 = (u,w) as 04_o, the half-sphere that w ranges corresponds to 6 € [0,7/2]. In Fig. 5, one can see

that (u,0) = m — 2(u,w), so that we will compute the natural change of variable § = (7w — ¢)/2.
Denoting 6 = (01,...,04_3,04_1), we get by trigonometry formulas that

i f(w){w, u)ydw = / /f M sin (¢) cos <¢) sin?2 6, sin?2 0, .. .sin% 0,_4 dédqﬁ
SY

2
/ /f sm (¢)sin?26; sin? 36, ...sin%0y_3 dfdg¢
_
=7 Jos f(w)do
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It is useful in the computations of this paper to be able to switch from a variable to another, with
the following formula.

Lemma A.1 (Change of scattering angle). For any measurable function f, one has

Ju]

f(w){w, uydw =

- 1 Jsis f(w)do. (A.2)

B Linear Boltzmann equations

In this section, we prove the well-posedness of the system of linear Boltzmann-like equations (2.46)
that corresponds to the Hamilton—Jacobi system presented in Section 2.11. Before stating this result
in Proposition B.1, we start with a general study of the linear Rayleigh—Boltzmann equation.

For an inverse temperature 5 > 0 and k € N*, we define the weighted functional space Fj, g of
measurable functions defined almost everywhere on the domain DF such that

| Filli,5 = supess| fi.(z1) exp(Blue||*)] < oo, (B.1)
2, EDF
hence decreasing at least as the Gaussian equilibrium Mg%k in velocities.

B.1 Linear Rayleigh—Boltzmann equation

We proceed to a similar decomposition of this equation as in [18], and compute the integrals in hyper-
1

spherical coordinates. Through the change of unknown R = M ggp, the linear Rayleigh-Boltzmann
equation (1.10) might indeed be written

R +v-V,R=KR(v) —vs(v)R(v), (B.2)
where the gain operator is
KR(v) = / (ve — v, w) s My (ve) M3 ()M ? (o)) R(v')deodl,. (B.3)
and the loss factor is
vg(v) = /(vc — v, w) 4+ Mg(ve)dwdue. (B.4)

The loss factor being bounded below in v, it will provide some decay of the solution, while the gain
operator will rather make it grow. We will prove in the following lemma that, in this choice of
unknown, it is nonetheless bounded.

Lemma B.1 (Integral kernel of the gain part). The gain operator K defined above (B.3) has the
following kernel integral formula

n—o2 . (Inl® = [v?)?
\/;/\77 o2 ( lnS T an’

and is bounded on IL*° as a consequence of the following estimate on its integral kernel
2
/ |77—v|2 (I = [v*) 178
+ dn <
2 ) |n— !d 2° 8 8ln —v? Bl
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Proof. The proof of the kernel formula can be found in detail in [18], or in a more concise way in our
PhD thesis [14, Lemma 3.3.2]. We denote u = v — 1, so that

n? = v]* = v —ul* = |v]* = |u]® - 2u - .

Using the hyperspherical coordinates (see Appendix A) with respect to v, denoting d.J(€) the Jacobian

corresponding to the measure on the unit sphere, with 6 = 6;_o = (u,v), we thus have

2
2 2)
o2, (2=l

g 2 ]
/|dn|d2€ [ " :/drdJ(Qd—ﬂre_g[7"2“’”_2‘“'0059)2].
n—v

Now, one can integrate

/OO T,e—g[r2+(r—2|v| cos9)2]d7, _ |:_2€—§[r2+(7’—2|v| cos0)2]:| > + "U’ cos 6 /OO Te—g[r2+(r—2|v| cosG)Z]dr‘
0 B 0 0

In the second integral, part of the weight concentrates around 0, and the rest around 2|v|cos 6, so it
can be split into

|v| cos O &
/ e_g[r2+(r_2|v|cose)2]dr < / e_qudu
0 \

v| cos 6

8 —§|v\2c0320

D —
~ Bv] cos0°

(bounding by standard estimates on the Gaussian cumulative distribution function), and similarly

9]
/ efg[r2+(r72|v\(:059)2]d,r < L€_§|U|2COS20-
|v| cos @ ,8"[}’ cos ¢

In the end, we get

/oo Te—g[r2+(r—2|v|cosc9)2]dr < ze—g[Q\v\ 0056]2 + Ee—gl’v‘ZCOSQG.
0 B B

It remains to integrate over 0 as

/Sm@e_g'”'zc"s”’de:/ e ElPag, < L /BT,
: . BN

The contribution of the integral over @ to the volume of the sphere is 2, so that the integral over the
other angles yields [S?~!|/2. In the end,

~ d—1
—8[r2+(r—2Jv| cos0)?] ST 2 1 j2m 16 1 /87
re” 8 dr < . + . )
/0 2 \B Py B B B

which concludes the proof when multiplying by the factor /3(27)~1. The kernel is also bounded for
small values of |v| in dimensions d > 2, so that the operator is bounded from L*°(D) to itself. O
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B.2 Boltzmann—Hamilton—Jacobi system

We study here the Boltzmann—-Hamilton—Jacobi system (2.46) appearing in the description of the
large deviations of the empirical measure, for long times. In the quadratic case, it has been studied
by Chenjiayue Qi for long times in the case of small initial data [24]. Our situation here is completely
linear.

To gain boundedness of the gain operator appearing in the Rayleigh—Boltzmann equation, we
computed a change of unknown that distributed differently the exponential weights. However, doing
so, we caused the new gain operator to be greater than the loss factor for small velocities, so that
the latter do not compensate totally the gain operator. Because of this, they will not immediately
provide a maximum principle.

In the specific case of the system that we study here, we have no hope of a maximum principle,
because of the gain terms —6;x; and 6;1; that depend on the observable #;. We recall the system

(Os —v-Vg)x = —0x+ /dvgdw<v — Vo, W)+ (Mg(vé)x(z’) - Mg(vg)x(z))
(B.5)
(0s —v-Vyg)n=+0n— /dmdw(v — v2,w) 4+ Mp(v2) (n(z’) - n(z))
of unknowns (x,7), with the boundary conditions
x(0) = Mgy
n(t) =~(t) € F1,—p/a-
Recall the definition (B.1) of the functional space F s, embedded with the L°°(D)-norm with a
2
weight My LIt thus corresponds to functions decaying faster than the S—Gaussian in velocities.

Proposition B.1 (Well-posedness of the Boltzmann—Hamilton—Jacobi system). For any time t > 0,
for a bounded gain weight 6 € L°°(D), and boundary conditions

x(0) = Mppo € Fi5/4
n(t) =) € Fi_p/a;

the system (B.5) has a unique global positive solution (x,n) € L= ([O,t], F1,8/4 X .7:1,_5/4)
Proof. We will compute a different change of unknown to go from the operators of the Boltzmann—

Hamilton—Jacobi system (B.5) to the bounded operator K defined in (B.3). Considering x(0) €

1
Fi1,5/4, we will look at R(0) = My *x(0) € L™(D). The existence of a global solution for the first
equation of the system (B.5) above, on x in JF g/4, is thus equivalent to the global existence in L.°°(D)
of the modified Rayleigh—Boltzmann equation

HR+v-V,R=KR(v)—0R —vs(v)R(v),

with the modified gain operator K, which is shown to be bounded in L>(D) (Lemma B.1). Hence,
the operator R — KR — @R is also bounded for § € L°°(D). Classical results in kinetic theory [2]
states that there exists a global unique positive solution to this equation, with the bound, for any
time ¢t > 0,

IRl < [|R(0)[|e

where the constant C' depends on the operators’ kernels as

-8 \ufs'u\2 + (‘“‘2_‘U|2)2

8lu—v|2

= sup B@2m)” 1 du —6(z) — vg(v)

z€D R4 ’uiv‘d 2
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This concludes the proof, returning to the variable x € 1 g/4. The same computation holds back-
wards in time for 7, observing that Mpgn satisfies a linear Boltzmann-like equation with the same
collision operator as x. Note that even in the case 8§ = 0, one can check that the constant C'is positive
because of small velocities. In this case nevertheless, one can still prove a maximum principle using
more elaborate methods implying a bootstrap argument to fall back in spaces in which a complete

spectral study is possible (see for example [16, Section 3.1], or more recently [24]). O
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