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1. Introduction

Consider a system of N identical hard spheres of diameter € moving in the whole
space R? or in a bounded box with reflecting boundary conditions. The collisions
between spheres are governed by the usual laws of elastic reflection. We order the
particles with an index ¢ = 1,2,..., N. A configuration of the system is zy =
(z1,...,2n), where z; = (z;,v;) are the position and the velocity of particle 4
respectively. Let us assign a probability density W' on the N-particle phase space,
assuming it symmetric in the exchange of the particles, and let W () be its time
evolution according to the hard sphere dynamics. Finally, for j = 1,2,..., N, denote
by fg'; and fN(t) the j-particle marginals of W\ and W™ (t), respectively.

Given a tagged particle, say particle 1, consider 21 (t,zy) its state (position and
velocity) at time ¢ for the initial configuration zy. We define the backward cluster
of particle 1 (at time ¢ and for the initial configuration zy) as the set of particles
with indices J C Iy, where Iy = {1,2,..., N}, constructed in the following way.
Going back in time starting from z1 (¢, zx ), let i1 be the (index of the) first particle
colliding with 1. Next, considering the two particles 1 and 41, let us go back in time
up to the first collision of one particle of the pair with a new particle i and so on
up to time 0. Then J = {iy,4a,...,i,} with i, # is for r # s. We denote by K the
cardinality of J, i.e. K = |J|.

In this paper we are interested in studying the quantity (K); that is the average
(with respect to the initial distribution) of the cardinality of the backward cluster
of a tagged particle at time ¢. In a general context this is a hard task, however
we limit ourselves in considering (K); in a low-density situation, namely in the
Boltzmann—Grad limit>°

N —o0, £€—0 and Ne2—A"!>0, (1.1)

where ) is a constant proportional to the mean free path. We fix A = 1 in the rest
of the paper.

Moreover, we shall assume that the initial distribution is approximately factor-
ized, namely the marginals of the initial distributions do factorize in the Boltzmann—
Grad limit, and that the one particle distribution is independent of z.

In this situation it is believed (and in fact proved for short times and under
suitable uniform estimates on the fONJ) that the system is ruled by the homogeneous
Boltzmann equation, which we remind here for the unknown f = f(v,t):

atf(’l),t) = /]R3 o dvldw(v - vl) 'w{f(vivt)f(v/j) - f(vl7t)f(v7t)}v (1‘2)

where S? = {w € 5?| (v —v1)-w > 0}, 5 is the unit sphere in R® (with sur-
face measure dw), (v,v1) is a pair of velocities in incoming collision configuration
and (v',v]) is the corresponding pair of outgoing velocities defined by the elastic
reflection rules

{v’:v—w[w-(v—vl)L (1.3)

v = v +wlw- (v—u1)].
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The Cauchy theory of Eq. (1.2) is well known, see Ref. 20 and references quoted
therein. The solution f = f(v,t) is usually interpreted as the one-particle distribu-
tion of the system in the low-density regime.

In the next section we will give a precise definition for the quantity (K); associ-
ated to the Boltzmann equation (1.2). In order to describe the long time behavior
of (K)¢, it will be convenient to focus on:

1
r= tlim 7 log(K ). (1.4)

In Sec. 3 we shall compute exactly (K); and r for a simplified model of Maxwellian
molecules. In this case r is an absolute constant. In Sec. 4 we come back to the hard
sphere system and prove an exponential estimate of the growth in time of (K);.
However the rate is not constant anymore, but depends on the initial datum.

A comparison of (K);, r with the corresponding quantities at the level of the
particle system (e > 0) will be performed numerically in Sec. 5.

The cluster dynamics outside the low-density regime has been studied previ-
ously, both analytically!'®19
systems, and numerically.* We stress however that the notion of cluster introduced
in these papers (see e.g. Ref. 4, Sec. 2) differs from that of “backward cluster”
considered in the present work. This refers exclusively to the backward dynamics
of one single-tagged particle. In particular, note that the particles join a backward
cluster one-by-one. In other words, when particle ¢ joins the backward cluster of
particle 1, the particles belonging to the backward cluster of i, not involved in the
backward cluster of 1, are ignored. This concept emerges naturally from the per-
turbative description of the Boltzmann—Grad limit, as enlightened in the following
section, and is related to the Markovian character of the dynamics.

Possible applications of the dynamics of clusters include plasma physics, geo-

as regards the equilibrium dynamics of infinite particle

physics, models of swarming or economics.'®16:97:8 In this connection, it is inter-
esting to study the distributions of various characteristics such as the size of the
clusters or the statistics of particles in a cluster. For more details we refer to Ref. 4,
where recent applications to several domains are mentioned and discussed. Here
it is also shown that the distribution of cluster sizes can be used to predict the
approach of appropriately defined critical events, in models where a multitude of
processes in different scales generates instability (e.g. earthquakes, economic reces-
sions, socio-economic extreme events). It may be worth noting that the notion of
backward cluster can be of interest in problems of population dynamics where one
is interested in the mean growth of a group of individuals which contacted, directly
or indirectly, a given one. In particular, the analysis of growth of backward clusters
could be relevant in models of epidemiology (propagation of diseases by contact),
although we are not aware of any precise reference in this direction.

We conclude this Introduction by observing that the interest on the control of
the backward cluster is also related to the problem of “mathematical validity of the
Boltzmann equation”. It is known that the validity of the Boltzmann equation is
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crucially dependent on the factorization of the marginals of the N-particle system
fJN (vj,t), where v; = (v1,...,v;), at any positive time ¢. In order that this property
is fulfilled, it is necessary that the backward clusters of any couple of particles (say

1 and 2) are disjoint. When such two clusters are finite, the probability that the
2
two particles are dynamically correlated is O <%> We estimate in Sec. 4 (K);

assuming that the Boltzmann—Grad limit has been achieved. Therefore this result
can be interpreted as a compatibility argument.

Another connected problem is the following. Even though the convergence
fJN (vj, t) = f(v1,t)f(ve,t) - - f(vy,t) in the Boltzmann-Grad limit has been proven
at least for short times,!©
holds. If the j particles have finite backward clusters, we can argue that the probabi-

one can wonder for which j the asymptotic equivalence

lity of correlations between any pair in the group of j particles is O(%) . Therefore

we expect that the factorization property of marginals holds when limy % = 0.
Actually in Ref. 14 it has been proven that the propagation of chaos holds for short
times if j < N® for a small enough.

2. Preliminaries: The Boltzmann—Grad Limit

In what follows we expand the solution of (1.2), i.e. f(v,t), in terms of a sum
F=> 1", (2.1)
n=0

where f(") is interpreted as the contribution to the probability density f due to the
event: the backward cluster of 1 has cardinality n.

Let fo = fo(v) be the initial datum for the Boltzmann equation. By (1.2) it
follows naturally that

FO (v, 1) = e Jo 4B©:9) £, (2.2)

where
R(v,t) :/ dvrdw(v —v1) -wf(vy,t) =7r/ dvy|v — v1| f(v1,t). (2.3)
R3x 52 R3

Before giving the other terms of the expansion we introduce a useful tool, namely
the Boltzmann hierarchy.

Suppose that f is a solution to the Boltzmann equation (1.2) and consider the
products

Fi(vi ) = )% (v) = flor, ) f (va,) - f (v, ), (2.4)

where v; = (v1,...,v;). The family of f; solves then the hierarchy of equations

Ocfi(vjt) = Cir1fi+1(vj,t) — Rj(vy, 1) fi(v, 1), (2.5)

where

j
Cre1 =Y G,
k=1
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%k.,jﬂfj“(vj,t) = /3 ) dvj+1dw(vk - Uj+1) 'wfj+1(1}1, cen ,U;C, cen ,’Uj,U;»+1,t),
R3 xS

(2.6)
{v; = v —wlw- (vk —vj11)]; (2.7)

Vi1 = Vi1 +wlw - (0r = v41))];
5% ={w|(vk = vjt1)-w >0},
and
j

Rj(vj,t) =) R(uk,1). (2.8)

k=1

By using a formal solution of (2.5) iteratively, we can express f;(t) via the
following series:

t t1 tn—1
fi(t) = /dtl/ dtg---/ dtn,
=2 [ | i

n>0
- (b, )G 1T 1 (b2 1) - Cn T in (0, 80) fEUT, (2.9)

where we use the conventions tg = ¢, t,41 = 0, and the term n = 0 should be
interpreted as .7;(0,t) f5*. Here .%(t1,t2) is the multiplicative operator defined as

5ﬁj(t1, t2)fj (Vj7 J=e" fttf dst(Vj,s)fj (Vj, D). (2.10)

Note that in (2.9), and in the formulas below, the dependence on v; is not shown
explicitly.
In more detail,

po=Y % [ [Can [,

n>0ki,....kn
T (t1, ) Chy 1T (Lo t1) - Chy jinTjn (0, 1) 5@(”"), (2.11)

where k1 € {1,...,5 ks € {1,...,5+1},... k, € {1,2,...,5 +n —1}. We call
any sequence {k1,...,ky} of this type a “j-particle tree with n creations”. Indeed
any new created particle in formula (2.11), say j + r, can be attached to any of
the previous j + r — 1 particles. (For more details on this representation, see e.g.
Ref. 14.) We denote a j-particle tree with n creations by I',(5).

Fixed I'y(j), w1, . . .,wn, v; and the velocities of the new particles vjy1,...,Vj1n,
we introduce a sequence of vector velocities v®, s = 0,...,n, by setting:
0o __ s __ s—1 / s—1 /
v =vj, v’ =(v] ,...,Uks,...,UjJrsfl,ijrs), s>1,

where, at step s, the pairs %5»”5‘ 4, are the pre-collisional velocities (in the col-
lision with impact vector wg) of the pairs 02:170;;; (which are, by construction,
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post-collisional). This allows to write (2.11) more explicitly as

=y Z/dtl / / Qo1 -~ dvjpme I BRIV

n2>0Ty(5)
. (H/ dwr(w::l — Vjigr) wre Fil dSRJ’“(VT*S))
re1 Y (0 —vigr) - w20
.fg?(j%-") (Vn), (2.12)

where we are using the convention ¢,,4+1 = 0.

Formula (2.9) expresses the solution to the Boltzmann equation (1.2) in terms of
an expansion on the number of collisions. Each term of the series is the contribution
to f; due to the event in which the first j particles and the collided particles in the

backward dynamics deliver exactly n collisions. Setting f; = > f](”), we identify

n—1 I
f(n / dty - / - t dst(s)%_‘_l

e R g e S dsRin(9) gBUTY (9 13)

In particular (2.1) holds with

tn 1
f(n) / dty - - /

o 14 st (s)eg o= i dslz() . @y e Jo" d5R1+n(5)f§9(1+n)' (2.14)

As a consequence, we define
n/dvf(")(v,t). (2.15)

A remarkable property which will be used later on is the following:

(Mo 3 fl g, (2.16)

ni,na:
ni+ns=n

This is a consequence of the rather obvious identity

t tn—l
Z / dtl---/ dt
r,(2) 79 0
t tiz—l
= > Z /dtl / dt}h/dtf---/ dtp,. (2.17)
0 0

ni,ma: (1)
711
nitnz= nFrzz(l)

As we shall discuss in the next section, the expansion (2.12) is a version of the
Wild sums in the context of the hard sphere dynamics.
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We expect (K); to be bounded for a fixed ¢ and exponentially growing in ¢, so
that it is natural to introduce the quantities

1
r4+ = limsup n log(K),, (2.18)
t—o0
o1
r_ = htmmf n log(K);. (2.19)

Note that 4 are computed by using the macroscopic scale of times, in which
the mean flight time is O(1). We stress that the introduced quantities refer only
to the kinetic reduced description, given by the homogeneous Boltzmann equation.
The corresponding quantities at the level of the particle system (¢ > 0) are very
difficult to handle with. In particular we have no results stating that such quantities
are equivalent to (2.18), (2.19) in the Boltzmann-Grad limit. In the last section,
we shall present related numerical simulations.

As we shall discuss later on, generally speaking we expect that ry = r_ = 1r
defined as in (1.4).

The quantities we have introduced make sense also at equilibrium, namely when
fo = Mg is a uniform Maxwellian with inverse temperature 3 > 0. Presently we are
not able to show, even in this case, that r_ = ry = r. If this is true, observe that
r = rg depends only on the temperature (or the energy) of the Maxwellian Mg. On
the other hand, by virtue of the H theorem, any (non-equilibrium) distribution fo
with the same energy should have the same value of r. In the last section we will
show some numerical evidence of this behavior for the hard sphere system.

We observe further that the dependence on the temperature should be given by

rg = —L (2.20)

E

This follows from Mg(v) = (%/2M;(y/Bv) which implies, by (2.3) and (2.14),
RP(v) = (1/V/B)R"(v/Bv) and

FO P, 6) = gy (ﬁv, %)

Here we have used an upper index to indicate the dependence on the temperature of
the corresponding quantities. The last equation can be obtained easily from (2.14)
by a rescaling of all the integration variables (times and velocities). It follows that
(K = (K)%/\/B, so that (2.20) holds if rg exists.

3. A Simple Model

In this section we briefly analyze a simplified model of the Boltzmann equation
for Maxwellian molecules with angular cut-off,! for which the computations of the
mean cluster size (K); can be made explicitly.

We consider the Boltzmann equation

o0f=J(f f) -1, (3.1)
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where
DW= [ dndugleos0)f(01)1(0), (32)
for some non-negative function g satisfying g = 0 for cosé < 0, and
cosf = (z : Zi) .

Note that we have fixed the time scale in such a way that

/ dwg(cos ) = 1. (3.3)
SZ
Proceeding as in the previous section, we write the associated hierarchy

ofi=Jjx1fir =it (3.4)
where J; 1 is defined as €41 (see (2.6)) with the function (vy —v;41) - w replaced
by Q(M' ) Agam fi = % where f = f(v,t) solves (3.1). The initial

[ve—vjt1]

condition for (3.4) is
From (3.4) one deduces (the analogous of (2.12) for j = 1),

tn—1
f(v,t) ZZ/dtl / diy [ vy dvign [ dwr---don

n>0T, s2n
- g(cosby) -+ g(cos by e~ )= 2(l=t2) L o= (nt)in BOFM) (yny (3 5)

where cosf; = % -w;. Note that this coincides with the Wild sums intro-

duced in Ref. 21, see also Refs. 11 and 2.
The integral of the nth-term in (3.5) is

n—1
/dvf(") (v,t) = / dtie™ " / dtpe” [ dwy - ~dwn/ dviin
r,(1) s2n R3(n+1)

~g(cosby)---g(cosby)fo oltn) (yn)

tn 1
/ dtie .. / dt, et dwy - - - dwn/ dv"™
r, (1 S2n R3(n+1)

1o T (v

-g(cosfy)---g(cosb, , (3.6)

where we applied repeatedly dvidvj, = dv;dvy in the collision between particles ¢
and k for a fixed impact vector w. Using the normalization of fy and (3.3), and
computing the time integrations, we easily arrive to

n

/ dof™ (v, 1) = et ( /0 t e_sds) . (3.7)

Therefore we conclude that

(K=Y n /dvf”)vt—e—l (3.8)

n>0
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In particular, it follows that

where 7 is defined by (1.4).

4. Estimate of the Mean Cluster Size for Hard Spheres

We observe preliminarily that there is an important difference between the expan-
sion (2.12) for hard spheres and the corresponding expansion (3.5) for Maxwell
molecules. The first is an equation in the unknown f. Indeed in the expression of
R, the f itself appears. Conversely, the Maxwellian expansion yields the explicit
solution in terms of the initial datum fy. In particular, the control of (2.15) can-
not work simply by direct computation as in the previous section. Furthermore the
proof that the series defining (K); for the hard sphere system is absolutely and
uniformly convergent, works for a sufficiently small time only.!°

In what follows we shall obtain information on (K); by computing the time
derivative of f(") given in (2.14). In this way we manage to exploit conservation
laws, exact compensations and the known properties of the solution to the homo-
geneous Boltzmann equation.

Let us take the derivative of f(")(¢) defined by (2.14):

t tn—1 ot
i f™M(t) = —Rf™(t) + %, (/ dts - / dt, e~ i R G
0 0
ce— Jom dsRign(s) f(t’)@(lJrn))

—RF™ () + G fs" 0 (1), (4.1)

having used (2.13). Applying (2.16) and writing explicitly the collision operator,
one obtains the following differential hierarchy:

n—1
O f ™ (v,t) = —Rf™ (v, 1) + Z / dvydw(v — v1)
R

7L1:0 QSXSLZF
c{fMI ) Fr I (0 1)) (4.2)
Setting
H(0,t) =Y nf(v,1), (4.3)
n=0

it follows that

8t,%/(v7t) = —R,%/(’U,t) + i i (n1 + ngo + 1)

n1=0n2=0

/ dvidw(v — o) - w{ f (0], 1) FTD (0, 1)}
RBXSi
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= —RX (v,t) —|—/ dvrdw(v —vy) - w{ A (V' ) f(v],t)
R3x S2

+ )2 (01, 1) + f(0, 1) f (07, 1)} (4.4)

Note that the above integral includes a positive collision operator linearized around
f, plus an inhomogeneous term given by a positive collision operator acting on f2.
Now we define

Ko = / Qo (0,8) = (K)y, Ky = / v (v, )02, (4.5)
Using (4.4) and (2.3),

—K2 —w/dv/dvlv v — o | f (01) (v)
+/dv/dv1 . duswo - (v — o0 )02 (H (W) f (01) + A (01) F(0))

+ / dv / dvy / dww - (v —v)v? f(v1) f(v). (4.6)
52
Moreover, symmetrizing and using the energy conservation,

Avim [0 [ n /S duw- (v — 0 f(01) (0)
- g/dv/dvl\v—vl\(UQ+vf)f(v1)f(v)

< 7l fl3 (4.7)

N

where
||f||s:=/dvf(v)(l+v ).

Similarly, the second term in the right-hand side of (4.6) can be written as

/ dv / o [ (v w2 (0) F 1) + H (1) (0))
= /dv/dv1 /Si dww - (v —v1)(V? +v3) A (V) f(v1)

_ w/dv/dvﬂv — 01|02 + 02)H (0) (1), (4.8)

Notice that the first term above cancels exactly the first term in the right-hand side
of (4.6). In conclusion:

iKz = W/dv/dvlv%\v —v1|f(v1)# (v) + As. (4.9)
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With a similar computation we obtain
—Ko—ﬂ'/d’l)/d’l)ﬂ’l)—vl‘f 1)1) ( )+A0

- / duR(v)H (v) + Ao, (4.10)
where

Agi=r [ o [ dufo— o)1)
_ / doR(0)f(v). (4.11)

We observe now that, if the initial datum has finite norm || fol|3, then || f(¢)]|s
remains bounded at any positive time. This is shown for instance in Theorem 1.1
of Ref. 12 (and proved already in Ref. 3). In the same assumptions, putting C; =

msupyso [|f(£)]ls and Cp = 27 sup;so || ()3, we get

%KQ < O (VKoK + Ko) + Ca, (4.12)
and
%Ko < O (VKoKa + Ko) + Cs. (4.13)
Indeed,

%KQ < ﬂ/dv/de%(\v\ o) (00)# () + As

- (/de{ )(/dw >+TFK0</CZU|U|f >+A2

<n ( / de(w) 1l + Kol flls + I £I1 (4.14)

By the Cauchy—Schwarz inequality,

/dv|v|% \//dUUQ,%/ \//dv,%/ VKK,

d
2 S 7l fOlls(vV Eo Kz + Ko) + 7| f(¢ )3, (4.15)

which implies (3.12). To obtain the estimate (3.13) we follow the same path, but

hence

Ao < 2 ( / dvlvlf) < 2n (D)5 < 27l SO

Finally, to obtain a lower bound, we use that, if the initial datum fy has finite
mass, energy and entropy, then f(¢) is bounded from below by a Maxwellian for
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any t > 0 (see e.g. Ref. 15). In particular

R(v,t) > C, (4.16)
for some C' > 0 (depending on fo). Therefore from (4.10)—(4.11) we obtain
%KO > C(Ko+1). (4.17)

Summarizing, we established the following theorem.

Theorem 1. Let f(t) be the solution of (1.2) with initial datum fy such that
[l folls < 400 and [ dvfo(v)log fo(v) < oo. Then there exist positive constants

61,6276' such that
(¥t —1) < (K); < Ca(eCrt — 1), (4.18)
for any t > 0. In particular, r, < Cy and r_ > C.

Note that the constant C' is proportional to sup; || f(t)||s. (For instance using

VEoK; < (Ko + K2)/V/?2, one finds C; = C1(2 + v/2).)

5. Numerical Simulation

The average size of backward clusters of a real hard sphere system is difficult to
investigate mathematically and the agreement of its behavior with the predictions
of Theorem 1 is not obvious a priori. In this section we carry out the molecu-
lar dynamics simulation for hard spheres and compare it with the above results.
It turns out that (K); grows indeed exponentially. The present simulations have
to be considered as preliminary. A more detailed analysis will be presented in a
forthcoming paper.

Let us explain the setting of our simulation. We consider N particles of diameter
e confined in a cube of side L. The position and velocity of the ith-particle at time
t are denoted here by x;(t), v;(t), ¢ € Iy = {1,2,...,N}. At initial time ¢ = 0,
the particles are uniformly distributed in the cube in such a way that they do not
overlap each other. The initial velocities are independently distributed according
to a function fy, which will be specified later. We let the particles evolve freely
until either following two events occur: (i) two of them collide with each other or
(ii) one of them undergoes elastic collision with the wall of the cube. The velocity
of particle(s) involved in the event is changed according to the collision law. The
above procedure is iterated until a given time ¢ is achieved.

The sequence of times 0 < t1 < -+ <ty < -+ < by, <t (m=1,2,...,m)
is defined here as the instance at which the collision between two particles occurs.
During the simulation, we retain the pair of particles [say, a pair (pm, ¢ )] which
undergoes a collision at time t,,. Therefore, at the end of simulation, we have {¢,,}
and {(pm,qm)} for m = 1,...,m.. Based on these quantities, we can obtain the
backward cluster .J; of a particle with index ¢, according to the definition given in
Sec. 1. Note that J; does not include i itself, i.e. if the ith-particle does not collide
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with any particle, then J; is empty. Let us denote by K; the cardinality of the
backward cluster J;. Then, we define by gn (K, t) the distribution of K; at time ¢:

N—
N(K,t)ZN_l#{iEIN|Ki(t)=K}, [Z gN(K,t)=1‘|. (5.1)
K=
The average of the cardinality is thus defined as
N—-1
Ky =3 Kon(K,1). (5.2)
K=0

It may be worth showing that the quantity gy (k,t) is actually expected to be
close to the quantity [ f (*)dv which we have studied at the level of the Boltzmann
equation. Indeed for a typical configuration zy and a fixed t,

gn(k,t) ZX{K )=k} (2ZN) = N Z X{K:(t)=k})»

by virtue of the law of large numbers (N large). Here x{. ..} is an indicator function
and () is the expectation with respect to the (almost factorized) initial distribution
of the initial datum zpy. Moreover the Boltzmann—Grad limit yields

1
N > Xiri=ky) = X =ry) /f(k)(v7t)dv-

In accordance with the analysis, we fix Ne2 = A\™! = 1. Moreover, L = 1. The
initial velocities v;(0) (i € In) are generated according to the distribution fy, which
is, in the present simulation,

Case I fo(v) = foo(v) = Wexp (-%) <E _ %) (5.3a)

Case 2: fo(v H x{JoP| < 1}, (E = %), (5.3b)

p 1,2,3

|2
Case 3:  fo(v) = W exp (—%), (E=2), (5.3¢)

where E = [, 3|v|%fo(v)dv is the energy (we let the mass of particles be unity) and
v(®) is the pth-component of v. Cases 1 and 3 are equilibrium states with different
energy, while Case 2 is a non-equilibrium state having same energy as Case 1. The
velocity distribution of particles in Case 2 approaches the equilibrium f., as time
goes on. In the actual simulation, due to noise, the energy F is not exactly identical
to the assigned one.

Before stating the numerical results, it is necessary to mention the mean free
time 7 of the system. The mean free time 7 at an equilibrium state (with energy E)
can be easily computed as 7 = [4(27E/3)/?Ne?]~1, see Ref. 17. Therefore, we
obtain 7 = (4,/7/3)"! a2 0.244 for Cases 1 and 2, and 7 = (8,/7/3) " ~ 0.122 for
Case 3. On the other hand, 7 can be also computed from the numerical simulation.
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At the end of the simulation, we know m., which is the total number of collisions
between particles. Since a single collision involves two particles, the total number
of particles involved in m, collisions is 2m.. The time-averaged free time is then
t/(2m.), during which one of the N particles experiences a collision with one of the
others. Thus, for a tagged particle, it takes Nt/(2m.) (on average) to experience a
collision with one of the others. In the simulation, we have obtained Nt/(2m.) =
0.242 for Case 1, Nt/(2m.) = 0.241 for Case 2 and Nt/(2m.) = 0.121 for Case 3
when N = 101135 and ¢ = 2.

The plot in Fig. 1 and values in Table 1 show that the exponential behavior
(K); ~ e™ — 1 is approached as N increases (¢ decreases), in a range of times
including several mean free flights. The value of 1log((K); + 1), which should
converge to r as N — oo and t — oo, in Case 1 and that in Case 2 are almost
coincident, as expected from the discussion before Eq. (2.20). Observe that no
transient is even visible in the case of a non-equilibrium, uniform distribution of
velocities (Case 2). It is seen from Table 1 that the value of 1 log((K)¢ + 1) in Case 3

8 - L
. 101136 [ 101136
— b
+ )
B N = 1802 N = 1802
o 4f ] |
®
<
0 1 1
0 1 2 0 1 2
t t
(a) (b)
101136
N =1802
0 1
t

()

Fig. 1. The average cardinality versus time in logarithmic scale for (a) Case 1, (b) Case 2, and
(c) Case 3 [cf. Eq. (5.3)]. Note that the range of ¢ in panel (c) is different from those in panels (a)
and (b). For each curve, the ensemble average over M different simulations is taken in order to
decrease noise. We set Ne2 = 1 and L = 1, while (N, M) = (1802, 72), (2402, 54), (3203, 40),
(4271, 30), (5695,23), (7593,17), (10125,13), (13500,10), (18000,8), (24000,6), (32000,4),
(42666, 3), (56888, 3), (75851, 2) and (101135, 2).
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Table 1. The value of % log({(K)t + 1). The values represent the slope of curves in Fig. 1.

Case 1 Case 2 Case 3
t\N 1802 10125 101135 1802 10125 101135 1802 10125 101135

0.4 4.288 4.201 4.199 4.290 4.244 4.190 8.576 8.403 8.399
0.8 4.227 4.221 4.223 4.222 4.253 4.211 8.455 8.442 8.446
1.2 4.090 4.199 4.233 4.088 4.216 4.223 8.180 8.399 8.467
1.6 3.840 4.116 4.230 3.841 4.118 4.218 7.680 8.233 8.461
2.0 3.462 3.916 4.191 3.467 3.925 4.180 6.924 7.833 8.382

45—
Lo |
— 44_ 0] -
i I %50 Case 2 |
§ °do o
o O
= oooooo
2 Poog
—l+ 4.3F O0oppOoDOo Bo0oggT
Case 1
42—
0 0.1 0.2

t

Fig. 2. The value of %log(<K>t + 1) for Cases 1 (square) and 2 (circle) in the range of time less
than one mean free time; (N, M) = (1802, 720).

is almost twice larger than that of Case 1. This verifies (2.20) (here = 3 in Case 1
and § = 3/4 in Case 3).

Finally, we have checked whether r is different between Cases 1 and 2, especially
for small time ¢ € [0,0.2]. Note that ¢ € [0,0.2] is within one mean free time at
equilibrium (7 & 0.244). Figure 2 shows that the values of 1 log({K); + 1) for both
cases differ, but the discrepancy is small.
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