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The Liouville equation is of fundamental importance in the derivation of continuum
models for physical systems which are approximated by interacting particles.
However, when particles undergo instantaneous interactions such as collisions, the
derivation of the Liouville equation must be adapted to exclude non-physical particle
positions, and include the effect of instantaneous interactions. We present the weak
formulation of the Liouville equation for interacting particles with general particle
dynamics and interactions, and discuss the results using two examples.
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1. Introduction

Many physical systems can be modelled as a collection of interacting particles, for
example, interactions in and between molecules [18], colloidal systems [9] or sys-
tems of granular media [3,12,15]. However, when considering a large number of
particles, simulating such a system as a discrete set of particles quickly becomes
computationally intractable. In these cases, it is necessary to consider a continuous
approximation of the system. One of the most popular first steps to a valid contin-
uous model is the Liouville equation (when particle dynamics are deterministic) or
the Kramers equation (when particle dynamics are stochastic) [16].

We assume that a system of N particles in d dimensions with positions X (¢) €
RN and velocities V() € R at time t € R is governed by Newton’s equations:

dX() V(@) dvV(t)

T - @ - e, v, (1.1)
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The Liouville equation for hard particles 1041

where G(X, V| t) incorporates external effects such as gravity and friction, and inter-
particle interactions such as cohesion in granular media or intermolecular forces
in molecular dynamics. Under the assumption that the microscopic dynamics are
smooth, associated with the microscopic dynamics is the Liouville equation, a par-
tial differential equation which determines the dynamics of the N-body distribution
function ), which is formally given by

1
Q+EU-VX—Vv~G(X,V,t) fMN(Xx,v,t)=0. (1.2)

M(FM) = | =

For point-like particles and sufficiently-smooth G, equation (1.2) fully describes the

evolution of an initial configuration of particles féN). However, when particles are
of finite volume, adjustments have to be made to the microscopic dynamics to avoid
non-physical particle overlap. Under the assumption that particles are spherical and
of radius € > 0, and that interaction is through pairwise collisions, a binary collision
rule can be introduced that instantaneously changes the velocities of two particles
so that they are moving away from each other immediately after contact. Indeed, if

at time ¢ particles ¢ and j have positions z;,z; and velocities v", v, respectively,

3 ] 7 9 J )
such that (v;* — o) - (v; — x;) < 0 and |lz; — z;|| = ¢, under the assumption that
collisions are elastic (i.e. no energy is lost due to the collision) velocities are updated

using the following rules:

vput — U{rl _ 7 J 3 Uln _ ,Ul_n (2 J

e e RS Rl Py

out in LTq — ‘Tj in iny i ZE]‘

out 1 T (ot : 1.3
A A PR R P 13

Notably the velocity components in the direction of x; —z; are swapped and
reflected.

At an informal level, the collisional effect is not recognized at the level of
the Liouville equation, but is derived in the Bogoliubov—Born—Green—Kirkwood—
Yvon (BBGKY) hierarchy [1,19], for example, as a consequence of additional
assumptions on an interaction force [10]. However, by instantaneously changing
the velocities of two particles that undergo a collision, a fundamental assumption
in the Liouville derivation is no longer valid—the dynamics of an individual particle
are no longer smooth. We therefore cannot rely on the correctness of the statement
of the Liouville equation in equation (1.2) above, and must resort to an alternative
formulation to derive an equation for f")(X,V,t). A suitable alternative is the
weak formulation of the Liouville equation [20].

In a paper of the third author [20], a system of N = 2 spherical particles with
diameter € > 0 and G(X,V,t) =0 is fully characterized, and, under no additional
assumptions, it is shown that for all smooth, compactly supported test functions @,
given initial data féz) € C%D) N LY(D) (i.e. the space of all continuous functions
with compact support), such that fé2) integrates to 1 on the phase space, and is
always positive, there exists a unique f(2) € C°((—o0, 00), L(D)) which satisfies
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the weak formulation

/// {W+(V.VX)¢(X,V¢) FO(X,V,t)dtdV dX
P JRS J—c0

—/ / / (X, V,0)fP(X,V,t)V - 0(X)dt dV dH(X) (1.4)
OP. JRS J -
for all test functions ®, and which conserves linear and angular momentum, and

kinetic energy. In the above:

e we define the spatial integral on P, := {X € RS : ||z; — x2]| > €}, as particles
cannot overlap;

e D c R!'? represents all possible configurations of positions and velocities, given
that two particles cannot overlap (X € P.);

e the vector 7 € RS is the outward unit normal to the surface OP;
e H is the Hausdorff measure [6] on OP;.

In this case, we say that f(® is a global-in-time weak solution of the Liouville
equation given by

af®
ot

+(V-Vx) @ =Bx[f?), (1.5)

where Bx [f(?] is determined in the weak sense against all differentiable, compactly
supported test functions ® € C}((—oc, 00), D):

Ber@Le) = [ [ O Ve v avany). ()

In contrast to classical formulations [11], a collisional term Bx[f(?)] is derived at
the level of the Liouville equation. Furthermore, under the assumptions of molecular
chaos, Bx[f?)] admits the elastic Boltzmann collision operator [4,7] in the first
equation of the weak formulation of the BBGKY hierarchy, agreeing with previous
results. Under restrictions on initial data, for example, on the particle density of
the system, an analogue to equation (1.5) should also hold in systems with more
than 2 particles.

From this point, a clear question to consider is how more complicated dynam-
ics, or other instantaneous interactions between particles, affect the derivation of
equation (1.5). In this paper, we derive the weak formulation of the Liouville
equation for two particles with general free dynamics (i.e. where there are no instan-
taneous interactions between particles), and general instantaneous interactions (i.e.
general collisional events and events where particles are refracted away from one
another). The microscopic dynamics are first discussed in § 2, which leads to the
derivation of the Liouville equation in § 3. This careful examination of the dynamics
provides useful insights for mathematical modelling of materials approximated by
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hard particles, e.g. granular media. In particular, the collision operators (in both
position and velocity) constructed at the level of the Liouville equation in the weak
formulation should be of interest.

Following this, we consider an example in § 4 where collisions are inelastic and
the free dynamics are affected by external friction and a constant external potential.
Upon consideration of the weak Liouville equation, and the admissible initial data
for the given dynamics, this example leads to a modified collisional term at the level
of the BBGKY hierarchy. We provide a further example which displays our results
in equation (5), where we consider a system of particles where the free dynamics
are linear, but particles interact via a discrete square-shoulder interaction potential,
equation (5.1). The inclusion of this discrete potential then leads to an additional
collision term in the Liouville equation, which translates to a truncated Boltzmann
collision operator in the BBGKY hierarchy. We discuss our findings and future
directions for research in § 6.

1.1. Set-up

1.1.1. Free particle dynamics At the microscopic level, we consider the initial data
of two particles. The first particle has initial position z € R3 and velocity v € R?,
the second has initial position Z € R® and velocity ¥ € R?, all assumed at time
t = 0. When considering the initial position of particles, we refer to the position
of their centres of mass. It is useful to consider the concatenation of position and
velocities as X = [z,Z] € R® and V = [v,9] € RE. In some cases it is useful to define
Z = [X,V] € R'? in the same spirit.

One of the important requirements of our method is an understanding of admis-
sible initial data, i.e. initial data that produces a solution to equation (1.1) for all
time ¢ € R. In this paper, we assume that the admissible initial position data for the
free dynamics (i.e. for point-like particles) encompasses the entirety of R®, i.e. any
initial positions can provide dynamics that are defined for all times ¢t € R. However,
the initial position data X € R® may restrict the admissible initial velocity data to
a subset of RS. Therefore, for each X € R, we define V!(X) C RS to be the set of
initial velocity data which produces a solution to equation (1.1) for all times ¢ € R,
and take V € VI(X).

Many calculations in this derivation refer to relative differences of position and
velocity of the two particles, for example, the binary collision rule equation (1.3)
is used in the dynamics when (z — Z) - (v — ) < 0. Thus we introduce the follow-
ing notation: for a vector A = [a,a] € R®, we write @ = a — a € R? as its relative
difference. Much of the intuition in the derivation can be considered in terms of
relative differences of particle data. For example, we can rewrite the dynamics of
the pair of particles in terms of relative differences, which effectively fixes one point
at position 0 with radius €, and a collision is seen as a reflection of an intersecting
point-particle trajectory.

Given initial data X € R® and V € V!(X), we define the free particle flow maps
for position and velocity by ®F (X, V) and ®} (X, V), respectively, and assume that
they satisfy the Newton equations of motion, namely
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We write &, = [®7, ®}] as the flow map defined on initial data Z € D for all times
t € R. We also assume that the flow maps produce unique trajectories for any given
initial data.

1.1.2. Dynamics with instantaneous interactions When instantaneous interactions
are considered, a careful understanding of the admissible data is required. Outside
of the discrete set of interaction times the particles follow trajectories determined
by ®7 and ®}. In this section, we will construct the flow maps V¥ and ¥y that
include instantaneous interactions.

Admissible Data. In both of the examples we consider, the particles are hard
spheres with diameter e. The possible initial data for X is therefore restricted to
the hard sphere table

P.={X =[z,z) €R®: |z — || > &}. (1.8)

The subset P. C R is a real analytic manifold with boundary OP., which has
outward unit norm vector

b= — [-7,] (1.9)

for X € 9P..

We assume that the motion of the spherical particles is non-rotational, i.e. we
do not furnish the equations of motion with an evolution equation for the angular
velocity of the spheres. Adopting the assumption of smooth spherical particles is
very popular in the literature, whilst the introduction of particles which are non-
spherical is also of interest and has been studied, for example, computationally
in [5].

The introduction of instantaneous interactions between particles will change
which initial velocities are admissible. We define the set of admissible velocity data
for dynamics with instantaneous interactions as V(X) for each X € P., which we
assume has a piecewise analytic boundary. Furthermore, we define C(X) C V(X) to
be the set of initial data which leads to instantaneous interactions, and also assume
that C(X) is a piecewise analytic submanifold of RS. We validate this in the two
examples considered.

We may consider additional interaction diameters Pz for € > ¢, e.g. square well
interactions discussed in [2], but importantly for X € R6\P., V(X) = (). We define
the set of interaction diameters by © = {¢; € Rt i=1,....m:icm>cmq>->
go > 0} where m is the number of interaction diameters of an individual particle.

We assume that the dynamics with instantaneous interactions have flow maps
U7 (X,V) and ¥} (X,V), which are defined globally in time.

Event Times. We will characterize each instantaneous event by an event time,
an interaction diameter and an event map that changes the particle velocities. As
interactions are instantaneous, the event times can be enumerated as a discrete set,
which can be finite or infinite. We write the event times as 7; € R fori = —M, —M +
1,...,-1,0,1,....,N —1,N, where M = M(X,V),N = N(X,V) € NU {oc}, and

—00 = T,M(X, V) < T,MJrl(X, V) <0< TNfl(X,V) < TN(X, V) = 00, (110)
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where we choose 79 to be the closest event time to time ¢ = 0:
7o = argmin, {s € R: D (X,V) € IP-, € O}. (1.11)

In turn each 7; can be defined in terms of the previous or next event time. When
the previous event time has been defined:

Tit1(X, V) = argmin  {s € (1;,00) : 5, (V7,7 ) € 9P, € ©f,  (1.12)
and when the next event has been defined:
Ti—1(X, V) = argmin  {s € (—o0,7;) : ®5_, (V7,, V7)) € 0P, € O} (1.13)

Events occur when particles reach an interaction diameter. We will assume that
there exists 6 > 0 such that for all i = —-M,...,N, 7, — 7;,_1 > 6, and we define
two special event times, namely 75, (X, V) = —o0, 75 (X, V) = co. Between each
pair of event times, the particle dynamics are determined by equation (1.1). At
each time 7;, the particles experience an instantaneous change in velocity. For hard
spheres, for example, this will ensure that the two particles do not overlap.

Event Maps. At each time 7;, the velocities of the particles experience an instan-
taneous change. By the formal axioms of classical mechanics, it is necessary for the
change in velocities to conserve linear and angular momentum, i.e. if an event
(X, V), X € P.,V € V(X) occurs at time t = 0 (without loss of generality), then

=v+7, (1.14)
and for all a € R3,
(x—a)xv' +(Z—a)xv =(x—a)xv+ (T —a) XD, (1.15)

where primed velocities denote post event velocities. In fact, to show conservation
of angular momentum one only needs to check equation (1.15) is satisfied for 4
values of a.

PROPOSITION 1.1. Equations (1.15) and (1.14) are true for all a € R? if and only

if
(2 —pi) x v + (T —p;) x0 = (x—p;) xv+ (T—p;) X7, (1.16)

fori=1,...,4, where {p;}1_; C R? are the vertices of a (non-degenerate) polytope
in R3.

Proof. The necessity of this statement is trivial. For sufficiency, by equation (1.14)
we may assume x = 0 without loss of generality, and so for each p;, for all constants
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cj € R, we have

—¢jp; X V' +¢;(T —pj) x V' = —c;pj xv+¢;(T —pj) x v
4 4 4 4

= =D g x v+ Y (@ —p) x 0 == epixv+ Y (T —p;) x 0.
j=1 j=1 j=1 j=1

If we now suppose that Z?Zl ¢; = 1, then we have that equation (1.15) is satisfied
for all ¢ in the set

4 4
C= chpj:chzl . (1.17)
i=1 j=1

As C is a convex set in R3, we infer that C = R3, as required. O

Considering the ‘concatenation’ notation, the change in velocity is determined by
a map o; : R® — RS where 0;(X, V) € R6*¢. We have the following result on the
form of o(X, V).

THEOREM 1.2. Let X € RS and V € RS, and set X = [x,7],V = [v,9]. Assume that
T # x, and set

1
N(X) = — [z —Z,T — x]. (1.18)
o2l
Then the following are equivalent:
(i)
o(X,V)=T+n(X,V)N(X) ® N(X), (1.19)

for some n: R1?2 — R.

(ii) The map o respects the conservation of total linear and angular momen-

tum:
(a) (COLM)
v 4+ = v+ 1 (1.20)
(b) (COAM) For any a € R3,
(x—a)xv' +(T—a)x?,=(x—a)xv+(T—a)x7, (1.21)

where v' = (o0(X,V)V)(1,2,3), and v’ = (o (X, V)V)(4’5A’6)1.

Li.e. the effect of o(X, V) on the first and last three entries of V respectively.
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Proof. We note that equation (1.21) can be written as Ao (X, V)V = AV, where

0 —z5 5 0 -5 @2
Ao = =% 0 —zf ¥ 0o —-z¢], (1.22)
—z5  zf 0 —-z5 ¥ 0

where we have written ¢ = z; — a. One can show that (1 = 2) by a direct
calculation. We see that

A+ ao(X,V) = Au(I — (X, V)N ® N),
=A,—nX,V)A,N(X)® N(X) = A,,
where it holds that A,N(X) = (0,0,0). With a view to demonstrating that
(2 = 1), we note that the matrix A, is rank 3 (by considering its row-
echelon form), and that it is enough to show that equation (1.21) holds for
a = {aq,as,as, a4}, if equation (1.20) holds.

We note that A, 0(X,V)V=A,V for all V €R® implies that
Au(o(X,V)V — V) = 0. Therefore, o(X,V)V —V € ker(4,) for all a € R®. Let
Y = (o(X, V)V = V); then

—}/2$g + Ygiﬂg - Y5IZ'§ + Yﬁi’% = 0, leg - Y3£L’§L + Y;ﬂf’g - Yﬁftll = 0,
Y25 4+ You{ — Yaz5 + Y527 = 0.

We consider the values of observation vectors given by

a; = (x1,%2,73), ap = (x1,72,T3),
as = (1,2, %3), a4 = (T1,T2,T3),

which form the four vertices of a tetrahedron, which results in

Xr1 — Q_Tl

To — To

- T3 — I
Y=i(eo) | 2| =X VINX), (1.23)

To — To

T3 — I3

where (X, V) = ||l — z||7(X, V). We note, taking dot products on both sides of
equation (1.23) with N(X) and rearranging, that

N(X) - (o(X, V) = V) = n(X)
= (I - N(X)® N(X))o(X,V)V = (I - N(X)® N(X))V,

i.e. o can only change the component of V in the direction of N(X). Thus, if
N(X)-V =0, then V is contained in the hyperplane orthogonal to N(X), and
we must have that (X, V)V = V. Therefore, without loss of generality, for any
V € RS we can take n(X,V) = N(X) - Vij(X,V), and so

c(X,VV=I+nX,V)NX)® NX))V (1.24)

as claimed. O
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Equations (1.14), (1.15) are not enough to fully determine the map o; an addi-
tional constraint must be supplied. For example, in [20], it is shown that the
Boltzmann (elastic) scattering map can be determined by including the conserva-
tion of kinetic energy. In this case o is an involution, i.e. o(X,V)? = I. Alternative
maps can be derived using different constraints on the Jacobian of the scattering
map (for inelastic Boltzmann scattering maps considered in § 4), or on kinetic
energy (for boost or damping maps considered in [2]). We call this the event map
constraint.

We define the forward time map UZ-+ as the map which takes pre-event veloc-
ities to post-event velocities, and the backward time map o, taking post-event
velocities to pre-event velocities. For the dynamics to be reversible we require
o (X,V)o; (X,V) =1. Note that if we assume that o; (X,V) = o, (X, V) then
n(X,V) =0 or n(X,V) = —2. The former value of n(X,V) produces the identity
map, while the latter is the elastic Boltzmann scattering map.

We can fully define the flow maps for dynamics with instantaneous interactions,
using ®7, ®7, 7; and O'?:. We split the initial data into two cases.

No Instantaneous Events. If X,V are such that no instantaneous events
happen, then M + N =1 and ¥;X, U? obey

VX, V) =f(X,V), OV} (X,V)=G(X, V1) (1.25)
in the classical sense.

Instantaneous Events. When X,V are such that instantaneous events
occur in finite time, then

0V (X, V)
oY (X,V), Tio—1 < t < Ty

v v v Ti <1< Tita,
Y (X V). of U (X, V), TSN T

P (0 (X V)0 (V) T ST
(1.26)
and
0y (X,V)
G(X, V1), Tig—1 <t < Tip,

Ti <t<7’i+1,

i=1dg,...,N —1,

Ti1 St < T,

i= —(M+1),..., (10— 1),
(1.27)

G(\II% (X7 V)7 O’,j_\If% (X7 V)7t - Ti)7

G(U (X, V), 07 W8 (X, V), t — 72),

where 1g =1 if 7o < 0 and p =0 if 79 > 0.

Note that free particle low maps need not be defined globally to be used in these
flow maps, if the instantaneous interaction renders the trajectory admissible.
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We now have all the necessary notation to state the main results of this paper.

1.2. Main results

Now that we have fully defined the dynamics of two particles, we are in a position
to state the main results of this paper. To do so, we state the following definition,
which is generalized from [20].

DEFINITION 1.3 (Global in time weak solutions of the Liouville equation). Suppose
we are given an initial condition fo € C°(D) N L' (D), such that

/ / (X, V)dVAX =1, fo(X,V) > 0. (1.28)

Then f € C°((—o00,00), L*(D)) is a physical global in time solution of the Liouville
equation

Wf+V -Vxf+Vy - (GX,V,t)f) = Bx[f?] + By [f?)] (1.29)

if and only if for all test functions ® € C}(TRS x (—o0,0)) with spatial support
in P, it holds that

/ /X)/O;f(XJ/vt)[at(b(X,V,t)+V~VX(I>(X’V’t)

+ Vv (G(X, V,)B(X, V,t)] dtdV dX

—// /f(X,‘/,t)@(X,V,t)V-axdthdH(X)
OP. JV(X) %)

—/ / / X,V 0)e(X,V,0)G(X,V,t) - oy dtdH(X,V)dX, (1.30)
. Jov(x
and f obeys the conservation of linear and angular momentum for all ¢ € (—o0, 00):

/ /V(X) v+0)f(X Vt)dde—/ / (v+70)fo(X,V)dV dz, (1.31)

/ / (xvaricx@)f(X,V,t)dVdsc:/ / (xxv+Zx0)fo(X,V)dV da,
- JV(X . JV(X

(1.32)
and the microscopic dynamics satisfy the associated event map constraints.
With this, we state the main result of this paper.
THEOREM 1.4 Existence of global-in-time weak solutions of the Liouville equation.

For any fo € C°(D) N LY(D), there exists a physical global-in-time weak solution of
the Liowville equation (1.30).
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Before identifying important transport identities and proving theorem 1.4, we make
some remarks on this result.

Firstly, we have made very few assumptions on the free dynamics of the particles;
they can be affected by external or interparticle forces. In § 4 we consider inelas-
tic collisions, but the same formulation can be used to consider any interactions
determined by discrete step potentials [2]. Our result is therefore quite general,
and should be appropriate for a range of systems.

The Liouville equation is derived for a system of two particles. In principle,
systems of many particles may involve many body interactions. However, given the
correct subset of initial data, which ensures that all instantaneous interactions are
pairwise, the equation (1.30) should also be accurate for systems of many particles,
and may be used to approximate systems where the initial data is not so carefully
constructed.

We can also state a general form of the BBGKY hierarchy. We start with a
definition of global in time weak solutions thereof.

DEFINITION 1.5. Let fo € CY(D) N LY(D) be symmetric in its particle arguments

(i.e. [v,z] and [0, Z] can be interchanged, leaving its value unchanged). We say that
. (1) #2)y . .
a pair of maps (f; ', f”’) with membership
f(l) € CO((_OOa OO), Ll(TRg))7 f(Z) € OO((_OOa OO), LQ(D)) (133)

is a global in time weak solution of the BBGKY hierarchy associated to the initial
data

él) - / / fo(X,V)dvdz for all [x,v] € TR?, (1.34)
R3\B:(z) JV(z,z,v)

where B.(z) C R3 is the ball of radius € centred at x, and
(X, V) = fo(X, V) for all [X,V] €D, (1.35)

if and only if, for all test functions ¢ € C2°(TR3 x (—o0,0)),

/]Rs /]RS /_Z(at To- V$)¢(x7v7t)f(l)($7v7t) dtdvdzx

+ / / / / / Ty - (G(X, V,)6(z,0,1)
R3 JR3\Be(z) JR3 JV(x,z,v) J —00

x f(X,V,t)dtdo dvdz da
= (1.36)

_\2/@/&/\}(”/_00 oz, v,8) f P [z, + en), [v,0),£) (v — 0) - ndtdV dndz

[ e oG vy v v x) ax. 130)
P JOV(X) J—o0

and f) satisfies equation (1.30).
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After a straightforward partition of phase space, the derivation of the BBGKY
hierarchy then follows as a corollary of theorem 1.4. For more applicable results,
one must have a good understanding of the admissible data. For example, in linear
elastic hard sphere dynamics, this would result in the Boltzmann collision operator
on the right-hand side of equation (1.36) [20]. The following is a quick corollary of
our main result.

COROLLARY 1.6. For any fo € C°(D)N LY (D), there exists a global-in-time weak
solution to the BBGKY hierarchy as given by definition 1.5.

Before formulating the Liouville equation we state and prove some microscopic
properties that are used in the derivation.

2. Properties of the microscopic dynamics

The proof of theorem 1.4 relies on transport identities for 7;(X, V) and o;(X, V).
These identities are given in the case for linear elastic particles in [20]. Here we
generalize to our case and interpret the results physically.

We first consider the results for the free dynamics.

PROPOSITION 2.1 (Transport Identity I). Given X € RS and V € V(X), let 7(X, V)
be a particular event time in the dynamics determined by V¥ (X,V) and U} (X, V).
Then for allt € (Ti—1,Ti+1)

[(I)? . VY + G((I)ig @?) . Vw]T(Y, W)|y:q>f’W:q>f =—1. (21)

Proof. For ease of notation, we omit the arguments of ®} and ®}. Firstly, we note
that the event time 7(X,V) can be written as [20]

7(X,V) = argmin{s : (X, V) € OP.}.

We first consider 7 as a function of the data at time ¢, i.e. 7(V,(X, V), U (X,V)) =
7(X,V). To construct the time derivative of 7, we appeal to the definition of the
classical derivative. Indeed, let A > 0 and assume that h < §. Then, we have

T(‘I’erhv ‘I’g+h) = arg min{s € (TiflvTiJrl) : \|<i>§(\llf+h, \I/erh)H = 5}
= argmin{s € (ri_1,7i41) : |7, (¥7,})|| = ¢}
—argmin{s +h € (ri_1, 7ix1) : | ®T(TZ, TV)| = e}.

We have assumed that there exists a unique value s for which this is true. It follows
that

W W) = (W W) = (5 — (54 1) = -1,

Using results from generator theory [14], we find that, for ¢ € (7,_1, Ti+1):
atT(\I/f, \I/g) = [815@;58 -Vy + (r“)tq)g . Vw] T(Y, W)‘y:q;.f’w:q)f.

By appealing to the Newton equations for the free particle dynamics, we arrive at
the required result. O
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The time derivative of 7 offers an insight to the geometric meaning of the result:
advancing forward in time towards an event in the future decreases the time until
the event proportionally. We note that for linear dynamics equation (2.1) reduces
to

V. Vxr(X,V) = —1, (2.2)

which is the first transport identity given in [20]. The second transport identity of
interest involves the event maps o4 in an analogous result to the second transport
identity in [20].

PROPOSITION 2.2 (Transport Identity II). Given X € R® and V € V(X), let o; be
a particular event map in the dynamics determined by Vi (X,V) and UY(X,V).
Then for all t € (T;—1,Tit1),

[®7 - Vy + G(PF, DY) - Viylo(Y, W)|y:\1/;f,w:\p§ =0. (2.3)

Proof. Generator theory provides a link between the time derivative of o;(®7, ®})
and the left-hand side of equation (2.3). We note that, by shifting in time,

ata(q)f’q)?) =0 (77[(1)%7&\1}?5\1/?)’(1)” (\I/txvmjtj)]

X (N[®F,_,(¥F, ¥7)] @ N[®F,_, (W7, ¥7)]))
=0, (n [97,, %] N[®%,] © N[@7]) =0,

which completes the proof. O

The right-hand side confirms that the scattering maps are not dependent on time:
they depend only on the instantaneous positions and velocities at the time of the
interaction.

We can now use these microscopic properties to derive the Liouville equation in
the next section.

3. Derivation of the Liouville equation

We consider the following three integrals
(@) = / / / FO(X,V.0)0,8(X, V. ) dt dV dX, (3.1)
P JV(X)J -0
J(@):/ / / X, V)V - Vx®(X,V,t)dtdV dX, (3.2)
e JV(X) J—o0
K(®) = / / / X, V)V - [GX,V,0)®(X,V, )] dtdV dX, (3.3)
e JV(X) J—o0

which we call the time, space and velocity derivative terms respectively. The method
to derive the Liouville equation in both of our examples is similar to the method

https://doi.org/10.1017/prm.2020.49 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2020.49

The Liouville equation for hard particles 1053

used in [20]: we wish to find weak solutions () to the equation

M[f®] = B[f?)],

where the operator M is the Liouville operator associated to our choice of dynamics
for point-like particles. To derive the operator on the right-hand side, we consider
the Liouville operator acting on test functions ® € C2°(D x (—o00,00)). We then
multiply M[®(X,V,t)] by £ and integrate to find

///OO FOX, V,H)M[®(X,V, )] dX dV dt = 0. (3.4)

We then separate the phase space into parts where f(?) is smooth, and evaluate
each of the corresponding integrals so constructed. Surface terms that arise then
contribute to the collisional term on the right-hand side of the Liouville equation
in its weak form.

3.1. The time derivative term

Using the flow maps ¥§ and ¥y, we can write the integral I(®) as follows:

1®) = / /V(X)

On each interval (7;_1,7;) the flow is described by the free dynamics, so we may
apply integration by parts, keeping in mind that evaluating ¥;(X,V) at event
times from the left or right provides a different result, and that using a compactly-
supported test function ® yields zero at 7_j5; = —o0, Ty = o0:

= |
V(X) i=—n+1

- Z { / T, Vt)@tf(z)(\ll“;’t,\lfit)dt}dVdX,

i=—M+1 T

N(X V) iy
/ BT, w0 )0,0(X,V,t)dtdV dz. (3.5)
—M(X,V)+1

{@(X, Vor) (£ (,-) - fé2)(‘117;))}

where

U - = lim ¥;, V¥_+= lim ¥,

t—1— t—Tt

meaning that the summation of the surface terms in this integral do not cancel (due
to the application of o; at each event time 7;). For each interval (r;,_1,7;), the flow
maps ¥{ and ¥} are determined by the free dynamics ®7 and ¥y. We apply the
chain rule on each of these intervals. For the second term in this result, we consider
three separate cases. If there are no particle—particle interactions for initial data
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X,V such that M + N = 1, we have that

O S (U7, 07,) = [0,97, - Vy + 0,9, - Vw}féQ)|Y:<1>r W=,
=[@", - Vy + G(X,V,—1) - V] f§P [y=ae .
=—[0Y, - Vx +G(X,V,—t)- Vy]fO (X, V,1).

W=ov,,

For initial data which causes particle—particle collisions, we define ig = 0 if 7p < 0
(i.e. the closest event to ¢ = 0 is in the past) and ip = 1 if 79 > 0 (the closest event
is in the future). Then for 7;,_1 <t < 75,

O fs? (BT, WY,) = =[U2, - Vix + G(X, V, =) - Vi [P (X, V1),
for 7; <t < Tiy1,t =10,...,N —1,
atfo(z)(\lfft,\ll’it) = _[‘I’U t—7;) " Vy
+ G(\Ilz'r,a ;F\Illi'r ) (t - TZ)) : vW]f(Q) (Yv I/Vat)a
and for 7, <t < Tiqp1,i=—-M+1,...,(ig — 1),
Oufs? (U2, W) = —[9% - Vy
+ G(\Iﬂir 7Jz \Iﬂir ) ( Tl)) ! VW]f(Q)(Y, W7 t)'

We partition the result into the surface terms and the new integrals:

(@) = / / (X, V) ([P (W) - fO(T.)dVdX,  (3.6)
V(X) M ° °

+1
/5 /v<x>

3.2. The space derivative term

—Ti—1
/ (X, V, )0, f2 (w0, 0, dtdV dX. (3.7)
i=—M41Y " Ti

We write J(®) as a sum of time integrals, where for each integral the argument
is smooth:

= ]
V(X) ;1

so that on each interval we can apply the following rule:

—Ti—1
/ D(w, 00,V Vx®(Z,¢)dtdV dX, (3.8)
+17 7T

v . vyo =y (ViP0) - oV vy s?. (3.9)

Then we have

o[ [ 45

—Ti—1

—M+1

—/ <I>(X,V,t)V~VXf(2)(X,V,t)dt}dVdX. (3.10)

— 00
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We then consider the first (divergence) term in J(®). We split this integral according
to regions whose velocities V' € C(X) cause interactions and V € V(X)\C(X) that
do not. For the latter case we have

):// / Vi - (VI (@2, @ )®(X, V1) dtdV dX (3.11)
- voover) J e

which then, by the divergence theorem yields
D) = / / / (X, V, ) fPNX, V)V -»(X,V)dtdV dH(X),
oP X)\C( —0
(3.12)

where (X, V) is the outward unit normal to the surface 9P. C RS.
For the collisional integrals, we use Reynold’s transport theorem [13] on each

term in the sum to find
/ V- (VEP@)dedv dx

/5 /C(X) —M+1 Ti
/5 /C(X) v

: T T 2) ) — (2) i )
+/E/C(X) Z (V- Vxm)®(X, V) [fo” (=) — fo (¥, +)]dV dX

(3.13)

/ VX, V)P (W) dtdV dx
+1 T

Once again, we split the result J(®) into several parts:

i

- 7' T, ) .
@) / /C(X) Z Vxm)®(X, V, z)[fo (¥.-)—fo (\IJTT: )] dV dX,
(3.14)

Jo(®) /S/V(X / (X, V,t)V - VxfA(X,V,t)dtdV dX, (3.15)

@):/ws/ X\C(X)/ (X, V, ) fO(X,V, )V - (X, V) dtdV dH(X)
P>

3.3. The velocity derivative term

/ VX, V.0 fP (W) dtdV dX.
+1 T
(3.16)

The velocity derivative follows a similar argument to the one above in that we
use the following calculus identity between each two event times, as in the spatial
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derivative case:
fAVy - (GD) = Vy - (GfPDD) — G - Vy fP), (3.17)

For the first term on the right-hand side of equation (3.17) we initially consider the
case of no interactions. As we have assumed that for each X € P., V(X)\C(X) is a
piecewise analytic submanifold of R®, the divergence theorem provides us with the
following result:

/ / / Vy - (G(X, V)X, V, 1) f2 (®_,)) dt dV dX,
V(X)\C(X)

_ / / / FOX, V00X, V, )G - iy (V) de dH(V) dX.
I(V(X)\C(X)) / —o0 (3.18)

For the collisional part, we have, using the Reynolds transport theorem in an analo-

gous fashion to before, under the assumption that C(X) is an analytic submanifold
of V(X), that:

/ / / Yy (GRfP (W) drdv dX
5 C(X) —M

+1

/ / / CGf(Z,)(Z,1)dtdV dX

e C(X) 7M+1 —Ti

o G- Vyrl®(Z.m) P (W, )~ 52, )] dV dX.
e JC(X) = M+1 ‘ ‘

(3.19)

We partition the result as follows:

:// Z Vyrl®(Z )17 (V) = o7 ()] AV dX

—M+1
(3.20)

Ka(®) = f/ / /Oo (X, V, )G - Vy fA(X,V,t)dtdV dX, (3.21)

Ky (@) = / / / OV OB(X, V.G i (V) ddH(V) dX
O(V(X)\C(X)) /=

—Ti+1
// V-/ GfP(z,t)®(Z,t)dtdV dX. (3.22)
. JoC(X) ,_ M 7

+1
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3.4. Combining all terms

We now combine all contributions into one equation. We note that, by theorem
2.1,

L(D) = —(J1(D?) + K1 (D)), (3.23)

and so when combining all contributions, these terms disappear.
By an application of generator theory on W%, and ¥¥, [14], and the results of
theorems 2.1, 2.2, we see that

L(®) = —(Jo(®) + Ko(D)). (3.24)

The remaining terms J3(®) and K3(®) are surface terms in position and velocity
phase space, respectively. By applying the dominated convergence theorem [17],
and the divergence theorem on the second term of J3(®) and K5(®), we find

(D) — = @) 3
J(®) /WE /V(X) /_oof (X, V,)(X,V,1)V - & dt dV dH(X), (3.25)

K@= [ [ [ V08 VOGX V) by dr (X, V)X,
_Jov(x) J—oo
(3.26)

This concludes the proof of theorem 1.4.

As previously noted, the results of theorem 1.4 are quite general. To provide
more of an insight into our methodology, we now consider an example of particle
dynamics and interparticle interactions that involves energy loss through collisions,
external friction and a constant external spatial potential, which, for example, is of
interest for modelling systems of granular media [8].

4. Dynamics with friction, gravity and inelasticity

4.1. Free dynamics
For some G = [g,g] € RS where g € R® and v > 0, we consider the following
differential equations:
do7 (X, V)
dt

Ay (X,V
= ¢Y(X, V), 7t(dt )z—W—G. (4.1)

Physically, these equations are used to model viscous drag and gravitational force
acting on particles. The resulting paths of motion for free particles are well known
and can be easily derived:

t 1 1
(X, V :X—G+(V+G> 1—e ), 4.2
{1 (X, V) SE+S 5 ( ) (4.2)

1 1
OYV(X,V) = —;G + (V + 7G) e . (4.3)
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4.2. Inelastic collisions

We consider these dynamics where collisions between particles are inelastic, so
that the energy of the system is reduced when two particles collide. To determine
the associated scattering map, we include the following event map constraint on
the forward and reverse event maps o*:

1
Vvo " (X, V)V]|=—a, |Vyo (X,V)V|= - (4.4)
We give the following result on the form of the scattering map.

LEMMA 4.1. Under the conditions eqs. (1.14), (1.15), (4.4), under the additional
assumption that 1 in theorem 1.2 is constant, the event maps o= have the form

(X, V) = T— (14 @)N(X) @ N(X), o (X,V)=T— 12

N(X)® N(X).
(4.5)

Proof. From theorem 1.2, we know that o (X,V) =1 —nN(X)® N(X). Then,
it follows that Vy (o (X,V)V)=1I-nN(X)® N(X). It remains to solve
equation (4.4). As the determinant of a matrix is the product of its eigenvalues
Ai, we have that

6

6 . - 1
[N == [N =-=.

=1 i=1

For both maps )\;t =1 for ¢ =1,...,5, by using the 5 independent eigenvectors
which are perpendicular to N(X). For o%(X,V), the remaining eigenvalue, asso-
ciated to a vector parallel with N(X), must be —a. Thus, V +n(X, V)V = —aV.
Rearranging we find nV = (1 + «)V, which gives the required result. The result for
o~ (X,V) is analogous. O

We remark that upon relaxing the assumption that (X, V') is constant, the (first)
Monge—-Ampere equation becomes

[I - N(X) - VNX) @ Vv (X, V) =" (X,V)N(X)® N(X)| = —a.  (4.6)
In particular, this could result in physically valid non-linear scattering maps o=+
for a particular event. Understanding this equation is an interesting topic for future
work. In this section we focus on the inelastic Boltzmann scattering maps defined
in theorem 4.1 and note that when o =1 these reduce to the elastic Boltzmann
scattering map considered in [20].

4.3. Velocity cones and collision times

As the reduced difference dynamics ®¥(X, V) follow straight lines (parametrized
exponentially in —vt), we see that two particles satisfying eqs. (4.2), (4.3) can
experience at most one collision. The initial data can be partitioned into non-
interacting, pre-collisional and post-collisional cases.
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For X € P. and V € R®, we write £L(X,V) C R to denote the line

L(X,V){X?Jri(Vng)(le“):teR}, (4.7)

and define the two infinite half lines
t 1
E(X,V)—{X—i+7<V+g> (1—e”t):t<0}, (4.8)

£+(X,V):{X—it+i(v+z> (1—e—'vt):t>o}. (4.9)

The velocity collision cone is then defined analogously:
C(X)={VeRS: L(X,V)NIP-#0}. (4.10)
We split this set into pre-collisional and post-collisional velocities respectively:

C(X)={VecCX): LYX,V)NOP. #0}, (4.11)
CHX)={VecCX): L (X,V)NOP- #0}. (4.12)

We note that a constant external potential G does not have an effect on the
shape of the collision cones, as it does not affect the dynamics determined by
the relative distance of the particles. The frictional constant v truncates the pre-
collisional velocity cone (when compared to linear dynamics). However, for these
dynamics, for any given X € P., all initial velocities V € R® are admissible, and
so in particular the second surface term in the weak formulation of the Liouville
equation disappears.

In this case we can analytically construct the unique event time 7(X, V).

LEMMA 4.2 (Characterization of the collision time map for dynamics with gravity
and friction). For any X € P-., the following statements hold:

(i) IfV e CH(X), then -0 >0 and

X, V) = _% log <1 + Hgll {1: Bt @92 - (a2 - )] 1/2}) . (413)

(i) If V € C™(X), then —(1/2)(v(|=]|* = €*) + (|[0]* /7)) < & © < 0 and

X, V) = _% log (1 + 2 {x B (@5 - (el - )] 1/2}> C(414)

2]
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Proof. The collision occurs when
~ 1
[2F (X, V)P =¢* = |z + ;(?7)(1 —e )| =€

By expanding the left-hand side and rearranging, we have that if the particles
collide, then 7(X, V) must take one of the two following values

2= -2) 7)),
2= et -] 7).

We note that the argument in the square root requires i - v < —(||Z]|2 — &2)1/2
or & -0 > (| Z||> — €2)'/2, and if both 7+ (X, V) exist, then 7~ (X, V) < 7 (X, V).
Assume now that V € C*(X); then 75(X,V) <0, and so 7H(X,V) > 77 (X, V),
whence 7(X,V) = 71 (X, V) is required. Furthermore,

)

T*(X,V):%log <1+|g”{;z-6 (@

<)

1 -
T+(X,V):—log<1+ 2 {xu+[(x
gl 1]l

< V
> \%

)

ol

T-0> =+ (@ 0)° = (17 - )2 > 0,

and so z - 0 > 0. Alternatively, if V € C~(X), 7(X, V) > 0 and so we take 7(X, V) =
77(X,V). Thus
v

x -

> ((@-0)* = (|2 — &))"/

o

+

o

Squaring both sides and rearranging, we find
1 0
70> (’y(||:i|2 —eH + U) )
O

REMARK 4.3. The inequality in the pre-collisional case relates to the presence of
friction in the dynamics: if particles do not have enough energy in the direction z,
then the particles will never meet.

4.4. Flow maps

Given the free particle dynamics, the scattering maps, and a full characterization
of the admissible data, we are now in a position to define the hard sphere flow maps
T;. We split our considerations into collision-free and collisional dynamics. For the
purposes of this section we introduce the operators IT; : R'? — RS for s = 1 and 2,
where (II; o T}) Z restricts the action of Ty on Z to its first 6 entries (i.e. spatial
information), and (Ily o T}) Z restricts the action of T} on Z to its last 6 entries (i.e.
velocity information).
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4.4.1. Collision-free dynamics If (X, V) € {X} x RO\C(X), then

1
(I14 oTt)Z:X—g—t—i—f (V—i—g) (1—e ) (4.15)
Y Y Y
(]._.[2 O Tt)Z - - + <V + ) ’Yt. (416)
0 Y
4.4.2. Collisional dynamics Firstly, if X € P. and V € C~(X), then if —co <
t<7(X,V),
Lo TY)Z = X——+ <V+ )1—5“, 4.17
(T1; o Ty) o S ( ) (4.17)
(MyoT)Z =-2 + (v + g) e, (4.18)
Y Y

and if 7(X, V) <t < oo, then

t—7)

(Il 0 T,)Z = {XQWTJ@Y (v+7) (16”)] _ 9l . (4.19)
1
+ 5 [o— ((V + %)e—W - z> + ﬂ (1 —e 7)), (4.20)
(Il 0 T,)Z = f% + [0_ <(V + %)e*” - g) + fi] e~ V(t=T), (4.21)
If X € P. and V € CT(X), then if —oco <t < 7(X,V),
t —
(I, 0 7)) Z = {X - % + <V + 7) (1- e'”)] - M (4.22)
1
+ [o; ((V + %)e—” - i) + i] (1 — e~7t=), (4.23)
(Il 0 T})Z = —% + {a+ ((V + %)e*” - f;) + ﬂ ) (4.24)
and if 7(X,V) < t < oo, then
gt 1 o
(boT})Z =2 + V4 g) (4.26)
Finally, if X € 0P,
X-2pl{y4a)1—e) if —co<t<O,
(T o T} Z = T ”) ( ) (4.27)
X-241 a,v+g)(1—e*7t) it 0 <t < oo,
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(c)

Figure 1. Example trajectories of particles that are affected by gravity, friction and collide
with different coefficients of restitution «. (a) Trajectories of two particles that never
collide. (b) Trajectories where two particles collide with a =1 (blue), o = 0.7 (red) and
a = 0.2 (green). The coloured dots on each trajectory represent the position at a particular
time t. Figure 1(c) shows the same trajectories (using the same colours) considered in the
reduced difference space &, where the black circle is the boundary OP-.

and

-2+ V—l—%)e_”t if —oco<t<0,

(g0 T})Z = (4.28)

—%—l— U_V—|—%>e_7t if 0 <t< oo.

Two-dimensional diagrams of the trajectories that can occur in this system of
dynamics is provided in figure 1, with the result in three dimensions being sim-
ilar. We note that in figure 1la, although the trajectories overlap, the particles do
not collide as they reach the intersection point at different times.

4.5. The Liouville equation

Using theorem 1.4, as we have characterized the admissible data X,V for the
particle dynamics, we can write down the Liouville equation for these particular
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dynamics. For any f(gz) € C%(D) N LY(D) by theorem 1.4, there exists a physical
global in time weak solution of

0

5 TV Vx =G Yy = Vy- (V) FA X, V1) = Bx[fP)], (4.29)

where the scattering map defining collisions satisfies equation (4.4).

4.6. The BBGKY hierarchy
We define f(V)(z,v,t) as in theorem 1.6, which then satisfies (by using G = [g, g]),

/// (O +v -Vt g Vy)o(x,v,t)fV(z,v,t)dtdV dX
. JR6 J—co

:_\}E/RS/SZ/RG/_O;(b(x,v,t)f(Q)([x,x—i—en],[v,v],t)(v—v)-ndthdndx.

The collisional term Bx[f®] in the above equation can then be separated into a
pre-collisional and a post-collisional term:

axir®= g5 [ L L [ oo sen by

X (v—v -ndtdV dndx

/R?’/S?/c+(x / o(z,v,t) fP [z, x + en], [v,7),1)

X (v —"20)-ndtdVdnde,

where
CT(n)={VeR": (v—-0)-n>0}

and

lv —f?
2y

={V =[v,0] €R®: (v—10)-n <0},

C (n)={V =[v,0] €R: — <(v—10)-n<0}

where the lower bound has disappeared because we are considering X € 0P.. We
introduce the change of variables for the post-collisional integral that is motivated
by the backward time scattering map:

This transform has Jacobian 1/a. We note that
)on=——(v—10)-n,

(v, — 7,
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where the primed values are determined by the backward time Boltzmann inelastic
scattering map, which in terms of v, v is the inverse inelastic collision rule

1+« _
v, =0 — % (n-(v—"2)n, (4.30)
1
v, =v+ ;—aa (n-(v—"72))n, (4.31)
and so we obtain the inelastic collision operator in the first equation of the BBGKY
hierarchy:
/ / / (X, V, ) fPX,V,t)V - o(X)dtdV dX, (4.32)
OP. JRS

MNP (z, v,z +en,5,t) (4.33)

=2 ok o [

—EF(Q)(xU T +en, v t)](v—v) ndtdV dndz.

We note that, under additional assumptions (i.e. molecular chaos), this is a weak
analogue of the inelastic Boltzmann collision operator for particles of diameter .

4.7. Extension to general external and interaction potentials

In this example, as the relative trajectory of the particles is linear, two particles
can only experience one event, namely the inelastic collision. By including more
complicated smooth interaction potentials (e.g. a quadratic interaction potential
which attracts particles to one another), multiple collisions can occur between two
particles. The resulting Lioville equation will still be described by equation (1.30),
under the condition that the collisions that particles experience are well separated.

Alternatively, multiple events can occur between particles by including additional
interaction diameters where non-collisional events can occur. We now present an
example where multiple instantaneous interactions can occur between two particles.

5. Square-shoulder particle dynamics

We now include an additional interaction diameter £; > ¢ > 0, where particle tra-
jectories are refracted away from one another, provided they can overcome an energy
barrier. If the particles do not have enough energy to overcome the barrier, then they
are instead reflected away. Such dynamics are sometimes considered by including a
discrete interaction potential:

oo, |lz—2z| <e,
Glzl) = qa, e<lz—z| <e, (5.1)
0, |lz—2z|>e,
where @ > 0. The potential is shown in figure 2.

As an alternative to using a discrete interaction potential, we will construct a
new interaction type that takes place at the interaction boundary €;.
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[

Figure 2. The step potential that is considered for this system of particles. The dashed
line at ||Z|| = e represents the hard core of the particle.

5.1. Free dynamics

For this example we will consider linear particle dynamics:

do¥(X,V) doy(X,V)
—— - =9Y(X ——~=0. 2
The free dynamics of the system are then given by
Y (X, V) =X+ Vi, (5.3)
P} (X, V)=V. (5.4)

By considering linear dynamics we can fully characterize all possible trajectories
of particles. However, we stress that a full characterization of all trajectories is
not necessary to construct the Liouville equation, so more general external and
interaction potentials may also be considered, provided there is a firm understanding
of the admissible data for the system.

5.2. Particle interactions

5.2.1. Elastic collisions At the core interaction diameter e, we will consider elastic
collision interactions given by equation (4.5) with « = 1. When « # 1, the derivation
should be similar, with some additional consideration of valid admissible intial data.

5.2.2. Particle refractions At the interaction diameter 1 > & > 0, we construct a
refractive boundary depending on the kinetic energy in the direction of the collision,
the particles will undergo a collision or a refraction. For X € OP., = {[z,z] € RS :
|Z|]| = &1}, there are three possible cases:

(i) -4 < 0 and |- 2> < a. In this case, the two particles are moving towards
each other, but the energy in the direction of the interaction is not large
enough to overcome the energy barrier, so the particles undergo an elastic
collision.
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(ii) ©-# <0 and |0 - 2> > a. Here the particles are moving towards each other
and have enough energy to overcome the barrier, so the particles continue
towards each other but their velocity in the direction of the interaction is
reduced.

(iii) ©-Z > 0. In this case, the particles are moving away from one another. As
the energy difference in this direction is negative, the particles are always
refracted, and their velocities are increased in the direction of the interaction
diameter.

For case 1, we can use the collision rule equation (4.5) with o = 1. In cases 1
and 3 we require a new event rule which provides the correct dynamics: ™ and
1~ should change the speed of colliding particles in a collision, proportional to the
energy barrier and the speed of the incoming particles. For these reasons we propose
that

__INe NV —<ta _

TS T I Ne NV (5:5)

This leads to the following definition of 74:

e (i IWeNVI-2a\ [ [(NeNV|
"= (1 [N e NV] ) 1 (1 ||<N®N>V||—s%a>'

In terms of incoming and outgoing velocities of individual particles, this event is

written as
9 1/2
) — a) ] T,

)2_a>1/2]§.

For a = 0, this equation reduces to V' = V| i.e. the particles do not interact. When
a > 0, the particles lose energy of order a in the direction of the outward normal of
dP.,. We can see that when (@ - )% < a, the event rule cannot be applied, thus in
this case we must provide an alternative event rule.

~—
N
—
<
51

'U:'U—i v-ac—&gn(v-m

¥ =0+ 2
2

~
N
~~
(41
[o

55— sign (0-

5.3. Collision times

The times at which particles reach an interaction diameter depends solely on the
free dynamics. Instead of considering the collision times for individual interaction
diameters, we therefore only need to consider an arbitrary diameter € > 0. Under
the assumption that the particles do reach a distance € from one another given
initial conditions X € P., V € RS, we have to find the time 7 where

r(X,V) = Iréiﬂg{\@f(X, V)| = é} . (5.6)
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By using equation (5.3), we find that if V € C~(X) then

183

7(X,V) = min t:—é -0
teR [|2]]

F [(f; 52 — (|F)? - 52)} 1/2} > 0} . (5.7)
and if V € C*(X), then

T(X,V)—max{t— ! [—

teR @l

So
=
H,
—
—
So

2 (el - 2)] 1/2} < o} . (5.8)

Depending on the initial data, one can then determine all event times between the
particles by taking € = e; or € = ¢, and ordering the events accordingly.

5.4. Flow maps

Given the collision times 7(X, V) for all initial data X € P., V € RS, it is then
possible to construct flow maps for every possible pair of trajectories for two par-
ticles, based on egs. (1.25)- (1.27) in a similar approach to §§ 4.4. We reduce
notational burden by omitting the precise details of the flow maps, and including
an overview of the types of trajectories that can occur. A diagram of the possible
trajectories is then given in figure 3, along with the corresponding trajectories in
the reduced difference phase space in figure 4.

We define the subset of initial data that has an interaction with the surface 0P,
as

Ci(X)={VeRS:FHteR: |V =¢}. (5.9)

5.4.1. Collision-free dynamics For X € P., and V € R6\C(X), the two particles
never reach the interaction perimeter OP.,, so their dynamics are described by the
free dynamics egs. (5.3), (5.4).

5.4.2. External bounce When X € P., and V € C;(X) such that (7 -7)? < a, the
particles experience a single elastic collision at the boundary 0P., and are reflected
away from one another.

5.4.3. Refractive dynamics For all other initial data, i.e. either X € P.\P., and
V eR® or X € P., and V € C1(X) such that (9 -%)? > a, there are two possible
trajectory types:

(i) The particles are refracted at the boundary 0P., at time 7y, with outgoing
velocity W? (X, V) such that U2 (X, V) € RO\C(¥Z (X,V)). In this case the
particles will experience a further refraction event at time 71 when leaving

the space P \Px,;

(ii) The particles are refracted at the boundary 0P., at time 7y, with outgoing
velocity W7 (X, V) such that W9 (X,V) € C(¥7 (X,V)). The particles will
then experience a core collision at time 77, before leaving the space P.\P:,
at time 7o and experiencing a final refraction at the perimeter 0P, .
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Figure 3. Example trajectory pairs between two square-shoulder particles. (a) Trajecto-
ries of two particles that do not collide. (b) Trajectories where two particles experience
an elastic collision at the external interaction diameter. (c) The two particles expe-
rience two refraction events. (d) The two particles experience a refraction, an elastic
collision with the interior interaction diameter and a further refraction event. Each tra-
jectory has a number of coloured points to display the location of particles at particular
times t.

We consider these two interactions together as we shall see that they provide the
same contribution to the Liouville equation.

5.5. The Liouville equation

To construct the Liouville equation, we partition the space of admissible ini-
tial data into three parts, then sum the corresponding contributions to derive the
Liouville equation for square-shoulder particles.

5.5.1. Collision-free dynamics We consider trajectories where X € P, and V €
RO\C1(X). Then equation (1.30) provides us with the Liouville equation for this
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| Fig. 4 - Colour online, B/W in print |

Figure 4. The corresponding reduced difference representations of the trajectories consid-
ered in figure 3. The black, solid line represents the surface P- where elastic collisions take
place, and the black dashed line is the surface OPe,, where particles are either refracted
or reflected.

system of admissible initial data:
(oo}
L[] fVamec v+ V- VXX, Vo] dedy dx =
Pey JROC(X) J—00
—/ / / F(X,V,H)®(X, V)V - ix dt dV dH(X). (5.10)
oP., JRO\Cy (X) J—o0

In this case, the collision term is zero, as for X € 9P.,, RO\C1(X) = 0.

5.5.2. External bounce For the set X € P, and V € {[v,z] € RS : [0 - &|? < a} =
V1 (X), we have

/ / / FX, V. [00(X,V,t) + V- Vx®(X,V,t)] dtdV dX =

Pgl V1(X) — 0o

—/ / / F(X, V)X, V,8)V - iy dt dV dH(X). (5.11)
Py JVi(x) S0

When X € 9P.,, V(X) = {V € Ci(X) : |5 - &|? < a}.

5.5.3. Refractive dynamics For dynamics where the particles have sufficient energy
to overcome the barrier at €; we must consider X € P, and V in the set

Vo(X) :={[v,0] €R®: V € Cy(X) and |7 - Z|* > a if X € P.,}. (5.12)

In this case, there is more than one instantaneous interaction in the system, but
by the results of theorem 1.4 we know that these interactions will not directly
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contribute to the Liouville equation. Thus, we have

// / FX,V,D[0,0(X, Vi) + V- Vx®(X, V, )] dtdV dX
e JV2(X) J—o0

(oo}
= —/ / / F(X,V,H)®(X, V)V - ix dt dV dH(X). (5.13)
P, JVa(X) J =0
For the surface integral term, when X € 0P., we have V € RS.

5.5.4. Combining terms Combining the results of eqs. (5.10)—(5.11), we return the
Liouville equation for square-shoulder particle dynamics:

/ / /oo FXLV)[00(X,V,8) + V- Vx ®(X, V,1)] dtdV dX
e JR6 J —oc0
- _/8725 /R /Z FX, V)X, VOV - i dt dV dH(X)

—/ / / FX,V,O)®(X,V,t)V - by dtdV dH(X), (5.14)
P, JVa(X) J—oo

where
V3(X) := {[v,0] € R®: |5 - z|* < a). (5.15)

Thus the inclusion of a square-shoulder potential term produces a partial colli-
sion operator term at the Liouville equation, and information on refraction events
between particles is absorbed into the left-hand side of the equation.

We note that upon construction of the BBGKY hierarchy for square-shoulder
potential systems, in addition to the standard Boltzmann collision operator given
by equation (4.33), another collision term is included of the form

s =g [ L[ e [f@)(x,v,wsm,v,t) (5.10)

— [Pz, z+ €1n,v’,t)] (v — ) - ndtdV dndz,

where

Crn) ={[v,9] €R®:%-2 >0 and |0-%|* < a} (5.17)

a

The additional contribution is due to the collisional effects at the external interac-
tion diameter. In addition, the function ) (and in turn f(!)) must obey a kinetic
energy law on 0P, , so that it obeys equation (5.5).

6. Conclusions and future work

In this paper, we have presented derivation of the weak formulation of the Liouville
equation for particles under the influence of a general dynamical form, with general
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instantaneous interactions. We have an example which is consistent with results in
the literature on inelastic collision operators in the BBGKY hierarchy, and gen-
eralizes the Liouville equation for elastic hard sphere interaction. This shows the
potential of the results for more complicated particle systems.

In the future, we aim to consider examples which have interactions modelled by
arbitrary step potentials. This would involve considering more complicated versions
of the example considered in equation (5), by using square wells where a < 0,
and multiple interaction diameters ¢;. From here we can consider homogenization
procedures to construct an effective potential term for particles with interactions
based on step potentials, which can then be incorporated into a computational
model.

The results presented could also be extended to systems with additional
degrees of freedom, for example rotation or ‘colour’. This would involve an
analogous investigation into valid interaction types, with other conservation
laws in addition to egs. (1.14), (1.15) for the preservation of new degrees of
freedom.

Finally, by investigating systems of many particles, we aim to see what initial
configurations can be modelled by the Liouville equation presented here. For sys-
tems where particles experience only pairwise instantaneous interactions, we expect
that for the set of admissible data which ensures that instantaneous events are well-
separated, the results of this paper can be extended to systems of N particles, by
partitioning the particle dynamics into subsets which can be considered as two
particle systems. We also hope that the work here can motivate derivations for
many-particle systems with smooth and instantaneous pairwise interactions, and
that it may lead to work where the assumption that particle events are well sepa-
rated can be relaxed, which for example will allow for consideration of systems that
can experience inelastic collapse.

Appendix A. Tensor notation

In this paper, we also use the tensor product in several calculations. Given
A= (aij),;:17,__,n7j:17.,_,m e R"™™ and B = (bij)izl,...,k,jzl,...,l S Rle, the tensor
product A ® B € R"**™ml is given by:

a11b11 a11b12 N allbll e e almbll almblg N almbu
a11b21 a11b22 . aubgl . . almbgl almbgg . almbgl
aitbgr  anbe ... anby ... o0 ammbrr aimbre ... a1mbi
anlbu anlblg e anlbu . . anmbu anmb12 . anmbll
anlbgl anlbzg e anlbgl cee e anmbgl anmbgg . anmbgl
anlbkl anlka . anlbkl cee e anmbkl anmbkg . anmbkl
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We extend the tensor products to vectors A= (a;)i=1,.n, € R" and B =
(bi)i=1,...m € R™ as A® B € R"*"™ where

a1b1 ale e albm
a2b1 CL2b2 e agbm

A®B= ) . . . . (A.2)
anby  apbs ... apb,

Tensor product notation is particularly useful when considering multidimensional
derivatives of vectors in this paper; for A € R™ we and a differentiable function
F: A— R™ we define VAF(A) € R™™ as

VaF(A) = (5‘a1 Ouy -+ 6%) ® F(A). (A.3)
For example,
1 0 0
0 1 0
- 0 0 1
Vx@ = 1 0 ol~= (1 — 1) ® I3, (A.4)
0o -1 0
o 0 -1

where I3 € R3*3 is the identity matrix. Derivations also involve matrix vector prod-
ucts, and to avoid ambiguity, for a vector a € R™ and matrix b € R"*", we define
a- B and B - a element-wise by

(a-B); = Zaiji; (B-a); = Z%‘Bz‘j, (A.5)
j=1 j=1
fori=1,...,n.

Appendix B. One dimensional solutions to the Monge—Ampeére
equation

In § 4 we introduced an event map constraint in the form of a Monge-Ampere
equation equation (4.6). Under the additional assumption that n(X,V) is a con-
stant, we find n™ (X, V) = —(1+ ) and ~(X,V) = —@. It is unclear whether
other (non-linear) solutions to equation (4.6) exist. In this appendix, we produce a
non-linear solution in one dimension. Firstly, in one dimension,

N(X):%[l,—l}, N(X)®N(X):%(1 -1 -1 1),
and so
|1+ 3w —0)0n+ 2 (v —0)9n — 1
|DO'(X7V)V|—‘< —%(U—T))ay _g 1+%('U—1_) 6’77"‘% (B 1)
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Thus, after some cancellations we have that
2n+ (v —10)(0y — O5)n = —2(1 + ). (B.2)

Here upon assuming that 7 is constant we see that the unique solution is
n=—(14 ). If we write (X, V) = n(?9), then

n+00n = —(1+ ). (B.3)
Then for any ¢ € R,

n=<—(1+a) (B.4)

ST e

is a solution of equation (4.6). As we require o~ (X, V)o ™ (X, V) = I, we have that

v

77+(X7V): _(1+O‘)7 ﬂf(X,V):

~1. (B.5)

ST e

c—av

We note that if 0 = ¢/a, n~ (X, V) is not defined, so these scattering maps can only
be applied on a restricted set of initial data. However, existence of a non-linear
solution to equation (4.6) encourages further investigation.
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