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Abstract

This thesis aims to give full and complete details of the first proof that the particle
density for a tagged particle interacting with a background of particles via a long
range potential ¢ converges weak-x to a weak solution of the linear Boltzmann
equation for ¢. This convergence is shown to hold for potentials where there is a

v > 0, and such that for sufficiently large |x| we have

Vo(z) < Ce 2™,

The main difficulty in this context are the many grazing collisions in the par-
ticle dynamics which prevents a Markovian structure of the dynamics. We remove
grazing collisions via the use of a regularisation parameter. This enables us to con-
sider an associated short range evolution, which we describe on a space of marked
trees to encode the collisional history of the tagged particle. This description then
enables a specification of Markovian dynamics by removing a set of trees that ex-
hibit recollisions. We then relate this evolution with the Markovian evolution of the
linear Boltzmann equation on this space.

The difference between dynamics with and without grazing collisions are esti-
mated by comparing the contribution from near collisions with a bound on the time
of collision, and the contribution from grazing collisions by using an L estimate
on the potential.

The remaining error for the contribution of the grazing collisions on solutions
of the linear Boltzmann equation are estimated by estimating the difference between

deviation angles with and without grazing collisions.



Chapter 1

Introduction

One of the problems postulated by Hilbert in the early 1900s was the mathematical
treatment of the axioms of physics, and one interpretation of this is providing a jus-
tification of the macroscopic laws of motion from their underlying particle dynamics.
One such famous open problem in this area is the justification of the Boltzmann
equation for a dilute gas from its underlying physical principles of a Newtonian gas
of interacting particles.

This is a well studied problem in the field of kinetic theory, see for instance
[35, 32, 26, 47|, although all these results study the justification problem for short
range interactions, where the particles interact for some compact set in physical
space. While these results are impressive, most physically relevant models use long
range interactions, and the justification of the Boltzmann equation from an under-
lying long range particle system is something that has not been treated, with the
exception of [4], in the mathematics literature. This we feel is a major disadvantage
of the current knowledge, and a treatment of long range interactions is the primary
focus of this thesis.

Analysing this non-linear system with long range interactions is however
very complicated, but there are two natural ways to simplify. One could remove
the non-linearity by starting near to equilibrium, as in [4], or one could instead
simplify the interactions to remove the non-linear effects of the particle dynamics,
and we consider the latter. We here consider a gaseous system akin to the Lorentz
gas [37] or the Rayleigh Gas. This system then has a unique particle of one species
interacting with a free flowing background of particles of another species, and so one
thus removes the non-linearity in the system, then making the problem of proving
the justification of the Boltzmann equation simpler.

This system with short range interactions has in fact been well studied, for



instance [27, 48, 36, 13, 24] prove results for the Lorentz gas, where the background
particles are stationary. Some recent work [39, 38] has proved the justification for
the Rayleigh gas with hard sphere interactions, where the background is allowed to
move under free flow.

We first introduce the Newtonian and Boltzmann models for this Rayleigh
gaseous system, and briefly analyse the validity of such models. After introducing
both, we formally state the main result this thesis will prove, and the discussion of

the result will highlight the issues arising from the use of a long range potential.

1.1 The Newtonian Model

The Newtonian model of a gas we take is one where, for each time ¢, one records the
positions and velocities of each particle in the gas. These positions and velocities
evolve under the ordinary differential equations given by Newton’s second law of

motion. For the Rayleigh gas, these are given by

o) == % Vo(alt) (1)), m
zi(t) = w(t),

We have here two species. Firstly one has the un-indexed particle, which we call the
tagged particle, and N other particles with index ¢ = 1,..., N which are called the
background particles. The function ¢: R3\ {0} — R is the interaction potential.
The nomenclature of a particle however is somewhat an abuse of intuition, since for
a long range interaction one no longer has a well defined sense of a particle. Even
so, we use this language throughout as it is a convenient manner to describe the

system.

Remark 1.1. Historically famous examples of interaction potentials are the follow-
mg:
oo |z| <1

o O(x) = , though not a potential, does correspond to a hard sphere
0 else

model.

o (x) = ﬁ for k > 1 which are power law potentials. The case of k = 4 1is
called the Mazwellian potential, and k = 1 is the Coulomb potential.



o O(x) = ﬁ - ﬁ s called the Lennard-Jones potential, which models the

atomic interaction between a pair of neutral particles.

The phase space we take as U = T3 x R? and we furthermore assume peri-
odic boundary conditions on the torus. One completes this system by specifying the
initial conditions. We here take the background particles to be distributed indepen-
dently and identically according to a density which is uniform in the 3 dimensional
torus T? and according to a probability density g € L'(R3, (1 + |v|?) dv) on the ve-
locity space R3. The weighted L' space is chosen to ensure that the expected value
of the mass and energy of each particle is finite. The tagged particle is distributed
independently from this background according to a probability density fy on the
phase space U = T3 x R3.

Remark 1.2. For the purposes of these introductory sections, we only assume gen-
eral initial data, though we take a specific background distribution of a Maxwellian

for the remainder of the thesis.

To ensure these dynamics are well defined, it is natural to assume that the
force V¢ is Lipschitz, since by making this assumption we can apply standard results
in ODE theory to provide existence of solutions to these equations for all time. Most
physically valid models also make the assumption that the potential ¢ is radially
symmetric, and we also make this assumption. With this assumption of radial
symmetry, it means that an interaction between two particles lies within a plane,
and this greatly simplifies an analysis of scattering, as well as the form of the linear
Boltzmann equation.

Straightforward calculations can show that both mass and energy are con-
served by this system of equations. Momentum however is not, since the background
has no change in velocity from the interaction. Therefore, in order to be physically
valid, one must assume that the expected values of mass and energy are finite ini-

tially, and so one assumes that
foe L' (U, (14 |v]*)dzdv).

One should note however that the energy of the tagged particle is not conserved,
because the background can impart energy onto the tagged particle. We must also

impose restrictions on the interaction potential, and so we ensure that ¢ imparts

1

finite energy onto each particle through interactions, meaning ¢ € L;_ .

Given a specific value for the state of the particles at time ¢, equations (1.1)

give a unique evolution of the system. However, when considering the phase space



density f¢ of the tagged particle, one does not have information about the positions
of the N background particles, and so the evolution does not satisfy the Markov
property. Indeed, if one assumes that V¢(z) > 0 for all x # 0, then a consequence
of the long range interaction is the fact that an historic position of a background
particle affects the historic position of the tagged particle and determines the present
and future position of that background particle, and therefore the future evolution of
the tagged particle. Therefore, since these recollisions will be present in the density
f€ for any ¢ € [0,T], in the presence of a long range interaction, the density for the
particle dynamics will never be Markovian.

This non-Markovian nature of the dynamics however is different if one as-
sumes that V¢ is compactly supported. The compact support of the potential
implies then that the future dynamics are dependent upon the historic dynamics
only in situations where one has recollisions, namely where one background particle
interacts with the tagged particle more than once. These considerations will be of
importance in our proof.

It should be clear that, in situations where V¢(z) > 0 for all x # 0, the vast
majority of interactions in this system occur when the positions of the two particles
are far apart. One should expect that these so called “grazing collisions” produce
a very small deviation upon the velocity of the tagged particle. They thus should
be expected to alter the distribution of the particles in a small manner, and thus
not affect the system to a great extent. These by themselves are not a critical issue
for the particle system, but when one is striving for an evolution of the system in
the linear Boltzmann equation where collisions are the fundamental action on the
system, recording many small deviations which should then produce a negligible
effect on the density seems overly complicated. As such, an in depth study of the
many grazing collisions will be necessary to analyse the properties of the system.

Given an initial realisation of this system, the evolution is explicit, and one
can completely determine the state of the system at any given time. However, for
any physically relevant situation, the number of particles in 1m? of an ideal gas is
of the order of magnitude of 102> and so the computation for any typical system

prohibits the use of such a detailed model.

1.2 The Linear Boltzmann Equation

Since for typical systems, the number of particles is prohibitive for a Newtonian

description of the gas, one aims to treat the system probabilistically. One introduces



a probability density f on U so that

/ f(t,x,v)dzdv
Q

gives the probability of finding the tagged particle with positions and velocities in
Q CU at time t.

This model encompasses collisions at its heart, and one thus has an un-
derlying interaction structure, which here we assume to be given by a potential
¢: R3\ {0} — R. One assumes the density f to be affected by the operations of
both free transport and binary collisions, resulting in the evolution of the density

being expressed in the linear Boltzmann equation

of +v-Vaf =L(f)
f(O,.%’,U) :fo(l‘,l))

with the collision operator

L(f) = /R3 /3 (f’g/* — fg*) |ve — v| dS duy, (1.3)

where we use the shorthand notation of g, = g(v4) for the evaluation at the velocity
of the colliding particle, and f' = f(v'), g5 = g(v}) to represent the evaluation
at the pre-collisional velocities in a two body interaction. S is a subset of the
plane through x perpendicular to v, — v, and is the parameter space of possible
interactions. The pre-collisional velocities v" and v} and the set S are determined
by the potential ¢ from the underlying two body particle dynamics, and are thus
functions of the potential, the parameters specifying S and the velocities v and vy.
This relationship is deliberately left vague here, but will be exposed in much greater
detail in Chapter 2.

Remark 1.3. From a historical perspective, this equation has roots in the Boltzmann
equation, which was postulated as a macroscopic description of a dilute gas in [14,
15]. This was also considered in [43], and so the equation is sometimes also called

the Maxwell-Boltzmann equation.

The equation describes the evolution as the density moving under free flow,
until the particle encounters a collision. The collision operator then describes, at
least on a formal level, a loss of density of the pre-collisional velocity at v, and a
gain in density at v from a collision with particles with pre-collisional velocities v’

and v} colliding to create particles moving with velocities v and .



We again take initial condition fy € L'(U, (1 + |v|?) dx dv) and background
distribution g € L'(R3, (1 + |v|?) dv). This thus means that we can show that a
solution has finite mass and energy for the time of existence of solutions. Further-
more, we have that mass is conserved in this system. As in the particle dynamics
case, we do not have conservation of energy for the tagged particle density.

The first natural question is what conditions on the initial densities fy and g
and the interaction potential ¢ are required to make sense of equations (1.2). For a
long range potential we have S ~ R?, and integrating over this unbounded set means
that the equation no longer makes sense in the strong sense given in equation (1.3)
since, for f € L' the collision operator will in general be infinite. For weak solutions
however, given by the form in Definition 1.6, which we now state loosely, for h a

Lipschitz test function, as
—/((%h +v-Vzh) fdrdvdt = /(h’ —h)f glve — v|dS dv, dz dv dt,

we observe that we only need f € LY(U, (1 + |v|?)dz dv) for all time. This form,
together with the precise definition of the pre-collisional velocity in (2.2) requires ¢
to be continuous and have sufficient decay for the integral to converge. For example,
with ¢(x) < |z|72T we will see later from Lemma 2.5 that [/ — v| ~ 772% and so
this term decays to 0 faster than the radial Jacobian in the integral of S, and so the
integral in the equation converges.

In stating the form of the collision operator in equation (1.3) one has im-
plicitly made the assumption that all collisions are binary. From a physical point of
view, this can be seen as a result of an assumption of a low density gas. This as-
sumption thus affects the types of potential one considers to ensure this equation is
physically valid. To be consistent with this assumption, it is necessary that the po-
tential decays such that ¢(z) — 0 as |x| — oo at a rate that ensures the probability
of more than two body collisions is 0. This will be made clearer in Section 1.4.

This formulation of the equation furthermore respects the fact that the ma-
jority of interactions in the particle dynamics are grazing. This is seen as follows.
The space S parametrises the possible types of collision, and the sets far from the
origin in this plane describe the grazing collisions. Since these have much greater
measure than sets near the origin in the plane S, this thus means that the major-
ity of collisions that occur are grazing collisions. As was commented upon above,
equation (1.2) does not make sense in a strong sense, and this is precisely because
of the non-integrable singularity that occurs because of these grazing collisions.

The incorporation of grazing collisions into the Boltzmann dynamics has the



conjectured effect, as remarked in [51], that the non-integrable singularity over the
parameter space S produces a smoothing effect on the weak solutions of (1.2). This
is furthermore reinforced by the study of the Landau equation, which is obtained
similarly to the Boltzmann equation, but where one concentrates on grazing colli-
sions.

The linear Boltzmann equation can be interpreted as defining Markovian dy-
namics. In kinetic theory literature, the notion of this evolution being Markovian
is more commonly called propagation of chaos, and is a major difficulty in proving
justification of macroscopic equations, as the underlying particle dynamics do not
have this property. This Markovian nature can be seen when one rewrites the equa-
tion into the form of an equation describing the generator of a Lévy process, where
the linear collision operator becomes an integral with respect to a Lévy measure.
This has been performed in [7] for the linear Boltzmann equation and in [44, 34] for
the non-linear Boltzmann equation.

The books [49], [20], [21], and the overview [52] give more information on the
origins of the Boltzmann equation and its properties. The books [23] and [1] give

information on the linear Boltzmann equation.

1.3 Relationship Between the Models

The two models should be considered as valid models of the underlying system
when one views this system on differing spatial scales. The Newtonian model has
the implicit assumption that the particles have some form of size associated to
them, which is in particular seen when one considers hard sphere interactions or
short range interactions, and the relevant physical scale where one observes this is
on a microscopic level. The Boltzmann model however assumes that the collisions
occur at a specific point, and so the particles have no size, which is consistent with
a macroscopic model.

In order to relate the two models, we must compare the parameters in the
two models. While the particle dynamics included a parameter of the number of
background particles N in the system, together with an implicit parameter of the
typical length scale of the system, which we shall henceforth call e, neither of these
two parameters were present in the Boltzmann equation. To remove the dependence
on these parameters, one must simultaneously take the limit N — oo as wellase — 0
to recover the macroscopic description of the system.

In the specification of the linear Boltzmann equation, one had made the

assumption that the gas was at low density. The relationship between N and ¢



thus must correspond to a low density limit of the Newtonian particle system. This
thus means that particles undergo a finite number of collisions per unit time, and a
scaling argument results in requiring Ne? = 1 for such a low density limit. This is

the Boltzmann-Grad limit, as introduced in [28].

1.4 Precise Statement of Main Result

We now proceed to state precisely the theorem of which the remainder of this thesis
will prove. This is preceded by formal definitions of the densities and interaction
potential that are needed to complete the particle and linear Boltzmann descriptions
of the gaseous system. Throughout this thesis, we have restricted our attention
to three dimensions for notational simplicity. In principle, the method works for
arbitrary dimension greater or equal to two, and the linear Boltzmann equation and
the particle dynamics can be defined for any dimension d > 2.

We start by defining the properties required for the interaction potential ¢.
The inspiration for the conditions required of our potentials originates in [26], and

the conditions we take are somewhat similar.

Definition 1.4. A potential ¢: R? — R is an admissible long range potential
if
(1) ¢ is radial, namely there is a function 1: (0,00) — R such that ¢(x) = (|x]),

(2) ¥ € C*((0,00)),

(8) v is strictly decreasing,
(4) Tim w(p) = 0 and lim (p) = ox,
pP—+00 p—0
(5) There is a p1 > 0 such that for p € (0, p1), we have ¥ (p) + dipTﬁ(P) <0.

We give some description of these conditions, as they are unmotivated at
this point. Assumption (1) is natural from physical considerations, as for example
Coulomb interactions are radial, and is used to enable the specification of the linear
collision operator in (1.3), as was commented before. Without this assumption, the
operator must depend upon the orientation of the two molecules, and so & would
vary dependent upon this.

The second assumption gives sufficient regularity to make sense of equa-
tions (1.1), and necessary regularity so that later estimates are well defined. As

stated before, one only needs Lipschitz continuity of d%ﬂ/’ to ensure Newton’s laws



are well defined. The extra second derivative implies this, and is in particular re-
quired for the estimate on the scattering time of collisions in Chapter 2.
Conditions (3) and (4) are assumed to ensure that the interaction occurs
in a certain manner, and the aim is to have a two body interaction that evolves
as follows. The particles interact by approaching each other, and obtain a unique
point at a minimum distance away from each other, and then move away. One thus
wishes to remove situations where the two particles coalesce, which is achieved by

making the assumption

lim ¢ (p) = oo.
p—0

Indeed, coalescence could only happen if the particles collide head on, with ingoing
relative velocity |w|? = ¢(0). With this asymptote, we avoid these singularities in
the interactions.

Condition (3) ensures that d%,w(ﬂ) = 0 for all p and so one avoids singularities
where the particles remain a fixed distance apart. Furthermore, (3) and (4) together
ensure that ¢ (p) > 0 which gives a repulsive interaction, which forces the particles
apart at all distances.

Finally, assumption (5) is purely technical, but, in conjunction with (4) it
means that ¢ has an asymptote at the origin similar to the asymptote in a power law
interaction, and in particular this assumption is satisfied by a power law potential.
Upon the face of it, one may expect that 1(p) > e”, being a typical solution of the
constraint in (5) is implied by this condition. However, by assuming (4), we discount
such a solution, and we instead have a power law relationship. Indeed, supposing
that ¥ (p) = |z|~® for s > 0, we then have

jpw(m =—sp " =—splp*
which thus satisfies (5). The reason for such a condition on the potential for small
radius is to ensure the validity of the estimate in Chapter 2 on the scattering time
of collisions.

Using such a potential, we evolve the position of an un-indexed tagged parti-

cle with indexed background on the phase space U = T3 x R? at spatial scale ¢ > 0



under the equations

(i(t) = o),

o _ _1\WN x(t)—x; (t)

(1) =-1xi, Ve (Hzm0) L
zi(t) =),

Ui(t) =0

The initial distributions are the following. The tagged particle is distributed
according to a probability density fp; on the state space U and the background
particles are independent of the tagged particle, and distributed independently and
identically according to a spatially uniform distribution and which is Maxwellian in

velocity

N

M) = —— e 55
V2

where 8 > 0 is the temperature. We denote by f¢ the density of the tagged particle.

The initial density of the tagged particle satisfies the following physically
relevant assumptions. We first assume finite mass and energy, and that the density

is initially comparable to the equilibrium density of the system.
Definition 1.5. We consider initial densities fo: U — R that satisfy

(1) The function fo € L*U, (1 + |[v|?)dz dv) and fo € L®U) and fo > 0 almost

everywhere.
(2) There is a constant C such that fo < CM almost everywhere.

The second condition clearly implies the regularity in the first, though we
state the former to emphasise that this is an important and required condition.
While both conditions are somewhat natural to assume from a physical perspective,
we highlight the mathematical reasons for assuming them. The first condition is
used to ensure that solutions of the linear Boltzmann equation lie in the domain of
the collision operator, and so that the particle density is in L* for all time.

The second condition is used in Chapter 5 to provide estimates on solutions
of the linear Boltzmann equation with a regularised potential that are independent
of the regularisation.

In the low density limit, the tagged particle density is a weak solution of the
linear Boltzmann equation on [0, T'] for some arbitrary time 7" > 0. By this we mean

the following.

10



Definition 1.6. A function f: [0,T] x U — R is a weak solution of the linear

Boltzmann equation with initial density fy if

(1) For all t € [0,T)]
t
/ /(1 + [v]?) f(t, z,v) dz dv dt < co.
0o Ju
(2) For all h € C([0,T) xU) we have

T T
/ /(8th+v-vxh)fdxdvdt/fgh(O)dxdv:/ (L(f), h)dt
o Ju u 0 (L5)

where
(L(f), h) :== /u/RS /S(h —h) f My |ve —v|dS dv, dvde. (1.6)

For cleanness of notation, we have avoided the explicit specification of the
velocity v’ and of the plane S here. This can be found in Chapter 2. We remark
that if f € C! is a weak solution, then it is also in fact a strong solution. Indeed,

by integrating by parts in (1.5) one can show that

T
—/0 /I/{(@th+v-vxh) fdxdvdt—/ufoh(o)dxdv
T
:/ /h(at—i-v-vm)fdxdvdt.
o Ju

Furthermore, by changing coordinates in the gain term in (1.6) we obtain, since the

Jacobian from pre to post collisional velocities is 1, the relation

// /h'f/\/l*]v*—v|d5dv*dvdx
uJrsJs

:// /hf//\/l;|v*v|d5dv*dvdx.
UuJR3JS

The arbitrariness of h then enables one to conclude the strong form of the linear
Boltzmann equation from the fundamental theorem of the calculus of variations.

These previous definitions enable us to now state our main theorem.

Theorem 1. Let T > 0, and let f¢ be the phase space density for a tagged particle
on [0,T] x U, evolving according to (1.4) with initial density given by fo satisfying
Definition 1.5, with an admissible potential ¢ as in Definition 1.4 such that there is

11



a p2 >0 and v > 0 with
d —Cp%jby
—dfplb(P) <e (1.7)

for all p > py. Then as € — 0 with Ne? = 1, we have f¢ converges weak-x in L™
up to a subsequence to f which is a weak solution of the linear Boltzmann equation

on [0,T] x U associated to ¢, as given by Definition 1.6.

1.5 Relationship with existing results

As stated earlier, the aim of the thesis is to give a full proof of this theorem, and it
is the first of its kind for the linear Boltzmann equation associated to a long range
potential. As such, the existing results are similar in aspects of the work, but by no
means identical. The similarities are highlighted, and will enable us to describe the

context of the theorem, and to motivate parts of the method of our proof.

1.5.1 Physical Considerations

We start by analysing the validity of the result from a physical point of view. We
remark that the result is consistent with physical intuition.

In including long range interactions in the linear Boltzmann equation, as
in [20, Ch. 2], one should in theory include a Vlasov term X (z) - V,f into the

Boltzmann equation, where

X(x) = /R3 /x_x*>0 f(t,zy,v0) Vo (x — xy) da, doy,

which corresponds to the grazing collisions creating a self consistent field in which
they evolve. However, one can easily see that this term converges only for potentials
¢ which decay faster than p~—2. This is in agreement with [8], where they pass to the
non-dimensional form of the Vlasov and Boltzmann operators, and conclude that in
the class of potentials {C'/p® : s > 1}, both terms are of the same order of magnitude
only for an inverse square power law potential. Furthermore, they conclude that, for
potentials with s > 2 the Boltzmann term is dominant. Therefore, with the decay
we assume in Theorem 1, our potentials are in the situation where the Boltzmann
term is dominant. Therefore the linear Boltzmann equation without a Vlasov term
is the relevant low density limit.

By including grazing collisions into the linear Boltzmann equation, one would

expect the properties of the equation to agree with a generalised Fokker Planck

12



equation

Of +v-Vof = V() D(f) — Vuo(Xf)

for diffusion tensor D, since this equation is derived from analysing the statistical
effects of grazing collisions. Proceeding as in [19, Ch. 2], we first observe that for
grazing collisions [v/ — v| is small, and so we can use a Taylor series expansion for
h in (1.6) about v. This then enables one to derive equations for R and D in the
Fokker-Planck equation from the weak form of the linear collision operator (1.6).
The derivation of this from the weak form of the collision operator thus
suggests from a physics point of view that weak solutions are the relevant type of
solution to encode the physical properties of the system. We detail the mathematical

reasons for considering weak solutions explicitly in Section 2.4.

1.5.2 Short Range Interactions

While the primary focus of the thesis is an exposition of long range effects, we
also provide an extension of the result in [39] from hard sphere dynamics to short
range potentials. The added difficultly from hard sphere dynamics to short range
interactions is primarily the fact that the interactions occur over an interval of time,
as opposed to instantaneously. One is thus recourse to impose extra conditions on
the particle dynamics to ensure that the evolution still has the form of a collection
of two body interactions.

This adds onto the difficulty that the evolution of the particle dynamics is
not Markovian, which was commented upon before, and is a result of recollisions.
In this paper, as well as in [39], we use a method developed in [40, 41, 42] where
one circumvents the issue of the non-Markovian structure of the particle dynamics
by using a space of marked trees, which enlarges the state space for the particle dy-
namics, thus enabling a Markovian description of the dynamics for most evolutions.
This then allows for a comparison of the particle and linear Boltzmann dynamics
on this space.

For other particle systems, an alternative method is to use the BBGKY
hierarchy (named after Bogoliubov [12], Born [16], Green and Kirkwood [33] and
Yvon [53]), which is a hierarchy of equations for the marginals of the phase space
density of the N-particle density, to describe the particle evolution, and then restrict
the integration in the definition of the marginals to avoid recollisions. This avoidance
of recollisions creates an evolution for the one particle density that is Markovian.

The BBGKY hierarchy is a well used methodology, and has been employed
in the work of Lanford [35] and King [32], as well as in [26, 9, 47, 10, 11] in analysing
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the non-linear Boltzmann equation.

With regards to the Lorentz gas, where the background is stationary, many
studies have analysed the low density limit for this particle system in the case where
the background interacts with a tagged particle with short range or hard sphere
interactions, see for example [27, 48, 36, 13]. Some analysis has furthermore been

considered for the Rayleigh gas [50].

1.5.3 Long Range Potentials

We now highlight the current mathematical treatment of the justification of the
linear Boltzmann equation with long range potentials.

The first such result is by Desvillettes and Pulvirenti [24], which gives a proof
that the tagged particle density for particles evolving via a short range potential of
the form
7% Jz| <R
R~ |z|>R

oM (z) =

for some s > 2, converges weak-x to a solution of the linear Boltzmann equation
for ¢(x) = |x|~*. This result is an incomplete proof of the justification of the linear
Boltzmann equation as it does not show convergence of the particle density for this
short range potential ¢ to a corresponding density for the long range potential. In
comparison with the decay we assume (equation (1.7)), this result is impressive in
the weakness in the decay assumption required. This however is not so surprising,
since we assume such strong decay solely to ensure the short range particle dynamics
approximate the long range dynamics. This is observed in Chapter 4.

We conjecture that decay for 1(p) = p~2 is the minimal decay one can assume
the potential to satisfy. This is due to the fact that, as described in the previous
section, the linear Boltzmann equation should not be the macroscopic evolution for
potentials decaying slower than p~2, as the grazing collisions here provide extra
effects that are not quantified by the collision operator.

The paper by Ayi [4] shows convergence of the one particle density function
for a system of N interacting particles where the initial density is a perturbation of

equilibrium only for the first particle, for potentials with decay of

>\(1+02(d—1))

d

dplﬁ(P)‘ <e ™

to a solution of the non-linear Boltzmann equation where the perturbation converges

to the linear Boltzmann equation.
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Similarly to [24], this paper also regularises the long range potential by using
a smooth cut off of the interaction potential to compare the BBGKY hierarchy for
the long range particle dynamics and a solution of the linear Boltzmann equation
for this cut off potential. A compactness argument then shows the solution to this
equation converges to the linear Boltzmann equation for ¢.

In comparison, our decay condition on the potential is very weak, and this is
to be expected, since here one has a fully interacting system, and so the collisional
structure is much more complicated. Thus, in using the BBKGY hierarchy, one is
required to use all marginals in the system, whereas in our case we can use marked
trees to specify only the position of the tagged particle, and this encoding of much
less information enables convergence for more slowly decaying potentials.

Other systems in kinetic theory have dealt with long range interactions. The

Vlasov-Poisson system is a classic example. Here, one has an evolution equation of
Of+v-Vof +(E+F)V,f=0

for

E(t,z) :/H/f(t,y,v) dv dy,

lz -yl
which corresponds to an evolution of a charge density through its self consistent
electric field. Pfaffelmoser [46] proved the existence of classical solutions to this
equation by using a path based description of the solution. This method can be
seen to be similar to the path based method in [39].

With the addition of a point charge density to this system, [22] proves exis-
tence of Lagrangian solutions. The proof proceeds by truncating the external self
consistent field from the Coulomb potential, and then uses a compactness result to
obtain convergence. This thus demonstrates that even in this non-linear setting, the
removal of long range effects can be used to gain a non-linear Markov evolution for

the dynamics which can be utilised.

1.6 Structure of the Proof

As was mentioned, since the linear Boltzmann equation describes an evolution via its
collisional structure, and this evolution is also Markovian, we aim to exploit both
these properties. The long range particle dynamics are however not Markovian,
and so we aim to identify a Markovian evolution that is close to the long range
dynamics. It is the long range nature of these dynamics that is prohibitive to

enabling a Markov evolution, and so, as in [4] and [22], we truncate the evolution
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by introducing a regularisation parameter R > 0 and a smooth approximation A
to the indicator function 15, ) such that supp(Af) C Bg(0).

We then define a short range potential ¢ = AR, and probability densi-
ties f&f and fF associated to the short range particle dynamics and to the linear
Boltzmann equation associated to the potential ¢%.

We remark at this stage that this cut off is of a very different flavour to the
Grad cut off, as in [28], for the Boltzmann equation. The Grad cut off is an analytic

tool where one truncates the integration over the plane S to ensure that the integral

/dS<oo.
S

For our cut off, we instead truncate the interaction, which as a consequence ensures
that this integral is also finite. We then have the advantage that our truncated
system does indeed describe physically valid particle evolutions, but we have the
downside that the formulation of the operators is less concise and less explicit.

We then compare the densities using

5= LS FE = R 20— SR+ R~ )

and we desire estimates as ¢ — 0 with the regularisation parameter R — oco. The
estimates we use require R = ¢~ /() where we use the exponent in comparing f¢
and foF.

Once we have performed the cut-off, the density for evolution with short
range potential is Markovian up to recollisions, and we are in a situation where it
is possible to describe the particle evolutions in terms of their collisional structure.
Instead of describing £ as a density on the phase space U, we enlarge this space
and describe the particle evolution on a space of marked trees of height one, where
each branch of the tree describes a different collision. This space then enables the
specification of those trajectories for which there are no recollisions, and therefore
a specification of those dynamics for which the particle evolution is Markovian.

On the space where the particle evolution is Markovian, we are then able
in Chapter 3 to compare the density & to the solution f of the linear Boltz-
mann equation for ¢ by explicitly estimating the propagation of error between the
densities in between collisions, and the error in the jump at each collision.

We are thus left to quantify the contribution of the grazing collisions to the
particle dynamics and to solutions of the linear Boltzmann equation.

In comparing the long and short range particle dynamics in Chapter 4, we

identify those realisations of the background particles for which the short range and
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long range evolutions have the same collisional structures. Interpreting the long
range dynamics for the background described in the tree as a random variable, we
are then able to directly compare the long and short range dynamics for a specific
tree.

This description then requires the analysis of two estimates. Firstly, one is
required to describe the measure of the scatterers for which the long range evolution
does not encounter the same collisions as the short range evolution, subject to both
having the same initial conditions of the tagged particle. Secondly, one is required to
estimate the deviation of the short and long range evolutions for the same collisions.
One should see the choice of decay of the potential as a choice so that these estimates
decay to zero in the limit € — 0.

One finally has to show convergence of a solution f% of the linear Boltzmann
equation for ¢ to a solution f of the linear Boltzmann equation for ¢, which we
perform in Chapter 5. This proceeds along similar lines to [24] and [4]. We use a
compactness argument, where we use (2) in Definition 1.5 to uniformly bound the
solutions ff in R, and then use estimates on the collision operator to conclude that

the limit satisfies the linear Boltzmann equation for ¢.

1.7 Technical Details of the Proof

Given the structure provided in the previous section, we now describe on a technical
level how these ideas manifest themselves. The aim is to give the reader a description
of how the technicalities fit together through the rest of the thesis. It also gives a
description of how the chapters fit together.

We start by showing in Chapter 3 how one can address the non-Markovian
nature of the particle dynamics by the consideration of the short range evolution.
Using the potential ¢, we introduce the particle density f&* as the density of the

tagged particle from evolution via the equations

€

N .
B =), () =2 V" <x<t>—$<t>> .
=1 .

i(t) = vi(t), bi(t) =0,

and introduce f¥ a weak solution of the linear Boltzmann equation associated to

¢, meaning that

—/OT/L{(athHwah) fRdxdvdt—/ufoh(O)dxdv:/T<LR(fR), h) dt

0
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where
R(rR ._ LR R .
(L), h) '_/L{/H@ /BR(O)(h h) f(v) M(vy) |vxe — v| dS du, dv dx

for all test functions h, and where v" is the pre-collisional velocity for evolution
under ¢%.

With evolution of equations (1.8) under ¢, as shown in Chapter 2, for a
subset of initial positions and velocities, the dynamics are in the form of a sequence of
two body interactions. This then allows for the specification of the ingoing velocities
and geometric parameters of each collision. These parameters, as well as the initial
position and velocity of the tagged particle, are sufficient to specify the position and
velocity of the tagged particle, and all background that collide with it, for all time.

Asin [39], we describe these parameters in a marked tree structure. Each non
root node corresponds to a collision, and the markers on these nodes are the velocity
and geometric parameters of the collision. The tree is completed by specifying the
initial position and velocity of the tagged particle. We then have associated to each

s vE’R) which corresponds to the particle dynamics under

tree ® an evolution (
potential ¢f. We can then place a probability density on the space M7 of marked
trees corresponding to these dynamics. The evolution of the particle density on this

space is then governed by an equation of the form
017 (@) = CR (@) () — DR (@) (@)

where ® is the tree representing the dynamics without the final collision. The
important property of this equation is that for a subset of dynamics where one
removes recollisions, and also ensures that each interaction is binary, the coefficients
C5™ and D% depend only weakly on the tree itself. Furthermore, these coefficients
only depend upon the state of the system at time ¢.

We then are required to express the linear Boltzmann equation as an evolu-
tion on MT. Interpreting the linear Boltzmann equation as a generator of a Lévy
process, we can then create a collisional structure from this equation, and so use
the collision operator to quantify the change of density according to the jumps in
density from encountering a collision. Thus the evolution of the linear Boltzmann
equation on M7 takes a similar form to the evolution for particle dynamics, with
a gain and loss part to the density, although with differing coefficients. We have for

all trees the evolution equation
O, f1(®@) = (@) f7(P) — DF(@) fF(@).
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The forms of these equations then enable one to compare the densities in an

estimate of the form
[ @) = go@) av < [ (@) a0

where pf’R is a function dependent on the differences C&% — Cf and D= — DE,
Furthermore,
pi (@) =0

as € — 0. This is then enough to conclude that the particle density converges to
the solution of the linear Boltzmann equation for ¢f*. Proving the estimates of this
form then concludes Chapter 3.

In comparing the particle densities & and f&%, we first introduce solutions

on the space [0,7] x U to the equations

KL R N E VR0
(1) = (0), =220 )

dt dt €
d d

7Zt ’Lta 7it:7

Sat=ul), ) =0

and then one estimates the maximum deviation from these dynamics that the solu-
tion to equation (1.4) can have. We find that this is of the form

j2° — 2| + [v° — 0| < C(T)NET||(1 = ARV

and we then interpret the term on the right hand side as giving a parameter that
quantifies the size of the set of background particles one must remove to ensure
that the random dynamics (z¢, v®) encounter the same collisions as the short range
dynamics (5%, v5%) for the same background interactions.

We then quantify the maximum error between the solution (z%%,v5F) of
the short range dynamics (1.8) and the long range particle dynamics (z¢, v¢), where
the latter is conditioned so that it encounters the same collisions as the former
evolution. For regions where both are within Re of a background particle, we use
the estimate on the scattering time in Lemma 2.8 together with a Gronwall estimate.
On the region where both are outside Re of all background particles that interact
with the short range dynamics, the maximum error between the two is a multiple
of H(l — AR)quH - These two observations then result in

[ — 2% 4+ [of — 57| < N (1 - ARYV Y,
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This inequality then enables one to estimate the error between f&f and f¢ by
quantifying the spread of the supports of each density for each evolution.

The remarkable property of these estimates and the parameters defining the
good particle dynamics is that they remain the same in this situation, and have thus
been chosen sufficiently robustly to allow for the random deviations in the particle
positions and velocities.

The crucial estimate for a quantitative analysis of the grazing collisions on
a solution of the linear Boltzmann equation is an estimate on the difference of the
outgoing velocities of the tagged particle under evolutions with ¢ and ¢f. One

shows, for potentials with decay as in (1.7), that

o — 0" < R(R) ox — 0]

R is the outgoing velocity from the potential ¢’. Furthermore, the term

where v
% is integrable over the plane S with integral decaying to 0 as R — oo. These
properties are discussed in Chapter 2.

This property then allows us to estimate in Chapter 5 the difference of the

collision operators as
(L(F) = L), by < C ||+ o) £l [0+ o) M) /SH(R) ds.

Using the maximum principle for solutions f%, together with (2) in Definition 1.5,
enables one to extract a convergent subsequence of {f}, and the estimate above
on the difference between the collision operators then allows us to conclude that
the limit of the convergent subsequence is the solution f of the linear Boltzmann
equation associated to ¢.

We conclude the thesis with a brief chapter combining the results of Chap-
ters 3, 4 and 5 into a proof of Theorem 1, and then a discussion of potential exten-

sions of the work.
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Chapter 2
Analysis Of Scattering Maps

In the preceding chapter, we introduced the pre-collisional velocities v and v, and
the plane S that describes the parameters of a collision, and commented that their
form is derived from the interaction potential ¢ chosen for the particle dynamics.
We now specify this relationship for general potentials.

This specification of the dependence of the outcome of scattering on the inter-
action potential will then be used to compare the scattering maps for an admissible
long range potential ¢ as in Definition 1.4 and for an associated short range poten-
tial ¢’ as introduced in Section 1.6. The primary purpose of this is to demonstrate
that the choice of cut off we make produces an evolution in a binary interaction
that is close to the evolution of the long range potential. The estimates we provide
in comparing these evolutions then give us a control on the impact of the cut off,
which is used in Chapters 4 and 5.

This regularisation of the interaction can be seen to be a removal of the
grazing collisions of the system. We define the notion of grazing collision in the

following natural manner.

Definition 2.1. A grazing collision is an interaction for which the minimum

distance between the tagged particle x° and an interacting background xs satisfies
|
—min|z® —zs| > R
€

and is a near collision otherwise.

One should observe that for short range potential ¢, this definition agrees
with the usual notion of grazing collision.
While this definition requires the specification of the parameter R, it should

be seen that this is precisely to enable a discussion of the interactions under ¢ but for
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which there is no interaction with ¢®. The remainder of the chapter then uses these
two potentials to analyse the impact of grazing collisions on the particle dynamics.

The chapter concludes by proving existence of solutions to the linear Boltz-
mann equation for ¢, which is necessary for the definition of the linear Boltzmann
equation on the space of marked trees, and for proving existence of solutions to the

linear Boltzmann equation for ¢.

2.1 Two Body Collisions

The first aim is to describe the scattering map (r,(,v,v,) — (v',v}) for an inter-
action potential ¢. We here make no assumption on the support of ¢ and so this
specification will hold for both ¢ and for ¢®. This consists in detailing the effect
of the force on the two particles. The system one analyses is where one specifies
that the velocities v and v, are the asymptotic velocities of the two particles when
t — —oo, and v’, v}, are the velocities as t — +oo. This thus enables one to consider
a binary collision where the force is supported in R3. For potentials with compact

support, outside of the support, the velocities are equal to the asymptotic velocities.

relative trajectory

Figure 2.1: Description of parameters in a binary interaction

This situation can be simplified as follows, and is shown in Figure 2.1. Fix
one particle at point z € R3. Suppose the second particle has a trajectory relative
to the point x. This trajectory then has asymptotic velocities w = v, —v ast — —o0

and w’ = v, —v" as t — oo. To describe the interaction one then defines the plane
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S through = perpendicular to w, which is
S:={zcR% z- (v, —v) =z (v, —v)}.

In this plane, one places the point x. at the point through which the second particle
would intersect S without the presence of the interaction potential. This point
is specified by polar coordinates (r,¢) in S centred at x. The distance r then
corresponds to the minimum distance between the two particles without interaction,

and ( specifies the direction between them.

Remark 2.2. We here consider v, v, as the pre-collisional velocities, whereas in the
specification of the linear Boltzmann equation they were described as post collisional.
While this is an abuse of notation, the time reversibility of the binary system makes

these equivalent.

The radial symmetry of the interaction potential further means the descrip-
tion of the collision does not depend upon ¢, and so we no longer consider it, though
full details can be found in [49, Ch.6].

To specify the relationship between the pre and post collisional velocities, we

use the conservations of momentum and energy, which give that

/ /
V+ U =0 + U,

[0 + Juu|* = [0 + [vi]?

and are the same for all potentials. These are a system of 4 constraints for the
6 variables, and so one would expect the solution to have 2 free variables which
depend upon the choice of interaction. This is indeed the case, and one can write

the outgoing velocities v/, v in terms of the ingoing velocities as

v =0+ (0 = 0) - v(r, G v —0) v(r, (vl = ), (2.1)

v = v — (e — ) (1, ve —0)) v(r, ¢ ve — ).
where the vector v(r,¢) € S? depends upon the potential. We define the map

o:R3xR3 xS —= R3 x R3 by o(v,vs,7,¢) = (¢v/,v)) as the scattering map.
The projection of v onto the plane § is given by

V- (vy —v) = |vyx — v|sin <;9(7’, Uy — v))

where 6 is called the deviation angle, and is the angle between w’ and w. It is

23



given by the formula

e d
O(r,w) =m — 2/ rep , (2.2)
o 1= -

with p, the largest root of the denominator. For a physical interpretation of 6, see

Figure 2.1.

Remark 2.3. An alternative and often used relationship are the equations

PR S v — vy
v = 2 +V(T7C) 9 ’

v+v.e |v — vyl
o= U0yl

and these differ from the choice we make by
V- (ve —v) = cosb|v, — v

for the same deviation angle 6.

While we take this equation as the definition of 8, one can derive this form
of the deviation angle from the equations of rotational momentum and energy in
polar coordinates, as in [49, Ch.6]. We observe that this definition of the scattering
angle requires minimal assumptions on the interaction potential. In particular, it is

well defined for admissible long range potentials.

Remark 2.4. Many authors take %(TF — 0) as the deviation angle. We chose this
angle 0 because it results in O(r,w) — 0 as r — oo, which is a property suggestive

of the name.

We first check some basic properties of 6. Firstly, the formula should be
consistent with no interaction potential, namely we should have § = 0 for ¢ = 0.

This is clearly the case since one has

e:W_Q/ _rde

Furthermore, if » = 0 then 6 should be equal to w, and this is obvious from the
formula. We finally desire § — 0 as r — oco. This is dealt with in the next section,
but is indeed the case. This suggests the formula satisfies the expected properties.

We now restrict our attention to two specific types of potential. We analyse

the scattering for a potential ¢ which is an admissible long range potential as in
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Definition 1.4, and for a related short range potential ¢ which is defined by
ot = Afg (2.3)
for fixed R > 0 and with A € C°°(R?) a radial strictly decreasing function with

1 Jz|<R-1
0 |xz|>R.

A (z) =

For the potential ¢, we add a superscript R to the deviation angle, as well
as to the pre-collisional velocities obtained from this in equation (2.1), and so we

"R and UQR, and call the scattering map in this case o*. We assume a radial

write v
cut off so that the potential ¢’ is also radial, and we assume A" = 1 in Br_; to
ensure that ¢f* and ¢ are the same for most of the short range interaction. Finally

we assume the cut off is decreasing to ensure that ¢ is monotonic on Bp.

2.2 Estimates on the Deviation Angle

We now aim to provide estimates on the deviation angles 6 and 6% which describe
how the cut off on the interaction potential impacts the binary collision.

The first estimate one desires can be thought of in two ways. Firstly, as
considered above, from physical intuition, one would expect that # — 0 as r — oo,
and so the estimate is the final test of physical validity of the formula (2.2). The
estimate however we first give is more than just this. For grazing collisions, where
the impact parameter r > R, this can be considered as providing an estimate on the
difference between #% and 6, since in the range r > R one has % = 0.

Once we have compared in this manner the scattering angles for grazing
collisions, we are left to compare the angles for impact parameter r < R. This is
the purpose of the second of the two estimates in this section.

We start with the estimate providing consistency with physical intuition.

Lemma 2.5. Suppose that ¢ is an admissible long range potential such that there

s a py >0 and s> 2 as well as C' > 0 such that, for p > pa the relation,

Y(p) <Cp*

holds. Then, for all v € [0,00) and w € R3\ {0} we have

C
P —
0(7“, w) =14+ ’w‘grsv
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and for r € [0, R] we have, for a different constant

C
R

< — .
O w) < T

Proof: We proceed as in the appendix to [24]. We have

& rdp
o) =m—2 [ — TP
Prp \/1—W¢(P)—;2

and using the change of coordinates u = r/p we obtain

7/ px du
or.ful) = -2 [ S
0 \/1 —met(y) —u

and then by letting

we have _
2<u+ 1/1<T>> du = 2sin pcos pdu.
u

lw|? du
This then enables us to obtain, with the change of coordinates given by the above,

the equality

/2 1 sin p cos pdp
o) =m =2 [
0 u+ [w]? duw<u) 1 —sin“p

/2 :
[,
0 UJFW@ﬂJ(a)

B 2/7T/2 u + ﬁd%ﬂp(%) —sinp
0

ut o aa?(3)

dpu.
Since v < sin 1 we have

o(r, [w)) z/m ! d 2/7r/2 ! d
r, Jw|) < —  du= _
0 1+ — H 0 11— — w3 H

ui —
oz ae (%) LY )

by evaluating the derivative of the potential. The strictly decreasing nature of v,
(condition (3) of Definition 1.4) ensures that the derivative of 1) is negative, and

then combining this with the decay assumption on ¢ in the statement of the lemma
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then implies that —dipw(p) < sp~*~! and so

1 - 1 B X
_ “73 - U—S - ‘w‘QTS .
: Tﬁ dipd)(r/u) I+ Tﬁs(r/u)—s—l 1+ sus—2

Inputting this into the inequality for € one observes that

w/2 1 /2 1 C
2/ 11— — dﬂéz/ 1wl d“§1+|w|27“5
0 r ﬁ dip'gb(r/u) 0 + sus—2
as is required. Similar arguments show the form for 7. (|

We now compare the deviation angles 8% and @ for r < R. The detailed
analysis of these deviation angles here demonstrates that the regularisation of the
potential in (2.3) enables the comparison of the binary dynamics, and allows us to

obtain relevant estimates for use later in Chapter 5.

Lemma 2.6. Suppose that ¢ is an admissible long range potential with the condition

that there is a pa > 0 and s > 2 such that for p > py we have

Y(p) <Cp™%,

for some constant C > 0, and suppose that the relative velocity |w| > n for some
n > 0. Then for R such that R — 1/n? > 1+ py, we have

HWLQTS forr>R—1—1/n

0(r, w) — 67 (r,w)| < (2.4)

C'{TEQ’R) forr<R—1-—1/n,

where the constants are independent of r and |w| and

dr — 0.

R=1=1/n k(r, R)
L
0 n
Remark 2.7. The useful property of the estimate in (2.4) is that the integral of the
right hand side tending to zero implies that potentials with decay faster than p~2

have 8 — 9 — 0 as R — oo, as well as it enables the respective collision operators

to approximate each other, as will be seen in Chapter 5.

The proof is simple, and involves rewriting the terms onto a common denom-

inator, before using a property of the interaction potential to gain an upper bound
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of the required form. It is however rather unwieldy to write down.
Proof: Firstly, for r > po, proceeding as in the proof of the previous lemma, we
obtain the estimate

C
< -
Q(Taw) = 1+772Ts

and since 7 > 0, these two facts result in § — 0% < 6, and so
C
R
O(r,w) — 67 (r,w) < Trn2r

for r > po. The choice of R then ensures that we have R —1—1/n > py and so this
gives the estimate for r > R — 1 —1/n.
For r < R — 1 — 1/n, we first show that pf < R — 1. We have, by the decay
on %, that
_ved) 1
w7 (p)?|wl?

and therefore, by using this in the equation for pZ we obtain

1 r2

Pl = (o2

and by rearranging, we then obtain

1 1\%2 2r 1\?2
(p§)2§7“2+—2= r+— ) ——<|r+—
w] |w] |w] |w]

and then using the fact that » < R — 1 — 1/n we obtain

1—

(p)? < (R— 1—1 |i)|>2 < (R—1)?

since ﬁ < % Furthermore, we observe that this means that pf = p,. Therefore,

from equation (2.2), in analysing the difference

GR(T w) (r,w) / ij - —/ Tfﬁ
2V1_|¢wi(lg)_;*2 p*p\/l Tw|2 7

we observe that the integrands in both integrals for p < R — 1 are the same.

We then split the difference § — 6% into a difference corresponding to the long

range nature of ¢, and an error which comes from the choice of the smooth cut off
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AR, We have

e rdp
O w) — () = [ =
P p?y /1 — |w|§ pz

rdp

/P* p \/1—2wR(p —

2
_/°° rdp / rd,o
R p2 1_M_; R p

[w]?

dp

/R
21/1R (p) _ r2
Py \/ L

We consider these terms separately. For the long range term, by combining the

terms into a single fraction, we obtain
o rdp r dp
b i
A
-y (% Fry

We then observe that for p > R we have ¥ (p) < ¢(R) and so

5

1 < 1
“ ) _ 2 [’ _ 2
wl? 2 i R

and furthermore that, for r < R we have, for some constant,

29p(R) 12 7r2
1-— 1-—
\/ w2  R2T 2¢ R?
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and so we obtain

2¢(p) dp

"l

(3

2¢(P) dp

" TwP?

S/R p2\/1—’”§\/1—2‘ff§)—}}2<

sup 2¢(p
C  pe(R,0) / rdp
R

2
|w] 02/ _:Tj

c JO=AH¢ll, 7
= _1%22 w2 L arcsm(E)

/OO
R pQ\/l— ;%

)

#)

—q1_r
RZ

One then observes that

R—-1-1/n s
/0 61’7"_R2 arcsin (;) dr < oo

as required.
For the cut off error term, by rearranging and bounding terms similarly to

before, we obtain

I s
_ 2¢(p) 2 21/1R
i\ 1-RE - -

Cr || =A%) ¢| e

= , \3/2°
wER(R-1) (1- 525)

The term on the right hand side also has the required form. 0
We observe that we take

1 1

g e (- )

k(r,R)=R"*°

in the previous lemma. We use this form later.
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2.2.1 Scattering Time

The main aim for this section is to estimate the difference in position and velocity
between long range and short range evolutions for a binary interaction. This pro-
ceeds by providing an estimate on the scattering time, the length of time for which
a collision occurs, before using this on the solutions of the particle evolutions.

We first turn to analysing dynamics solely under the potential ¢f. Unlike
evolution under ¢, the scattering for two particles under ¢* takes a finite time, with

time given by

Te(r,w, R) =

/p* \wy\/l 2¢R(f’ o

[wiz — p?

which we call the scattering time. This can be derived similarly to the equation for
0 from the conservations of angular momentum and energy. The first observation
to make with this formula is that it is undefined for a long range potential ¢ as it
is always oo, and so is consistent with our comment that one requires short range
interactions to have localised collisions.

The use of this formula is that, for potentials with V¢ # 0, one has that 7, is
bounded on compact sets of [0, R] x R3, as shown in [26, Prop 8.2.1]. Without this
condition, one has situations where the particles move together at a fixed distance
apart. Furthermore, one can specify an upper bound for 7, on these sets in the form

given in the following lemma.

Lemma 2.8. Let n > 0. The time of collision for evolution under ¢f can be
bounded, for r € [0, R) and w € R3\ B,(0), by

To(r,w, R) < CE.
n
Remark 2.9. The form of the estimate in this lemma should not be surprising.
Indeed with the absence of the potential, the velocity is then constant, and so this
inequality is sharp with C = 1.
The remarkable property here is that this form is unchanged, up to a constant,

when one includes the interaction potential.

The proof of the lemma is somewhat long. This is mainly because it uses
three methods, two of which have been used before in [47] and [4], and the third of
which is new.

Proof: In order to gain a suitable bound on the time of collision, by setting
io = =t (fwl?/4),
2v2
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we split collisions into situations where the impact parameter is in the three regions
[%,R], [io,g] and in [0, 4g].

By a simple extension of [47, Lemma 1] to potentials supported in Br(0),
we can bound the time of collision in the desired manner for r € [g, R]. This is
performed as follows.

We rewrite

R 1
Te = \/5/ dp,
Px (

wl? wl|? r2 1/2
L y(y))

and we observe that this is evolution under an effective potential of

Therefore

Tx = \/5 dp < .
/p* (68 (pe) — B (p))"? \/min(o R) (_diplﬁfﬂ)) /p* P

The integral in the above is given exactly by 24/R — p4, and

B

d R _ d R
dipwe (p)_pr (p) pg

and so

: d r : d r rPwl?\ _ rwf?
n|—— =m —— + >
min ( dpl/fe (p)> min ( dpw (p) I
since ¥ is decreasing for p increasing thus dipd)R(p) is itself negative. Combining

these facts gives

1 Boq 3 2R?
Te = / p_pp < |w‘R2T22 R—p*grfui‘
\/min(o,R) <_dip7/’§’(0)) P -
and since 7 > R/2 we obtain
2
Te < A < @
Rlw|[ =

as required.

Furthermore, the conditions required for admissible long range potentials

32



ensures that one can proceed as in the proof of [4, Prop. 2] in the interval [0, i) as
follows. We split

1 2
Te = T, + 74

for

T} :2/7 dp
2,2
oo flwf? = B2 — 2ym(p)

for v = ¢~ (jw[?/8).
Firstly, since ®(p,) = @ (1 — ;—2) < # we have p, > ! (]w|2/2).
Thus using the bounds on r and p, we obtain

w?r? _ JwPig _ [w?if _ |w]?
2p2 ~ 2p2 T 16432 16
and so 2 2,2 2 2 2 2
w w|“r 4w w 3w w
P L ko ' . g
2 2p2 16 16 16 8
meaning

2
mé¢”(i§>=7

and so the integral 7} is well defined.
Setting y = |w|? — % — 29 (p) we observe that
dy 2 |wl|? r?

d R
=17 9 —
a4, pe dp¢’(p)

d
> =2 dfpi/’R(p)

d
>2 inf |—of
22 inf dpd’(Pﬂ
and since ¥ is non-increasing,
d d d
inf |— =|— = |—(¢ H(Jw|? .
S |00 = | v = | oo uie)

Then assumption (5) in Definition 1.4 together with the assumption on the sign of

the derivative of Af* ensures that

‘Cin(w‘l(le/E%))’ > /8,
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and therefore
dy _ |w]”

dp = 4

Inputting this change of coordinates into the equation for 7} results in

. 9 /IwIZwQTQ/W2 dy
0

< -
™ = w4 VG
VP = w22
- w]?/4
4
< —.
]

For 72, the integrand is bounded by

1 1
2 .2 - 2.2
VI = B2 2R (p) o - L2
and so
9 2R
T = 2.2
w2 — |w|27“
¥
and since 9
-1 (|w|?
wPr? _ ol pe? (V7 (50
< 0 _ <
2T 42 8 \y-1 (%) - 8
we have

as required.
2
We are thus left to analyse for r € [ﬁ¢_1 <%> ,%] We have, for any
parameter r in this region, that

max distance
T S 1
min velocity
where the terms on the right hand side are the maximum and minimum for all r in
the desired region. Clearly the maximum distance is at most 2R, and so we are left
to calculate the minimum velocity for a particle in this region.
The point at which the particle has lowest speed is the point at which it has

maximal potential energy, which is the closest point, namely ps. Then, letting the



minimum velocity be wy, we have from conservation of energy

S — ) = 9™ (p.) — 6F(R) = 47 (p,)

since ¥*(R) = 0 by assumption. Rearranging, we obtain

we| = /w]* = 247 (py),

7"2
R (pa) = P (1 - pz) |

*

72 r
W, | = |w‘2_2¢R(p*) = |w| 1_1+72 = |w|—.
Px P

We conclude by finding a lower bound on r/p,. We split this interval into two. On

the interval [¢p~1 (%) , %], we have r > ¢! (%), and so

¥(pe) < 9" (w—l <‘“’4’2)> = ”“;'2

and plugging this into the equation for p, we obtain

and since

this results in

P 2R 2w 1
P )

2
The monotonicity of 1 ensures that, on the interval {io,w_l <%>}, the

minimum radius for impact parameter r is smaller than the minimum radius for
2
! <%>, and so
2
1 (|w
px < 20 ! <|4> .

Since r > 2—\1&1/)_1 (%) we have p, < 4/2r as required. O

The use of this estimate is that it enables a simple estimate on the outgoing
positions and velocities of particles interacting via ¢ with different ingoing positions

and velocities.

Lemma 2.10. Suppose one has two different initial conditions y?, 29 and 9,29 for
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the equations
y==z

1
z::—fv¢R(9).
€ €
Furthermore suppose that |29|,|29] > n. Then the respective positions after scattering

satisfy

eCR/m

ly1 — 2| + 21 — 2| < C (Jy? = 91 + |20 — 29))

where C' depends upon V¢.

The proof of this lemma is found in [4], and is simply a combination of
Gronwall’s lemma, the previous bound on the time of collision, and a rescaling of
space via y — x/e. We include for completeness.

Proof: We first analyse the dynamics with ¢ = 1. The equations of motion are
then
y==z

ot (Y

<y> - (—vjm»)

is Lipschitz with Lipschitz constant given by max{1, Cy4} where Cyy is the Lipschitz

and we note that the map from

constant for V¢. Then by Gronwall’s lemma we obtain
[y1(8) = 2 (B)] + [21() = 22(8)] < € (|y1(0) = y2(0)] + |21(0) — 22(0)])
Applying the transformation y — y/e and z — z results in
1 oLl o o 0_ .0
Sl ) — 1O + |21 (6) = 22(0)] < e (I8 — v+ 128 — 29

and using the fact that 1 < 1/e together with the estimate on the scattering time

T4 results in the desired inequality. O

2.3 Many Body Dynamics

The study so far has been solely regarding binary collisions and the errors between

the outgoing velocities for differing interactions. For a general particle system how-
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ever, the dynamics consist of many interacting particles, and we now briefly focus
our attention on this. We aim to estimate the difference between the positions and
velocities for the tagged particle where interactions are given by a long range and
short range potential. This is given here to add context, and so that one can see
much more readily the convenience of the use of marked trees in the next chapter
for describing the particle dynamics. In particular, the estimates calculated here
are similar in nature to those in Chapter 4.

For a particle system with long range interactions, when considering many
background particles, one should note that the system cannot be considered as a
sequence of binary collisions, since the particles are always interacting. However,
with a short range potential, for a subset of initial conditions, one does have this
structure, namely that for each time, there is at most one background particle
colliding with the tagged particle.

Indeed, the estimate in Lemma 2.8 on the scattering time implies that there is
a compact interval of time for which the tagged particle and a background particle
are interacting. Therefore the set of dynamics with only binary interactions has
strictly positive probability. One can furthermore quantify this probability,

For these systems, we can use the estimates on binary collisions to infer an
estimate on the difference of positions and velocities under long and short range
evolutions. This consideration enables a tractable comparison between these two
dynamics. However, to provide a detailed estimate, one furthermore is required
to know the number of collisions in each evolution. This is unknown due to the
existence of recollisions in the system.

It should be clear however that there are no straightforward conditions one
can impose on the background to ensure that the evolution is recollision free, and
certainly no a priori conditions. Desvillettes and Pulvirenti [24] specify conditions

for fixed background to remove recollisions, and these are that

“min_ min inf |z(s) — zi| > Re.

=1, N =42, N ¢l <ot
In the case of moving background, the conditions are much less straightforward. This
comment should be seen as a first brief motivation for the use of marked trees, as the
constraint (see Definition 3.3 point (6)) used on these trees to remove recollisions is
simple in contrast.

For these dynamics where we have solely binary collisions, We use this struc-

ture to compare the evolution under ¢ to the evolution under ¢. The main reason

for this is the following. In comparing solutions of the particle dynamics for various
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potentials, it is necessary to control both the position of the tagged particle and the
velocity of the tagged particle, for the same background particles. The estimates on
the deviation angle in Lemma 2.6 can in theory produce this, but in practise this
would produce an incredibly messy analysis. The analysis we provide here is much
simpler, and is based on Gronwall’s lemma for solutions of differential equations.
This does however mean that the estimate is much coarser, since it ignores almost

all structure of the physics of each interaction.

Lemma 2.11. Suppose that one has a collection x1,...,xNx € R? of scatterers such
that for all i # j, we have Bre(x;) N Bre(xj) = (0. Furthermore, suppose that
the tagged particle encounters exactly M collisions with these background particles.
Then let (z¢,v%) solve on [0,T] the following system of ODEs

° =0°

. k °—x;
0F = =2 il Vo (52)
and let (5% v5T) solve

i’E’R = &

. R,
g = 1SN ggR (%)

R

with the same initial conditions.
Then under the assumption that for all t € [0,T] we have v¢(t),v=F(t) €
R3\ B,(0), the solutions of these equations satisfies

e Rn~'M
|25 (t) = 2(8)] + |02 (8) — v () SON i (1= AT Vo .

The proof is similar to [4, Lem 2|, and we use the methodology from there
in our proof.
Proof: We proceed by induction on the number of collisions already encountered.
We first consider the base case.

If the short range tagged particle has encountered no collisions, then since
all the background particles are at least Re from it, by directly estimating the error

on the right hand side of the ordinary differential equations we obtain

o — | < NT [|(1 - AV

38



and by integrating the above we furthermore obtain
258 —2f| < NT? ||(1 - A®)Ve| .

If the short range tagged particle then encounters a collision, then at the time of
collision, these errors can then be used to estimate the difference of initial conditions

in Lemma 2.10 and so one obtains an error of
R R eCR/m 2 R
|z — 2| 4+ 57 =" | < C——NT H(l —A )VQSHOO
15

up to the end of the first collision. This concludes the base case of the argument.
Suppose now for the inductive hypothesis that the tagged particles have
encountered k — 1 collisions and that the error is bounded by
cCR(k=1)/7

’xs,R . xa‘ + ‘,UE,R . UE‘ < CT

S NT? ||(1- A%V, -

Then, since the short range evolution proceeds through free flow, we have, after the
k — 1th collision, that
cCR(k=1)/7

2R+ Fmf] < O —

S NT? ||(1 = A"V _+NT ||(1- A"V .

Then another application of Lemma 2.10 gives the error during the kth collision as

R R eC Rk 2 R
e, € £, €
|57 — 2| 4+ [v=F —0f| < C o NT? [[(1-A )VQSHOO
CR/n
€ R
+C——NT [|1-A"Ve
which concludes the proof of the lemma. ]

2.4 Solutions of the Linear Boltzmann Equation

This specification of the two body interaction then allows us to comment on the
types of solution one can obtain. The question one must ask is, for a solution to
the linear Boltzmann equation, in what sense do the cancellation effects of the gain
and loss parts of the collision operator manifest themselves.

For an admissible long range potential ¢, we claim that this cancellation can

only be considered in a Wasserstein sense, as opposed to the total variation sense

39



given by the strong collision operator

L(f):/RS/S(f’M;—fM*) v, — v| dS du,.

Indeed, the difference f/ — f in this form is required to decay sufficiently fast to

compensate the unbounded integration over S. Suppose naively that
(f M= fM) ~ M (ff = f) ~ O M v, — )

for some s. Then one formally obtains

/ /(f’/\/l;—f/\/l*) |U*—v]d5dv*:C/ / M, 5|, — v]? dr doy
R3.JS R3 JO
g/ /\/l*(|v|2+|v*]2)dv*/ P15y
R3 0

and so we must have s > 2 for this integral to converge. Thus with f € L' this will
not in general decay fast enough to imply that the integral converges. This thus
implies that strong solutions in this setting would not be expected to exist, and

therefore we only consider a weak solution to the equation.

Remark 2.12. Weak solutions have been shown, as in [20, Ch.2], to demonstrate
the same effects as a Fokker-Planck term, and so in this sense are the physically

relevant type of solution.

This situation is in contrast to the evolution for the potential ¢*. Here one

can split the collision operator into
R _ 1R R
L*=L}—-L"

for
LE(f) = Jgs fBR F@ ) M@ o, — 0] dS v,
LE(F) = £(0) o [, M(0.) [0, — ] dS v,

since due to the cut off, the integration over the parameter space S is finite, and so

(2.5)

for f with finite mass and energy, we have L?(f) < oo meaning that this formulation
is well defined.

This splitting enables one to use the machinery of semi-group theory, since
one can show that the operator —v-V, — L% is a closed operator from its domain to
L'. Then by setting 7 to be semi-group generated by —v -V, — L we define a mild

solution of the linear Boltzmann equation as a function f% ¢ L'(U, (1 + |v|?) dz dv)
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such that
Rt 2,0) = T(t) folx,v) + /0 Tt —s)LE(f) (s, 2,v) ds. (2.6)

Since the purpose of this thesis is to relate densities for long range dynamics, we
ultimately aim to compare weak solutions for the interaction potentials ¢ and ¢.

As such, we must first check that a mild solution is a weak solution.

Lemma 2.13. Suppose that f% is the unique mild solution of the linear Boltzmann

equation for ¢, as in (2.6). Then it is also the unique weak solution as in (1.5).

Proof: We aim to apply [5] which states that we have the equivalence above if the
operator v-V, + L is the generator of a strongly continuous semigroup of bounded
linear operators.

By [6, Ch. 10] we have that —v -V, + L is the generator of a substochastic
semi-group if Lf can be written in the form of an integral operator. This argument

is carried out in the proof of the next lemma. ]

We can also prove this directly. For instance, using the form of a mild solution

in [6, Prop 3.31], we write

Ripy _U‘_RtRSS tRRSS
PR = fot (—v- Y, L_)/Of()d +/0L+(f)()d

which is well defined since the regularity f% € L'(U, (1 + |v|?) dz dv) ensures that
the expressions involving f are in the domains of the relevant operators.

We then take h € C°([0,T) x U) and integrate ff in the above equation
against d;h over [0,7) x U. We consider the terms separately. We first observe that
the initial condition can be rewritten using the fundamental theorem of calculus to

obtain

/(]T/uathfodxdvdt = /u(h(T) — h(0)) fo dz dv
- _/uh(o) fodzdv.

since we choose test functions h with compact support and so h(7) = 0. Fur-
thermore, by Fubini’s theorem, we interchange the integrations over s and ¢ in the

following expression to obtain,

/OT /M Oih /0 LE()(s) dsdrdvat = /u /O CLR / " ohdedsdeds

T
:—// LE(f1)(s) h(s) ds dz dv.
uJo
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Finally, by performing the same operations as before, we can obtain

/OT/L{ath(—v-Vx—LR)/OtfR(s)dsda:dfudt
:/T//t(‘)th(—v-Vx—LR)fR(s)dsdxdvdt
/ / — L) fB(s)dsdz dv
:/0 /Mv-vmfR(s) dsdxdv—l—/ / s) LE(f%)(s) ds dx dv

_ _/OT/MfR(s)v-Vxh(s) ds dz dv

// (s) LE(f1)(s) dsdz dv

Combining these together ensures that

T T
_ ) R _ _ R(¢R
/0 /uatﬂ Vo) fR da dvdt /ufoh(o)dxdv / (LE(fR), h) dt

0

which is the weak form of the linear Boltzmann equation (1.5).
We complete this chapter with a proof of existence and uniqueness of mild
solutions. By the previous lemma, this implies that weak solutions for short range

potential exist and are unique.

Proposition 2.14. For any T > 0, there exists a unique mild solution (2.6) to the

linear Boltzmann equation on [0,T] with interaction potential T such that
/(1 + [v]?) (¢, z,v) dzdv < 0o
u

for allt € [0,T].

Proof: We aim to apply [6, Thm. 10.28] which is stated in Appendix A which
will imply that —v - V, + LT generates an honest semi-group, meaning that the
semi-group conserves mass and energy. This then implies existence and uniqueness
due to [2, Thm 3.1.12].

We now demonstrate how we satisfy the conditions required to apply [6,
Thm. 10.28]. Conditions (A;), (A2) and (A4) are trivially solved as they refer to
an external force, which is 0 in our situation.

To show condition (A3), observe that Lf(v) is positive, and is locally inte-
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grable in v. Furthermore, since for any V' with |v| <V we have
[LE ()| < CV R |1+ V) M]|

and so the loss operator satisfies condition (As). To satisfy the final conditions, we

are thus required to show that

LE(D) = [ ko) £ a0

R3

where the kernel k satisfies the following. There exists C' > 0 such that for all V' > 0

we have

/ k(v,v")dv < C
[v|>V

for all |v] < V.
Using the Carleman representation, as in [17, 18, 51], we can rewrite Lf( )

as

LE _ 1 "N M(v) bR [v" — v ") do do
+(f) RS |’U—’Ul|2 5 f(U) (’U*) |U /U*| U* v

v — v’

where
By ={weR:w- (v —v)=v-(v —v)}

and b is the cross section for the potential ¢ in terms of the deviation angle #7

and the relative velocity w. Defining

k( ')_; M(v) bE o' =] W — | ) dv!
ST =P S, T g )
v’ *

we have the desired form of the gain part of the collision operator.

Proceeding as in [3, Thm 2.1] or [45], we can rewrite

[v—v’|

M <|v -+ 7'”‘27|v/|2)
k(v,0") =

v —v'|?

X / M(u+ V) bl (
V- (v/—v)=0

0" = v

B Gl B PP VAR BN
g e o)

where u is the part of £ (v + v') perpendicular to v — v’. Transforming coordinates
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of bf* into 6, |w| from 7, |w| we observe that
b6, |w|) < C sind |w)

and therefore

/

vyt (= ) av

/ M(u+V3) <|U,_U_V2|,U v—="Vl | dVs

Va-(v'—v)=0
< / M(u+ V3) sin vl [v) — v — Vol dV
< 2 I 2| dVa
Va-(v'—v)=0
< / M+ Vo) o) — v|dVy
Va-(v'—v)=0
< Cp' =]

which enables one to use arguments in [6, Ch. 10] to conclude existence of solutions.

Arguments in [39] can be used to show the estimate
/(1 + [v]?) fR(t, z,v) de dv < oo
u

which concludes the proof. O
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Chapter 3

Marked Trees and Short Range

Dynamics

The results on short range scattering for potential ¢ enable the specification of an
evolution with local in time collisions. This evolution is however not Markovian due
to the existence of recollisions in the dynamics. As was suggested in the preceding
chapter, conditions on the dynamics to ensure they are recollision free, as in [24],
are not straightforward, and any specification in fact requires the historic evolution.
Therefore, on the state space U one can never describe Markovian dynamics; the
space is too small.

This is the principal motivation for describing the dynamics on the space of
marked trees. These trees enlarge the state space by describing the evolution of the
tagged particle for all times up until the present. In this sense history is in fact part
of the present, and therefore enables us to describe those systems that are recollision
free by conditions on the current state of the system.

Even without this specification of recollisions, we can still describe the parti-
cle density via an evolution equation on the space of marked trees, the downside of
this being that the form of the equation would be complex. However, for those evo-
lutions where one removes recollisions, the evolution equation takes a particularly
simple form (in equation (3.2)), and depends only weakly upon the tree itself.

Once we have described the evolution of the linear Boltzmann equation with
an equation taking a similar form to equation (3.2), we are able to compare the
evolutions in a straightforward manner. This result is carefully stated in Theorem 2,
and the proof encompasses a careful description of how the errors from colliding at
different times and in different manners provide only a small deviation on the particle

and linear Boltzmann densities.
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3.1 Marked Trees

We now introduce the space of marked trees. One starts with the particle evolution

(=%, v*F) which is a solution of the equations

i,E,R — ,UE,R

R _ 1N R (=58 () —wi(t)
v - e Zizl V(b ( e

T; =;

V; =0

From this evolution, one can specify the geometric parameters (r, ¢) of each collision,
as well as the velocity v; of the background particle. Together with these parameters
we include the time of collision, which we take to be the start of the collision. By this
we mean, if the tagged particle is colliding with background j, the time of collision
is the time t for which

|z(s) —xj(s)] > Re s<t

|z(s) —xj(s)] < Re s>t
at least for some small interval around t.

These parameters are then encoded in a marked tree, where each node corre-
sponds to a collision, and the markers for the node are the parameters of the collision
as described in Section 2.1. The root node of the tree then describes the initial po-
sition and velocity of the tagged particle. The space is then defined formally as

follows.

Definition 3.1. The set of collision trees, which we denote by MT, is defined by

MT = {(l‘o,vo), (tl,rl,Cl,Ul), ey
(tn, Ty Cny V) | (o, v0) €U, t; € [0, T,
r; € [0,R], G € R/(20Z), v; € R3, n € NU {0}}

and we furthermore define, for a tree ® € MT, the function n(®) = n to be the

number of collisions, as well as

MT, = {q> € MT : n(®) = k}
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Also, defining

(D) = 0 n(®) =0

maxi<j<nt; else,

we typically denote the final marker by

<T7 T, 57 ’D) = (tnu Ty Gn, Un)~

Before discussing the relationship of M7 with the particle dynamics, we
digress briefly to describe the topological properties of the space. While it is not
important for the analysis of the thesis, one can think of the topology of MT as a
topology on cadlag functions where these cadlag functions correspond to the possible
particle dynamics. Instead of taking one of the Skorokhod topologies, we take one
that is more physically relevant for our analysis, where one is close if one has the

same number of collisions, and if the parameters describing those collisions are close.

Lemma 3.2. Defining

43, 1) = 1 n(®) # n(¥)
’ min{l,maxogjgn ‘(I)J - \Ijj|oo} else

we have (MT, dpar) is a complete separable metric space.

Proof: There is a bijection between MT and the space

U <u x <[O,T] % [0, R] x R/(27Z) % R3>k>

k>0

by identifying each tree with its node labels and suppressing the tree structure.
Let x be a Cauchy sequence in this space. Then there exists kg € N such
that, for all k& > ko, we have n(zy) = n(zry+1) = n(zk,), by the nature of dasr.
Then by the completeness of the space U x ([0, T] x [0, R] x R/(2nZ) x R?’)n(xko),
the shifted sequence x4, is convergent, as required.
The separability follows from the separability of each space, and since a

product of separable spaces is itself separable we can conclude. O

Furthermore, the natural measure to endow on such a space is the Lebesgue

measure on M7, and we denote this by .
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3.1.1 Representing Particle Dynamics on Marked Trees

While the space of marked trees was created from particle dynamics, we aim to
provide an inverse to this process and specify the dynamics from a tree ®. Given a

tree ® € MT, we can define functions
(.I'E’R, UE’R>: 0,7) x MT - U

that correspond to evolution of the tagged particle which encounters collisions at
the times and parameters specified by ®. Outside of these collisions one assumes
that the tagged particle evolves via free flow.

We first remark that not every tree & € M7 can represent physically valid
particle dynamics. For instance, if we assume the background is stationary, the
dynamics in Figure 3.1 can be derived from a tree, yet are unphysical. This is
because the inferred dynamics “miss” a collision with particle ag, and fail to encode

the second collision with particle a;.

Figure 3.1: Example of un-feasible dynamics obtained from a tree

The second possible error from the evolution of a tree is that the inferred
dynamics allow for recollisions. Absent from the marked trees is a record of which
background particle is colliding with the tagged particle, and so, in order to deter-
mine the dynamics of the background from the evolution of the tagged particle, one
must assume that each collision is with a distinct background particle. In theory
one can determine if a particle recollides, but one would not know if they are two
overlapping particles or not.

In dealing with the first error, there are two possible solutions. Firstly one
can ensure that one restricts the space MT onto a space of admissible dynamics.

The second solution is somewhat more straightforward, where we observe that by
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construction, the probability density on M7 corresponding to the particle dynamics
is not supported on those trees for which the dynamics are unphysical, and we
therefore use this method.

By itself, the second issue is not important, indeed, we can define for all
i=1,...,n(®P) the functions

(.%'Z', Ui): [O,T) XMT = U

as the position and velocity of the background particle with collision specified by the
i-th node. Recall that since these trees allow for recollisions, some of the functions
x;,v; may be repeated. This however becomes an issue when one is describing the
evolution of the probability density corresponding to particle dynamics on MT, as
allowing for recollisions of the background particles introduces a strong dependence

on all background particles for each collision.

(t1, 1, C15 V1) (t2,72, o, v2) (1, ', ', ")

(a) Example of a marked tree @, in 3 dimensions,
representing dynamics with three collisions

(t1, r1, Ciy v1) (ta, 72, Co, v2)

(Im U())

(b) The pruned tree ®
Figure 3.2: Sketches to illustrate the process of pruning.
The evolutions of the probability densities on M7 requires, for tree ®, the

specification of the tree that represents the dynamics associated to ® with the node
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representing the final collision removed. This process is called pruning, and the

pruned tree is denoted by ®. This is demonstrated in Figure 3.2.

3.2 Particle Density on Marked Trees

The aim of the section is to derive the evolution equation for the particle density on
the space of marked trees. We calculate this however only for those trees which are
recollision free. Thus, we first describe the trees for which the underlying dynamics
are recollision free. Once this is achieved, we describe the evolution equation in
Lemma 3.4.

Having described the identification of marked trees from particle dynamics,
we can relate the phase space density f&% to a density on M7 as follows. We define
the probability density Pf’R, for a subset 2 C U, to be given by

/ ol (@, v) de do = / Pof(@)do (3.1)
Q

C(0)

where

SERQ) == {1 (257 (1), v>T(t)) € Q.

The functions 2%, v5% depend upon the tree ®, although we suppress this depen-
dence in the notation for cleanness of statements. The meaning of the set S; ’R(Q)
is to restrict to those trees for which the particle evolution ends in € at time ¢. In
this sense the relation (3.1) is a change of coordinates from an Eulerian viewpoint
in f&f to a Lagrangian system in P5% where we have a different coordinate change
for each tree.

As was described above, one can uniquely specify the background particle
for trees that are recollision free. We now introduce a space of trees for which one
has this recollision free property. This however is not the only assumption we make
on the dynamics. To ensure the dynamics are physical, we are recourse to restrict
trees further. The following definition contains the complete requirements for such
trees. Some of the conditions in the form given are not necessary at this stage, but
are used later when relating the particle and linear Boltzmann densities.

The space of trees we restrict to is the following.

Definition 3.3 (Good Trees). Let

M, Vy: (0,1) — Ry
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be given decreasing functions, and
Vl,(S: (0,1) — R+

be given increasing functions all with decay specified in Theorem 2. The set G(g) of
good trees is then the set of trees ® € MT that satisfy the following:

(1) The mazimum velocity is bounded above, meaning

max{ sup [v5F(t)], max |v;| 3 < Va(e).
te[0,7]

(2) The velocities have a minimum separation, meaning that

min ‘UE’R(ti) — Ui| > Vl(é").

=1, m(®)
(8) The number of collisions is bounded above by M (e), i.e.
n(®) < M(e).
(4) The collisions are separated by 0, meaning for all i = 2,...,n(®) we have
|ti — ti—1] > 0(g)
(5) There is no initial overlap at diameter € if for all j =1,...,N,
|zog — ;(0)] > Re.

(6) The trees are recollision free at diameter € meaning, for all 0 < &' < Re, for
all 1 < j <n(®) and for all t € [0,T)\ [tj,t; + 71], one has

|25 (1) — (x5 + tv;)| > €.

Principally the aim of the space of good trees is to ensure that the tree
specifies a unique evolution of particles. This is achieved by ensuring that the
collisions are only binary interactions via (2) and (4), albeit indirectly, and condition
(6) ensures that the background do not recollide with the tagged particle, so each

background particle is distinct from the others.
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Condition (5) should be thought of as a condition ensuring that the tree
describes valid dynamics. This is performed by removing those situations where
one is initially colliding with a background particle, and for which one does not
have a node describing this. The other constraints are technical and solely used for
analytical reasons in the convergence proof.

We leave unspecified for the moment the explicit form of the parameters
introduced in the previous definition. Some conditions are required on these in the
derivation of the evolution equation for P=% and we specify these when we make
them. Otherwise, we describe the explicit form used in the convergence section of
this chapter.

We are now able to state the evolution equation for the particle dynamics.
This is similar in nature to the evolution equation in [39], but different because here
the collisions now occur over an interval of time, and furthermore the particles are
now considered to have radius Re. As a result the evolution equation is subtly
different.

Lemma 3.4. The tagged particle density function on G(g) evolves via the equation,
for ® € G(e), by

Py (@) = (1= (t,2)) (@ [P (@) - PP1(@) Q7 (@)

(3.2)
PST(®) = €(e, R) Lo (@) folao(@), vo(@)),
where
_ _ 7 lo—v= B ()| M(v) PP T (@)
Q= [P1(@) = B O Ve P o e S
0 n(®) =0
6,—((1)) -1 fR3 fS M(U*) ‘U* - U&R(t)’ ds dv* - C(E)
t = H—7(P)>)
1— (@)
with
nf’R(iI)) = / M(vy) (1 — IL?R[CD](:I:*,U*)) dz, do,
u
for

‘R _J1 forallse (0,t) we have |25 (s) — (x4 + sv,)| > Re
1@ (24, v4) =

0 else.
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We also have c(e) > 0, and

We remark here that for these trees in G(g), the dependency upon the tree
itself is weak. It depends explicitly on the parameters of the final collision, which
is a dependency one would expect, and in comparison with Lemma 3.12 is entirely
natural. The dependency upon the rest of the tree is implicit, and depends only

upon (a:e’R, va’R)

in requiring that the particle in the latest collision does not collide
with the tagged particle throughout its history.
We prove this lemma in three parts. Firstly we show that the initial condition
agrees with the dynamics, then the gain and loss terms are justified separately.
We first however prove that Pf’R is absolutely continuous with respect to the

Lebesgue measure.

Lemma 3.5. Pf’R is absolutely continuous with respect to the Lebesgue measure A
for almost every ® € G(g) and fort € [0,T].

Proof: The proof is identical to [39], with one exception. We elucidate.
Since G(¢) is open, for U € G(¢) there is an h > 0 such that B, (¥) C G(e).
Then define the function ¢: By (¥) — MT x U by

o(®) = (@, 2(1 + v(r,{)e — 79,0)

where the final component maps to the initial position of the final background

particle. An easy calculation shows that
det Vip = re [v>F(77) — 9.

We aim to show absolute continuity by showing that the Radon-Nikodym

derivative exists, and we thus show that the limit

e,R
lim L (Ch)
h—=0  A(Ch)

exists for suitable sets Cf,.
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To that end, we first note that, if n(¥) = 0 we have
PR (W) < fo(wo, vo)

which proves the existence of a derivative.

Now suppose that n(¥) > 0 and define the function @: By, (¥) — U as
the function that maps tree ® to the initial positions of all the particles described.
Note that we have

n

det VG(®) = [ re v (r7) — vy
j=1

by repeated application of the above formula. We also define C}, ;(®) to be the cube
centred at @;(®) with side length h, and define

Cn(®) = [ Cni(@).
§=0

We then observe that

h6(n+1)

[[j=yrev=f(m) — vl

Mg~ (Cn) = (1+0(1))

by directly estimating the area, and that

n(P)

Pt&R(@il(Ch))) < fo(z,v)dzdv H M(v,) dz doy
Ch,O i=1 Ch,j

since the probability of finding the particles at time ¢ is no more than the probability
of finding the particles at time 0.

This thus results in

n(®)

fo(z,v)dzdv H

=1

PR (Bu(¥) _ 1

1 rlos B (t;) — vy
A(Br(®))  ~ A8 Je,,

Wt o() Jg,, MW A

from which one observes that by the Lebesgue differentiation theorem the right hand
side is bounded as h — 0, as required. ]

For cleanness of notation, we drop the indices on the density P throughout
the following proofs. We start by analysing the initial condition. It is a straightfor-

ward calculation of the restriction of the condition in Definition 3.3.
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Lemma 3.6. The initial condition for the particle evolution on G(g) satisfies

POE’R(@) = (e, R) fo(xo,v0) LymT,

Proof: We observe that Py is concentrated on those trees for which n(®) = 0.

Therefore for a good tree, we have by using (5) in Definition 3.3,

Py(®) no initial overlap] fo(zo, vo) Lmr,

Pl

PIN {|zo — 5] > Re}] folzo, vo) Lvr,
N
11 PHlzo — 251 > Re}] fo(wo, vo) Taer
=1

<

the last line following from independence of the background. We then have

Pl{|xo — z1| > Re}] =1 — P[{|zo — 21| < Re}]
4

—1-= 3R3
37T5

as required. O

We next analyse the jump part of the density, namely the form of the equation
for t = 7. This formalises the fact that the density jumps onto the tree ® at a rate
proportional to the density of the pruned tree. In order to formalise this, we are
recourse to calculate the probability of finding a background particle in a position

that collides with the tagged particle and such that it ensures the tree is in G(¢).

Lemma 3.7. The instantaneous evolution at ® € G(g) at the time 7(P) is given by

P o — v R () M) PT(@)

e, R — — ~(T - T D
P®) = Qa2 ) o= ) @i 12 (6], 00 da o

Proof: We remove the superscript €, R to keep the notation clean. We first remark
that
PT((I)) = PT((D|6)PT(6)

and we analyse the conditional probability. Defining
Upy={0 e MT : 7(¥) =7(®), Y= and ¥ € By, 2(®)}

and by noting that Uy = {®} we observe that by using the absolute continuity of
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P, with respect to the Lebesgue measure, we have
P.(®| ®) = lim h™ P, (U] ).
h—0

For U € Uy, define V3, (¥) € U to be the initial position of the background particle

giving a final collision in ¥ and define

Vi= J V(D)

veUy,

and note that Vo = {(25%(7) + Rev — 79,9)} where recall the notations used here
from Definition 3.1. We obtain with a change of coordinates
N—(n(®)-1)

P (U, @) < Z Py ((zs,v:) € Vi| ®) 27 [v57 (1) — 0|
=1

= (N —n(®)) 2 7 |v>F (1) — 0| Pr((x1,v1) € V3| @)
= (1—=~(7,€)) 7[> (1) — 0| Pr((w1,01) € V| D)

and then using the absolute continuity of P, almost everywhere, as we have shown

in Lemma 3.5, one obtains
P, (®|®) = lim h™ 5 P.(U,,| @)
h—0

< }llimo R85 (1 —y(r,e)) 7 [voR(1) — 0| Pr((x1,v1) € V3| @)
—

= (1 —~(r,e)) T ™ (7) — 0] Pr((21,01) € V0| D)

We now strive for a lower bound. The inclusion exclusion principle, with the same

change of coordinates, gives

 N-((®)-D) B
Pr(Un®) > > Pr((miv) € Vi @) 27 v=F(r) — 1|

i=1

- Z PT((ZL'Z',Uz‘),(ZEj,Uj) € Vh|$) 52’F|U€7R(T) _l_}|
1<i<j<N—(n(®)—1)

and the first term can be simplified as before, and the second can be bounded by

> P ((z,v:), (xf,0;) € Vi| ®) 27 [v=F(7) — 1
1<j<GSN—(n(®)-1)

< N(N = 1)P-((x1,v1), (z2,v2) € V4| @) EQFIUE’R(T) — 7
= (N = 1)P:((z1,v1) € V3| ®)2 7 |58 (1) — 1
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The quadratic probability term, together with the absolute continuity of P; almost

everywhere results in this times A~ tending to zero as h — 0. Then one has
P, (®|®) = lim h~% P (U,|®)
h—0

> Jim 00 (1= () 7 o) = 0] Pr((o,0) € Vil 3)
n

= (L —~(r,e) 7 [v>(7) — 0| Pr((21,01) € Vo| B)

and thus these two are in fact equal.
We are thus left to calculate P ((x1,v1) € Vo|®,). The nature of Vg gives

Pr((@1,01) € Vol B) = Pr((w1,01) = (a(7) + Rev — 75,0)| D)

and then observe that since we are conditioning on ®, we must rule out a region
of initial position and velocity of the background particle since we know it cannot
have initial data that will lead to having a collision with the tagged particle in the

interval [0, 7). This region is exactly given by when 15%[®] = 1, and so we have

M) |
Jyy M(vy) 157[®] (2, v, ) dz,, do,

Pr((z1,v1) € Vo| @) =

Since ® € G(e) the indicator function is 1 as required. O

Once the density jumps “onto” tree ®, we must now quantify how it decays
over time. This occurs if the tagged particle encounters a future collision, given
that the future collision ensures that the future collision produces dynamics that

are recollision free.

Lemma 3.8. The loss of density, fort > 7(®) + 9, is given by

(1 _ ’}’(t, 6)) PtE,R(q)) fR3 fS M('U*) |(UE7R(T) - U*’ dS dv* - C<R€)

P (@) = —
1— (@)

We observe that the rate of decay of the density is given by the rate at which
the tagged particle collides with a background particle. Therefore, it should be clear
that we must first calculate the probability of encountering one or many collisions
in some time interval [t,¢ + h) and in (¢ — h,t]. These will then directly be used to

find the time derivative.
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Proposition 3.9. Define

Wi(t) = {(z,v) e : 3(r', ¢, t') € [0, R) x [0,27) x (t,t+ h)
such that 2%t + ev(r', ') =z +t'v and (vVOF(t') —v) - v > 0}.

For e sufficiently small, and for Vs in the definition of G(€) decaying with the relation
e2Va(e) — 0,
and for ® € G(e) andt > 7+0 we have, for w the initial conditions of the background,

! 1
lim ﬁvaR (FHwNWy(t) >2[®)=0= lim Ezfjfl (#(w N Wy (t — h)) > 2| ®)

and furthermore we have

1
liv - P (#(w N Wa(t)) = 1]9)

(@) Jzs [ M(ve) [v5E(7) — v, | dS dv, — Ca(e)

o o £ e, R
= (1=(1,9) P; )

and

1
lim - P (#(w N Wa(t = b)) = 1]@)

vy) [0S () — v, | dS duy, — Ca(e)
1—n; (@)

— (1= n(t.e)) P (@) Jds M

Remark 3.10. [t seems strange that the derivation of the evolution equation for
spatial scale € > 0 should depend upon the decay of parameters specifying G(e) for
all values of . It in fact does not depend upon the decay, only that the velocities

are bounded above.

This proposition is essentially formally describing an expected property of
the dynamics, that in any small time interval, the probability of encountering more
than one collision approaches zero, and the probability of encountering exactly one
collision is quantifiable, and can be given explicitly.

Proof: For the first limit, we remark that the probability of at least 2 collisions

occurring in the interval [t,¢ + h] is less than the probability of exactly 2 collisions
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occurring, so
Py (#(w N Wi(t)) 2 2[®) < Yo Pl(wi,vi) € Wi(t), (z,05) € Wi(t)| ®)
1<i<j<N—n(®)

and then the independence of the background enables one to write this as

> P, ((x5,v;) € Wi(t), (z4,v;) € Wi(t)| )
1<i<j<N—n(®)

- > Pi((a1,v1) € Wi(b)| @) P ((w2,v2) € Wi(t)] @)

1<i<j<N—n(®)

and the identical distribution of the background gives

> Pil(z,01) € Wi(D)| ®) P (w2, v2) € Wi(t)| ®)
1<i<j<N—n(®)

<N (N —1) (P ((z1,0) € Wa(t)| @)

We now write

_ Jog M(ve) Ty, (1) (T4, 1) IL?’R[CID] (Zey V) Ay dvy

Py ((21,v1) € Wi(1)|®) = I (t) i, M(v,) 157[®] (24, v,) da d
u Ux) Ly Ly Ux ) A% AV

where the second equality comes from the following. The probability of experiencing
a particle that is in W (¢) with ® € G(e) is the probability of a background particle
being distributed such that 1y, ) = 1, with 15%[®] = 1 also.

We now observe that, by estimating the size of the cylinder that z, lies in

for fixed v,, we obtain

/ M () Ly, (1) (T, V&) i dvy
u
t+h
< M(v,) we? Rz/ [uS (1) — ve] ds dvy
R3 t
t+h
g/M(v*)ﬁe2R2/ ([05R(8)] + [o]) dsdos
t
< /M(v*)wez R2h (Va(e) + |vs]) du
<me?R%h (VQ(E) —&—/M(v*)(l—i— \v*])dv*)

<7me’R*h (Va(e) + [|(1 + |v\2)MHL1) )
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Furthermore, using the fact that

/ M(v,) 157 [®] dz, dv, = /(1 — Tw,(0)) M (vx) dzy vy
u u
=1- / ﬂWt(O)M da, do,,
u

together with the decay of V5 ensures that for € small enough, we have

Therefore

fu (g ﬂWh( )(93*, Uy Ilf’R[q)](az*, Uy ) Ay dvy
fu V) ?R[(I)] (T4, Ui ) Ay dvy

<2 / M(v,) ﬂWh(t)(x*,v*) 1] (2, v,) dey v,
Uu

< 2/ M(vi) Ty, (1) (T, V) Ay doy
u
<27’ R?h (Va(e) + [|(1+ [oHM| 1) -

Finally, using all these, we have

lim hpt(#mwh(t)) >2|9)

< lim %4N(N—1)7T2E4R4h2 (Va(e) + || (1 + o] )M]| 1)

h—0

1 2
< lim o 47® R'A* (Va(e) + [|(1 + [ol)M]| 1)
g}llig%)47r2R4h (Vale) + |1 + o) M]| 1)
=0

which concludes the proof of the first limit. For the second term, we observe that

by the same arguments we obtain
Pron(#@n Wit = ) 22| @) < h B (Va(e) + | (1 + [oP)M]| 1)

which concludes the limit for times before ¢.
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For the third limit, we have

P (#(wnNWi(t)) = 1| D)
= > Pi((mi,v) € Wa(t), and (zj,v5) ¢ Wh(t)| ®)

1<i<N—n(®)

and then the independence and identical distribution of the background enables one

to write this as

> Pi((mi,vi) € Wh(t), and j £, (2,v) ¢ Wi(t) @)
1<i<N—n(®)
N—n(P)

— (N = n(®) P, ((@1,01) € Wa®)| @) [[ P ((ay,05) ¢ Walt)| @)
j=2

and recalling the definition of Ij(t) above results in

N—n(P)

(N = n(®)) P ((e1,01) € Wa()] @) [ P ((wi,00) & Wa(0)| @)
j=2

= (N = n(®)) In(t) (1 = Tp(t)) VD
and using Taylor’s formula enables this to be rewritten as

(N — (@) I(t) (1 — I (t))N @)1

and we remark that we showed above that

1
lim =1, () = 0
i 5 1n ()

and an easy extension to that argument shows that, for any k£ > 2 we have

1
lim —I,,(t)F = 0.
= h()
We are thus left to consider the term (N — n(®))I,(t) in the above expression.
Setting

Bpy(®) = {(z,v) €U : 177[®] = 0 and Ly, 1y = 1}
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we can write

/M My, = /u M1y, o 155 [®) + /M My, o (1 — 158 ()

=/MM Ly, 1) ﬂf’R@H/ﬂBh,t(@)M LACE

Changing coordinates in the first term on the right hand side from initial position

to position of collision enables one to rewrite this as
/ MLy, @) Ili’R[CIJ] = he? / M(v,) vy — = ()| dv, dS
u Br JR3
and we are left to analyse [ 1p, (@M, and Lemma 3.11 shows that
/ 1p, ()9 = h R% &2 c(e)

where ¢(g) = o(1). We now use all these facts to conclude. We obtain

lim A~ P2 (#(w N W (1) = 1] @)
N

h—0
(@) T N (@) 1 ;
= fim =y 2, Y ( j >Ih(t) "

. N —n(P)
] I (t
o h n(t)
~ Jim ) Ju M(ve ]lw (@, 0,) 177 (@] (24, 0,) da, o,
h—0 h fu * E,R[(b] (I'*, ’U*) dx* d’U*
li (N — ) he? [ Jps Mo |U* —vB(#)|dv, dS — [ Lg, @M
h0 h fll * t R[(I)] (l‘*, U*) dx, dv,
— lim (N th f SfR3 U* ’U* — % (t)| dv* ds — 6(8)
i h fu (0x) ]lg’ [D] (X, Vs ) vy dvy
= lim (1 — fs Jrs M (v ]v* — 05 (1) dve dS — c(e)
h—0 t,e fu R[(I)] (22, 0y) dy oy
= (1—~(t fs Jrs M0 \U* —v*R(t)|dv, dS — c(e, R)
fu ‘I)] (T, ) Ay duy

62



which is the desired limit. For times ¢ — h a similar argument shows that

i - Pict (30 0 Wi(t = 1)) = 1) = lim (N = n(@))Iy(¢ — )

which gives the statement of the lemma. O

In the last proof, we introduced a set Bj;. We now prove the estimate

required on it.

Lemma 3.11. Suppose that ® € G(¢), and that e2Va(e)® = o(1), and recalling that
Bpy(®) = {(z,v) €U : 177[@] = 0 and Ly, ;) = 1}

we have

/ M(vy) dvgdz, = h(Re)? ¢(e)
B, (®)
where c(e) = o(1).

Proof: We aim to estimate the size of the set of By +(®). Given a fixed velocity
v for the background particle, the set of admissible positions x in By, ; lies within
a cylinder of radius ¢ and of length h|v®®(t) — v|. We denote this cylinder by
Cyl(v, h, ), and remark that it has volume given by C h (R¢e)?[v=%(t) — v|.

We are thus left to estimate the size of admissible velocities. These velocities
in By, are characterised by the times and impact parameters of the two collisions
they must encounter. Denote these parameters by ¢1 € (0,t) and t2 € (¢t,t + h) and
v, vo. We first distinguish two situations.

We separate into two cases dependent upon whether ¢ € (0,¢—a) or whether

1

t1 € (t — a, t), and denote these sets by B}L,t and B}Qm, and we let o = M)

Suppose to start with that ¢; is in the former. We can then write that

x(to) — x(t -
o (t2) — z(t1) L g2
to — 11 to — 11

z(t2)—z(t1)
to—1t1

at most 2Re/a, where the radius over approximates by using « as a lower bound

and this ensures that v lies within a cylinder about the curve with radius
on the difference ty — t7.

To enable the central axis of the vector to have a single variable parametri-
sation over the range (0,t — «), we replace the value ¢t with ¢. This however adds
extra to the radius of the cylinder. The maximum distance travelled between ¢ and
to is given by |z(t2) — x(t)] < hVa(e). If we assume that hVa(e) < Re then the
radius of the cylinder is at most 4 Re/av.

63



Defining the curve C by the parametrisation r(s) = % we must estimate
the length of this curve. We first calculate

ds B t—s ds
~ —u(s) 1
= 72 4 e —a(e)

d r(s) = %(x(t) —x(s)) d ( 1

and we then have

o) = |72 0 - o)
< POl 2l - o)
V), C

where C' is an upper bound on the maximum distance possible between z(s) and
x(t). On the torus this is at most 2. We then have
d

1(C) :/Oa —r(s)
t—a VQ(E) C
S/o + ds

t—s (t—s)?
c ¢

P + Va(e) (log v — log t) .

ds

We then write

4
Vol(C) = {«’13 €ER3: Fyel(C)st. |z —y| < Re}

Q
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This thus results in

/ M(v)dxdvﬁ/ / Mdzdv
Bl (&) vol(€) JCyl(v,he)

<Ch (RE)Q/ SR (t) — vl M dv
Vol(C)

1
ht

< Ch(RE)Z/VI(C) do(Va(e) + [|(1 + [o2) M]| )

2
_ Ch(R5)2 (VQ(&‘) + H(l + |U’2)MHL1) <R€)

(6]

X (g — % + Va(e) (log v — logt))
< Ch(Re)? (Vale) + [|(1+ [0 ) M| 1) (Re)? Vale)?
X (C'Va(e) + Va(e) (log Va(e) +logt))

< Ch(Re)* Va(e)* log Va(e)

and the assumptions on V5 ensure that this tends to 0.

Suppose now that ¢; € (t — a,t). Then either v = v5%(t) or |v| > |[v®F ()]
so that the background particle traverses the entirety of the torus in between the
collisions. The latter forces |[v — v®F(t)| > a%rh, and if we take h < «/4 then we
obtain

4
&R
— ) t -
]v v ()|>>5

and so, by estimating the size of the relevant cylinder for the = coordinate,

/ M(v)dvdx < / M(v) / dzdv
Bjo(®) RA\B 4 (v25(t)) Cyl(vhee)

< C(Re)h / M(v) [o= R (1) — o] do.

R3\B 4 (v (1)

Since |v=f(t)| < Va(g) = 1/2a, we obtain

C(Re)h / M) [ B(#) = o] do
BB, (4 R(0)

< C(Re)Qh/ M) [v5B(#) — o] dv
BB, ()

and then by estimating this integral, using the fact that the velocity is bounded
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below by|v| > 3/10a > 1/10c, we obtain

C(Re)h / wons 4 M) [ER(E) — o] dv

3
Toa
< C(Re)’h M(v) (Va(e) + [v]) dv
R3\B 3 (0)
10«
<C(Re)?*h / M(v) (10002|v|*Va(e) + 10ajv|?) dv
RA\B 5 (0)

=10C(Re)*h (100°Va(e) + o) ||(1 + [v]*) M]| .,
2, 11 2
< 10C(Re) hwe) (L + o)) M|,

and this thus gives the order of magnitude as required. O

Proof: (of Lemma 3.8) We first claim that as a function of ¢ with ¢t € (7,7 the
density P, is continuous. Indeed, by the above we have for h > 0 that

|Pepn(®) — Po(®)| = Py (#(w N Wi(t)) > 0[@) F(®) < h (N —n(®)) In(t)
which tends to 0 as A — 0. Furthermore we have
IPA®) = Po(®)] < P (#(w 0 Wi(t — b)) > 0[@) P, (@)

which by the arguments before also tends to 0 as h — 0.

One then observes that

Pepn(®) = (1 = B (#(w N Wy (1) > 0|@)) F(2)
Py(®) = (1 = Pop (#(w N Wi(t — h)) > 0[Q)) P_pn(P)

and therefore using this relation one obtains
O Py(®) = lim h™ Y (P, (®) — Pi(®))
h—0

= lim (=h™'P; (#(w N Wa(1)) > 0| @) P(®)) .
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Using Proposition 3.9 enables one to rewrite this as

lim (= AP (#(w N Wi(1) > 0] @) P())

= —F(®) lim P (#(w N W(1)) = 1] )
= —P(®)(1 —~(te))x
y s Js M(vs) [0F (1) — v, | dS duvy — ¢(e)
oy M) 177 @) (24, vy) day dy

as required. O

3.3 Linear Boltzmann Equation on Marked Trees

Since the particle dynamics have been shown to solve an effective evolution on a
proper subset of M7, we now aim to show that the linear Boltzmann equation
describes a similar evolution equation on the space of marked trees.

To describe the evolution on M7, one is required to infer some notion of
collision from a solution f of the linear Boltzmann equation (2.6). From a proba-
bilistic viewpoint one can see this coming from using the linear Boltzmann equation
as the equation for the generator of a Lévy process. This then enables one to split
the solution f into densities for which the Lévy process has encountered k jumps.
These densities for each number of jumps can then be interpreted as the corre-
sponding density on M7, and from this one can obtain the form of the evolution
equation. This is the underlying motivation for the functional analytic approach we
take throughout the rest of this chapter.

Prior to this, we need to define the effective dynamics from a tree which

represents the Boltzmann dynamics. We define

(2B, 01): [0,T) x MT = U

by
v (t) = v te0,t)
o (t) = off (v (tio1, 05,76, G) tE [tistign)
af(t) = zo + [ vl (s) ds.
where o® is the scattering map from equation (2.1) and i = 1,...,n(®). We remark

that these have instantaneous collisions, and the velocity is piecewise constant and

therefore a cadlag representation. Furthermore, the collisions are local in space since
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the particles are assumed to have zero radius. We can now prove the following.

Lemma 3.12. There ezists a solution P: [0,T] — L*(MT) of the equation

O, P (®) = QT[Pf](®) — PF(®)Q; (@)
Po(®) = fo(wo,vo) Laar, (D)

QF [Pf)(®) = 8(t — 7(®)) P () M(0) 7o (r7) — 7]

/ /M v,) [vE(t) — v, dS du,
R3

and for fo an initial density satisfying Definition 1.5. Then by defining, for Q@ C U,
the set

S (Q) ={P e MT : (xR(t), vR(t)) € Q}
we have

/fR(t,x,v)dxdv:/ PE(®)d® (3.4)
Q St(2)

for fE the unique mild solution of the linear short range Boltzmann equation as

given by (2.6).

Remark 3.13. One should immediately observe the similarity of the forms of equa-
tions (3.3) and (3.2), and the obtaining of these forms is the useful part of this
methodology.

Remark 3.14. The discussion on recollisions and removal of certain trees is not re-
quired here, as the Boltzmann dynamics are considered to be undertaken by particles

with radius 0, and so particles have probability O of re-colliding.

Before commencing the proof, we first state two formulae from [2, Ch.3]
for mild solutions of Cauchy problems. Suppose that T is a Cy-semigroup with

associated generator A. The Cauchy problem

has a mild solution of

w(t) = T(H)z = 2+ A /0 T(s)a ds.
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Furthermore, the inhomogeneous Cauchy problem

u'(t) = Au(t) + f(t)

has a mild solution of
t
u(t) =T(t)x + / T(t—s)f(s)ds.
0

We comment here that the proof of Lemma 3.12 is similar to proofs in [39].
The difference is the form of the collision operator, and the functions 2% and v* have
different discontinuities when compared with the evolutions in that paper. These
differences however do not change the functional analytic properties of the gain and
loss parts of the collision operator, and so the proof works along the same lines. It
is included for completeness sake.

The lemma is proved in an inductive manner on the number of nodes of a
tree. We thus start with M7,. We define P(®) to be the unique mild solution to
the equation

PO 4+ 4.v, PO = _[EpO)

where we recall from (2.5) that
LRf = f(v) / M(v,) [vs — 0] dS du,
R3 JBg

We remark that this exists, since by the proof of Proposition 2.14 we have
—v -V, — L is a closed operator L' — L', and so using [2, Thm. 3.1.12] we have
a unique mild solution.
We then define P iteratively in the following manner. For ® € MT( we
define
PF(@) = P (2R (1), v (1)) = P (o + tvo, vo)

and otherwise define
PE(®) = Lisriay e 7 & PR@) M(@) 7 o™(r7) 3.

The existence of P(© implies that such a function exists, since the existence of PR
on MT; requires only PF to exist on M7 and so on.
We now turn to showing that P as defined here satisfies the remaining

properties of Lemma 3.12, namely that it satisfies equation (3.4) and we have Pf €
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LY(MT). To show both of these, we first define
P9 (z,0) = / PE(®)do. (3.7)
S¢(x,0)NMT

and we proceed to analyse the evolution of this function for j > 1. We have some-

what abused notation here. In fact, we should define a measure Pt(j ) analogously,

show it is absolutely continuous with respect to the Lebesgue measure, and then de-
fine the above. This is easily shown from the formula for P/ by changing coordinates

from pre collisional variables to post collisional variables.

Lemma 3.15. For j > 1, Pt(j) as defined in equation (3.7) is a mild solution of

0P (w,v) = —v - Vo P (z,0) — LE(PY)(z,v) + LE(PY ) (x,v)

Péj)(x,v) =0 (38)

Proof: Let 7 be the semigroup associated to the generator —v - Vo — LE. We
demonstrate the method for j = 1 for notational simplicity. The method for arbi-
trary j > 1 follows then similarly.

The mild solution for j = 1 satisfies
/ T(t—s)LE(P©) ds
/Tt—sLR POY(z — (t — s)v,v)ds

and we are thus left to massage the formula for P(!) into this form. It is essentially
a Lagrangian to Eulerian change of coordinates. We have from the definition of P!
that

/ PE(®)dd = //// ~(t=r(@) Q- (®) plO) (24 + svp,v0)
St (z,0)NMT1 R3

X M) [v0 = Vil Lymsgts v+ (t—s) v LomoR(vg,0,) Ux Ao dvg dS ds

t —
_ / o (t—7(®)) 07 (@)
0

x/// Psgo)(q:o—ksvo,vo)/\/l(v*)|v0—v*]11 — P (vo,00)
SJu JR3

X Ly—gots vot+(t—s) v dvy dzg dvg dSds

where the indicators ensure that v is the relevant post collisional velocity from wvg

and v, from the scattering map o', and the final position agrees with the initial
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conditions and undergoing a collision at the right time. We thus need to interpret
the last two lines of this as LEPO(O) (x — (t — s)v,v).
We have, by rearranging the condition on the position, that xy + svg =

x — (t — s)v and so

/ / /jo fﬂ —+ svg, UO) M(’U*) |U0 - v*|]]-z:ro+s vo+(t—s) v :H‘v:o'{%('UO,'U*)

X dvy dzgdvy dS

/ /Rs /Ra PO (2 — (t = s)v, v0)M(v.) |vo — vu|

) dv, dvg dS.

U oy R (vg,v4

The gain operator Lf is written in terms of post-collisional velocities, whereas the
velocities vy, v, are pre-collisional.

We observe that vg, v, are pre collisional velocities for post-collisional v, wy.
We then change coordinates from pre-collisional velocities vy, vy to pre collisional

w', w, by
w =v— ((we —v)  w)w

wh = wy + ((we —v) - ww

and we obtain

/ /R /R (t = s)v,v—w- (vo — v)w) M(vy)

X v —w - (Vg — Uy)w — V| dve dS
//RSP(O r— (t—s)v,w) M(w)) |v — w,| dw, dS
which is exactly the form of LEPS(O) required. 0
Lemma 3.16. For all j > 0 we have
Pt(j)(x,v) < fR(t,a:,v).

Proof: We proceed inductively, and assume that this is the case for £ < 5 —1. The

difference F7 = f& — PU) is a mild solution to the equation

OFI = —v -V, F+ LE(fF - pUu-Y)
F, =0
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Using [2, Prop. 3.1.16] we have
FI = / T(t —s)LE(fR — PUY)(s)ds
0

and the inductive assumption ensures that this is positive. For j = 0 we furthermore
observe that FO solves a similar equation, and with P(-1) = 0. In this case, the

maximum principle (Lemma 5.2) gives positivity of F©. O

Lemma 3.17. For allt € [0,T] and for all (x,v) € U we have

i Pt(j)(x, v) = fR(t, z,v)
=0

where f is the unique mild solution to the linear Boltzmann equation.

Proof: The existence theory for f in Proposition 2.14 shows that f% € D(—wv -
V. — L®), and so by Lemma 3.16 we have Pt(]) € D(—v -V, — L) for all j > 0.
By [6, Sec 10.4.3] we have D(—v -V, — L%) c D(L%) and so since PY is a mild

solution of equation (3.8) we have
t .
/ PYds € D(~v -V, — LB n D(LE)
0

for all 7, and so

t
/ PYds e D(—v-V, — LE + L%).
0

By the proof of Proposition 2.14, this operator is closed, and so

0 t
Z/ PYdse D(~v-V, — LB+ L)
5=0"0
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Therefore using the forms of the solutions in (3.5) and (3.6) for Pt(j ) we obtain

ZPt x,v) foazv—l—z vV—LR/P(Jxvd
7=0

j=0
00

—{—Z ; LfPs(j_l)(:v,v)ds
=1

t OO
= fo(w,v) + (—v Vg — Lﬁ) / ZPS(j)(x,v) ds
0 5o
t 0o
+/0 LJIEZPS@*U(m,v)dS
t oo
= fo(z,v) + (—v- Vo — LF + LT) /0 ZP§j)(x,v) ds
j=0

where we have used linearity and Fubini in the final line.
Using the form given by (3.6), we can interpret this sum as a mild solution

of the linear Boltzmann equation, and by uniqueness it must be given by ff(¢, z,v).
O

These tools then enable us to conclude the existence proof of this section.

Proof: (of Lemma 3.12) By the formula for Pt(j ) and the previous lemma, we

[, @ = a0
MT MT]
:Z/Pt(j)(q))dxdv
j=0"4

= / FR(t, z,v) dzdv < oo
u

have

and so Pft € LY(MT). We now show that Pf? solves the requisite equation. The
initial conditions are immediate. By construction it is supported only on those trees
for which 7(®) = 0. The initial conditions of Pt(o) then ensure that it is equal to fy
there.

For t > 0 we have, for ® € MTy, the relationships v?(t) = vy and 2xf(t) =
xo + tvg, and so the definition of Pf* gives

PR@) = PO @R (1), 0™(1)) = e @ fo (g, vo)

and then since the only term involving ¢ is in the exponential, and fy is in the
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domain of LT, we have by differentiating this term that

0P (®)) = 01 (7% fo(wo, v0))

— 07 (B)e7107 ) fy(, )
= —Q;(@)PtR((I))

which is the required form of the equation.
For ® € MT . we have, for t = 7 the relationship

as required. As before, in the formula for P/ we notice that the only dependence

in t is in the exponential, and so we have, for ¢ > 7 that

8, PR(®) = 8, (e_(t_T)QT_ @ pR(T) M(0) 7 [0l (r7) — @|)
= e (D (07 (@) P®) ME) T () — 3l
= —Pf(2)Q; (@)

since Q™ is a multiplication operator. This is again the required form of the equation.

Finally, we have, using the relationships in previous lemmas and Fubini,

/fR(t,x,v)d:cdv:/ZPt(j)(x,v)dxdv
Q QD
—Z/ Pt(j)(:c,v)da:dv
=074
_Z/ Pl(®)do
=07 581(9)

= / PE(®)d®
St(€2)

which gives the desired form of the relationship for the density on MT to the linear

Boltzmann equation. O

3.4 Convergence

Having derived the forms of the evolution equations for P>f and P in equations

(3.2) and (3.3), we now turn to comparing the two. The similarity of those forms
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should suggest a comparison is tractable and straightforward. The evolution equa-
tion suggests, for a specific tree ® that there are two errors from the evolution.
Firstly, the jump onto tree ® has differing forms, and so will give differing contribu-
tions to the density, and secondly the speed of decay for both densities is different.
The proof of convergence quantifies both of these effects explicitly.

We now state the theorem which is the main result of this chapter.

Theorem 2. Suppose that P® and P® are the probability densities on G() and
MT respectively corresponding to the short range particle dynamics in equations
(3.2) and the linear Boltzmann equation associated to ¢T. Let the functions Vi, Va, &
and M in the definition of G(e) (Definition 3.3) be defined as

Vi(e) = oz
Va(e) = |loge]
o(e)  =+e
M(e) =|logel.

T

as € — 0 with Ne? = 1.
Some comments are necessary here.

Remark 3.18. Comparing this theorem with the analogous one in [39], we see that
the result is similar, with a modification of the parameters defining G(g), and most
notably the use of 6 which was absent in [39]. This similarity is reflected in the
similarity of the proofs.

Remark 3.19. The major difference with [39] is that the background is specified to
be Mazwellian. This can be relaved to general g € L'(R3, (1 + |[v|?) dv), see [25].

We now elucidate the method of the proof. We first quantify the evolution
of the error between P and P¥ for times t > 7(®). By comparing the evolution
equations, we can write an ordinary differential equation for the difference in terms
of Q; (®). We use the variation of constants formula on this to express the change
in error in terms of the initial error at time 7.

This situation however is complicated by the fact that &ng’R(i)) = 0 for

T <t < 7+ 4 and so we must split our considerations into the time intervals
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[T,7 4+ d) and [T + 0, T). This then results naturally in observing the propagation
of the error from separating the collisions into the evolution equation for the error.
These estimates are found in Lemma 3.21.

The second estimate we require is a comparison of the size of jump at ¢t =
7. This is performed by estimating the difference between the gain terms in the
respective equations. This is calculated in Lemma 3.23, where we prove an explicit
bound on this difference.

These two estimates then enable one to quantify the error between the den-
sities PS® and PP at time t based upon the evolution from time 0. This is per-
formed by an iterated combination of these two estimates. This is the purpose of
Lemma 3.24.

This analysis then produces a pointwise estimate of the form
P (®) — E PR(®) > —pi(@) P (@)

and we then bound p; by a function that is uniform in ® € G(g). Furthermore, the
decay we choose of the functions M, Vi, Vs, d in the definition of good trees then
ensures that this uniform bound tends to 0 as € — 0. We then conclude by using
this pointwise estimate on the difference P, gy — PE(S) for some subset S C MT,
from which we can deduce convergence in total variation.

Before proving these considerations, we first show that the conditioning of
the dynamics in G(g) in Definition 3.3 is small enough so that its PJ* measure is
0 in the limit ¢ — 0. This should be thought of as the choice of G(¢) is made
sufficiently carefully so that the constraints restrict onto a set of measure 0. The
validity of this restriction should be clear. Indeed, each restriction should be seen
to be asymptotically small in the limit ¢ — 0. However, the proof is a little more

involved.

Lemma 3.20. For any R > 0 fixed, we have
lim PR(MT\ G(e)) =0
e—0

Proof: We first show that G(0) has measure 1. First, note that a tree in M7y
cannot include a recollision, and so those trees in M7 that have recollisions is an
empty set.

Now suppose that & € M7, and suppose that it has a recollision. This
means that there is a s € (7,7] and m € Z3 such that z(s) + m = z1(s). We show

that this restricts the impact parameters onto a zero measure set.

76



From the dynamics in ®, we know that

x(s) = xo+ Tvo + (s — T)v(7)
v(T) =v9 —v(vg — ') v

r1(8) = 20 + TV9 — TV + 5V’

and therefore
xo+ TUo + (s — T)v(T) + m = 20 + Tv9 + (5 — T)V
giving m = (s — 7) (v — v(7)), and so
m-v=_(s—7)v —v(r) v=(s—7)v v—(vog—v-(vg—2")) v)=0.

Therefore the impact parameter vector ¥ must lie in a set of measure 0. Since, for
fixed relative velocity, the map taking (r,{) — v(r,(,v" — vg) is an isometry, we
must have that the existence of a recollision restricts onto a set of measure 0.

Now suppose that j > 2 and let ® € MT;. If ® is not recollision free
then either two of the collisions correspond to the same background particle, or the
tagged particle recollides with the same background particle at some time s € (7, T

In the first case, this means there exists 2 <[ < j and 1 < k <[ such that
the kth and /th collisions correspond to the same background. Then v = v; and so
the second is restricted to a set of measure 0.

In the second case, there exists s € (7,T] and m € Z3 and 1 < k < j such

that x(s) + m = xi(s). However, similarly to before,
x(s) = x9 + t1vo + (tQ - tl)v(tl) + -+ (t]‘ — tj_l)v(tj_1) + (8 — t)v(tj)

and
zi(s) = x(te) + (s — t)vk
and therefore by combining the two we have
(te — te—1)v(te—1) + -+ (t; — tj_)v(tj—1) + (s — t5)v(t;) + m = (s — tg)v.

R

Then by using the scattering operator o' in equation (2.1) and taking the dot

product of the above with respect to v; gives

(tk—tk,l)v(tk,1)+- . '—l—(tj—tj_l)’l}(tj_l)-l/j—i-ﬂ’L'l/j—(S—tk)’Uk'Vj = —(S—tj)’l}j'Vj.
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This thus implies that v; lies in a set of zero measure.

For all other restrictions in G(0), it is clear that they have measure 0, and so
PR(MT\G(0)) =0
and also that
Pf(G(0)) = 1.

Since G(e) is increasing as € decreases, and lim._,0G(e) = G(0), it follows by the

dominated convergence theorem that

lim P(G(e)) = P(G(0)) = 1

e—0

and therefore that
lim PR(MT \ G(e)) =0
e—0

as required. ]

In comparing the evolution equations for both P*® and for P, which are
given in equations (3.2) and (3.3), we see that they are of the same form. The

following estimate quantifies the difference due to loss of density at differing times.

Lemma 3.21. Suppose that ® € G(&) with R?e?V(e) — 0 and § > Re Vi(g). Then
for 7(®) <t < 7(P) + 0 we have

PP (®) — &(e, R) (@) = (PF(@) - &(e, R) PF(®))
+&(e, B) PR(@) (0@ 1)

Fort > 7(®) + 6 we have

PR (@) — €(e. R) BR(®) > ¢ L4000 ds (p2R(9) — ¢(c, R) PF())
+&(e, R)PR(®) e 20— (@) QF (@) <65Q;(q>) - 1)

+&(e, R) PE(®) <6—2 (t=7)m; (@) Qr _ 1)
where we recall that
e,R e,R
ny N (P) = / (1 — 177 [®) (24, v4)) M(vy) Az doy.
u

Before proving this, we recall the variation of constants formula, which is
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equation (3.6) for a one dimensional ode. If y: [7,00) — R satisfies
Sy(t) = alt) y() +b(t)
y(1) = yo

then

t t t
y(t) > elr @) ds g 4 / els (o) dop(g) ds.

T

Proof: For 7(®) <t < 7(®) + d, we have

P (@) =0,
a P (@) = —P[(®) 97 (@)

and therefore
o (P™(®) - £(=, R) P(®)) = £(e, R) PR(®) Q7 (®).

The variation of constants formula then gives

PP (@) —¢(e, R)PR(®) = Po(@) —¢(e, R) PR(®) +&(c, R) / P{(®) Q7 (®)ds

T

and then observing that for all ¢, s > 7(®) we have

PER(®) = PF(®) )2 (@), (3.9)

S

Thus by integrating explicitly the expression in the above line we get
¢ t B
[ i@ 0 (@)ds= [ PR@) 9% Do (@)as

_ PR(®) 0~ (0 elt=9) Q7 ()
= P (®) Q; (®) 0 ()

= PR(®) (eaw) Q7 (@) _ 1)

s=t

(3.10)

s=T

and this then gives the desired formula for the difference at times t < 7+ §. For

t > 7(®) + 0 we observe that we can estimate the term in the denominator of the
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loss term in (3.2) using
_ / M(u) (1 — 15" [@]) dz, dv,
u

M(v,) (ﬂ(R&)Z /0 “ o) — v ds —c(a,R)) dv,

R3
< - M(vy) (77 (R5)2T(V(5) + |vi]) — e, R)) do,
<m(Re)’T ((V(e) + (1 + v,]?) MHLl)
i

where the last line is by choice of €, and the condition (Re)?V(e) — 0. Using
L <142z for z < 1/2, we then have

1 1
1-pof@) 11— [,(1—15[@)) Mda, do,

<1+ 2077 (@)

and so

(vy) |05 (t) — vy | dS dvy — c(e)
i 10 [@) M da, doe

< <1 + an’R(qJ)> /R3 /S./\/l(v*) 0SB (t) — v, |dS do,.

Q7= (®) = (1~ (1, L ds M

The condition on ¢ ensures that for ¢ > 7+ ¢ the dynamics are post-collisional from
Lemma 2.8, and so v=%(t) = vf¥(t) = v®(7). Inputting this into the above yields

fR3 fg U* "U ( ) — ’U*’deU* — C(&“)

11—~
( f ILER [®] M dx, dvy

< (1 + 27;?3(@)) Q5 (@).

Comparing the evolutions of P® and P*f and inputting the above into this

then allows us to obtain

o(PrR (@) — (= R) Pﬁ(@)) = &(=,R) Q; (@) P(D)

_(1— fR3 Js M (v \U ( ) — v, | dS dv, — c(e)

> €(e, R) O (@) PF(®@) — (1+ 217 (cb)) PE’R@) Q; (@)
=~ (1+27"@) 07 (@) (PP7(®) ~ €. B) (@)
- 27 ™(@) (e, B) PR(®) O; (@),
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The variation of constants formula then allows us to write in this case

Fi (@) — (e, R) PR(@) > ¢ Jres (12 (0) 07 (@) s
% (PR 5(®) = €(e, R) Ply 5(®))

t t e, R —
‘/ ¢ J (120 () Q- (Ddo ¢ (o ) PR(®) 205() Q5 (®) ds.
746

We then input the formula for the time interval [7,7 4 6] with t = 7 + § to obtain

PtE,R(q)) - £(€, R) PtR<(I)) Z e*f:+6(1+217§*R(<b)) Q7 (P)ds (Pf’R((I)) _ f(g,R) Pﬁ(@))
e Faa(r2mE(@) @ @) dse (o R PR (g) (65 or (@) _ 1)

t —
‘/ K F(2 (@) Q- (9)do ¢ (o By PR() 272 R () Q7 (@) dis.
T+

Using the fact that n; s positive and increasing in time (which can easily be seen

from the formula), as well as equation (3.9) we obtain

PR(@) = €(e, R)P(@) > e (1420 ®) & (®)ds (pa(@) — ¢(e, ) PI(®))
4 et (12 (@) Q7 ()¢ (| R)(t=(7+0)) Q7 (2) pR () (669:@) _ 1)

t
- [ e ) 7@ (e, ) et O ) PR(@)205 (@) Q; (#) ds
T+0

and simplifying this results in

PR (@) — £(e, R) PR(@) > o (1422 @) - (@)ds (p=R(g) — ¢(c, R) PR(®)
4 e 2 (@) Q7 (@) ¢ R) PR (@) (ea Q7 (@) _ 1)

t -

<[ O (e, ) P ) 2057 () O (0) .
T+

Evaluating the final integral similarly to (3.10) obtains the desired result. O

The form however of the estimate in the previous lemma is unwieldy to work

with, and so we observe that the terms of the form e* — 1 in the inequality in this

lemma we can bounded simply from below in the following manner.
Lemma 3.22. Defining

Qmax(®) = sup Q;(P)
te[0,7]
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and

pp0(@) = 2t 5 H(@) Qo (@) (1 + 8 Qo (@)

we have, fort > T+ 6,
o~ 2(t=T(@)n; " (2)Q7 (@) (097 (®) _ 1)

+&(g, R) Py(®) (e—2<t—T<¢>)>n§’R(<I>> Q7 (®) _ 1) > o R0(p)

Proof: We consider the two terms on the left hand side of the inequality in

Lemma 3.21 separately. Considering the first, since e¥ > y for all y € R we have

o~ 2t=7(@)) (@) 05 (@) (eé Q- (®) _ 1) > —2(t — 7(®))n> T (@) OF

T

(D) (eéQI(‘P) _ 1)
and then since eV — 1 > y for all y € R we have
~2(t-(@)"(@) Q7 (@) (2 — 1) = —2(t—7(2)) 7 (@) Q7 (9) 6 Q7 (D)

and we thus obtain

2B Q) (W) 1) > oty (@) § (O (9)).

max

For the second term, we use the fact that e > 1+ y for y € R, and then proceed
similarly to obtain

e 20=(@ (@) Q7 (@) _ 1 > ot (@) 0= (@),

max(

Combining these gives the lemma. O

The combination of these two lemmas is sufficient for the purpose of providing
an estimate on the evolution of the error for times ¢ > 7. We now turn to the
second of the stated errors, and estimate the difference between the corresponding

gain terms of the densities.

Lemma 3.23. Suppose that ® € G(g) and that t € [0,T]. Suppose further that

R2e2 M(e) < e'/?

1
2 2
Va(e) R% ¢ <7

Then we have
1 ]ltfq-($)>5(l - ’7(7-7 5)) <
— =0 <e.
1- nr (CI))
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Proof: Firstly, using the estimate on n from before, we observe that we have
(@) < TrR%? (V(e) + ||+ [ - PIM] 1)

and therefore

Hth(6)>§ < 1
1-npf@) ~ 1-mR2T (V(e) + [T+ |- )M 1)

We then have

- L r@>s(1 —7(m€) _ y(r,e) —n? (@)
1— 77" (@) 1—77"(@)
R%&%2n(®)
~ 1-27R?222T Vi(e)
R%e% M (¢e)
T 1-21R?2e2T Vi(e)

and the estimates on M and V5 ensure that

R%e% M (e)

<2R?2M(e) < 2¢1/2
1 -2 R2e2T Va(e) — Roe"M(e) < 2

and for e sufficiently small this is less than € as required. (|

The previous three estimates can now be combined to show the following

pointwise estimate.

Lemma 3.24. For ® € G(¢) and t > 7(®) we have
FR(@) - (e, R) (@) = =" (@) §(e. B) P (@) (3.11)

with
pi (@) 1= 2807 (®) Qe () (140 Qo (@) (3.12)

as before, and for k =0,...,n(®) we have

P (@) = & @ (ot (1) o @) 4 (@)
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We remark that with this recursion, we can write
ak o— t_nax ® 70
PPt (@) 1= FOmax(®) (1 — )k p20 () +

n (Pf’o(@) 0 Qrmax(P) )Z (k—j mmax(cp)( )

The proof is similar to [39] and is via induction on n(®). It is included mainly
for completeness sake.

It will become clear in the proof that the addition of the e?<max(®) term in
the definition of pi’k(q)) is added to ensure that the estimate (3.11) is valid for all
t > 7. Without this, the inequality would only hold for ¢ > 7 4 4.

Proof: Suppose firstly that ® € MTyNG(e). Then by definition we have 7(®) =0

and so
PeR(®) = Py(®) = £(¢, R) folwo,v0) = &(e, R) Pi(®) = &(e, R) PR(®).

and this then satisfies the inequality.
For 7 <t < 7+ 0 we have

PE(@) ~ £(e, B) P(®) = €(e, R) P(®@) (7D @) — 1)
and we observe that
@ 1> (¢ 7) Q7 (®) 2 0> —pp (@)
For t > 7+ ¢ we have, by Lemma 3.21 that

PoR(®) — £(e, R) PE(®) > &(e, R) PE(®) (672(%7) nsf(@) 97 (@) _ 1)

+&(e, R) PE(®) o—20=7) 7 (@) 97 (@) (65 o7 (®) 1)
and using Lemma 3.22 we obtain
PR (®) — &(e, R) PR(®) > —£(e, R) PE(®) p™0(®)

which justifies the base case.
We now suppose that (3.11) holds for all trees in MT_1NG(¢), and suppose
that ® € MTNG(e). Clearly for t < 7 this holds trivially, as both densities are 0.
We first aim to approximate PTE’R(<I>) — &(e, R) PE(®). Since ® € G(e) w
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know that 7(®) — 7(®,) > 4, and so recalling (3.2) and (3.3) we obtain

P2(®@) — &(e, R) PE(®)
a(e, R)7 v — v>(7)| M(0) P (D)
—F!T)—v (T)| M(0)&(e, R) Pf(®) (3.13)
=7 [0 = v"(1)| M(v) (ale, R)PPT(®) — &(e, R) Pf(D))
7o = v (r)|M(2) (1 ) P2H(®) — &(e, R) PH(®))

where in the last line we used Lemma 3.23. Then using the induction hypothesis we

can rearrange this by

(1 — ) PoR(@) — £(e, R) PR(®) > (1 — £) £(e, R) PE(®@)(1 — po*1(®))
— &(e, R) PE(D)

— (e, R) PE@) (1= )1 - p2*'(@)) - 1)
— —&(e, R) PR(®)(c + (1 — £)p2" ()

and we aim to rewrite this in terms of ®. We first remark that by definition
F[o — o™(7)| M(3) PR(®) = PE(), (3.14)

and so we are left to consider the p=*~ '(®) term. We have

BR®) = [ M) - 157@] (. 0.) dido,
U
_ /u Mw)(1 = 158[8) (24, v,)) da dos

= R (®)

since the addition of the final collision in ® does not change the position of the
tagged particle at any time t < 7.

Furthermore, since for any ¢ > 7 we have 157[®] > Ilf’R[CI)], we conclude
that

_ R
(@) < it (@)
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We can also show that
Qnas® = s> [ [ M50 - v.]as
< Sgp/ZsM(v*)|ng(t) — v,]dS du,
= Qnax(®)

since we change the velocity only for times after 7(®), and this can only make the

term larger. These two combine to give, for t > 7,
p20(®) = 2702 (®), Qruax(®)
< 2077 (P) Qo (@)

e,0
=p (D).

The definition of pi’n@) then gives that

" D(@) < g V(@) = 5"V (@) (3.15)
and therefore for any ¢t > 7 we have, by combining (3.14) and (3.15) into (3.13),
PER(@) — €(e, R) PR(®) > —&(e, R) PR(®) (e + (1 - 2)p2"®) (@)
> ~&(e, ) PR(®) (=+ (1 - )57} (@)

We now strive to use this for arbitrary times greater than 7. We first consider

T <t <7 +46. Recalling Lemma 3.21, we have
P (@) = €(e. B) PR(®) = PEF(@) = £(e. B) PF(®)
+&(e, R) B(®) (297 1)
> —¢(e. B) PF(®) (= + (1= )"V (@)
~ £(e. R) B(@) (@)
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and then since PXR(®) = e(t=7) 27 (®) PE(®) we obtain

PR (@)~¢(e, B) PR(®@) 2 ~&(2, B) e ™9 () PR(@) (= + (1 - 2)p "™ (@)
— &(e. B) PY(®)p}"(®)
> —¢(e, R) PR(@) (9@ (e 4 (1= )" 7N (@) + 0} (@)

n(d
= £ R) P(@)]" (@)
as required. For ¢t > 7 + ¢ we first consider

e~ [+ (@) ds (paR (@) _ ¢(c, R) PR (@)
> e SO O s g(e R) PR(@) (<4 (1 - )i (®))

> e OO S ge R BI(®) (e (1)o7 (@)

Y

(e, R) PE(@) (= + (1 - 2)pi" ™ (@)

—£(e R) P(@) @) (4 (1 - )"V (@)

Y

Inputting this into the inequality in Lemma 3.21 we obtain
PR (@) (e, R) PR(®) > ¢ [0+ @) ds (PR () — ¢(c, R) PR(®))
—&(e, R) PF(®) pi°(®)
> —¢(, R) PR(@) (e + (1= )p" V7' (@)) - £(e, R) PF(@) 57 °(@)
= —£(e. R) PR(®) o} (@)

as required. O

We now estimate the size of the function pf’R’O(CI)). The estimates themselves

are independent of the tree ® but depend upon the space G(¢).

Lemma 3.25. For ® € G(¢), we have

2
O ®) < 210 (Va(e) + (1 + o) M| 1 )

and
1 (@) < BT (Vae) + (1 + o) M|l ).
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We also have

2
o "0(@) < CT2 R (Va(e) + [|(1+ o) M| )
RZ
x (1 +o2m—(|(L+ o) M|, + V2(8))) '
Proof: For the first inequality, observe that for ® € G(¢),
Q; (9) = / /M(v*)lv* —v’(7)| dS du,
R3 JS
2r  rR
< / / drdC/ M) (Jvi] + [07(7)]) dos

0 Jo R3

< 277};2 /M(v*)(h;*] + Va(e)) dus

< 1 R? (H<1 + o) M|, + VQ(E))

and then taking a supremum over [0, 7] on both sides gives the required inequality.

For the second inequality, for ® € G(e),

@) = [ M1 = 1)) dr o,
t
< M(U*)TFR2€2/ [0SR (5) — vy | ds day dvy
R3 0
< 7TR252T/ M) (Va(2) + |va]) dz, do,
R3
—xRPET (Vale) + |1+ ) M| ) -

as required.
The definition of p; in (3.12) is a product of the two terms estimated above,

and so these give

o 0@) < 27272 B2 (Va(e) + | (1 + o) M, >2

2
x <1 + 5277%(\}(1 + o) M|, + V2(E))>

and then combining the constants which do not depend on € or R gives the desired

form. O
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Lemma 3.26. For ® € G(¢), and for the parameters

Vi) = [iog

Va(e) = [loge|

M(e) = |logel
5(e) = /3

as stated in Theorem 2, we have that

o "M (@) 0

Proof: The formula for pi’n(qj)(q)) in a previous lemma gives, for p = € max(®)

that
o "M (@) =W (1 "D @)
o n(®) 4 ,
(0 0(@) + pe) 3o I (1)
j=1
< pME) (1 — )ME) po 10 ()
M(e)
+ (07 (@) + pe) Y P (1 - )
j=1
M(e)
< MO g EO@) 4 (o (@) + pe) Yo MO

j=1

< MO pRO(@) + g O(®) M(e) + M(e) e O
and we analyse each term.

First notice that

'UM(E) _ eM(s)5Qt_nax(<I>) < 6062/3 M(e) Va(e) R? _ 6062/3|10g€|2 R? 1

since the logarithm term is dominated by the polynomial.

We also have that

M(e)e < eloge — 0.

To analyse the term pf’R’O(<I>) we remark that, for e sufficiently small, we have

pi0(@) < 2™ 0(®)M (). Thus it is enough to consider the latter term. To that
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end, using Lemma 3.25 we observe that

M(e) 2 70(®) < OM(e) R (Va(e) + || (1 + [v]?) M|| 1)
x (148 R? (||(1+ [P M|, +V2(e)))
= O M(e)R*e® (Va(e) + [|(1 + o) M| 1)°
+CM() RO (Va(e) + | (1 + [o2) M|,
= IT+1II

and we consider these two terms separately.

The dominant term in [ is, up to a constant,
M(e) R*e? Va(e)? < |logel?e? R* < R*&3/2

which tends to 0 as ¢ — 0.

The dominant term in I is, up to a constant,
M(e) 8§ RO e? Vi(e)? < |loge|* e/ RO &% < RO &2

which again tends to 0 as € — 0, as required. O

We now have proved enough machinery to show Theorem 2.
Proof: (of Theorem 2) We compare |PE(S) — Po%(S)| for § ¢ MT.

Since we have shown in Lemma 3.20 that PE(MT \ G(g)) — 0 we have for
a > 0 and for sufficiently small e that

P(MT\G(e)) < a

and so we have

PI(S) = PP(S) < PR(SNG(e)) + PF(S\ G(e)) - PPH(S N G(e))
< PR(SNG(e) - PP(SNG(e) +
= Pf(SNG(e)) - £(e, R) PF(S N G(e))
— (PH(SNG(e) - &e, R) (S NG(e)) + .
We are thus left with comparing the initial conditions 1 — £(e, R) and the densities
PR(SNG(e)) and PP(SNG(e)).
We observe that
4
3

4 3\ 4 3.3
1-¢(e,R)=1— 1—§7TR€ §1—1—§7rNR€§ TRe
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and so we have

4

P(SNG(e)) — &(e, R) PR(SNG(e)) < 3

4

T Re PRE(SNG(e)) < 3 mRe
since P is a probability measure. For ¢ small enough we have 47 Re/3 < a/3, and
so this deals with term for the difference of initial conditions.

To compare the difference in densities, we recall Lemma 3.24 which gives
pi’k(q)) PL(®) as a pointwise lower bound on this difference to obtain

n(®

P(@) - PP(@) < P(®) — £(e, R) PR (@) + 0" (@) (e, RF(@)
and then by the estimate on the initial conditions, and the estimate on pi’k in Lemma
3.26 we obtain
@

P(®) (1 - &(e, B) + "™ (@) (e, B) P(®) < PI(@) (1 - €, ) + 5
< Pl@)

P (@)

and therefore

2 2
PR(s) - PP1(S) < / (Pﬁ(@) - vaR@)) d® = / PR(@®) 2 do < =2
g g 3 3
as required. One concludes total variation convergence by observing that
PPR(S) = PR(S) = (1= PPH(MT\ 8)) = (1 = BAMT\ 5))
= P(MT\ 8) = PPH(MT\ 5)
and then by applying the above we get convergence in modulus. O
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Chapter 4

Comparison of Phase Space
Densities for differing Particle

Dynamics

The previous chapter analysed the relationship between the density for short range
particle dynamics and the density for the linear Boltzmann equation with associated
short range potential, and showed that the density converges as the spatial scale
€ — 0 in the Boltzmann Grad limit. To continue the proof of Theorem 1, we now
analyse the impact of the long range part of the potential on the associated short
range particle evolution. The main aim for this chapter is to show that the difference
between the densities f¢ for long range particle dynamics, and the density P for
short range particle dynamics, converges to 0 as € — 0, where the cut off parameter
R is taken as a function of e.

For convenience of the reader, recall that we have defined f© as the tagged

particle density on U for long range dynamics under the equations

e

N .
z(t) = v(t), o(t) = _é Zv¢ <x(t)—xl(t)>
i=1
(1) = vi(t), 0;(t) = 0.

and we have defined Pf’R as the tagged particle density on M7 corresponding to

particle dynamics with short range potential ¢, as in equation (3.1), which relates

/fo’R(x,v) d:pdv:/SER Pf’R(@) do

P(?))
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for the phase space density f&f for evolution with potential ¢%.

Furthermore, we derived an effective evolution equation for P on the space
of good trees G(g). One major difference in this section is that this evolution equation
is not useful for comparing with the long range density, since the long range evolution
is not Markovian. It is useful however is providing L estimates on the density P%.

There are furthermore more fundamental problems. We cannot even describe
the long range dynamics on M7, as these dynamics do not even have a well defined
notion of collision. We are thus recourse to using the density f¢ for the long range
evolution, and so must compare as one would compare Lagrangian and Eulerian
densities, although here it is somewhat more involved.

No longer having a well defined notion of collision has the extra implication
that we cannot identify a subset of the IV background particles through which we can
effectively restrict the dynamics. Every background particle alters the trajectory of
the tagged particle. This thus has the implication that, when given a tree ® and
a short range evolution on this tree, we cannot identify a deterministic long range
evolution with the same initial background and scatterers, as the remaining N —n(®)
background particles affect the long range evolution.

This issue is countered by considering the long range evolution as a random
variable on each tree ®, with randomness given by the position of the remaining
background particles. This then enables us to identify the corresponding long range

dynamics for the given short range dynamics, and to prove the following theorem.

Theorem 3. Let ¢ be an admissible long range potential with a p2 > 0 and ay > 0
such that for all p > p2 we have

%Z)(P)‘ < C’e_Cp%H. (4.1)

Furthermore, let

M(e) = |logel,
1
V —_
1(e) |loge|’
Va(e) = |loge|

Let f¢ be the tagged particle density for ¢, and let PSE be the probability
density on MT for short range potential ¢p%.
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Then for any h € Cy([0,T] x U) we have

/ f hy dz dv — / PR pdd — 0,
Q e (@)

where

SoR(Q) = {<1> € Ge) : (a5 (1), voh (1)) € Q}

Remark 4.1. This theorem is the stopping point for improving the decay assumption

in (4.1). Indeed, the proof provided does not allow for potentials with slower decay.

The idea behind the proof is the following. Given a tree ® € G(¢) we have,
as in Section 3.1, deterministic evolutions (%, v%%) for the particle dynamics with
short range potential ¢ with n(®) background given by the node labels of ®. We
also introduce (z¢,v°) as random variables on the tree ® corresponding to solutions

of the equations

3

N .
B(t) =o(t), o) = _é S v <M>
=1

where the first n(®) background are distributed as in ®, and where the remaining
N — n(®) are independently and identically distributed according to M in velocity
and uniformly in space. We emphasise here that this apparent increase in random-
ness is not because the system is any more random, more so that this interpretation
is a convenient way to represent the system.

We compare the difference between short and long range dynamics in two

differing ways.

(1) For a subset of evolutions where both the long and short range trajectories
encounter the same background particles in near collisions, we can explicitly

estimate the difference between evolutions with potential ¢ and with potential
™.

(2) We then estimate the size of the set of background particles where the tagged
particles for long range and short range evolutions do not exhibit the same

collisional structure, and show that the measure of this set tends to 0 as € — 0.

The first estimate is carried out in Section 4.1, and the second is carried out in
Section 4.2.
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We then proceed to compare the densities PS% and f¢ as follows. Firstly we
remove a set of background scatterers so that with large probability, (¢, v®) encoun-
ters the same background particles within a distance at most Re that the evolution
(%R v51) collides with. We then show that the set of background scatterers we
have removed has probability zero in the limit € — 0.

Secondly, on those trajectories where both evolutions encounter the same
collisions, we can estimate the deviation between these trajectories. This deviation is
then used to quantify the spread in density of P> with respect to f¢ and vice versa.
The size of this spread is then used to compare the densities on these trajectories

with the same collisions directly.

4.1 Preliminary Estimates on Particle Evolutions

We start this analysis by calculating estimates on the deviation of particle dynamics.
The aim of this section is, for a tree ® € G(¢), to specify the error between the short

range evolution (257, v51)

associated to this tree with the corresponding long range
evolution under the assumption that they encounter the same near collisions.

The reader should be reminded of Lemma 2.11, which gave an estimate
between solutions of long and short range dynamics with the same number of back-
ground particles, and the spirit of this lemma is used throughout this section. We do
however use notation based upon the space of marked trees, and so the statements

are much cleaner.

Lemma 4.2. Let ¢ be an admissible potential with decay as in (1.7), and let k € N
with k < N. Let ® € G(e) "N MTy, and let (z°,0°) solve the equations

ooy = v d ey — L3 g (F0 =m0
FEO =70, )= _6;% ()

de €
d d
a%(t) vi(t), avz(t) =0

with initial conditions and background as given by ®. Then, for (x5% v5%) the

evolution on ® under short range potential ' and for t € [0,T], we have

CRVi(e)" 1k 3
‘xa,R(t) o i‘a(t)‘ + ‘UE’R“) _ @E(t)’ S C/CGTG_CRTM

where recall that V1 is the minimum separation of pre-collisional velocities.

We remark that condition (6) in Definition 3.3 of good trees ensures that the
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dynamics described in ® encounter exactly k collisions, as we do not have recollisions
present.
Proof: We proceed by induction on the number of collisions already encountered.
We first consider the base case.

If the short range tagged particle has encountered no collisions, then since
all the background particles are at least Re from it, by directly estimating the error
on the right hand side of the ODEs we obtain

Sl — | < kT (- AR)V¢HOO
and by integrating the above we furthermore obtain
25 — 2| < KT? ||(1 - AV -

If the short range tagged particle then encounters a collision, at the time of collision,
these errors can then be used to estimate the difference of initial conditions in

Lemma 2.10 and so one obtains an error of
&R e e,R € eCR/n 2 R
|z — 2| + [v& —U\SCTkT (1= A )V(Z)HOO

up to the end of the first collision. This concludes the base case of the argument.
Suppose now for the inductive hypothesis that the tagged particles have

encountered k — 1 collisions and that the error is bounded by

¢C R(k=1)/n

057 — 2|+ = = | < O KT ([ - AV

ek—1

Then, since the short range evolution proceeds through free flow, we have, after the
k — 1th collision, that

CR(k-1)/n

2B — ¥ |+ v — 0| < CF ET? (|1 = AR)Vg[| +5T [[(1 - ATV .

ck—1
Then another application of Lemma 2.10 gives the error during the kth collision as

CREk/n

/
€ KT ||(1— A%V

|SU6’R*$€|+‘U€’R*U€| SC -
3
eC

R/n
—kT (1 =A%)V,

+C

which concludes the proof of the lemma. O
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This lemma provides an estimate between deterministic evolutions given a
known number of background scatterers positions. We now estimate the maximum

deviation between long range evolutions with k and with N background particles.

Lemma 4.3. Let ¢ be an admissible long range potential with decay given by (1.7),
and for k < N let ® € G(e) N MTy. Let (z%,0°) solve in some interval [0,T] with

T < o0, the equations

dt
%,Ds — _% Zf:l V¢ (fg(t3—$i>

and suppose that (x%,v%) is a solution to the equations

E.ﬁ =7
d 1 N xf(t)—x;
FTCE =D WP V¢( € )
where the background particles 1,...,k are given as in tree ®, and the remaining

k4 1,...,N are distributed uniformly in the region T3 such that

|x°(t) — zi| > Re
|z (t) — z;| > Re

with velocities distributed independently and identically according to M. Then the

difference

0 = (O] + () = ()] < C—— (1 = A"V .

where C' > 0 is a constant dependent upon the potential ¢ and on T.

Proof: Let z = 2° — z° and w = v® — v°. Then (z,w) solves

Z =W

=13k, (Vo (H) - v (HU)) - Ly Ve (20
2(0)=0

w(0) = 0.

Using the Lipschitz nature of V¢ and the fact that |z°(t) — x;| > Re results in the
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pair (|z|1, |w]|1) solving the equations

Ll2]y = |w|y

Lwl < LOKE + X2k - ARV . .

£

Performing the change of coordinates to (£, w) of

2=+/Ck/elz|1/2 + |w]1/2,
w=—/Ck/e|z|1/2 + |w|1/2,

with 2(0) =0 =w

, this then decouples these equations and we obtain that (Z,w)
solves

P Ck/52+;(N_k)

- |1 - A%,
d . _1(N-—k)
3 S —VCOk/eb 45— (1= ARV, ..

Then using the variation of constants formula (3.6) one obtains

t
. ¢ cdo (N — k)
zg/o ol VORTar X2 |10 ATy ds

~ ¢ —rt G’(N_k)
wg/o e IVORE D |0 ATy, ds

and performing the inverse transformation, one obtains

(N =k)||[(1 =AYV, (/t NCRE(t=5) _ ,—/ThJE (t-5) ds)
2e\/Ck/e 0

— t
jw < (N%k) |1 = ARV, o </ NVCE[=(t=s) _ ,—\/CTk/z (t—3) ds)
0

|z]1 <

and simplifying this becomes

VRt (N _

e, k(N k) 10— APV, (1 B e_mt>
oV COREt (N _

uh < 0 = 1 - Amyvg . (1- VR

and using the equivalence of norms on R? we can consider the Euclidean distance
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on the left hand side. Then by taking the supremum over all k£ we obtain that

() — 2 (8)] < CeCVNEN||(1 = ARV,
ecmN
NG

and furthermore, since € < 1, the second of these two is much larger. Thus

eC\/N/eN

05 (t) — 7°(t)| < C (1 =A™V,

_ R
C\/N/EN
_ € R
[v°(t) — v°(t)| < 027\@ (1= A"VY|, -
This concludes the proof of the lemma. ]

We now aim to combine these previous two estimates to be able to compare
the maximum difference between the deterministic evolution (2%%,v*®) and the
random evolution (z¢,v%). This demonstrates the main point of using the deter-
ministic evolution (Z°,7%) as we use it solely to relate the short range and random
long range evolutions. This comparison is however far from optimal. We have the

following.

Lemma 4.4. Let ¢ be an admissible potential with decay as in (1.7), and let k € N
with k < M(g), and let R = ¢ /G Let (x5%,v51) be the evolution for tree
® € Ge) N MTy, and let (x°,v°) solve, fort € [0,T], the system

ax:’l)

Gv =130 Vo(t)

with the same initial conditions and background as in ®, and assume that the re-
maining N — k background particles are distributed such that for all t € [0,T] we
have

|2°(t) — x| > Re, |25%(t) — x5 > Re.

Furthermore, suppose that there are times such that |x°(-) — x;(-)| < Re. Then there
exists C' > 0 depending on ¢ and T such that, for allt € [0,T] we have,

2= (t) — 2°(t)] + v () — v ()] < be)

where
b(e) = Ce=CO/ D (4.2)
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where v comes from the exponent in the decay (1.7) of the potential ¢.

Proof: An immediate application of Lemmas 4.2 and 4.3 results in

C\/ﬂ CRV;y(e)~t 3
|x6,R(t) . xs(t” + |U€’R(t) o Ue(t)‘ <C (e \E N n ke = > e—CR2+7

and then plugging in the explicit forms of the parameters in this equation results in

C+/|loge|/e ’ 1 CR|logel|? 3
e ogele _CR3+Y
25 R(t) — 2 ()] + [o R () — ()] < C < 5 el C

from which the statement follows. OJ

4.2 Removal of Bad Particle Evolutions

We now aim to address the second point on page 94. In the previous section we made
certain assumptions on the background scatterers so that we could easily compare
the long range and short range evolutions. We now want to characterise conditions
so that these assumptions hold true for a large subset of dynamics, and show that
these conditions restrict onto a set of measure 0 in the Boltzmann Grad limit.

We must ensure that two events pertaining to the tagged particle happen.
Firstly the tagged particle for long range and short range evolutions must encounter
the same background particles in near collisions, and secondly the remaining back-
ground must graze both the short range and long range evolutions. We first deal

with the former, and to do so we define the following subset of MT.

Definition 4.5. We define the set R(e) to be those trees ® € G(e) such that all

impact parameter node labels are bounded by

ogngR—b(j) (1+v11(5)>.

where b(e) is defined in equation (4.2), and Vi in Definition 3.3.

The motivation for this set is as follows. By removing a region of impact
parameters near to the range of the support of the potential ¢ that is larger than
the possible distance between the positions of the tagged particle under short range
and long range evolutions, we ensure that the tagged particle under long range

potential does indeed collide sufficiently closely with this background.
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In order to demonstrate the usefulness of this set, we now must prove two
properties. Firstly we must show that it has small measure, and that the measure
decays to 0 as € — 0. Secondly we must prove that by removing this set, the dynam-
ics (257, v5%) and (2°,v%) exhibit the same collisions with the same background.

We start with the former consideration.

Lemma 4.6. Suppose that ¢ is an admissible long range potential with decay as in
1.7), which we recall means that there is a pa > 0 and a v > 0 such that for all
P
p > pa we have
d §+’7
_ <O —Cp2
dpw(p) <Ce

and recall the sets G(e) and R(g) in Definitions 3.3 and 4.5, and the parameters

R(e) = e B+,

M(e) = |logel,
1

(€)= Tggap

Va(e) = |logel.

Then for PSR the short range tagged particle density on G(g) we have
PP(G(e \ R(2)) = 0

as € — 0.

Proof: Recall that A is the Lebesgue measure on M7T. We start by observing that
we have Lebesgue measure of the time label and velocity label of T'Va(g)? since
there is no restriction on those values. Therefore by using the asymptotics of the

parameters, we have

M(e) k
_ 3 3 b(e) 1
AGE\RE) =3 3 (T 2 (14 7))
[log ] k
< f1oge 3 (l1ogeP " (14 1oge)))
k=1
3Ilogal ok
< og=* >~ (Tb(e) (1 + loge])")
k=1
00 k
<Tb(;) (1+|1ogg\)7Z<Tb(§>(1+ylogg\)4> .

k=0
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Then, due to the form of b(e), there is an &’ such that for all ¢ < ¢ we have
T %) (1+ |loge|)* < 1, and so the sum is finite. Since the multiplying factor tends

&
to 0 as € — 0, we have that

A(G(e) \ R(e)) = 0

as well.
Since Pf’R is absolutely continuous with respect to the Lebesgue measure,

we also have
Py (G(e) \ R(e)) = 0
as ¢ — 0. O

We now turn to show the other requirement, that by restricting the dynamics,
we encounter the same near collisions. To do this, we first prove a geometric result

on the minimum radius of a collision.

Lemma 4.7. Suppose that for spatial scale € > 0 in a binary collision under poten-

tial o7, the impact parameter r and relative velocity w are bounded by

N CIC)
€ e|lwl

Then for € sufficiently small the minimum radius is bounded by
px < Re — b(e).

Proof: The minimum radius satisfies the equation

[ LoR(®)
P2 |w|?

from conservation of angular momentum. Rearranging this, we obtain

paed™ (%)

2 _ .2
p*—’l”-f- |U}‘2

)

and inputting the constraint on r into this equation results in

21 /R (Px
WS(RE—Z}V—(RS—Z))—F +

pl=r’+
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and to conclude we must show the final three terms on the right hand side of this

are negative. For ¢ sufficiently small, we have

LB ()
|loge| =  2b(Re —b)

due to the specific form of b. Therefore

1 < 2b(Re — b)

ol = B 2107 (%)

1 o ol p (P 1
M((b + =0 (E)>‘w’—2b(Rs—b)> <0

as required. O

and so

This estimate is then used to prove that the removal of the impact parameters
in Definition 4.5 ensures that the short and long range evolutions exhibit the same
collisional structure with high probability. We recall from Chapter 3 the notation of
w={x1,v1,...,2N,vN} to be the initial positions and velocities of the background
particles. The initial conditions of the ith background particle are then denoted by

ws.

Lemma 4.8. Suppose that ® € R(e) with € > 0 sufficiently small. Furthermore
1

suppose that R = e 3+v, then we have

IP’[JU&’R and x° have same collisions

‘wkﬂ, W, 8.t Vs € [0,T], |28 — (x5 + sv;)| > Re +2b(e)| = 1.

Proof: We aim to show that by restricting the impact parameters using the set

R(e) we ensure that the evolutions 2%

and z° encounter the same background. We
prove by induction on the number of collisions already encountered.

If one has encountered no collisions, then under the constraint that the back-
ground particles are at least Re +2b(e) from 25%, by integrating the equations (1.1)
we have

2 1(t) — ()] < Nt [[(1 - AT)T9| . < b(e)

and so the long range evolution does not encounter a near collision with any of the
N — n(®) background particles not described in the tree ®.

Now suppose that the short range evolution collides at time ¢;. Again by
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Lemma 2.11, we know that
25T (t) = 2%(1)] < b(e)

and we must ensure that the long range tagged particle also encounters a collision
with this background. Since ® € R(e), the impact parameter of the collision is
thus smaller than R — b(¢)(1 + 1/Vi(e))/e and so by an application of Lemma 4.7,
we know that the minimum radius of the collision is smaller than Re — b(e) thus
ensuring the long range evolution has a near collision with this background particle.

This then concludes the base case of the inductive argument. The remainder
of the argument is identical to the base case. We use Lemma 2.11 to estimate the
error between the long and short range evolutions, before using Lemma 4.7 to ensure

that the long range evolution encounters the same near collision. (|

It should be clear that the conditioning on the background particles in the

previous lemma has probability 0 in the limit ¢ — 0. Indeed, the conditioning forces

nf 258 — 2| ¢ [Re — b(e)(1 + 1/Vi(e)), Re + 2b(e)),

for all time ¢ € [0,7]. This then forces the initial positions and velocities of the
background particles to lie outside a cylinder of size (CT Va(e) b(a))z)an(q)), which

we observe tends to 0 as € — 0.

4.3 Comparison of Densities

We now aim to use the estimates in the previous two sections to compare the tagged
particle densities and to show that the difference between them tends to 0 as € — 0.
We aim to exploit the structure of the dynamics that we have described in the
previous two sections.

We first compare for those trees in the space R(e) defined in the previous
section. We start with a comparison of the densities for evolutions when the dy-
namics encounter the same collisions when we test with indicator functions. This

result is then used to prove convergence for bounded continuous functions.

Lemma 4.9. For ¢ an admissible long range potential with decay as in (4.1) meaning

that there is a po > 0 and a v > 0 such that for all p > pa we have

d 3+
_ _<C —Cp2
dpw(m < Ce
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and for

M(e) = |loge],
1

1) = Tioge

Vale) = [logel,

we have, for Q C U, the relation
/ F£P[A] dz dv — / PR Ly dd 5 0,
Q SpfQ)
where the set
A={w: |25f — 2] & [Re — b(e)(1 4 1/Vi(e)), Re + 2b(e)]}

The proof of this lemma aims to combine the results of the previous two

sections. We use the set R(¢) and the comparable set A of phase space points to
restrict to dynamics with the desirable collisional structure where one can identify
the long and short range evolutions. Using these assumptions on the dynamics, we
can then use the estimates in Section 4.1 to describe the spread of the densities f©
and P%% which then allows us to quantify the difference between them, and show
that it tends to 0 as € — 0.
Proof: We first observe that, by Lemma 4.4, there is some radius b > 0 dependent
upon ¢ so that the evolution (2%, v*f) for tree ® € R(¢) and the evolution ending
at (z,v) with N background particles, lie within b of each other. Thus for Q C U,
we obtain

. Pf’R(CD)]lR(a) do < A fe(t,z,v)P[A] dx dv.
t b

where
O = {(z,v) €U : I(y,w) € Q such that |z —y| < b, |[v —w| < b}

is the set of points within b of the set €.

Furthermore, the symmetry of Lemma 4.4 enables one to conclude that

/ fe(t,z,v)P[A]dezdv < / PR (@) Ir()d®
Q S ()

We therefore use these two relations to estimate the difference [ f¢— [ Pf R
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from above in the following manner
/ fe(t, z,v)PlA] dz dv —/ Pf’R(@)]lR(E) do
Q St ()
< / PP (®) (o) AP — / o P(@)Ig dP
St () S ()

t

_ / PoR (@)1 A,
SR (Q\Q)

and secondly we can also use them to bound the difference [ f©— [ P> from below
by

/ER Pf’R(CI))]lR(s) d@—/fg(t,m,v)}P’[A] dz dv
ST @) Q
< fe(t,:r,v)IP’[A]da:dv—/fg(t,:c,v)IP’[A] dzdv
Q

Q

= / fe(t, z,v)P[A] dz dv.
Q\Q

Therefore,

—/ fe(t,z,v)P[A] de dv
Q\Q
< /Q (¢, 0)P[A] d do — /S PER(@) L do

()

< / Py (@)1 d. (4.3)
SR (2\Q)

We then compute the outside integrals of this expression. Firstly, observe
that from the evolution equation for Pf’R in equation (3.2), we can estimate, for
® € G(e), with e sufficiently small,

PP(®@) < (4R Va(e))M©

by estimating the maximum of the gain term of the density. Therefore Pf’R €

L>(G(e))-
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We thus have

PR (@)1 d@;gHP&RH /m 4
/Sf’%b\ﬂ) ' e bl Jspr@ae)

M(e)
o Lz B Sy a0
k=0 Y5t

(2\Q)NMT
M(e)
< (ARVa(e)ME 3" ANSPF (0 \ Q) N MT)
k=0

We then calculate the size of these sets. The velocity constraint in Sy B, \ Q)

enforces the initial velocity of the tagged particle to lie in a region of size at most
diam(Q)? b,

and the impact parameters and velocities lie in sets of size at most C' R Va(¢)3. The

times lie in [0,7"), and therefore
ASEE(Qp \ Q) N MT) < CFTF RF Va(£)35+2 b(e)

We then have

M(e) M(e)
DSOS\ Q) NMTR) < > CFTR REVa(e)* 2 b(e)
k=0 k=0
M(e)
< Va(e)?b(e) Y CFT" RFVy(e)®*
k=0

(CT RVy(e)3)M O —1
CTRVy(e)* — 1

< Va(e)? b(e)

Therefore

M(e)+1

(C RV —1

CRV2(5)3 —1

/ss R\ PR(@) g d® < (4R Va(2)M ) Va(e)?b(e)
(2

For the other side of (4.3) we first must show that f is in L. With 7} * the
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solution operator for (1.4) with k background particles at (z;, v;), we have
N
Pt 0) = /HM(vi)fO(TJQt(:c,v))dvl . doy
i=1

N
< HfOHLOO/HM(Ui)dvl--. d’l)N
=1

< [[foll g

and since we assume fy € L*, by taking the supremum over x,v we have f¢ € L.

For the other side of the inequality (4.3) we can then estimate to obtain

| Ftandas|fl. [ dd
2\

Q\Q

< |l foll e b Cdiam(©2)?
< C lfoll o BVR(E).

Then, since

/fg(t,x,v)dxdv/ R Pf’R(@)ILR(E)dq)
Q S7H @)

< max / Pf’R(@)ILR(E) d@,/ fe(t,z,v)dedo
57 (\) 2\0

we obtain

/fa(t,x,v)IF’[A] dmdv—/ Pf’R(tﬁ)]lR(E) do
Q se@)

(C RVa(e)3)MOT 1

< (RVe()MOVa(e)* be) o o

since the maximum is bounded by the former of the two bounds.
Since b(e) tends to 0 exponentially fast, and all other terms diverge at most

algebraically, this term tends to 0 as ¢ — 0 as required. O

Before proving the main theorem of the chapter, we must first address those

evolutions which are not described by the sets R(g) and A. We have the following.

Lemma 4.10.
/ h@) P (@) dd — 0
9(£)\R(e)
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and

P[A] — 1
as € — 0.

Proof: We observe that, since h € L™ the first term tends to 0 by an application
of Lemma 4.6.

For the second term, we estimate the probability of the set A by estimating
the size of the cylinder one must remove for each background particle to lie outside

of A. This thus results in

P[AC] < CVa()M© ((Re + 2b(c))2 — (Re — b(e)(1 + 1/Vi(e)))%) M
< CVa(e) M(e )b( )ZM(E)
which tends to 0 as ¢ — 0. O

We are now able to conclude the chapter with a proof of Theorem 3.
Proof: (of Theorem 3)
Suppose that h € Cy([0,T) x U). We then write

/hffdxdv—/ hPf’Rdég/hff(l—IP[A])dxdv
U MT u

+ / h fEP[A] da dv — / h PR Ao
u R(e)

- / h PR 4o,
MT\R(¢g)

Then by Lemma 4.10 we have the first and final terms of this expression tending
to zero. We are thus left to analyse the middle term. We use a bootstrapping type
argument.

We observe that for a test function y ;" 1g,, we have,

/ft 219 dxdv—/ P 1 Z]lg d®

&, R
Sy ) =1

22

/ fEPlA]da dv — / g Pfae
— |/ S5 ()

and thus the right hand side tends to 0 as an immediate conclusion of Lemma 4.9.

We now suppose that h € Cp. A standard result of measure theory states

that there exists an increasing sequence of simple functions that converge uniformly
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to h. We let a > 0 be arbitrary and choose a simple function hg such that

(67
sup by — h| < 5.

T,v
and we write

m
hk = Z Ci]lQi.
i=1

Then we have

/ fEP[A] hdz dv — / Py gy hd®
u ()

/u fEPIA]D g, dzdv — /S , Py gy D 1g,d®
1=1 t

) i=1

«a € ,
+Z /Z;(ft P[A]d:(}d?)—/ER PtER]lR(E)d(I)

Sy )

m
< Z C;
i=1

We then choose ¢ sufficiently small so that

o SOR(Q,) 2

(CRVQ(&)B)M(E)+1 -1 < o'
CRVy(e)3 -1 2y e

(4R Vo ()M Va(e)? be)

which, by Lemma 4.9, results in

«
feP[A dxdv—/ e PORdd| < ———
/Qi i P[A] . r(e) Py ST

and therefore

<«

/ feP[A] hdz dv — / Py g hd®
u SR

as required.

For arbitrary h, we split into the positive and negative parts and then apply
the previous rationale to the separate functions to conclude. This thus concludes
the proof of Theorem 3. U
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Chapter 5

Comparison of Solutions of

Related Boltzmann Equations

We now aim to provide an analysis of the contribution of grazing collisions on
solutions to the linear Boltzmann equation. The argument uses the estimates in
Chapter 2 to compare the collision operators for long and short range dynamics,
as well as a simple compactness argument to extract a solution of the long range
Boltzmann equation.

The argument we use is of a similar flavour to [24] and [4], although both are
different. Both arguments differ in the manner by which one compares the collision
operators. The former is applicable only to inverse power law potentials, and the
comparison of collision operators proceeds by comparing the Boltzmann kernels for
cut-off and long range interactions. These arguments are in a similar vein to the
proof of Lemma 2.5. Ayi [4] on the other hand states that to compare L and L% it
is enough to compare L¥ and L?% and one performs this by analysing solutions of
an ODE to compare the post collisional velocities of the scattering by ¢ and ¢?f
which they then input back into the difference L% — L2,

The argument we take proceeds as follows. We use condition (2) of Defini-
tion 1.5 to bound the solutions f® of the linear Boltzmann equation for ¢ inde-
pendently of R. This then enables us to extract a convergent subsequence, and we
are thus required to show that this limit does indeed satisfy the linear Boltzmann
equation for ¢.

At this point, our argument differs from [24, 4] because we instead use the
estimate in Lemma 2.6 on the difference between post collisional velocities with
scattering under ¢f* and ¢ to produce an estimate on the difference between the

linear collision operators L® and L. It is in observing the estimates between L and
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L that one realises why we worked so hard in the proof of Lemma 2.6 to produce
such a bizarre looking estimate.

Firstly, let us recall that a solution f of the linear Boltzmann equation for
admissible long range potential ¢ satisfies, from Definition 1.6, for h € C2°([0,T") x
U), the equation

/ / (Oh + v - Vh) fdxdvdt—/fo dxdv_/0T<L(f),h)dt

where

_ /M/R /S(h(v’) ~ h(v)) f(0) M(v,) |0 — 0] dS du, dv dz

for v’ the pre-collisional velocity as in (2.1) for the potential ¢.
Furthermore recall that weak solutions of the linear Boltzmann equation for
o't satisfy, for h € C°([0,T) x U), the equation

T T
- . R _ — R(¢R
/0 /u(atmu Voh) R dedodt /ufgh(o)da:dv /0 (LR(FR), By dt (5.1)
where

(LR(f1), h / /W /BR h(v)) fR(v) M(v,) vy — v]dS do, dv dz,

where v/f is the pre-collisional velocity of the tagged particle for ¢*f.

Finally recall that both solutions are required to have the regularity of
/(1 + [v]?) f(t, 2, v) dz dv < oo
u
for t € [0,T7.
In this chapter we prove the following result.

Theorem 4. Suppose that ¢ is an admissible long range potential such that there
s a p2 > 0 and s > 2 with
Plp) <p~°

for all p > pa. Suppose that fo the initial density satisfies definition 1.5.
Then ff the weak solution of (5.1) converges as R — oo weakly-x in L> to

f a weak solution of the linear Boltzmann equation (1.5).

Remark 5.1. This is the only section where all conditions on the initial density
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are required. We can however replace condition (2) with any condition that enables
uniform in R estimates on solutions to the linear Boltzmann equations for ™. This

is removed in the paper [25].

To simplify the estimates between the linear collision operators L and L we
use as an intermediary the long range collision operator with Grad’s angular cut off
applied. For h € C2°(]0,T] x U) this is given by

L = N — v v v Vs — VU U X av.
(L (f)’h>'_/u/R3/BR(h(v) h(v)) f(v) M(vy) [vx — v|dS dv,dzd

This cut off is a formal removal of grazing collisions by restricting the domain of
the impact parameter to exclude these types of collisions, as introduced in [29]. Tt
should be noted that this cut off is completely unphysical, and so it never appeared
in the analysis of the particle dynamics.

The proof proceeds in three steps:

(1) Firstly we use the maximum principle for the solutions f® for short range

potential ¢! to extract a convergent subsequence.
(2) Secondly we use Lemma 2.6 to compute estimates on the collision operators.

(3) Finally we combine the two previous steps to show that the limit of the sub-

sequence is a solution of the linear Boltzmann equation associated to ¢.

5.1 Maximum Principle

Lemma 5.2. Suppose that f is a weak solution of the linear Boltzmann equation
associated to ¢, such that fo > 0.
Then for all t > 0 we have fE(t,z,v) >0 for almost all (z,v) € U.

Remark 5.3. A necessary condition for a maximum principle for the linear Boltz-
mann equation to hold is that the gain part of the collision operator can be uniformly

bounded in v, namely

supL+(f):sup/S/Sf'MUv*—v|dev*<oo
v R

v

We only require the mazimum principle for solutions associated to ¢, and

so we state only for those.

Proof: By Lemma 2.13 it suffices to show the result for the mild solution.
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We claim that the result follows if we can show that the gain operator
LE: LY(U) — L' (U) is a positive operator. Indeed, by formula [6, Theorem 4.9], we

can write a mild solution to equation (5.1) as

t t t
Rt z,0) = folz — tv,v)e Jo Lhds 4 / LE(ffye” Jo LR dr g,
0
and then one observes that if Lf preserves the sign of its argument then all terms
on the right hand side are positive, and so f is positive for all time.

To show that Lf is a positive operator, observe that, if f > 0 then
LE(F) =/ frEME v, — 0] dS du, >0
R3 JBp

since all terms on the right hand side are positive. This concludes the proof. ]

The outcome of using the maximum principle here is that, when combined
with point (2) of Definition 1.5, one obtains uniform in R estimates on weak solutions

to the linear Boltzmann equation for ¢.

Lemma 5.4. Suppose that, for all R > 0, we have fT is a weak solution to the
linear Boltzmann equation for ¢¥ as in (5.1), all with initial density fo satisfying

Definition 1.5, and in particular that
0< fo<CM

for Mazwellian M.
Then there exists a function f such that f% — f weak-x in L™, up to a

subsequence.

Proof: Firstly, we have that M”RMQR = M M for all x € T3 and v € R3, (see
for instance [20]) and therefore we have that L%(M) = 0 for all R > 0.

Therefore, for each R > 0 we can apply the maximum principle to the func-
tion F(t,z,v) = OCM(x — tv,v) — fE(t,z,v). Since CM(x,v) — fo(z,v) > 0, we
have

0 < CM(z —tv,v) — fE(t, z,v)

for all R and for all (¢,z,v) € [0,T] x Y. Using the maximum principle on ff again
then results in
0 < f(t, 2, v).

Combining these two we see that the sequence is uniformly bounded in L.
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Endowing L°° with the weak-x topology, Banach Alaoglu then gives the

existence of a convergent subsequence. ([l

5.2 Comparison of the Collision Operators

Before showing that f is a weak solution of the linear Boltzmann equation, we
first compare the collision operators L and L. This comparison will then be used
directly to show that f is a weak solution of the linear Boltzmann equation.
The estimate on the difference between the deviation angles for short and
long range interactions given in Lemma 2.6, which we recall is
T r>R-1-1/1
0% (r,w) — O(r,w)| <

¢ HTEQ’R) otherwise

is the main tool we use in order to compare the weak formulations of the linear
collision operators.

The argument is a simple application of this estimate to show that [v/ — v ’R]
is small. It is however complicated because Lemma 2.6 is only valid for relative
velocities bounded away from zero. The estimate for large relative velocities is
therefore simple, but for small relative velocities we instead use a similar estimate
to Lemma 2.6 but with an added dependency on the relative velocity. These con-

siderations give us the following.

Lemma 5.5. Let R > 0, and suppose that ¢ is an admissible long range potential
with a pa > 0 and s > 2 such that

Y(p) <p”°

for p > pa. Then for all f € LY(R3, (1 + |v|?)dv) and for all test functions h €
C([0,T) x U) we have

= R R2(T
(A7) 1) = TR, ) < C 19l [ o Ryt Ry e S
x [|(1+ [0%) fHLl |1+ ‘UIZ)MHLl :

Remark 5.6. The proof is very simple, essentially several applications of the trian-

gle inequality, but is tmportant as it demonstrates how the estimates in Lemma 2.6
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are used to compare the collision operators.

Proof: We have

(LR(F), By = (L), B

h’R h) f My |vx — v| dS dv, dz dv

/// h) f M v, —v|dS dv, dz dv
R3 JBg

R3 JBp

and rearranging, this becomes

(LR(f), By = (LR(f),

h’R h') f My v — v| dS dv, dx do

R3 BR

S/// W — B f My v, —v|dS dv, da do
U JRr3 JBg

and then, since h is C*° it is also Lipschitz and so we estimate it by
HR = W] < C V] R =
and by analysing this difference in velocities, we obtain

W — | < (|cos6F — cosf] + |sin 0% —sin6]) |v. — v

< C|0% - 0] v, —v|.

For |v, —v| >n = log%’ we use Lemma 2.6 to estimate this difference in deviation
angles by R™* k(r, R) n~2. Inputting this into the above and evaluating the angular

integral in S enables one to write

// / W — 1| f My v, —v|dS dv, daz do
U JR3\B,(v) J Br

R
< OV / / / PR k(r, R) 02 [o, — ]2
u JR3\ B, (v) Jo

X My fdu,drdxdo.
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Estimating

[0 = 0? < Jol? + Jou? + 2 o] [o]

< (T4 [o?) (T foul?) + 2 (1 + o)) (1 + [ou])

and then since

/ (1+v]) flv)dv < / (2+ |v|2) fv)dv
R3 R3
we obtain

/ / v, — v|> My f dv, dv < 3/ / (1+ o) f (1 + |v.]?) M, dvy do
R3 JR3 R3 JR3

and this gives the first part of the estimate.

We are now left to deal with

// / W — 1| f My v, —v|dS dv, daz do
U JBy(v) JBgr

gcuvm\m// / 07 — 0] f M, [v, — v]?dS dv, dz do.
U JBy(v) JBgr

On By (v), following the proof of Lemma 2.6 without using the bound |v, —v| > n

in the form of the inequality, one can estimate

C
—C¢ o r>R—1-1/|v,—v
07 (r, 0, — v) = O(r, v, — v)] < § TP e
—C k(1 R) else

|'U*—”U|2

and using this estimate we obtain

// / 0% — 0] f M, vy — v|? dS dv, dz dv
U JBy(v) JBg

R—1-1/|vy—| R _ 2
S// / C’rﬁ(r,R)dr—F/ —CT‘U* U2| S dr
u JB,w) \Jo Re1—1/vs—v| 1 T |0x — 01

X f M, dvy dx do.
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2 )
Since M € L, and 11||:;):—5|‘2r5 < 12:3 we obtain

R—1-1/|vs—v| R 2
// / CT/{(T,R)dTJr/ Lvlsdr
U J By(v) 0 R—1—1/|v,—| 1+ |ve —v|?r

X f My dv,dxdv
3 R—1-1/|ve—| R Cr
< (Iflln M| oo /0 Cra(r R)dr + / "

R—1—1/jv,—v| L + 77

and by using the form of x, and by defining

(r R) /Rl Crdr n 1 n /R Cr 4
Kko(r,R) := r
0 Rs (1 — 1%22) log”? RRs=Y/2  Jr_1_10r 1 +7°

we obtain the result. O

One of the aims of this section was to compare the collision operators L and
L. The previous lemma compared L? and ER, and so we are now left to compare
LR and L. The reader should think of this second comparison as an analysis of the
contribution of grazing collisions on the operator L. The proof is in the same spirit

as the proof of the previous lemma, and so minimal details are given.

Lemma 5.7. Let R > 0, and suppose that ¢ is an admissible long range potential
with a pa > 0 and s > 2 such that

Y(p) <p”°

for p > pa. Then for all f € LY(R3, (1 + |v])dv) and for h € C([0,T) x U)

(ER(S), Y — (L), )] < C VA e /R T

147
X[+ ) £l |+ o) M|

Proof: We again compare the two operators, and observe that

2w poo
/// / (W' —h) f Myr|vy—v|drd¢ dvsdvdz
uJRrR3Jo R

Again using the differentiability of h, and by bounding

[(LR(F), h) = (L(f) h)| =

1
|U/ - U‘ < 59(7’, Uy — ’U)”U* - U|¢
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we can use Lemma 2.5 on the scattering angle 6. As before we need to split the v,
integration into the sets By and R®\ B;. The terms can be bounded similarly to
before. g

The above enables us to compare the collision operators L and L, at least
for near collisions. Before we compare the grazing part of the long range collision
operator, we first prove a continuity type estimate on the short range collision
operator. We use the estimate on the deviation angle for ¢ proved before in

Lemma 2.5, which we recall is
C
or < —
(rw) < 14 |w]?rs
We use this in the following lemma.

Lemma 5.8. If ¢ is an admissible long range potential such that there is a py > 0
and s > 2 with

Y(p) <p~?

for p> pa, and if F € D(LR), and [(1+ |v]?) F < oo, and h € C°([0,T) x U), we

have

R
(L)W < C IRl [ ar 0+ ) Pl 0+ ) M,
0 log? R

1 ECrdr
C ||Vh| s |F -
e N L Ry

Proof: We have

[(LE(F), h)| =

/M/RS/S(h’R—h)FM*|v*—v|dev*dxdv

S/\/ /‘h/R_h‘ ‘F’M* ”U*_”U‘deU*dJJd’U
UuJR3JS

Using the differentiability of h allows one to write
W h| < C|[Vh| e |07~ ol
and using the form of v"# in (2.1) enables one to write

1
[W"® — v| < sin (20R(r, Uy — ’U)) |ve — v

< GR(T‘, Ve — ) |y — 0.

DN | =
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Splitting the integration in v, into the regions B,(v) and R?\ B, (v) for n = ﬁ,

we use Lemma 2.5 to provide the estimate on the latter region as

// /\h’R—hHF]M* v — v|dS dv, do dv
U JR3\B,(v) J§

R
< / / C ||VhHLoo/ %d?‘ |F| My |v, — v|* dv, dz do.
U JR3\ B, (v) o 1L+nrs

Similar rearranging to before enables one to say

[ Mo = o v dvde < 0+ ) ] 00+ o2 M

which gives the first term in the statement of the lemma.

On B, (v) we obtain from the same estimates on the collision angle

// /yh’R—hy |F| M, vy — v| dS dvy dz dv
U JBy() JS

R
r
< C||Vh oo/ —————dr |[F| My|v, — v|* dv, dz dv
S CNPee [ s 4 Ml — ol s
and then by estimating |v, —v| < 7, and by changing constants so that m <
%,We obtain

R
r
C||[Vh oo/ - dr|FIM,|v, — v|?dv, dzdv
/M/Bn(v) H HL 0 1+|U*—U’27“5 | ‘ *’ * ‘ «

R 2
Crn
< C VAl o I Fll s M e 1By /

1+47rs

which concludes the proof O

5.3 Conclusion of convergence

We now conclude this chapter with a proof of Theorem 4. This combines the results
proved before in this chapter.

Section 5.1 showed that f — f weak-% in L> up to a subsequence. We now
show that f is a weak solution of equation (1.5).

Firstly, we observe that since we have (2) in Definition 1.5, we then have, for
all R, that

/(1+|v\2)fR§C/(1+\U]2)M<oo
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and we can thus pass to the limit in the term on the left hand side of this inequality
to obtain that

Jaspis = [P tim 57 = fim [ (14?7 < oc

which proves that the limit function f does have the required regularity for a weak
solution.
We now need to show that f satisfies equation (1.5) for any suitable test

function h, namely we must show that

—/OT/M(ﬁth—i—v‘Vxh)fd:cdvdt—/ufoh(O)dxdv:/OT(L(f),h>dt.

Since ff is a weak solution of the linear Boltzmann equation for ¢, we know that
equation (5.1) holds. We can pass to the limit in the left hand side of this equation

to obtain

T T
/ /(@hﬂ-vmh) fRdxdvdt—>/ /(ath—i—v-vgch)fdmdvdt.
0 U 0 U
We then observe that
T T T
/ (LR(FR),h) — (L(f), h) di = / (LR(FR— f),h)dt + / (LE() — L(f), by dt
0 0 0
T T -
- / (LR(FR— f), )t + / (LR(F) — TR(p).ydt
0 0
T ~
4 / (ER(F) — L(f). by dt
0

<T+IT+IIT

where the terms I, 1] and II1 come from Lemmas 5.8, 5.5, and 5.7 respectively.

The decay of the potential assumed in Theorem 4 ensures that these three
terms tend to 0 as R — oo, thus showing f is indeed a weak solution of equation
(1.5).
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Chapter 6
Concluding Remarks

We conclude by using the results of the previous chapters in a proof of the main
result of this thesis, , before describing suggested future work which can extend this

theorem.

6.1 Proof of Theorem 1

We now demonstrate how we prove the main theorem. We first recall that this

states.

Theorem. 1. Let f¢ be the phase space density for a tagged particle evolving ac-
cording to (1.4) with initial density given by fo satisfying Definition 1.5, with an
admissible potential ¢ as in Definition 1.4 such that there is a p2 > 0 and v > 0
with 4 ,
+
- < e OP?
dpt/f(p) <

for all p > py. Then as € — 0 with Ne? = 1, we have f¢ converges weak-x in L™
to f a weak solution of the linear Boltzmann equation associated to ¢, as given by
Definition 1.6.

1
Proof: We compare as follows. We firstly let R = ¢ 3% and then let Pf’R and
PtR be probability measures on M7 as defined in the previous chapters, as well as
f% a solution of the linear Boltzmann equation with short range potential ¢%.

We furthermore define the parameters for the subset G(¢) as in Definition 3.3
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to be

1
V(€)= g
Va(e) = |loge]
M(e) = |loge]

5(e) = V7,
and we remark that for any probability measure on M7 absolutely continuous with
respect to the Lebesgue measure, we have P(MT \ G(¢)) — 0 as € — 0 under these
parameters.
We then write, for h € L*(U) a test function,

/ (Ff — 1) hiav) dado <
u

/ufs(w,v)h(af,v)da:dv—/MTh(@) Pf’R(cID)d(I)’
| e rt@ae - [ we p@asl

+

)

/(fR — f)h(z,v)dzdo
u

and we analyse each of these terms in the limit € — 0.

Firstly, Theorem 3 on page 93 ensures that, with the choices of parameters
specified above, the first term converges to 0 as € — 0. The choice of R = E_ﬁ
ensures that as R — oo we must have ¢ — 0, and so this term tends to 0 in the limit
€ — 0. In particular, this result required the specification of R — oo algebraically
in € to ensure convergence of the error terms.

Secondly, the choice of R then ensures that as ¢ — 0 we have R — oo and so
we can apply Theorem 4 on page 112 that shows that in the limit R — oo we have
fR® — f weak -x in L™, and so the final term tends to 0 as R — occ.

For fixed R > 0, Theorem 2 on page 75 proves convergence in total varia-
tion of P to P, and so this implies weak-* convergence of the two probability
densities. However, this in itself is not sufficient to ensure that we have convergence
when R diverges with € — 0.

By considering the estimates of the error terms here in Lemmas 3.23, 3.25
and 3.26 we observe that the error terms decay to 0 as € — 0 even where R — oo
where R diverges slower than £~3. The choice of R above ensures that this is the
case, and so we have convergence in total variation for the second term. This thus

concludes the proof of the theorem. O

One should see that for the purposes of the proof we have considered a fixed

interval of time over which one looks for solutions. Indeed, the estimates we provide
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on the particle dynamics are not valid if we instead have the interval [0, 00) as the
constants depend upon time in such a manner that they tend to oo as the end of
the interval tends to co. These estimates cannot be improved and so we could never

have a statement for the interval [0, c0).

6.2 Topics for Further Analysis

We now highlight some potential directions to improve the result of the thesis, and
give brief insights into the manner in which one would extend. Several of these
are only briefly commented upon, while one has been considered significantly, but

insufficiently to include throughout the thesis.

6.2.1 Weakening of Decay on Potential

While Theorem 1 gives convergence of the density of a particle system to the linear
Boltzmann equation for a relatively wide class of potentials (compared to [4]), there
is still room for improvement.

The major limitation in improving the decay is the use of a Gronwall ar-
gument for comparing solutions to the particle dynamics for short and long range
potentials.

This estimate is rough because it assumes with every collision that the worst

o

case scenario is being enacted. By replacing this L type estimate for an LS.

estimate, which instead then takes into account more of the physics of the collision,
one may well be able to weaken the decay assumption.
Another possibility is to perform estimates for the potential in LP for some

p € [1,00) as opposed to in L.

6.2.2 Extension to General Background

While this thesis gives a proof of justification of the linear Boltzmann equation for
background given by a Maxwellian, one would ideally desire the distribution of the
background velocities to be given by a function g € L'(R3, (1 + |v|?) dv). This has
now been done and can be found in [25]. The main issue that was resolved was using
a different method to the maximum principle to extract uniform in R estimates on
the solutions f%.

This extension does pose an interesting question pertaining to properties of
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the linear collision operator

L0) = [, [ g~ £ 91w = v as do. (61)

The question is whether one has a stationary distribution of the linear Boltz-
mann equation, as given in (2) in Definition 1.5. Such a question has been addressed
in [31], and geometric conditions are described on the underlying dynamics to ensure
that a stationary distribution exists. However, these are made under the assumption
that one can split the collision operator into a gain and loss term, which we cannot
do.

As can be seen, the existence of such a function is not at all obvious. However,
the advantage of assuming the background was Maxwellian meant that this was an
immediate consequence from the well known fact that M’ M, = M M,, which
then can easily be used to show that that M is a stationary solution of the linear
Boltzmann equation.

One potential way to show existence of a stationary distribution would be to
show the existence of an ergodic invariant measure for an associated Markov process
for the operator L,. Harris’ theorem, stated in [30], gives conditions on the Markov
transition kernel so that the Markov process has such an invariant measure.

The first issue one has in this setting is that Harris’ theorem is valid for
discrete time Markov processes, and to interpret the linear Boltzmann equation as
a generator for such a process, one is required for the associated Markov process
to have finitely many jumps in a finite time interval. This is not possible for the
collision operator as defined in (6.1), because the integral over the associated Lévy
measure is infinite.

In order to be able to consider the Markov process as a discrete time process,
one thus must introduce a regularisation parameter R and truncate the integration
over S into integration over Br(0) to ensure that in any given time interval one has
finitely many jumps. Then, up to a rescaling of time, one would have a discrete
time Markov process, and could look to apply Harris’ theorem.

To then find an ergodic measure for L, one would expect that the grazing
collisions one has removed with the regularisation do not affect the shape of the
stationary distribution to a great extent, and so one should be able to find bounds
on these ergodic measures independent of R.

One can easily specify the Markov transition function for this process by

1
P(v,0v") = / / V) Ly — o () |0 — v| S oy
( ) ng ng(U*)‘U*—Wdev* R3 Sg( ) 1( ) *)| |
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although this relationship is not particularly pretty, and we recall that o is the
scattering operator for the potential ¢. This states the natural fact that to jump
from v to v’ one must encounter a background particle v, and relevant geometric
parameters so that v’ is the post collisional velocity of the particle with pre collisional
velocity v. We have assumed that P(v,-) is absolutely continuous with respect to
the Lebesgue measure here as well, which is a natural assumption.

To be able to apply Harris’ theorem, one then must satisfy the following two
conditions. Firstly one requires a function V: R?® — [0, 00) and constants K > 0,
and « € (0,1) such that

PV)(v) <AV(v)+ K

for all v € R3, where P is the transition kernel of the Markov process.
Secondly, one requires, for every H > 0, the existence of a constant o > 0
such that

P(f)(v) =P(f)(w))] <2(1 - a)
for all v, w such that V(v) + V(w) < H.

Firstly, we remark that the form of P(v,v’) given above has many depen-
dencies. Removing these by using the Carleman representation [17] we can rewrite

this, up to renormalisation, by
P, o) :/ o + ) — v+ 5| do.
v-(v'—v)=0

To satisfy the first condition, the natural candidate function for the Lyapunov

function V is
V(v) = —g(v) (log g(v) A0),

since this is the equivalent of the entropy for the non-linear Boltzmann equation.
This then leads to the expression for P(V') of

g(v") (log g(v') / /
P(V) = I dS dv, dv’
W) B Jps S5 9(ve)[vx — U| deU* R3 U Ly=o (w0 =] e

which has the issue of a combination of integrations pre and post collisional. To my

knowledge I know of no formulae that combine such integrations.

The second condition is possibly somewhat more straightforward to check.
It requires a careful consideration of those velocities that are obtainable as post-
collisional velocities from two different pre collisional velocities, and an analysis of

the probability of such sets.
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6.2.3 Different Collisional Structures

A future aim would be to allow for a more general collisional structure. There are

two natural extensions.

(1)

Firstly, one would like to allow the background to interact in a more sophisti-
cated manner. Recent work in [38] allows for a background which is no longer
spatially homogeneous. This could be interpreted eventually as the back-
ground colliding with each other in such a manner that the collisions do not
preserve spatial invariance. This paper furthermore establishes the semi-group
theoretic arguments to be used for a spatially inhomogeneous background.
This together with modifications of the long range estimates could be used to

analyse the long range interactions in this case.

Secondly, one would ultimately aim to show convergence for the fully non-
linear Boltzmann equation. For sufficiently weak interactions, one may well be
able to postulate that the solution of the non-linear Boltzmann equation should
appear as a product over solutions to suitable linear Boltzmann equations, and

this may well be a potential avenue for future analysis.
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Appendix A

Ancillary Results

We now describe the existence result used in chapter 2 which is taken from [6,
Ch.10].

Suppose that the linear Boltzmann equation has an extra force term, and is
written as

Wf+v - Vof +F-Vof ==L (f)+ LT (f) (A1)

and we have
L™(f) =v(z,v)f(v)

where v is called the collision frequency.

For this equation one then has the following existence result.
Theorem 5. Suppose that the following conditions for equation (A.1) are satisfied.
(A1) The field F: U — R3 is independent of time and is Lipschitz continuous.

(A2) The field F is divergence free, meaning
V,-F=0.
(As) The collision frequency v: U — R satisfies 0 > v € LL (U)
(Ay) There exists a positive constant C such that for any (z,v) € U we have

F(z,v)-v<Cly|

(As) For any V > 0 there is a M < oo such that for almost all x € T and |v| <V
we have
v(z,v) <M
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(Ag) The operator L™ is an integral operator, meaning

LT (f)(x,v) —/ k(z,v,v") f(x,v")dv

R3

where k is measurable and a non-negative real valued function defined on U xR>
such that

k(z, v v)dv = v(z,v)
R3

(A7) There exists a C > 0 such that for any fized V > 0 we have
/ k(z,v',v)dv <C
| >V

for almost all x € T3 and lv| < V.

Then the operator L™ — L™ — v - V, generates a sub-stochastic honest semi-group,
and in particular, for any fo € D(LT — L™ —v-V,) we have existence of solutions,

and the solutions do not blow up in finite time.
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