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On the theory of Lorentz gases with long range interactions

Alessia Nota * Sergio Simonella { Juan J. L. Veldzquez

July 17, 2017

Abstract. We construct and study the stochastic force field generated by a Poisson distribu-
tion of sources at finite density, =1, 2, --- in R? each of them yielding a long range potential
Q;®(x — x;) with possibly different charges @; € R. The potential ® is assumed to behave
typically as |z|~* for large |z|, with s > 1/2. We will denote the resulting random field as
“generalized Holtsmark field”. We then consider the dynamics of one tagged particle in such
random force fields, in several scaling limits where the mean free path is much larger than
the average distance between the scatterers. We estimate the diffusive time scale and identify
conditions for the vanishing of correlations. These results are used to obtain appropriate
kinetic descriptions in terms of a linear Boltzmann or Landau evolution equation depending
on the specific choices of the interaction potential.

Keywords. Lorentz model, Holtsmark field, kinetic equations, power law forces, collisions,
diffusion.
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1 Introduction.

In this paper we study the evolution of a classical Newtonian particle moving in the three-
dimensional space, in the field of forces produced by a random distribution of fixed sources
(scatterers). We will assume that the force field acting over a particle at the position = due
to a scatterer centered at z; is given by —Q;V® (x — z;), Q; € R, where the potential ®(x)
is radially symmetric and behaves typically as |x|~* for large |z|. The case of gravitational or
Coulombian scatterers corresponds to potentials proportional to |:c]_1.

The dynamics of tagged particles in fixed centers of scatterers has been extensively studied,
see [1L 2| 16}, 23] for classical surveys on the topic. Such systems are known generally as Lorentz
gases, since they were proposed by Lorentz in 1905 to explain the motion of electrons in metals
[24]. The scatterers are assumed to be short ranged and, in the classical setting, they are
modelled as elastic hard spheres. A case of weak, long range field with diffusion has been
studied in [27].

The statistical properties of the gravitational field generated by a Poisson repartition of
point masses with finite density are also well known. The associated distribution, known as
Holtsmark field, has been investigated in connection with several applications in spectroscopy



and astronomy [5, 14, [I7, 20]. It is a symmetric stable distribution with parameter 3/2,
skewness parameter 0 and semiexplicit form of the density function. In the present paper, we
intend to study generalizations of such distribution for a large class of random potentials .
The main motivation is to clarify how the tracer particle dynamics depends on the details of
.

It is not an easy task to construct the dynamics of a tagged particle for arbitrary .
Nevertheless, it is possible to obtain a rather detailed information in the ‘kinetic limit’. We
focus on a family of potentials {® (z,¢)},. and denote by £. the mean free path, namely the
characteristic length travelled by a particle before its velocity vector v changes by an amount
of the same order of magnitude as the velocity itself. We will denote by d the typical distance
between scatterers and we will use this distance as unit of length. We will then fix the unit
of time in order to make the speed of the tagged particle of order one. We are interested in
potentials for which

ol
gl_r%g—il_%fg—oo. (1.1)

In particular, the forces produced are small at distances of order one from the scatterers (but
possibly of order 1 at small distances). Since the location of the centers of force is random,
the position of the particle is also a random variable. To describe the evolution, we therefore
compute the probability density f. of finding the particle at a given point z with a given
value of the velocity v at time ¢ > 0. If an additional condition concerning the independence
of the deflections in macroscopic time scales £, holds as € — 0, then on a macroscopic scale of
space and time f. approximates a function f governed by a kinetic equation. More precisely,
fe (et bex,v) — f(t,x,v) which solves one of the following equations:

1) a linear Boltzmann equation of the form

Of +00.6) (ta0) = [ B[ (alolo) = (Lol (12

where we denoted by J, the three dimensional gradient and B is some nonnegative collision
kernel (depending on ®);
2) a linear Landau type equation

(Ocf + 00, f) (x,v,t) = KAy, f (z,0,t) , (1.3)

where x > 0 depends on .

The form of the equation derived, as well as the collision kernel B and the diffusion coefficient
# depend on the specific families of potentials {® (x,¢)},., under consideration (see Section
for further details).

Additionally, there are families of potentials {® (x,¢)}, for which the evolution equation
for f contains a sum of both a Boltzmann term as in , and other terms as in . In
other cases the model describing the dynamics of the tagged particle must take into account
the non-negligible correlations between the velocities at points placed within a distance of the
order of the mean free path.

Heuristically, describes dynamics in which the main deflections are binary collisions
taking place when the tagged particle approaches within a distance A. of one of the scatterer
centers, with A. > 0 converging to 0 as ¢ — 0. This does not imply that the interaction
potential ® should be compactly supported or have a very fast decay within distances of
order A, (cf. Remark . The quantity A. is a fundamental length of the problem and we



shall refer to it (when it exists) as collision length associated to {® (z,€)},5,. The kinetic
equation characterizes cases in which ). is not reached, meaning that particle deflections
are only due to the addition of very small forces produced by the scatterers. In turn, the
latter process can arise in different ways, depending on the specific ®. For instance, at any
given time, one can have a huge number of scatterers producing a relevant (small) force in
the tagged particle, or no scatterer or just one scatterer producing a relevant force, in such
a way that the accumulation of many of these small, binary interactions yields an important
deflection of the trajectory on the large time scale. We will discuss several of these possibilities
in Section [l

A mathematical derivation of the kinetic equations and has been provided in
cases of compactly supported potentials, in the so-called low density and weak coupling limits
respectively. We refer to [12] [15] [18] for first results in these directions, to [29] (Chapter 1.8)
and to [30] for an account of the subsequent literature. An alternative way of deriving a
linear Landau equation is to consider multiple weak interactions of the tagged particle with
the scatterers whose density is intermediate between the Boltzmann-Grad regime and the
weak-coupling regime; see for instance [3, [10, 26] (and Section below).

As shown in [13], it is furthermore possible to derive Boltzmann equations in cases of
potentials with diverging support. It is however unclear, even at a formal level, what kinetic
behaviour has to be expected for generic {® (z,¢)},. and in particular for potentials of the

form
55

O (z,e) = o (1.4)
(for which A\; = ¢).

We sketch now the main ideas behind the derivation of and (or combinations of
them) for generic ®. We construct the generalized Holtsmark field associated to {® (z,¢)} .-
These are random force fields obtained as the sum of the forces generated by a Poisson
distribution of points. Their analysis was initiated by Holtsmark in [17].

We assume condition and also that the particle deflections are independent in the

macroscopic time scale. We split (in a smooth manner) the potential ® (z,¢) as
¢ (z,e) = P (z,e) + Pr (z,¢)

where ®p (z,¢) is supported in a ball of radius M., with M of order one but large, and
Oy (z,¢) is supported at distances larger than % At distances of order A, the particle is
deflected for an amount of order one by the interaction ®p (z,e). Since the scatterers are
distributed according to a Poisson repartition with finite density, the time between two such

consecutive collisions is of order of the ‘Boltzmann-Grad time scale’

= 1.

(0 -
We compute next the time scale Ty, (‘Landau time scale’) in which the deflections produced
by ®; become relevant. Due to , we have Tgg — oo and T, — oo as ¢ — 0. We shall
have then three different possibilities: (i) if Tpe < T, as ¢ — 0, the evolution of f will be
given by (1.2); (ii) if Tpe > 11, as e — 0, f will evolve according to (L.3)); (iii) if Te and T,
are of the same order of magnitude, f will be driven by a Boltzmann-Landau equation. In
the case of the potentials it turns out that T < T, ase — 0if s > 1 and T > T},
as ¢ — 0if 1/2 < s < 1. The limitation s > % is necessary to ensure that the random fields
are not almost constant over distances of order d (see Remark [2.10)).

4



Our analysis relies on the smallness of the total force field at distances of order one from
the scatterers. For slowly decaying potentials, these fields can be still constructed in the
system of infinitely many scatterers, thanks to the mutual cancellations of forces produced
by a random, spatially homogeneous distribution of sources (notice that in Lorentz gases,
contrarily to plasmas, no screening effects occur, even when the scatterers contain charges
with different signs). However, some extra conditions must be imposed, depending on the
decay. Let us restrict to for definiteness. Then, if s > 2 the random force field can be
written as a convergent series of the binary forces produced by the scatterers. If % <5< 2,
it is possible to obtain the random force fields at a given point as the limit of forces produced
by scatterers in finite clouds whose size tends to infinity. Nevertheless, the average value of
the force field at a given point will generally depend on the geometry of the finite clouds. For
s > 1, a translation invariant field can be still obtained by imposing a symmetry condition
on the cloud. Finally, if s < 1, the force fields become spatially inhomogeneous, unless
we consider “neutral” distributions of scatterers (e.g. fields produced by charges Q; = +1
yielding attractive and repulsive forces and with average zero charge).

In this paper we restrict the analysis to the three-dimensional case. We also comment on
the analogue of our main results in two dimensions (see Remarks .

The paper is organized as follows. In the first part (Section we construct the generalized
Holtsmark fields. In the second part (Sections |3 and [4) we study the deflections experienced
by a tagged particle in several families of such distributions and deduce the resulting kinetic
equation for f. A discussion on inhomogeneous cases and concluding remarks are collected
in the last two sections (Sections |5 and @

2 Generalized Holtsmark fields.

2.1 Definitions.

In this section we characterize in a precise mathematical form the random distribution of
forces in which the dynamics of the tagged particle will take place.

We will call scatterer configuration any countable collection of infinitely many points
{Zn}pens Tn € R3. We will denote by € the set of locally finite scatterer configurations,
i.e.such that # {z,},.n N K < oo for any compact K C R3. The associated o—algebra 4 is

generated by the sets %7, = { {Zntpens #Flrnt,enNU = m} for all bounded open U C R?

and m = 0,1,2,---. We then have a measurable space (2, #,v) where v is the probability
measure associated to the Poisson distribution with intensity one.
Given any finite set

I={Q1,Q2,Q3,...Qr}, Q; R (2.1)

we introduce a probability measure p in the set I. We define the set of charged scatterer
configurations Q ® I as

QeI = {{(:Un’Qn)}nEN’ {xn}nEN € Q’ Q" € I} .

We define the o—algebra £ of subsets of 2 ® I as the one generated by the sets

Yms = { {@n Q) ben s #{(@0:Qu) : Qu = Qyy 20 €Uy = m



where U C R? and Q; € I. We then define a probability measure v ® p by means of

(2.2)

L exp (= U ITjy [ (@) 01"
v U n;,J = : '
e p) O[ s [T (ng)!

Notice that 1) defines a probability measure because 25:1 p(Qj;) =1.

Definition 2.1 Suppose that I is a finite set as in (2.1)) and let p be a probability measure
on I. We consider the measure v @ p on Q ® I. We define random force field (associated to
v ® ) the set of measurable mappings {F (z) : x € R3}:

F(z):Q®I -R*U{c0} , w— F(z)w (2.3)

satisfying (v @ p) ((F () ({oo})) =0 for any v € R3,

When [ has just one element, we shorten the notation Q ® I by 2 and v ® u by v.
Let # (Rs) be the Borel algebra of R3. We are interested in translation invariant fields,
defined as follows:

Definition 2.2 The random force field {F(x) tx € R3} is invariant under translations if
for any collection of points x1,xa,--- € R, for any collection Ay, As,--- € B (R3) and any
a € R? the following identity holds:

(v @p) <ﬂ (F (z), +a)™! (Ak:)> = (v®eu) <ﬂ (F (z) ™ (Ak)> :

k k

Moreover, we focus on additive force fields generated by the scatterers in configurations
w € Q. More precisely:

Definition 2.3 Assign the potential ® € C? (R3 \ {0}; R) and let I = {Q1,Q2,...,QL} be a
finite set with probability measure p. An element w € Q®I is then characterized by the sequence
w = {(Tn, Qj,)},en - We say that the random force field {F(z):2 €R3} is a generalized
Holtsmark field associated to ® if there exists an open set U C R® with 0 € U such that, for
any x € R, the following identity holds:

F(z)w=Fy(2)w= lim F (2w, (2.4)
where
F@)w:=— Y Q;,Ve(z—x,) (2.5)

Tn€RU
and the convergence in (2.4) takes place in law. Namely:

Rli_r}r;()(u@u) ({w:— Z anV@(x—xn)eA}> :(u®u)<{w:FU(x)w€A})

T €RU

forall A e A (R3).



Notice that we do not assume the absolute convergence of the series >, Q;, V® (v — xp).
As we shall see in the rest of this section, the limits F'(x)w might in general depend on the
choice of the domains U. Notice also that the generalized Holtsmark fields are not necessarily
invariant under translations in the sense of Definition Finally, we mention that the
C?—regularity could be relaxed (it will be used in Section [3|to ensure a well defined dynamics
for one particle moving in the Holtsmark field).

We shall refer to the numbers ; as scatterer charges. Moreover, for brevity, we shall
call scatterer distribution the joint distribution v ® u of scatterer configurations and scatterer
charges on Q ® I, and indicate by E[-] the corresponding expectation. In particular, the
condition Zle Q;n (Q;) = 0 models a neutral system. In the case of Coulomb, we shall call
this condition ‘electroneutrality’. Neutral systems display special properties. In fact, we will
show that when the potential ® decays slowly (including the Coulombian case), the neutrality
becomes necessary to prove the existence of a translation invariant F'.

Finally, in the case of scatterers with only one charge, neutrality can be replaced by the
assumption of a “background charge” with opposite sign:

Definition 2.4 Assign the potential ® € C* (R*\ {0};R) such that f‘y|<1 IV (y)|dy < oc.

We will say that the random force field {F () :x € R3} 1s a generalized Holtsmark field with
background associated to ® if there exists an open set U C R® with 0 € U such that, for any
x € R3, (2.4) holds (in the sense of convergence in law) with F((]R) = Fé,R)’O given by

F((]R)’0 () w = — Z Vo (x —xp) — - Vo (x—y) dy] . (2.6)
rn€RU

Note that in this case we assume L = 1 and @1 = 1, although more general cases could be
easily included. The above negative background can be thought as a form of the so-called
‘Jeans swindle’, which has been often used in cosmological problems to study the stability
properties of gravitational systems [4} [19].

Remark 2.5 (Historical comment) The goal of Holtsmark’s paper (cf. [17]) was to de-
scribe the broadening of the spectral lines in gases. This broadening of spectral lines is induced
by the electrical fields acting on the molecules of the gas (Stark effect). On the other hand
the electrical field acting on each individual molecule is a random variable which depends on
the specific distribution of the surrounding gas molecules. The properties of such a random
field were computed in [17] in the cases in which the fields induced by the gas molecules can be
approximated by either point charges (ions), dipoles or quadrupoles. Combining the properties
of the resulting random electrical fields with the physical laws describing the Stark effect it is
possible to prove that the broadening of the spectral lines scales like a power law of the gas den-
sity. The exponents characterizing these laws are different for ions, dipoles and quadrupoles

(cf- [17)).

In the rest of this section, we construct several examples of generalized Holtsmark fields,
and study their basic properties.



2.2 Construction.

Let s > 1/2. We will consider potentials ® in the following classes

%, = { ® € C2 (R3\ {0} ;R) o (z) = @ (|z))
and JA#0, r>max(s,2) s.t., for |z] > 1,

& (z) - v<q>(g;)—|f|s>‘< ¢ } (2.7)

] = ol

+ |zl

where C' > 0 is a given constant. The potentials in %, decay as |z|™® with an explicit
error determined by C,r. The singularity at the origin, possibly strong, is not relevant in
the discussions of this section. The assumption of radial symmetry might be relaxed. The
condition 7 > max(s,2) is technically helpful in the proofs that follow and it could be also
relaxed, at the price of additional estimates of the remainder.

Let us denote by mB) (m, -+ ,ns;91,-- ,ys) the J—point characteristic function of the
random field F((JR) (z), that is:

J
m™ (e, - ngyn, - ys) =E [eXp (22% FYY (%))] (2.8)
k=1

for all J > 1, m1,---,n7 € R and 4;,---,y; € R3. Notice that we are dropping from
the notation the possible dependence on U. We will further abbreviate m(f) (M, ,my) in
statements where y1,--- ,ys are fixed.

Suppose that ® € €. Let £ € C™ (R?) be an arbitrary cutoff function satisfying & (y) = 1
for [yl > 1, £(y) = 0 for |y| < 3 and £(y) = £(|y|) when |[V@®| is non-integrable at the
origin, and £ = 1 otherwise. Then, we will show that (see the proof of the theorem below),
as R — oo, mB) converges pointwise to

J
m (1, -+ ,ny) = exp (ZZW : MU(Z/k)) (2.9)
k:zl ;
'eXp<ZM(Qj)/ [eXp(—inan-VMyk—y))
j=1 R k=1
J
—1+inan-V¢’(yk—y)€(yk—y)}dy>
k=1
where My : R® — R3 U {00} is given by
L 1
My (z) = —A i Q| V(—— —y)d :
oo == Jim 3 030 [ v (o) sa-na (2.10)

(and by 0 in the case of the field (2.6)).

Formula is a generalization of the formulas for the Holtsmark field for Coulomb po-
tential in [5]. As we shall explain below, Eq. determines the (non)invariance properties
of the limiting field as well as its (in)dependence in the features of the geometry U.



The integral in the last two lines of (2.9) converges absolutely for s > 1/2. Moreover, it
is o(n) for small values of the n—variables. In particular, if | My (z)| < oo, then the limit field
Fyrin (2.4) is well defined and

E[Fy(x)] = My(z) . (2.11)
However, the limit integral in ([2.10)) is only conditionally convergent when s < 2, so that the

existence and the properties of Fyy depend strongly on u,U, s through My (z). The results
are summarized by the following statement.

Theorem 2.6 Suppose that ® € €s. Let U C R3 be a bounded open set with 0 € U and
OU € C'. Then, the right-hand side of (2.4) converges in law and defines a random field F
(in the sense of Definition (2.3))) in the following cases:

a.l s>2;

a.2 Zle Qi (Q;) =0 (‘neutrality’) and s > 1/2;

a.3 FéR) = F((JR)’O (given by (2.6)), fly\<1 IV® (y)|dy < 0o and s > 1/2 ;

1 .

c.s=1 andeV(é)dy:O.

Moreover, the following properties hold in the specific cases:

a.1-2-3 F is independent on the domain U, it is invariant under translations in the sense of
Definition and it has characteristic function given by (2.9) independent of & and
with My = 0;

b. F is independent on the domain U, it is invariant under translations in the sense of
Definition and it has characteristic function given by independent of £ and
with My = 0; however, if RU is replaced by RU — R*"'e in with e € R and |e]
small enough, then it can be My (x) # 0;

c. F = Fy(x) depends on the domain U, it is not invariant under translations, and it has
characteristic function given by (2.9) independent of & and with

L
(xz-y)n(y)
M (x :—AE Qs 2 dS .
U( ) j:1/'L(Qj)Q] /8U ’y‘g (y) (2 12)

where n(y) is the outer normal to OU at y.

Some remarks on this result follow.

Remark 2.7 Note that s < 2 implies that ), Q;,V® (z — x,) can be no more than condi-
tionally convergent. In this case, if the neutrality condition is not satisfied, we need a rather
stringent assumption on the domain (items b and c), which can be thought as a geometrical
condition on the cloud scatterer distribution. To prove the criticality of such a condition, we
show (see Section in the proof) in case b that small displacements of the domain U
(i.e. slight asymmetries of the cloud) can yield in the limit random force fields with a non-zero
component in one particular direction.



Remark 2.8 The case s = 1 is of course particularly relevant, because it corresponds to
gravitational and Coulombian forces. The major distinguishing feature of this case is that,
in absence of neutrality, the limiting force field is not invariant under translations (item c.).
Roughly speaking, a density of charges of order one with only one sign yields a change in the
average force of order one over distances of the order of the scatterer distance. Additional
features of this case are discussed in Section and in the next remark.

Remark 2.9 In the case of potentials ® given exactly by a power law, the random variable
Fy () is given by My (x)+C (cf. [2.11) ) where ¢ = ((1, C2, (3) and each of the random variables
Gi is a multiple of a symmetric stable Levy distribution [1]]. The characteristic exponent is
3/2 in the case s = 1. For this particular potential and in the electroneutral case, we can take
the limit of the cutoff € to one and the 1-point characteristic function m (n) becomes:

L
3 3
m(n) =exp | =Colnl> > p(Q;)1Q2 | . neR®
j=1

where the constant Cy takes the value 2 [ [1 - Smxﬂ] x752dg (see [5] for the computa-

tion). Moreover, using the inversion formula for the Fourier transform we can compute the
probability density for the force field F. In particular, elementary computations allow to obtain
the probability density p (|F|) of the absolute value |F|. It turns out that p (|F|) is a bounded
function which behaves proportionally to |F|~5/2 as |F| — co. In particular, E[|F|] < oco.
Remark 2.10 Suppose that s < % in items a.2 and a.3 and assume by definiteness that
O(x) = ﬁs, s < % In this case, we obtain a completely different picture of the resulting
random force fields, because this is due mostly to the particles placed very far away. Assuming
neutrality (necessary to deal with spatially homogeneous force fields), one can compute the
limit of the fields generated by a cloud of particles contained in RU, where U is the unit ball.
One sees that, in order to obtain force fields of order one, € has to be rescaled with R as
£ = R, Then, the resulting force field obtained as R — oo is constant in regions where |x|
is bounded and it is given by a Gaussian distribution. Since the dynamics of a tagged particle
would greatly differ from the one taking place in the generalized Holtsmark fields obtained in
Theorem |2.0, we will not continue with the study of this case in this paper.

Remark 2.11 In two dimensions, the critical value separating absolutely and conditionally
convergent cases is s = 1 (cf. ) and the Coulombian case would correspond to a loga-
rithmic potential. One can introduce €y defined as the class of potentials close to 10395 for |z|
large (as in ) However, a straightforward adaptation of Theorem 1is valid only for

s > 0, with the following identification of cases: a.1 s > 1; a.2 ‘neutrality’ and s > 0; a.3
‘existence of background’ and s > 0; b. 0 < s <1 and fU\{\y|<l} \Y% (ﬁ) dy = 0. Note that
2

every power law decay leads to spatially homogeneous generalized Holtsmark fields. If s <1,
a nontrivial condition on the geometry of the finite clouds is required.

2.3 Proof of Theorem [2.6l
2.3.1 Convergence.

It is a classical computation in probability theory [14]. It is enough to prove convergence of
the J—point characteristic function of the field F((]R) (x), defined by (2.5 or by ([2.6]).

10



Let us assume (2.5)). Fix y1,---,y7 € R®, m1,--- ,n; € R3. By definition (2.8))

J
mF) —E[exp< an RN )] =E[H 11 exp(—innnk-WP(yk—xn))]

k=1zneRU
(2.13)
and the properties of the scatterer distribution v ® p imply

M
J

Zu (Qj) / exp (—in > k- VO (yy — y)) dy

m(R) i
M=0 k=1

J
:exp<;M(Qj)/RU [GXP<—in;Uk‘V‘I)(yk—y))

J

—1+inZ77k-V‘1>(ykfy)é(ykfy)}dy)

k=1

o |IRU|

~

L

J
-eXP(—iZu(Qj)Qj/ an‘V@(yk—y)f(yk—y)dy) : (2.14)

j=1 RU ;1

where £ has been introduced before .

Note that the term in the square brackets is of order (1 + |y[***?)~1, which is integrable
in R? for s > 1/2.

In the neutral case (item a.2), the last exponential in is trivially equal to 1. Further-
more for s > 2 (item a.1) all the integrals are absolutely convergent and the last exponential
in converges to 1 by the dominated convergence theorem, because of the symmetry of
® and &.

Otherwise (items b and c¢) we write

/RUnk-W’ (e —y) € (yr —y) dy (2.15)
1
=A RUnk-V<|yk_y’5>£(yk—y)dy+/RU77k-Vp(yk—y)£(yk—y)dy

where A is the constant appearing in and p(y) == ®(y) — T ‘ Using ® € %, as well
as the fact that r > 2 in (2.7), we obtain that |[Vp (y)| is integrable in R® and therefore the
symmetry of ® and & imply [ m - Vo (v —9) § (Yx — ¥) dy — Jrs k- Vo (y) € (y) dy = 0 in
the limit R — oo.

In the case F[(JR) = F((]R)’0 given by (item a.3), the computation is simpler since we
do not need to add/subtract the last exponential in .

By dominated convergence, we conclude that

lim m ()
R—o0

=m

holds in all the cases considered with m given by (2.9) and M (x) = 0 in cases a.1-2-3, while
we are left with the evaluation of My (x) defined by the limit (2.10)) in cases b and c.
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Let us focus on case b. Using the hypothesis on U, the symmetry of £ and a change of
variables y — Ry we find

il [, ¥ () el
“ gl 0 (ra:— ) et (5w
_5520‘/@1 (I\) W)y /RUV(|y1P)§(y)dyl

< Jim e =0 (210

since s > 1. Therefore My (x) = 0. Notice that, in the estimate, C' is a positive constant
dependent on x and we used the regularity of QU. Moreover, the cutoff has been used only
to treat the non-integrable singularity of the case s = 2.

Similarly, in case ¢ we get

L7 () ete -
:/zwv<|xiy|‘\;r)dy

~ o (1) 02569 =

by using the divergence theorem, where n (y) is the outer normal at y € OU. Hence, for any

given x,
1
\Y —y)d
Joo ¥ () e ma

1 1
:R/au <E—y} —|y|>n(y)d5(y)

:/ @YW 450 £ 0(1) as R oo (2.18)
ou |

where o (1) is the remainder of the Taylor expansion in z/R. This proves that the limit (2.10])

reduces to (2.12)) in this case.

All the properties stated in the theorem follow from the explicit computation of the
characteristic function m performed above. In particular, we readily check that

mm, - YL s yg) = (s sy +a, e L ys +a)

for any a € R3, from which translation invariance of F follows in the cases a.1-2-3 and b.

2.3.2 Dependence on the geometry.

In this section we prove the statement concerning small asymmetries of the cloud of scatterers
in the case b. For convenience, we restrict to 1 < s < 2 and to L = 1 and consider the following
random field

v (@) wi=— Z VO (x—xy) , (2.19)

rn€ERU—Rs—1e
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where e € R3 is small (so that x € RU — R*"!e for any R large enough).

Notice that the displacement of the domain, which is of order R*~! tends to infinity,
since s > 1, but it is smaller than the size of the domain. As will become clear, choosing
displacements for the domains of order one brings no changes on the value of Fy; ().

Arguing exactly as in the previous section we obtain limp_,e m"Y) = m with m given by

(2.9) and the limit in (2.10) to be determined. The computation in (2.16) is now replaced by

/ V(_ls)é(x—y)dy
[RU-Rs—1¢] |z —

- _ _v_ d _y_ d
3/[R 26 (¥) y“‘S/RU |y|s+2§(y) Yy

U—Rs—le—zx] Iy!

Yy Yy
—_3/ SJr2dy+s/ s2 Y
[RU—Rs—le—z]\RU |V RU\[RU-Rs~le—x] |Y|

— —sR*"* / Z+2dy—/ Yody| . (220)
[U—Rs=2e-2]\U Y] U\[U-Rs-2e-2] |y

Neglecting the contribution /R and parametrizing the boundary, we obtain

U ey [ 0 g,
/[RURs_le}v< P)g( y) dy /8U sz a5 (y) +o(1) (2.21)

|z —y

[l
as R — oo, where n (y) is the outer normal at y € OU. Therefore
1
My(z) = —A lim V<>§xy dy
(@) R—o0 JIRU—Rs—1¢] |z —yl° ( )
= s [ EWn® g0, (2.22)
ou |yl

which is a nontrivial vector depending on e.

2.4 Case ¢ (z) = |—1‘: differential equations.

T

In the particular case in which @ is the Coulomb or the Newton potential the random force
field Fy(x) described by Theorem satisfies a system of (Maxwell) differential equations.
In this section we derive such equations (Theorem . Then, we use them to show that
electroneutrality is necessary in order to obtain the translation invariance (Theorem .

Theorem 2.12 Suppose that ® (z) = ﬁ and let {Fyy (z) : @ € R*} be the corresponding ran-
dom force field constructed by means of Theorem 2.0,

(i) In the cases a.2 and c, for almost every w € Q® I with the form w = {(vn, Qj,)},en
we have that the function ¢ (z) := Fy (x) w is a weak solution of (i.e. it satisfies in the sense
of distributions) the equation:

divey => Q6 (- —zn) , curlp=0. (2.23)

it) In the case a.3, for almost every w € Q wi e form w = {x, we have that the
i) In th 3 Imost QO with th en we have that th
function ¢ (x) := Fy (z)w is a weak solution of (i.e. it satisfies in the sense of distributions)
the equation:

divp = 6(—azn)—1 , curlyy=0. (2.24)
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Proof. The proof is very similar for the two cases and we perform the computations for (ii)
only.
Let By(y) be the ball of radius a centered in y. For any positive integer n we write

T —x; -y
Fu(z)w:= Z 3‘3—/]3 ‘dy
2”

oy <2ny 12 = %5 ‘1
- Z x_xj?)_/ yd
(o< 1© = ”_m

w2 X :ﬂﬂws—/ ( oy

1 | {1 oy 1B %0 SBaO\Bua ) 2~ ]

n

T — T, / Ty 4
— — —=dy| + ) fi(z)w.
2 > Ieio) [z =yl 2

o<y |® ~ @i =1

We want to prove that the quantities |fy(z)| converge to zero, as £ — 0o, so quickly that we
obtain convergence with probability one as n — oo for any fixed x.

Set ¢ = By (0) \ Bye-1(0) and I (z) = [q, - dy Note that I, (0) = 0 and (since
the gradient is bounded) I (z) is bounded unlformly in compact sets. By straightforward
computation we find that the variance is

)| = 3 le_m” T T €T
E[(fé())} JZOJ! Qed 1/Qéd 2---/dij
> |‘”_"” ~ Ii(x) > |_‘x’“ — Iy(x)

{2 1<ley|<2t} zjl {2t-1<japl<2t} 7 |

o0 J—2
= @) e [0 1)~ 2710 + )]

1
|
Q |z —y
1
- /)4@, (2.25)

which is of order 2.

If Ap:= {w: | fe(x)| > 3}, then by Chebyshev’s inequality |As| < C¢*27¢ for some C' > 0,
which is summable over ¢. Borel-Cantelli implies that, with probability one, there are at
most a finite number of values of £ for which w € A,. Thus, the series 3, fr(7)w converges
absolutely for any given z, with probability one.

In the same way, one estimates the gradients

VE,(z)w =V E:‘“”g—/ ydy+§)m

{layi<y |7 = ] V ol
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We conclude that, with probability 1, Fj,(xz) and VF,(x) converge uniformly over compact
sets after removal of a finite number of singularities. We can then pass to the limit in the
weak formulation of the equation

divF,= Y 6(—x;)—-1, cwlF,=0. (2.26)
{Jz;1<2}

Theorem 2.13 Suppose that {F (x):z € R3} is a random force field in the sense of Defini-
tion with I = {Q1,Qa,...,Qr} and such that for almost every w € Q ® I with the form

w = {(zn, Qj,) },en the function ¢ (z) = F (z)w satisfies in the weak formulation.
Suppose that the random force field {F () :z € R3} 1s invariant under translations and that

the average E[|F ()|] is finite for any point x € R®. Then Zle Qjn(Q;) =0.

Proof. Let ¢ € C§° (R?’) be a test function. Let ¢ := E[¢)]. Then, by averaging (2.23)) with
respect to v ® u (cf. Definition we have

L
— YVo-1 dr = . ) , v =0
Ve v (@) de ;MQ;)QJ /R390 curl ¥

where we have used that E[Y",, ¢ (2,)] = [zs ¢. Then, there exists ¢ such that ) = V¢ and
¢ is a weak solution of

L
Ap=> n(Q)Q; in R®. (2:27)

Jj=1

On the other hand, since the random field is invariant under traslations, 1) must be constant.
Taking ¢ as a linear function, the left-hand side of (2.27) vanishes and the theorem follows.
]

Remark 2.14 The Holtsmark field for Newtonian potentials has been studied in connection to
astrophysics. Several statistical properties of these random forces can be found in [5,[6,[7,[8,[9].

3 Conditions on the potentials yielding as limit equations for
f Boltzmann and Landau equations.

In the rest of this paper we discuss the dynamics of a tagged particle in some families of
generalized Holtsmark fields as those constructed in Section We shall consider families
of potentials of the form

{®(x,e); e >0} (3.1)

where ¢ is a small parameter tuning the mean free path ¢, (cf.Introduction). The latter is
defined as the typical length that the tagged particle must travel in order to have a change in
its velocity comparable to the absolute value of the velocity itself. We recall that, in our units,
the average distance d between the scatterers is normalized to one, and the characteristic speed
of the tagged particle is of order one.
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We will be interested in the dynamics of the tagged particle in the so called kinetic limit.
One of the assumptions that we need in order to derive such a limit is

l=d</l; as ¢ —=0. (3.2)

A second condition is the statistical independence of the particle deflections experienced over
distances of the order of /.. This condition will be discussed in more detail in Section

As argued in the Introduction, assumption can be obtained in two different ways.
A first possibility is that the deflections are small except at rare collisions over distances of
order A\. < d. If such rare deflections are the main cause for the change of velocity of the
tagged particle, we will obtain that the dynamics is given by a linear Boltzmann equation. A
second possibility is that the potentials in are very weak, but the interaction with many
scatterers of the background yields eventually a change of the velocity of order one when
the particle moves over distances ¢. > d. The force acting over the tagged particle at any
given time is a random variable depending on the (random) scatterer configuration, leading
to a diffusive process in the space of velocities. The dynamics of the tagged particle is then
described by a linear Landau equation (if the deflections are uncorrelated in a time scale of
order /.).

We make now more precise the concept of collision length (sometimes also termed ‘Lan-
dau length’ in the literature), namely the characteristic distance for which the deflections
experienced by the tagged particle are of order one.

Definition 3.1 We will say that a family of radially symmetric potentials has a well
defined collision length \. if there exists a positive function {A:} such that \. — 0 ase — 0
and

ii_r)r(l)(IJ (Aey,€) = U (y) = U (|y|) uniformly in compact sets of y € R® |

where ¥ € C? (R®\ {0}) is not identically zero and satisfies

lim ¥ (y)=0.

ly|—o0

In this case, the characteristic time between collisions (Boltzmann-Grad time scale) is
defined by

Tre = (3.3)

F .

€

For instance, families of potentials behaving as in have a collision length A, = . On the
contrary a family of potentials like ® (x,e) = G (z), where G is globally bounded, do not
have a collision length.

Notice that Tpg — oo as € — 0. In the kinetic regime , Boltzmann terms can appear
only if the family of potentials in admits a collision length. If a family of potentials does
not have a collision length we will set T = 0o, A = 0.

Later on we will further assume that the potential ¥ yields a well defined scattering
problem between the tagged particle and one single scatterer, in the precise sense discussed
in Section [3.1.1]

Next, we recall the class of potentials for which we assume . We will restrict
to radially symmetric functions ® which are either globally smooth, or singular at the origin.
Moreover, we will be interested in random force fields which are defined in the whole space
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and are spatially homogeneous. As explained in Section [2] this requires to assume that there
are different types of charges and a neutrality condition holds, or that a background charge
is present, depending on the long range decay of the potential. More precisely, the above
assumptions are satisfied by the generalized Holtsmark fields as constructed in Theorem [2.6
items a.1-2-3 and b, by assuming

O(-,¢) € C5 (3.4)

for some s > 1/2 (cf. (2.7))). Clearly the constant A = A(e) in (2.7) depends now on ¢.
Let F (x,e) be such a generalized Holtsmark field. Let (z(t),v(¢)) be the position and
velocity of the tagged particle moving in the field. For each given scatterer configuration

w € Q x I with the form w = {(zn,Qj,)},cn> the evolution is given by the ODE:

dx dv
ar _ W_F :
i (r,e)w (3.5)
with initial data

x(0) =xo, v(0) =1y (3.6)

for some x¢ € R®, vy € R3. Since the vector fields F (x,¢) w are singular at the points {z,},
given (xg,v9) we do not have global well posedness of solutions for all w € €. However,
with we assume to have global existence with probability one, i.e.the fields are locally
Lipschitz away from the points {x,} and the tagged particle does not collide with any of the
scatterers.

Let us denote by T (29, vo; €;w) the hamiltonian flow associated to the equations —
(3.6). By assumption this flow is defined for all ¢ € R and a.e. w. Suppose that fy €
M+ (R3 X R3) , where .#, denotes the set of nonnegative Radon measures. Our goal is to
study the asymptotics of the following quantity as € tends to zero:

fe (Lt bea,v) = E[fo(T™5" (e, w365 ))] (3.7)

where the expectation is taken with respect to the scatterer distribution.

In order to check if it is possible to have a kinetic regime described by a Landau equation,
we must examine the contribution to the deflections of the tagged particle due to the action
of the potentials ® (z,¢) at distances larger than the collision length A.. To this end we split
® (z,¢) as follows. We introduce a cutoff n € C* (R?) such that n(z) = n(jz|), 0 <n <1,
n(z)=1if |z| <1, n(x) =0if |z] > 2. We then write

O (z,6) = Pp(x,e) + D (x,¢) (3.8)

with
|z|

Op (z,¢) :z@(m,e)n(M)\E) , Dy (z,) =D (,¢) [1_”<z\|fx|>] . (3.9)

Here M > 0 is a large real number which eventually will be sent to infinity at the end
of the argument. If the family of potentials does not have a collision length we just set
Oy (v,e) = @ (x,¢). In the above definitions B stands for ‘Boltzmann’ and L for ‘Landau’.
Indeed the potential ®p yields the big deflections experienced by the tagged particle within
distances of order \. of one single scatterer and ®; accounts for the deflections induced by
the scatterers which remain at distances much larger than A. from the particle trajectory.
Note that, if the potentials ® (x,¢) satisfy the above explained conditions allowing to define
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spatially homogeneous generalized Holtsmark fields, then ®p (x,¢) and @, (x,¢) satisfy simi-
lar conditions and we can define random force fields { Fp (z,¢) : © € R*}, {F (z,¢) : 2 € R?}
associated respectively to ®p (z,¢) and @ (z,¢).

To understand the deflections produced by ®;, we have to study the ODE

dz dv

—_— = s —_— = F ’8 310

a0 @ fr@ee (3.10)
for 0 <t < T, with initial data z (0) = z¢,v (0) = vg. Due to the invariance under transla-
tions, we can assume xg = 0, vg = 0. The time scale T" is chosen sufficiently small to guarantee
that the deflection experienced by the tagged particle in the time interval ¢ € [0,7] is much

smaller than |vg|. Then, it is reasonable to use the approximation
z(t)~wvot , t€[0,T] as € =0

whence P
d—z ~ Fr, (vot,e)w fort € [0,7] as € -0

and the change of velocity in [0, 7] can be approximated as € — 0 by the random variable

T
Dr(e)w:= /0 Fr, (vot,e) wdt . (3.11)

As in Section we may study these random variables by computing the characteristic
function:
m'? (6) = E[exp (i0 - Dr (e)w)] , 6 €R®. (3.12)

The following result is a corollary of Theorem
Corollary 3.2 Suppose that ®(-,¢) € €s. Then, we can define spatially homogeneous random

force fields Fi(-,€) associated to ®p(-,€), by means of Theorem[2.6 (items a.1-2-3 and b).
The characteristic function (3.12)) is given by

m$ () = exp(;u(%)/m [exp<—in9-/0Tdth®L (vot—y,é)) (3.13)

T
—1+¢Qj9-/ AV, ], (vot—y,e)]dy).
0

We focus now on the magnitude of the deflections due to ®;. We assume that || is of
order one. We are interested in time scales T' = T, for which Dy (¢)w is small, which means

| fOT dt V. ®r, (vot — y,e) | < 1 as ¢ — 0 for the range of values of y € R® contributing to the
integrals in (3.13)). We can then approximate the characteristic function as:

2

L T
©) () = ! ) Q2 <9- At V,®; (vt — ) dy | . 3.14
) (6) = exp 2;M<QJ>QJ/RS | v o =v.e)) (3.14)

This formula suggests the following way of defining a characteristic time for the deflections.
Setting

T 2
o (T;e) := sup /R3 dy <9 . /0 V@ (vt —y,¢) dt> , (3.15)

16]=1
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we define the Landau time scale T, as the solution of the equation
o(Tp;e)=1. (3.16)

Notice that T, is a function of € and that we can assume, without loss of generality, that
|v| = 1 (we will do so in the following). If there is no solution of for small ¢ we set
TL = Q.

Using the time scales Tpg, 11, we reformulate condition (3.2)) as

le =min{Tpq,Tr} >1 as ¢ =0 (3.17)

and we deduce whether the evolution of f := lim._,g f. is described by means of a Landau
or a Boltzmann equation. In fact the relevant time scale to describe the evolution of f is the
shortest among T, 11, and the condition (3.17)) can take place in different ways:

T, > Tpg as € =0 (3.18)
T, <Tpg as € =0 (3.19)
T
—L—>C’*€(0,oo) as € > 0. (3.20)
Tpa

If holds the dynamics of f will be described by a linear Boltzmann equation. If
takes place we would obtain that the small deflections produced in the trajectories of the
tagged particle due to the part ®; of the potential modify f (¢, z,v) faster than the binary
encounters with scatterers yielding deflections of order one. In this case, if in addition the
deflections of the tagged particle are uncorrelated in time scales of order 77, the evolution
will be given by a suitable linear Landau equation. Finally, if takes place then both
processes, binary collisions and collective small deflections of the tagged particle, are relevant
in the evolution of f, and we can have combinations of the above equations.

A technical point must be addressed here. Due to the presence of the cutoff M in ([3.8))-
(13.9) some care is needed concerning the precise meaning of . Indeed, @, yields also
contributions due to binary collisions within distances of order M A, from the scatterers. This
implies that, if holds, we have o (Tpg;e) ~ 6 (M) > 0. The natural way of giving a
precise meaning to the condition (3.18)) will be then the following. The dynamics of f will be
described by the linear Boltzmann equation if we have

limsupo (Trg;e) <0 (M) with lim §(M)=0, (3.21)
e—0 M—o0
that is, the small deflections due to interactions between the tagged particle and the scatterers
at distances larger than M \. become irrelevant as M — oo in the time scale Trq .
In the rest of this section, we discuss the specific form of the kinetic equations obtained
in the different cases.

3.1 Kinetic equations describing the evolution of the distribution function
f : the Boltzmann case.

In this section we describe the evolution of the function f. defined in (3.7)) as ¢ — 0, assuming
(3.17) and (3.21) (i-e.(3.18)). Before doing that, we briefly review the associated two-body
problem. The following discussion is classical. For further details we refer to [22].
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3.1.1 Scattering problem in &5 .

We consider the mechanical problem of the deflection of a single particle of mass m = 1 and
initial (¢ — —o0) velocity v # 0 moving in a field ®p, whose centre (scatterer source) is at
rest. Due to Definition it is natural to use here A as unit of length. We define y = /\%
and focus on the scattering problem associated to the potential ¥ (y) := ¥ (y)n (). We

write V = |v| and r = |y|.

Figure 1: The two-body scattering. The solution of the two-body problem lies in a plane,
which is taken to be the plane of the page. The scatterer lies in the origin. The scalar b is
the impact parameter and y = x(b, V') is the scattering angle.

The path of the particle in the central field is symmetrical about a line from the centre to the
nearest point in the orbit, hence the two asymptotes to the orbit make equal angles ¢g with
this line (see e.g. Figure . The angle of scattering is seen from Fig. to be

X (b, V)=m—2¢g . (3.22)

We will say that the scattering problem is well defined for a given value of V' and b if the
solution of the equations

ay _

dt

W Tuyy) (3.23)

v,

satisfies:
tim_|y (t) = Jim |y ()| = oo, Tim_|o ()] = lim Ju(t)] = V. (3.24)

t——o00

The effective potential reads

Wepp(r) =¥p(r)+ (3.25)
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where r = |y|. A sufficient condition for the scattering problem to be well defined for a
given value of V' and almost all the values of b is that the set of nontrivial solutions r of the

simultaneous equations
Ug'(r) B VUp(r) b 1
B()zf, s(r) b 1 (3.26)
V2 r3 V2 2r2 2
is nonempty only for a finite set of values b > 0. We will assume that this condition is satisfied
for all the families of potentials considered. A standard analysis of Newton equations shows

that the scattering angle is given by

bdr
7‘2\/1 —2Wess (r) /V?

where r, is the nearest approach of the particle to the scatterer (defined as the largest solution

to the second equation in ([3.26))).
Using spherical coordinates with north pole ‘;‘j—‘ and azimuth angle ¢ characterizing the

plane of scattering, we define a mapping

(3.27)

—+00
X6, V) =200 =72

(b,p) > w=w(b,p;v) € S2, (3.28)

where w is the unit vector in the direction of the velocity of the particle as t — 4o00. Let
¥ (v) C S? be the image of this mapping. Due to the symmetry of the potential ¥ the set
¥ (v) is invariant under rotations around ﬁ

We do not need to assume that the mapping is injective in the variable b. In
particular, a point w € ¥ (v) can have different preimages. We will consider only potentials
U for which the number of these preimages is finite. We can then define a family of inverse
functions

W (b (@) (@) 4 G €T W)

where J (w) is a set of indexes which characterizes the number of preimages of w for each

w € 3 (v). We classify the points of ¥ (v) by means of the number of preimages, i.e. we write
Ure Ak (v) = X (v) with

A (v) ={weX(v): #J (w) =k} , k=1,2,3,.. (3.29)

Let X 4,(v) (w) be the characteristic function of the set Ag(v). We define the differential

cross-section of the scattering problem as \TIIB where

B (U;w) = Z By, (U;w) XA (v) (w) ) we X (’U) ) (330)
k=1
1 bi | (Ox (V)N
]v\Bk (v;w) = 'E;() S| ‘ < 9% ’ for w € Ay (v) . (3.31)
Ji w

Since the dynamics defined by the equations (3.23)) is invariant under time reversal (y,v,t) —
(y, —v, —t), the following detailed balance condition holds:

B (i) = B (bl ) (3.32)

With a slight abuse, we will use in what follows the same notation for cutoffed and
uncutoffed (M — oo) potential.
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3.1.2 Kinetic equations.

We focus first on the case of Holtsmark fields with one single charge (L =1, @1 = 1).

Claim 3.3 Suppose that holds. Let us assume that V is as in Definition . Suppose
that the following limit exists:

fe Tpat, Tpgx,v) = f (t,x,v) ase —0. (3.33)

Then f solves the linear Boltzmann equation
@ +00u0) (o) = [ B[ o olw) - fLoolde (330
S2

where B is as in .

Justification of the Claim We introduce a time scale ¢, satisfying 1 < t, < Tgg.
We define the domain D, (vt,) C R? as the set swept out by the sphere of radius M\,
initially centered at the tagged particle, moving in the direction of v during the time t,
(cf. ) The motion of the tagged particle is rectilinear between collisions and is affected
by the interaction ®p if the domain D, (vt,) contains one or more scatterers. Notice that the
volume of D; (vt,) satisfies | D, (vts)| ~ 7V M?3\2t, < 1 where V = |v|. Using the properties
of the Poisson distribution it follows that the probability of finding one scatterer in D (vty) is
approximately |D. (vt,)| and the probability of finding two or more scatterers is proportional
to |D. (vt,)|* which can be neglected. We introduce a system of spherical coordinates having
‘f‘;—‘ as north pole and we denote by ¢ the azimuth angle (as in Section . Assuming that
there is one scatterer in the domain D, (vt,), the conditional probability that the scatterer

has azimuth angle in the interval [p, ¢ + dy| and the impact parameter of the collision is in
Vt.bdbdp
|De (vts))]

v of order one if b is of order )., therefore it is natural to introduce the change of variables
b = A:b. We conclude that the probability of a collision in a time interval of length ¢, with
rescaled impact parameter b and azimuth angle ¢ is:

(A\e)? Vit bdbde. (3.35)

the interval [3, b+ dB] can be approximated by . We obtain deflections in the velocity

In order to derive the evolution equation for the function f (¢, z,v) it is convenient to
compute the limit behaviour of (cf. (3.7))

e (t,z,v) :=E Wo,s (Tt (z,v;e; ))] (3.36)
where Y. = 1o (z,v) is a smooth test function. We have the following duality formula
[ [ £ty tan)dndo= [ [ fatwvyue oo dedo .t 0 (3.37)

which follows using , the change of variables T~ (z,v; ;) = (y,w), and (3.36)). We com-
pute the differential equation satisfied by the function v (¢, z,v) = lim.0 ¢ (TBct, Tag®,v)
with ¢ (2, v) = lim._,0 Yo (TBG,v) . Supposing that h > 0 is small but such that hTpg > 1
and using the semigroup property of 7% we obtain

Ve (Tpa(t+ h),Tpgx,v) =E [%,e (TTBG(t+h) (Tpgx,v;e; ))]

=E {wo,a (TTBGhTTBGt (Trgz,v;e; ))} ) (3.38)
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We assume now that the deflection of the particle during [Tsat, Tpa(t + h)] is independent
from its previous evolution in [0,7pgt| (in particular, recollisions of the particle with the
scatterers happen with small probability). To prove this independence would be a crucial
step of any rigorous proof of the Claim (notice that this implies also the Markovianity of
the limit process). Then

¥ (Tpa(t + h), Tpea,v) ~ E [1/;5 (TBGt, TTB6h (T, v e; ))} (3.39)

for small € > 0. If the position of the particle is (Tpgz,v) at the time Tpgt, its new position
at the time Tpqg(t + h) is Tpgx + vIpgh. Recalling the expression (3.35)) for the probability
of a collision with given impact parameter and azimuth angle, we deduce

Ve (Tpa(t + h), Tegr,v)

2m M
~ ), (TBgt, Tpax + vIBch, U) |:1 - ()\5)2 VhTBg/ dcp/ bdb:| +
0 0

27 M
+(A)? VTBGh/ dSO/ bdb . (Tsat, Taz, |v|w (b, ;v))
0 0

where w (b, p;v) is as in (3.28)). Here we neglected the probability of having more than one
collision in the time interval [Tsgt, Tp(t+ h)], since h is sufficiently small. Using TpgA2 = 1
and a Taylor expansion in h, we obtain, in the limit h — 0,

oY (t,z, oY (t,x, S
plnt) _PEnt sy [Tap [T babiu ol (050 - 0t (30)

Finally, we pass to the limit in (3.37). We set f(¢,z,v) = lim.o fe (Tsct, Tpgx,v),
fo(xz,v) = f(0,z,v) and ¢ (t,x,v) = ¢ (to — t,x,v) for tg > 0. We get

//f to, 2, v) to,xv)dmdv—//fng¢o(x v)dzdv , tg >0

<//ftmv t:rv)dxdv>:0. (3.41)

Note that, by (3.40)), for 0 < t < ¢ty we have

o (t,x, o o )
¢(gtxv):_ ¢t:z:v / dgo/ bdb [ (¢, z, [v|w (b, p;v)) — ¥ (t,7,0)] ,

¥ (to, z,v) = ¥o (z, v) . (3.42)

which implies

Using (3.41) and (3.42)) and integrating by parts in the term containing J, we obtain

O://w(t,x,v)ﬁtf (t,z,v) d:cdv+//w(t,x,v)vaxf(t,ﬂ;v) dxdv—
—//dmdv/o%dcp|v|/0Mbdb (G (t,, o] w (b, 9:0)) — D (t,2,0)] £ (t,,0).  (3.43)
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Performing the change of variables in (3.28]) (cf. (3.31)) and taking then the limit M — oo we
can write the last integral term in (3.43) as

- [ [awavir0y [ [Bk (rvw;m F (4, o) — By (050) f (t,2,0) | do
k=1 Ak (v)
) (3.44)
From (3.30)), (3.32)) and the arbitrariness of v, we get (3.34). m

Remark 3.4 The above way of obtaining the Boltzmann equation is reminiscent of the cutoff
procedure used in [13] to derive the Boltzmann equation rigorously for potentials of the form
|x| =% for s > 2 in two space dimensions.

Remark 3.5 The condition enters in the argument because we assume that the trajec-
tories of the particles between collisions are rectilinear. This is due to the fact that the time
T, required to produce deflections between collisions is much larger than the scale Tg¢.

Remark 3.6 If the Holtsmark field in which the particle evolves has different types of charges
we must replace by the equation

L

(atf+vaacf) (t7wvv) :ZM(QJ')/QB(USWQQ]') [f (tamv‘vlw) —f(t,l',’l))] dw

j=1 o
where B (v;w; Q) is the scattering kernel obtained computing the deflections for each type of
charge. Notice that the form of Wery in yields the following functional dependence for

the differential cross-section ¥ = B/|v|:

Vil

i.e. we can reduce the computation of the scattering kernel to just two values of the charge £1
and arbitrary particle velocities. Notice that there is mo reason to expect B to take the same
value for positive and negative charges and a given value of the velocity, although it turns out
that this happens in the particular case of Coulomb potentials.

E(w;Qj) =% (U;w;sgn (Qj))

3.2 Kinetic equations describing the evolution of the distribution function
f : the Landau case.

In this section we consider the evolution of the function f. defined in as € — 0, assuming
(3.17) and (3.19)). The latter condition is not sufficient to obtain a Landau equation, since we
need also to have independent deflections on time scales of order T7,. Under the conditions
yielding the Landau equation the deflections in times of order T}, are gaussian variables and
the independence condition reads (cf. (3.11])

E (D(O) D(TL)> < \/E (D(0)2)E (D(TL)Q) as €0 (3.45)

where T, is some time scale much smaller than 77, and we denoted D (0) and D(T}) the de-

flections experienced during the time intervals [O, TL} , {TL, 2T}, respectively. Furthermore,
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in order to have a well defined probability dlstrlbutlon for deflections we need the con-

vergence as € — 0 of the characteristic function mT More precisely, restricting
for simplicity to the case of one single charge and assummg |v = 1 we have

2

1 ¢TL
2/ (e / dt V@, (v¢Ty, — y,s)) dy = kCl0L]* ase =0 (3.46)
R3 0
for every ¢ > 0 and for some constant x > 0, where 8, =0 — |v| | - In particular,

m, (0) = exp (—RC !Mz) as e — 0. (3.47)

We will not try to formulate the most general set of conditions under which takes
place. However, we can expect this formula to be a consequence of the smallness of the
deflections, the independence condition and the central limit theorem. We will show
in Section [4| examples of families of potentials for which the left-hand side of converges
to a different quadratic form. For those families of potentials also fails. Moreover, the
following simple argument sheds some light on the relation between ([3.45]) and (3.46)). Suppose
that the deflections of the tagged particle in the time intervals [0, (177 ] and [(1 T, (¢ + ¢2) Tr],
denoted by D; and D, are independent (at least asymptotically as ¢ — 0). Then the
characteristic function mE C)+C 1 (0) of the total deflection D = D; + Dy is close to a product

mé)T (9) m(ca)T (f). This is possible only if the function on the right-hand side of (3.46)) is

linear in ¢ (cf. -

In the following we assume both (3.45)) and (3.46)) and we derive a linear Landau equation.

Claim 3.7 Assume that holds and suppose that , are also satisfied. Sup-
pose that the following limit exists:

fe (Tpt, Tpx,v) — f(t,z,v) ase — 0. (3.48)

Then
(Ocf + 005 f) (t,x,v) = KA, f(t,2,0) (3.49)

where A, is the Laplace Beltrami operator on S? (sphere of radius |v| = 1) and the diffusion

coefficient k > 0 is defined by (3.46]).
Remark 3.8 Using Cartesian coordinates, the diffusion term in (3.49) reads as
3
0 0
7147, a. t) ) .
Z gy A1 () gy f (6.,0) (3.50)

where the diffusion matriz A; j(v) is given by

VU4
A i) =k <5ij - Mg) . (3.51)

We refer to [23] and [28] for further details.
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Justification of the Claim Using (3.47) and the Fourier inversion formula, we can
compute the probability density for the transition from (Trx,v) to (Try,v + D) in a time
interval of length 77 h with D € R3 :

Try — Trax — oI h) T3
6 (Tpy —Trx . vTLh) L/ exp (—mh\9¢|2> exp (iD - 0) do
(2m) Ro

5(TLy—TL$—’UTLh)5(D”)Tg ( ’DJ_‘Q)

p(Try,v+ D;Trx,v;Trh) =

4dkmh kh
Here we write 0 = (GH,HJ_) with

v v v

=0, 9L29—<9.> (3.52)

il [0l / |l

and use a similar decomposition for D = (D”,D l) and other vectors appearing later. That
is, the probability density yielding the transition from (Tpz,v) to (Try,w) is

5(:c—y—vh)5(v||—w“) exp (_|UJ_—QUJ_|2

p (Try, w; Tpz,v; Trh) =

tonh — > = G(y,w;x,v;h) .

(3.53)
Using the independence assumption, we obtain the following approximation for h small

fe (Tp(t+h), Trx,v) ~ /RS dy /R3 dwf. (Tpt, Try,w;e)p (Try, w; Trx,v; Trh)
whence, using ,
Fltsha) = [ dy [ dwf (06w
and by

1 vy —w |
f+hzv) = s /RdeLf (t,x—vh,vH,wL) exp <_/<h .

Approximating f (t,y,w) by means of its Taylor expansion up to second order in w; = v,
and to first order in y = x as well as f (t + h, z, v) by its first order Taylor expansion in h = 0,
we obtain (3.49). m

3.3 The case of deflections with correlations of order one.

If and 17, < Tgg hold but the condition fails, then the dynamics of the distri-
bution function f. cannot be approximated by means of a Landau equation. We shall not
consider this case in detail in this paper. However it is interesting to formulate the type
of mathematical problem describing the dynamics of the tagged particle. We discuss such
formulation in the present section.

We denote the deflection experienced by the tagged particle at the point z, with initial
velocity v during a small (eventually infinitesimal) time h as D (x,v; h). We use here macro-
scopic variables for space and time. As ¢ — 0, the characteristic function of D approaches
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the exponential of a quadratic function and the deflections become gaussian variables with
zero average. For these variables, the form of the correlation might be strongly dependent on
the family of potentials considered, but some general features might be expected.

First of all, due to the invariance under translation of the Holtsmark field, the correlation
functions will take the form

E[D (z1,v1;h) ® D (x9,v2; h)] = K (21 — x2,v1,v2; h) # 0. (3.54)

Furthermore, we will obtain (cf. examples in Section

/01 K (y(s),v1,v2; h) ds < o0 (3.55)

for any curve y(s) of class C'. This integrability condition might be expected if
fails, because otherwise one could have large deflections at small distances and 77, would not
coincide with the scale of the mean free path (cf. (3.17)).

Finally, the equation yielding the evolution of the tagged particle can be written as

x(r+dr)—z(t)=v(r)dr , v(r+dr)—v(r) =Dz (7),v(r);dr) , (3.56)

where the order of magnitude of D is not necessarily dr, but it might be of order (dT)a/ for
some 0 < o/ <1 (see e.g. Section 3 <s<1).
A typical example which can be derived for a family of power law potentials is the following

(cf. Theorem (i1)):

1
K(yvvth;dT):WA(’Z|7U17U2> dr)? ,y#0, 0<a<l, (3.57)
K (0,v1,vg;d7) = A (v1,v9) (dT)Q_a , (3.58)

where A is a matrix valued function. Note that, likely, due to the integrability of the factor

ﬁ in , the condition does not play a relevant role.

It would be interesting to clarify if — forms a well defined mathematical problem
which can be solved for a suitable choice of initial values = (0) = zp, v (0) = vg. Note that this
is not a standard stochastic differential equation, but rather a stochastic differential equation
with correlated noise. The dynamics has some analogies with fractional Brownian
motion [25].

4 Examples of kinetic equations derived for different families
of potentials.

We now apply the formalism of Section [3| to different families of potentials. First we check if
the families of potentials considered have an associated collision length, then we examine the
behaviour of the functions o (T;¢) in (3.15). We compute the time scales Tpq, 17 defined

in (3.3), (3.16)) and check if (3.17) and some of the conditions (3.18)-(3.21]) and (3.45))-(3.46))

hold. Finally, we write the corresponding kinetic equations.
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4.1 Kinetic time scales for potentials with the form ¢ (z,e) =¥ <m> .

€

We first consider the family of potentials

{® (z,¢); 5>0}:{\1J (k(:), 5>O} (4.1)
where ®(-, ) € €5, s > 1/2. We have ¥ € C? (R*\ {0}) and
A A

V)~ p s Wl VE@ ~ g as il oo (42)

for some real number A # 0 (cf. (2.7))). By Definition the collision length is A\; = ¢ and

1

It is possible to state some general result for these potentials which depends only on the
asymptotics of ¥ (y) as a power law as |y| — oc.

Theorem 4.1 Consider the family of potentials with ®(-,¢) € €s, s > 1/2. Suppose
that the corresponding Holtsmark field defined in Section[3 is spatially homogeneous. Then

limsupo (Tsg;e) <9 (M) with lim 6 (M)=0 if s>1 (4.4)
e—0 M—o0
where o (T;€) is defined in . If we define Ty, by means of we have
1

T~ —————— —0 1 =1 4.5

BT gr Az log (1) “ e i’os (4:5)
and

1 3-2s 1

TLN(WS) as € —0 Zf §<S<1 (46)

with

_ 29, £, )2 d) 2(1_1>2
WS_BTE/RSCZS [S (080 </0 or—er2) PO\ =T 1)

(cf. (3-52) ), whence

T, < 1Tpg as € —=0 if s<1.
Remark 4.2 We recall that the assumption of spatial homogeneity for the Holtsmark field

means that we need to consider neutral distributions of charges or distributions with a back-
ground charge if s < 1.
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4.1.1 Proof of Theorem general strategy.

We use the splitting (3.8) which in the case of the family (4.1]) becomes ® (z,e) = ®p (z,e) +
Oy (x,e) with

x x
(I)B (1‘,8):\1137]\/[ <g> s (I)L <$75):\IJL,M (g) s (4.8)
Yy Y
Upnm(y) =¥ (y)n (M) ;Yo (y) =V (y) [1 -7 (M)} - (4.9)
We study the asymptotic properties of the function
T 2
o (T;¢e) = sup / dy <9 . / V@ (vt —y,e) dt> (4.10)
|o|=1 JR3 0

separately for the three different ranges s > 1, s =1 and 1 < s < 1 and assuming |v| = 1.

4.1.2 Proof of Theorem the case s > 1.
Our goal is to prove (4.4). To this end we first notice that (3.15)) and (4.3) imply

1 0 1 vT — 2
a(TBg;g):Eslzu;)l/mdg <52/0 V\I/LM( i~ 5) d7> .

C C .
We use that [V, | < %ﬁ('y‘) for some C' > 0, where we denote as x4 the characteristic
function of the set A. Then

Jor—¢] ?
C g3 L X (M 00) ( B )
o (Tpg;e) < — | d¢ dr | . (4.11)
R3 0 — gt

€8 g2 ks

We split the integral as [gs [ - -] d€ = f{|£‘>2} ]dg + f{|€|<2} [ - -] d¢ and notice that the

first term is d
/ [ ] de < Ce¥C—Y) / 75 < 86D, (4.12)
s+1
{1¢1>2} fle1>23 1€)X

We split again the second domain as

3 3
{|€L|>M !§|<2} {|§L|<M€ \§|<2}

where 17 = (n,n1) (as in (3:52)). Note that [vr — ¢**! = ((T &)+ (gl)Q) I el >

3
M; we use

r—¢]
L X[M,00 ©©
/ : )< < )drg/ dr < ¢ (4.13)
0 vT —

o (7'2—}— (5L)2> 5Ll
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Otherwise if [£,] < MQE3, since the integrand is different from zero only if Wsis_&' > M, we
M253 to have a nontrivial contribution, hence

must have |T — §||‘ >

1 X[M,0) (lvT€3_5|> dr
/ s+1 dr < / 3 s+l
o T omliral=4 ()7 + €0)?)

1 dr C
< su/° < (4.14)
& i) o <
Combining (4.13)) and ( we get

/1 xinoo) (559) C
0

o P S e (L] M)

Plugging this estimate into the term f{\£|<2} [+ ] d€ (cf. (4.11)) we arrive at
lor—¢] 2
1 3(s+1)  r1 X[M,00) ( 3 )
8/ dg - 2 / [ :Jrl dr
€ Jlel<2) & Joo Jor=¢
/ 3(s+1) 1 2
dé1 aveach Bl
N g reareny N\ T (D)

2
c [ g3t C
+= [ d d | < .
e8 /2 5“ {l€L|>Me3) &L ( g2 |§J_| M?2(s—1)

Using this and (4.12) we obtain

C
M2G-1)°

Taking first the limit ¢ — 0 (using s > 1) and then M — oo we obtain (4.4). This gives the
result of Theorem for s > 1.

o (Tpag;e) < Ce86-1) 4

4.1.3 Proof of Theorem (4.1t the case s = 1.

Our goal is to prove the existence of 17, < Tpq such that o (Tf;¢) ~ 1 as € — 0, using (4.2)
with s = 1. We assume that A = 1, since A can be simply absorbed as a rescaling factor.
Changing variables y = T¢, t = T'7 in (3.15)) we can write:

. T3 ! T (vt — &)
o(T;e) = = |2}1p1 /R3 d¢ (TQ -/0 VY M <€> dT)

Let Z=1—mn (cf. . ). Using (4.2)) we obtain

7 (T%ﬂ) ?
o (T;e) = Te* sup / d¢ (HL-fl)/ = 14 ¢ (M;e)] (4.15)

16, |=1JR3 o |t =¢]

2
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where limsup,_, [¢ (M;e)| < (M) and ¢ (M) — 0 as M — oo. In ¢ (M;e) we collect: (i)
the errors coming from the computation of the gradient via with the approximation
(2.7) (with s = 1 and A = 1), which can be estimated as in the previous section; (ii) the
contribution of the longitudinal component ¢. Note that the latter yields a term of order

e (-5

which can be estimated by CTe2. Since the integral in (4.15) will produce an additional
contribution of the order log (1), (4.16) can be absorbed into ¢ (M;e).

We decompose the integral [q; [- -] d¢ in as f{|§\22} [---]d¢ + f{|£|<2} [ -] d¢ and

notice that the first one is bounded, so that

7 (T\wfg\
)

(4.16)

Me

2
£‘3> dr | [L+¢(M;e)] +O(Te?) .

o(Tie) =T swp [ d((0r-6
{l€1<2}

0.1=1 o ot -

Arguing similarly we obtain that the main contribution to the integral is due to a cylinder
with principal axis (£ € [0,1],£. = 0) and radius much smaller than 1. In particular

w 7 () Y
o (T:e) ~ Te /0 ¢, /{mg}d@(m.@) /O‘m__ﬂng , (4.17)

where the error is negligible in the limit ¢ — 0 and then M — oco.
Note that the region with |£, | < 21\74 € yields also a contribution of order Te? (as it might

be seen estimating the integral fol " dj5|3 as —< if % <&l < 2]\:,45). We then have the

e Oy
approximation
1 1 Z (th\;_fl) ’
€
o (T;e) ~ T52/ d§||/ de (0, -€1)? / ————Adr
0 {28 <je <1} 0o |or—=¢]
Finally, for any £ € (0,1) we have
1z (M) 1 [ dr 2 Me
/ " Ldr ~ 2/ 7= oas 6] =0, ]2 (418)
0o |or—¢] €017 Joo (72 4+ 1) [EL|

The approximation is not uniform in § when ) is close to 0 or 1, but the contributions
of those regions (which yield terms bounded by the right-hand side of (4.18])) are negligible
compared with those due to the region §| € (0,1 —&0), €0 > 0 small. Therefore

| 2
e [ Md
o (T;¢) ~ 4T /0 <l /{MTkghgl} [ -

and, computing the integral in £, using polar coordinates, we obtain
1
o (T;e) ~ 4rTe*log <> [1+0(l)] as e —=0. (4.19)
€
Using (3.16)), Eq. (4.5)) follows.
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4.1.4 Proof of Theorem H: the case % < s<1.

We proceed as in the previous section, assuming % <s<land A=1.

The analogous of (4.15))-(4.16]) is

o (T;e) = *T3 7252 ;1‘1:})1 (J1(01) + J2(6))) [1 + ¢ (M;e)] (4.20)

where _ ,
Ji(6L) = /Rg dé (01 -€1)° /01 W (4.21)

e Tig] Tig—vl\ \ *
Jo(6)) == ;/W acor 2 ‘(gf) - Zé_M;’s) | (4.22)

Notice however that, for this range of values of s, the region where |vr — | < % gives a

negligible contribution, because the resulting integral is finite, differently from the previous
case. Thus we can replace Z by 1 introducing a negligible error.
The integral Wy in (4.7)) is a numerical constant depending only on s and

o (T;e) ~ W,T3725%

as € — 0, from which (4.6] follows.
This concludes the proof of Theorem [4.1

4.2 Computation of the correlations for potentials ¢ (z,e) = ¥ <%>

We now estimate the correlations of the deflections for families of potentials with the form
O (z,e) = U %
asymptotics (4.2)) with s < 1. We indicate in this section the deflection vector during the

) . We restrict to the cases where T, < Tpq, i.e.to potentials with the

time interval O,TL] as
Ty,

D <a;0, U;TL) = V2@ (xg +vt,e)wdt, (4.23)
0

where Ty, = KTy, h > 0, 2o € R® and v € R? with |v| = 1.
Theorem 4.3 Suppose that the assumptions in Theorem [{.1] hold.

(i) Let us assume that s =1 and Ty, is as in ({{.5). Then (cf. (3.45))

E <D (a:o,v;TL) D (ﬂso + UTL,U;TL>>

<\ e((0 (anwt)))e (0 oo oTuf))7) ws cvo a
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(ii) Suppose that % < s <1 and Ty, is as in m . Let x1,m9 € R3, (z2 — 1) = Ty with
y € R and vi,vy € S%. Then (cf. Section

E (D (331,U1;TL> D <$27U2;TL>> ~ K (y,v1,v2;h) as € =0,

where:
. A(e)h? )
K (y,v1,v2;h) ~ e ly| — oo (4.25)

with e = £ and
ly]

s [ g e m=—e)

M= e M g e

and K (0,v1,v2; h) = O(h*72%). Moreover, as ¢ — 0 the correlation matriz is

E(D (wl,vl;TL) ®D($2,02;TL)> K (y,v1,v92; h)

\/ e (0 (m0i)) ) E (0 (i) )) Con

where Cy > 0 is given by (4.30) below.

(4.26)

Remark 4.4 Notice that we approzimate in the case (i) the trajectory of the particle by
rectilinear ones. In an analogous manner, we could prove that the correlations also tend to
zero if we consider particles separated by distances larger than Ty, In case (ii) we obtain that
the correlations between the particles at distances of the order of the mean free path do not
vanish as € — 0.

4.2.1 Proof of Theorem 4.3t the case s = 1.

We assume, without loss of generality, that g = 0. The result in Section shows
that the asymptotic behaviour in the right-hand side of (4.24)) is glven up to a multlphcatlve
constant, by TL52 log( ) which is of order h as ¢ — 0 1f TL = hT,. Therefore, we need to

prove that E <D (O,v, TL> D (UTL,U;TL)) <L lase—0.
We get

E (D (0, U;TL> D (UTL,U; TL))
_ /R e ( OTL V. (vt — & 2) dtl) ® ( ;TL Vo (vts — &, ¢) dt2> . (4.27)

Arguing as in Section (cf. - we can prove that the longitudinal contributions
(i.e. those parallel to v) are neghg1ble Therefore we only consider the components on the
plane orthogonal to v.

Using the rescaling of variables t; = T, to = Trm0, & = Try, we obtain that is

bounded by ( times (cf. ( .

2h T _ T _
[ dﬁ/dﬂ’LM(”ﬁ %) oo (22)
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where y, denotes the orthogonal projection of y in the plane orthogonal to v. That is, for

some C' > 0 (cf. , )7
E (D (O, U;TL> D (vTL,v; TL))

h 2h X s\ X .
ly|> [o(r2—71)—y|> 7=
SC’TL€2/ dTl/ dTg/ dy|yL]2 {y TL} { 2y TL}

ly |3 |U(7'2—7'1)—l/|3

X X c
=7 [v(re—T1)—y|> 7
—CTL{:‘/ dTl/ dTQ/ dyl]yl| /dy| { 3 { TL} 3 -
2

(v +yL ((y) — (2 = 71))2 +97)

We now use the change of variables y = [y, | X. Estimating also the characteristic func-
tions by 1, we find

. p -
E (D (O’U;TL> D (UTL’U TL < CTye / dT1/ dTQ/ yL 27N
R? |y |

|ZJL|
where IX )
Q (S) = / 5 3 3 -
RECHD? (x s 41)
We remark that Q (s) < 1+\ TP Then

0 h
~ ~ ~ d
E (D (O,U;TL> D (UTL,’U;TL)> < CTLEQ/ dn/ dTQ/ 3 YL 3
—h 0 R2 [yL]” + (12 — 71)

0 h dry
< CTLEQ/ dTl/ —F < CTL€2
o Jo (2—m1)

which is negligible as e — 0, by using the formula (4.5]).

4.2.2 Proof of Theorem the case s < 1.

By definition
E (D (whvl;TL) ®D (l’z,vz;TL>>
Ty, Ty,
:/ dtl/ dt2/3 déV,Pr (§—v1t1,5)®VxCI>L (5—(w2—x1)—v2t2,5)
0 0 R

and we are interested in a situation where (3 — 1) = Try,y € R3. We use again the change
of variables £ =Trn, t; =Tr7;, j =1,2. Then:

: (D (:m,m;@) @D (2,001
dn\I/ < (_vm)> ’L,M(TL(U—Z/—UM))

d7'1

dTQ
€

[(77—017'1 2 77 y—vaz)}
n—vim| — |n—y—vere|
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Using (4.2)) (with A = 1) we obtain that, up to an arbitrarily small error ¢ (M;e) (as in
(4.15)),

E (D <$1701;TL) ®D <$2,v2;TL))
h h B o
Q(TL)32552S/ dﬁ/ d7_2/ dn [(77 UlT;J)F;@ (77 Yy 027'2]2
RS [n—uimi|”T7 [0 —y — v
/ dn/ dﬁ/ dn —UlT;)L®(77 y—vzm)]
W R |n—uim|7 7 — 9—1)272\
n®(n—U)

dTl/ dT/ . 2

W / re Py — U2

where we have used that Ty, ~ (W51525> == (cf. ) and that U := [y + vame — v17y]. We

remark that the integral in the variable n is well defined for each U € R3, U # 0 since
% <s<1l Lete= % be a unit vector in the direction of U. Then, rescaling we obtain

h h
- - Ale)
E <D (xl,vl, TL> ® D (xQ, UQ,TL>) ~ /0 dﬁ/o dr P E——— (4.28)
where
s* [n® (n—e)]
Ale) = — d , lel=1.
( ) Ws R3 |n|s+2 | N 6|er2 | ’

We are interested now in taking h much smaller than |y|. Then the following approxima-

tion holds: 2
E (D (ml,vl;TL) ®D («T27U2§TL)) ~ ’};é\s((?

with e = % Therefore (4.25)) is proved. Notice also that (4.28)) implies

Ch?
(ly| + >~

Similarly, we can compute the typical deflection from a given point x1,vy:

E (D <{L‘1,’U1;TL) ® D (ml,vl;TL)) (429)
G o [t
R3 |77—vm| ?|n — vim]
(n—vi(r2 — 1))
dTl/ dTQ/ d77 P P
W / R3 |77| +2 n —vi(m2 — 71)| 2

[n® (n—v1)]
dTl/ / .
W / ’7-2 _ 7-1|28 1 R3 |T]|S+2 ‘7] U]_’S+2

The last integral is a matrix and it remains invariant under rotations v; — Rwv;, where
R € O (3), whence it is a multiple of the identity osI. Since the matrix is positive definite
we have g5 > 0. Then the integral above becomes

2 h h
S O’S d7—2 o 3—2s
W dm — g = Csh
s Jo 0 |7 —mi|

35

| K (y,v1,v2; h)|| <




where

2o 1 1 dro
Cs = s/ dn/ _ . 4.30
Ws 0 0 |’7’2 *7‘1|2s 1 ( )
We have then obtained

E (D (l‘l,vl;TL) ®D (962,112;TL>>

\/E ((D (xl,vl;TL»Q) E <<D (x2,02;TL>>2>

where the correlation function is given by (4.26]) and

y 2s—1 °
(1 + 7)

N%(y,vl,w;h)

Q

€ (y,v1,v2; ) || <

4.2.3 Kinetic equations.

We can now argue as in Section |3 to write the kinetic equations yielding the evolution for the
function f (¢, x,v), for families of potentials with the form ® (z,e) = ¥ (@) Recall that the
long range behaviour is given by (4.2)).

The case s > 1: Boltzmann equation. Let us assume that the scattering problem
associated to the potential W is well posed for every V and almost every impact parameter
b (cf.Section [3.1.1]). Then, since (4.4 holds, Claim yields that the function defined by

means of solves
(Ouf +00:) (t0.0) = [ B (36) [F (b o]0) = £ 1. 0)) s

if there are only charges of one type and

L
(Ouf +00uf) (t,0) =Y 1 (Qy) /S B (v;w; Qj) [f (t, 2, [v|w) — f (t,2,v)] dw
j=1

if the distribution of scatterers contains more than one type of charges. In these equations

the scattering kernel B is given by (3.30))-(3.31)).

A particular case is ¥ (y) := |y1|5, s > 1. A rescaling argument allows to restrict to V =1

and the expression for the kernel (with |v| = 1) is

B (v;w) = |Sflx|\ (a’ééb))_l\

where the scattering angle x (b) = x (b,1) is a monotone function of b given by

+oo
x(b) =m— 2/ bdr , (4.31)
re T2/ 1 =2 (1)
with )
1 b
\I/eff(T) = F + ﬁ
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and 7, the unique solution of 2\I/eff(7"*) = 1. One finds

— s pdE, (4.32)

ox(b)  2s /g sin(&)us~t
0b bS+1 0 (u+ b%usfl)

where u and & are related by

sin (&) = u? + 2 (%)8 :

The case s = 1: Landau equation. Combining Theorems [£.1] and [.3] we obtain that the
function f (¢,z,v) in (3.48)) satisfies the linear Landau equation, which in the case of charges
of a single type has the form

(Ocf + 00, f) (t,x,v) =k Ay, f(t, z,0) (4.33)

where Kk = % (since we have absorbed all the numerical constants in the formula for 77, see

Section [4.1.3). If we have charges of different types (cf. (3.14)), the same definition of 77, in
(4.5) leads to

L
1
n=gD n(Q)Q (4.34)
j=1
Coulombian potentials, i.e. ¥ (y) := ﬁ, are particularly relevant in plasma physics and in

astrophysics where kinetic equations are used to describe the relaxation to equilibrium. The
presence of the logarithmic term in is well known in both fields [4, 23]. As explained in
[], in systems where the particles interact by means of Coulombian potentials the scatterers
at distances between R and 2R of the trajectory with R larger than the collision length
contribute equally to the deflections. This is the reason for the onset of the logarithmic term,
and also for the fact that the large amount of small deflections yields a larger effect than
Boltzmann-type collisions with individual scatterers.

The case % < s < 1: correlated deflections in times of the order of T;. In this case
we have T, < Tgqg. However, due to Theorem the correlations between the deflections
in times of the order of 17, are of order one. Therefore the dynamics of the distribution
function f cannot be approximated by means of the Landau equation. In fact the probability
distribution for the deflection in a time hT7}, is a gaussian distribution with zero average and

typical deviation of order h¥ in the limit € — 0, i.e. we obtain (cf. Section )
mﬁf}L () = exp (—kh*7%0%) ase —»0, k>0.

Diffusive processes (in the space of velocities) like the ones given by the Landau equation
are characterized by typical deviations of order v/h which only take place for s = 1. Therefore,
a diffusive process cannot be expected if % < s < 1, but rather a stochastic differential

equation with correlations as explained in Section see ([3.54))-(3.58]).

Remark 4.5 The analysis of the function o (T;e) given by (4.10) allows to determine the set
of scatterers which influence the dynamics of the tagged particle. We will denote this set as
‘domain of influence’. This corresponds to the regions in the y variable which determine the
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asymptotics of the function o (Ty;e) ase — 0 if T, < Tra. Assume that |v| = 1 and that the
tagged particle is in the origin at time zero. For the potentials with the form considered
in this section, we obtain that in the case s = 1 the domain of influence are the scatterers
located in (z),z.) with ) € [0,Tg] and ky < |z L] < %, where ki is a large number. These
scatterers are responsible for the logarithmic correction which determines the time scale T,

(see Sec. If s < 1, the domain of influence is x| € [0,T] and |z | < k1TL, (see
.

Section

Remark 4.6 In the two-dimensional case, we may consider families of potentials of the form

O (z,e) =" (%) with ®(-,¢) € €5 for any s > 0 and we always obtain spatially homogeneous

Holtsmark fields (see Remark|2.11)). Nevertheless, unlike in three dimensions, the Coulombian

decay does mot correspond to the crossing of the Boltzmann and the Landau time scales.

Indeed, Tpg = %, 4.4) holds if s > % and Ty, diverges as @ if s = % Moreover,
1

Ty ~ (W) TE s e—=0 if 0<s< 3 . Therefore

T, < Tpa as ¢ >0 if s< i two dimensions.

N =

Moreover, (4.24) is valid for s = % and a Landau equation is expected to hold. Instead, for

0<s< % the correlations do not vanish on the scale of the mean free path and a set of

equations with memory arises as in (3.54)-(3.58) (with a = 2s and o/ =1 — s).

4.3 Potentials with the form ¢ (z,¢) = ¢ G (|z]).

We will now consider families of potentials with a form different from (4.1)). We shall see how
sensitively the kinetic time scales Tpg, 11 and the resulting limiting kinetic equation can
depend on the specific details of the interaction. Let us consider

{® (z,e);e >0} ={eG (|z|) ;¢ > 0} (4.35)
where G € €, s > 1/2. We have G € C? (R*\ {0}) and
A
R as |x| - 00, A#O0. (4.36)
T
Note that these potentials have an intrinsic length scale of order one, i.e. the order of magni-
tude of the average distance between scatterers. Other types of potentials with different or

additional length scales might be considered with analogous types of arguments, but we re-
strict to the present case for simplicity. Moreover, we restrict to classes of functions satisfying

G(x) ~

B
G(x)NW as || =0, B#0, r>0. (4.37)

The case r = 0 corresponds to
G e C? (R3) , G bounded near the origin . (4.38)

We remark that in the case (4.38]) the family of potentials (4.35) does not have a collision
length (or equivalently A = 0, Tgg = +00). On the other hand, in the case (4.37) the
collision length is

Sl

Ae =€ (4.39)
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and the Boltzmann-Grad time scale is then (cf. (3.3]))

1
Tpe = —- (4.40)

er
4.3.1 Kinetic time scales.

We now study the properties of the function o (T';¢) in (3.15)) and compare the time scale T7,
defined by means of (3.16|) with Tpg given by (4.40)).

Theorem 4.7 Consider the family of potentials with G € €5, s > 1/2 and satisfy-
ng . Suppose that the corresponding Holtsmark field defined in Section @ is spatially
homogeneous.

(i) If s> 1 andr > 1, then limsup,_o0 (Tpg;e) < 0 (M) with § (M) — 0 as M — oc.

(1) If s > 1, thenTLNW“og(e)'asa—)OifrzlcdeLNs%forsomeC>Oas

e — 0 ifr <1. In both cases Ty, < Tpg as e — 0.

(iii) Suppose that s = 1. If r > 1 we have limsupeﬁoa(TBGg g) <6 (M) with 6 (M) — 0 as
M — oco. If r =1 we obtain Ty, ~ W for some C1 > 0 and therefore Tr, < Tpqg as

e = 0. If r <1 we obtain Ty, ~ W for some Co > 0 and therefore T, < Tpag as
e — 0.

(iv) Suppose that s < 1. If r+2s > 3 we have limsup,_,qo (Tsg;e) < 0 (M) with § (M) — 0

as M — oco. If r + 2s < 3 we obtain Ty, ~ CS ase— 0 andthenTL<<TBG:i2 as
£3—2s er

e = 0. If r 4+ 2s = 3 we obtain that T1, and Tsg are comparable as € — 0.

Proof. We will assume in all the proof that v = (1,0,0). We use the splitting (3.8)) which
becomes here @ (z,¢) = ®p (z,¢) + @ (z,¢) with

|z]

v (0.0 =<Gllahn (45 )+ w@a=cclad 1o (500 )] @

Proof of (1).
Suppose that s > 1. Then using (3.15)) and the fact that [#;| < 1 we have (in a similar way
as in the proof of Theorem {4.1))

T 2
o (T;e) = sup / d¢ <9 . / Vo®r (vt — &, ¢) dt> < Ji+J2 (4.42)
0

16)=1 JR3

where

gy Xlet=e>1}
J1 = C€/d§§ ? (/ 5> )
o |ot—¢Pt?
T X{Ma%<\ut—g|<1} ?
J:Cs2/d 2/dt —
2 R3 f‘fl’ ( 0 |vt_£"f‘+2

for some C > 0.
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We estimate J; as

2
T
X{jg—v
Jl S 052 /3 dé. ’gLIQ / dt( {‘5 t|>1} >5*+2
R 0 2 2 2
(&1 —1)" +[&ul
T T T
< Ce? / dty / H, (t)dt = CTe? / Hy (t)dt (4.43)
=T =T =T
where s, := min{s, 2} and
> X X{|¢—v
H0:= [ dejel [ a UMbt
—00 2 2
(€?+1el) * (@ -0 +1eP)
1 x X{jel> 1} X{je—v)> 1} 90
= \t\zs*_l/pez |§L\2d§L/_ { S,f+}2 { ) e (444)

(€ +1el) * (-7 +1ef)

In the case [t| > % we estimate the characteristic functions by one.
Suppose first that || > 1. We split the integral in & in the regions |£;| < |1 | and
|€1] > |€1|. The resulting contribution to the integral in & would be of order wﬁ in
1

the first region and similar in the second region. This gives an integrable contribution in the
region |£; | > 1. Suppose now that |£,| < 1. We first estimate the integral

> d&y
Sx+2 Sx+2

(@ +lel) © (@-v7+lel) °

for |€, | small. We separate the regions close to &, = 0 and & = 1. The rest gives a bounded
contribution. The contributions near these two points are similar and can be bounded by:

/°° dé, __C
- ((51)2 + |€L|2) Tl

I . 2 . d
Then, the contribution to the integral f\£¢|<1(' ..)€1]7 d¢, is bounded by f|£L|<1 Iéfﬁ < 00.
Therefore, for [¢t| > %, we have that:
C
0<Hi(t) < W

Suppose now that |t| < 1. Then, since || > 1 and | — vt| > 1 we obtain that:

>C [1 + ((51)2 + ’fﬂQ)S*H]

sx+2 sx+2

(€ +1el) * (@-0"+lel) °

whence we obtain the following estimate:

2
mn<o | i / dé, Gl o (4.45)
v (@ ie)
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since s, > 1 > % Hence, we obtain

C
0<H () L ——— 4.46
( ) 1+ |t|28* 1 ( )
and, using (4.43]), we get
2 [ dt 2
A O T

if s> 1.
We have several possibilities for Jo depending on the values of r. Here we suppose that
r > 1. A computation similar to the one yielding (4.43)) gives

T
Jo < CTe? / Hy (t) dt (4.48)
-T

with
o0 X 7 X et <|é—v
m= [ alaf [ Qrer sz P persle sy
" (@ HIeP) T (@ leP)

If |t| > 2 we have

X mer el )X mer <le-vij<1}
r+2 r+2

((51)2 + ’§¢|2> ’ ((51 — )%+ |§¢|2> ’

because the supports of the characterstic functions are disjoint. On the other hand the
contribution to the integral in (4.48)) due to the region {|t| < 2} can be estimated as

/ Hy () dt
[T, T]N[-2,2]
d§ 3 C
/{Msr<|§|<1} \ﬁj / < )2+ ;’2)“52 < (Mg%)z(r_n .

Using now (4.48)), as well as r > 1, we obtain

CTe? CTer
Jy < > = ) (4.49)
(r—1) 2(r—1)
(Mg%) M

Thanks to (4.42)), (4.47), (4.49) as well as (4.40) we obtain

2
CTpqger _1 C
o (TBg;E) < CTBG€2 + W = 052(1 'r) + W

so that item (i) in Theorem is proved.
Proof of (ii).
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Suppose now that s > 1 and r < 1. We can then use formula (4.47), but the above estimate
for Js is not enough. Actually we need to approximate the integral

T 2
/R3 d§ (9'/0 Va®p (Ut_5’5)X{Mai<|vt—£|<1}dt>

as € — 0 for T large. Proceeding as above, we obtain that the integral is approximated by

T— tl
e2B? / dty / (4.50)

W (1) ::/ de(GL-Q)z/m &, X{Ma%g\élfl} X{Ma%<\£—vt|§1} -
© > (@rP+Ieal) T (@-0t+lal)

We are interested in computing (4.50|) for 7" > 1. Note then that most of the contribution
is due to the region t; € [L,T — L] with L large:

/ it /T ! /LTLdt1 /ztIW(t) dt + 0 (L) /ZW(t) dt.  (451)

Moreover, it turns out that f |W (t)| dt < co. The main contribution to the first integral on
the right-hand side of (4.51)) is s due to the strip {|¢t| < L'} where we can assume that L' < L.

We then get
T— tl o0
/ it / — T +o(1)] / W (t) dt (4.52)
where 0 (1) — 0 as T' — oco. We have
/ Wt

o9 X T X 2ET 2
- /dem-gm I <'£‘<l} [ P
" (@) +1eP) (2 +leul) *

where

We must deal now separately with the cases r = 1 and r < 1. In the first case, we are
going to show that (4.53)) diverges logarithmically as € — 0. The main contribution is due to
the region where |[£| | — 0. The characteristic function x {M2e2<iz g, P<1) €0 be replaced by

X{|t|<1} by making an error of order O <|£ ‘5 ) in the integral fjoooo dt---, and the resulting

contribution to the whole integral is bounded by a constant:

/oo W(t)dt:/ dgLW/OO dé, X{Me<|g|<1} ; /Iﬂl Lﬁ—&-O(l).
- e e (g e )F S @ 0
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dt__ — 2 we can approximate with

For ‘é}_‘ — 0, using f_oooo m
(0L-€1)% [~ d&1
2/R2 ®L e ) Xiveslesny

(€ + e’
(9 g )2 oo dX
22/R2 dgizyi/oox{msx/mgl}(ﬂﬂ)g

1] €L ]
9 1
~ 4|0, |"log | —
€

as € — 0. We have then obtained

T 2
1
/ dg (9 . / V@ (vt — &, €) X{M€<|vt_5|<1}dt> ~ 47 B*T |0L]252 log (5> ase —0
R3 0 B B
(4.54)
whence the asymptotics in Theorem (ii) for r = 1.
In the case r < 1, (4.53)) converges to a finite integral as ¢ — 0. The regions {|vt — £| > 1}
and {|vt — £| < 1} give contributions of the same order of magnitude and

T 2
/d§ (9/ VméL(vt—ﬁ,s)dt>
R3 0
X{lgl<1) o M (eePs)
< / dt +

~epr [ deoy e | de
€ /R2 10181 /OO 1(({1)2+|§¢|2> 2 J-oo <t2+|&|2> 2

o o0 X 2 L 2
+ AT /R2 d&(@r&)z/ d& X{el>1) s / dt LVPed >1+}2 (4.55)
(@ lel) T (P leP)

as € — 0 for T large. In particular this implies the asymptotics of 77, in Theorem (ii) for
r <l

Proof of (iii).
We assume that s = 1 and r > 1. We can use the decomposition (4.42)) and bound .J2 using
(4.49). Concerning .J;, we notice that (4.43)), (4.44)), (4.46|) are valid for s < 1. Then

C’Te%
M20—1)

o (T;e) < CTlog(T)e? +
therefore (4.40f) implies

1 C
o(T;e) < Clog <2> £2(1-7) + D
Er

which proves the first statement of (iii) in Theorem [4.7]
Suppose now that s =1 and r < 1. The case r = 1 is already included in the results of
Theorem For r < 1, we consider the asymptotics of the quadratic form appearing in the

definition of o (T’;¢). Computing the contribution due to the region {]V[efvl <|ut—¢ < 1}
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we can argue as in the proof of the point (ii) above and we obtain a term identical to the
first one on the right-hand side of (4.55)). We are left with the contribution due to the region
{Jvt — £] > 1}. We remark as before that

2 T— t1 B
/ dg( / Vo ®r (vt — &, €) X{jui— §|>1}dt> ~e A2/ dtl/ t)ydt  (4.56)

where, using that s = 1, we get

W (1) = / JdEL(BL-€1) / " ag e ;.
) = (@ al) (@ -0t ler)’

Arguing as in the derivation of (4.52]) we see that the main contribution to (4.56|) as 7" —
oo is due to the reglons where t; > 1 and (T —t1) > 1. However we cannot derive an

approximation hke ) because the integral of W is not finite. Indeed, proceeding as in
the proof of (4 we obtaln the asymptotics

~ (04

as |t| = oo (4.57)

with

. 2 00
R2 T]J_ —00 2 b 1 2 2
((771) + 1) ((771 - W) + 1>

Moreover, W (t) is bounded if |¢| is bounded. Writing

Tt1~ 17’1~
/ dtl/ t) dt = T2/ dr W (T7)dr ,

we obtain that the region where |7| < % with L large (independent of T) yields a contribution
of order O(LT). On the other hand, in the region where |7| > £ we can use (4.57). It follows
that

1—7 _
TQ/ dﬁ/ W (T7)d
/ 1= dr /
=C'T d’7'1 X{‘T|>%}H+O(T)~2CT10g(T)+O(T) asT —o0. (4.58)
0 —T1

Therefore o(T;¢) is, up to a multiplicative constant, asymptotic to e2TlogT for T large,
whence the last statement of (iii) in Theorem follows.

Proof of (iv).
We finally consider the case 3 < s < 1. Suppose ﬁrst that r + 2s > 3. Then r > 3 —2s > 1.

We use the splitting (4 and bound J; using , which are valid for 1 5 <s<L
We then obtain

J < Ce21372%
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We estimate J2 using (4.49) with » > 1, which yields Jy < Using (4.40|) we arrive to

M2('r 1)
2(r+2s—3) C
o (Tpgie) < Ce v e

which proves the first statement of case (iv).
Suppose next that % <s<landr—+2s <3 If r > 1 we can use 1} to prove

Jo < 7(15”1) If r = 1, (4.54) yields Jo < CTe?log (%) . If r <1 we argue as in the derivation
of (4 to obtain Jy < CTe?. We combine all those estimates in a single formula:

e 1
Jo < CT (MQ( yte log< )) . (4.59)

On the other hand, we can compute the contribution of the region {|vt —¢| > 1} to o (T'¢)
using (4.56) with W (t) replaced by

W) = / (0160 / i Xl>1) X{le—u>1) _
" (@ +1el) T (@-r+lel)

We have the asymptotics

V_V(t)w‘t‘gs”l as |t| — oo
with 5y e
N e S
(my*+1) ((m—m +1>
whence

T— t1 B 1—7m
/ dt / ~ OIS / dry / Feal

Then, (4.56) and 9) imply

T\ Ter 1
0

Using that 3 —2s > 1 and r +2s < 3 we obtain that the solution of the equation o (Ty;¢) = 1
satisfies

Co
T, ~ —— as € =0,
£3-2s

whence case (iv) in Theorem follows. m

4.3.2 Computation of the correlations.

We now discuss under which conditions the correlations of deflections in times of order of T7,
are negligible. We restrict our analysis to the case T, < Tsg. We shall use the notation
(4.23) for the deflection vector.

45



Theorem 4.8 Suppose that the assumptions of the Theorem [{.7] hold.

(i) Suppose that s > 1 and r < 1. Let Ty, be as in Theorem[{.7, case (ii). Then

E <D (a:o,v; TL> D (:L'o + UTL, U;TL)>
< \/E <<D (mo,v;TL>>2> E <<D (aco + vTL,v;TL>>2> as € — 0. (4.61)

(ii) Suppose that s = 1 and r < 1. Let Ty, be as in Theorem [{.7], case (iit). Then
holds.

(iii) Suppose that s <1 and r 4+ 2s < 3. Let Ty, be as in Theorem[.7], case (iv). Then
E (D (:vo,v; TL> D (aco + UTL,U;TL))

\/E ((D (l‘o,U;TL))Q) E ((D (930 +”TL°”;TL))2>

lim inf
e—0

>0

for each fixed h.

Proof. It is similar to the proof of Theorem [£.3] and we just sketch the details. In the case
(i) the main contribution to the deflections is due to the region where | — vt| <1 or at least
the region where | — vt| is bounded. On the other hand the computation of the correlations
requires to take into account the contribution to the integrals of regions where |§ — vt| is large.
The latter are negligible and follows. The case (ii) with = 1 is similar to the case (i)
of Theorem If » < 1 we can use analogous arguments to show that holds, since
the contribution of the regions | — vt| < 1 is negligible. Finally, in the case (iii) we argue as
in the case (ii) of Theorem since the largest contribution to the deflections is due to the
region | —ovt| > 1. m

4.3.3 Kinetic equations.

Combining Theorems and we can write the kinetic equations yielding the evolution
of the distribution f using the arguments in Section [3] We then obtain the following list of
cases, assuming that ® (z,e) = G (|z|) with G satisfying (4.36))-([4.37) and restricting for
simplicity to the case of one single charge.

e If s >1 and r > 1 we claim that
fe Tpat, Tpgx,v) — f (t,x,v) ase — 0 (4.62)

with Tra = % where f solves the linear Boltzmann equation
ET

(Ouf + 0oz f) (t,z,v) = / B (v;w) [f (t,z, |v|w) — f (t,z,v)] dw (4.63)

SQ

with B as in (3.30)-(3.31).
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o If s > 1 and r <1 we have
fe (Trt, Trx,v) — f (t,z,v) ase =0 (4.64)
where f solves the Landau equation
(O0f + 00, f) (t,2,0) = KAy, f (t2,0) (4.65)

with  as in (3.46)) and where 77, is as in Theorem case (ii).

e If s=1 and r» > 1 we obtain (4.62) with Tgg = iz where f solves (4.63) and B is as
ET
in (3.30)-(3:31).

e If s=1and r <1 we obtain (4.64) where f solves (4.65) and T}, is as in Theorem {4.7]
case (iii).

e Suppose that s < 1 and r + 2s > 3. Then r > 1 and we obtain (4.62)) with Tpa = ig

where f solves the linear Boltzmann equation (4.63|) with the kernel B given by (3.30)-
(13.31]).

e Suppose that s < 1 and r 4+ 2s < 3. Then the paths yielding the trajectories are given
by a probability measure with correlations as described in Section 3.3 If r + 2s = 3,
the trajectories would be given by a measure with correlations plus pointwise large
deflections described by the Boltzmann equation.

Notice that in all the examples mentioned above where the dynamics is given by the
Boltzmann equation we only need to compute the collision kernel for cross sections associated
to the potential ﬁ with r > 1.

We could use similar methods to study more complicated classes of potentials, for instance

O (x,6) = eV (x) + 2y (x) or D (x,6) = Uy <%) +eVsy (ﬁ) . However, we will not

»E

continue with a further analysis of these cases or similar generalizations.

Remark 4.9 We have found examples of families of potentials for which the resulting kinetic
equation contains both Boltzmann and terms associated to correlations over distances of order
T7,. This phenomenon takes place when the time scale Ty, associated to the deflections produced
by the collective effect of many scatterers is similar to the Boltzmann-Grad time scale Tpq.
In the family of potentials — we have obtained that all the potentials satisfying
T+ 25 = 3, % < s < 1 yield such evolution. In the case of Coulomb potentials the Landau
term is the only one which appears in the limit € — 0, due to the presence of a logarithmically
small factor in the Boltzmann type term. It might be possible to modify the Coulomb potential,
replacing it by terms like m to obtain an evolution equation for the tagged particle
described by an equation containing both Boltzmann and Landau terms.

Remark 4.10 [t is interesting to remark that the fact that the dynamics is described by a
Landau or a Boltzmann equation does not depend only on the decay properties of the potential
but also on the size of the coefficients describing such decay. Suppose for instance that we
consider the family of potentials ® (x,e) = % + % where r > 1, a4+ 2s > 3, % < s < 1.

Then, Teg = S% Arguing as in the derivation of (4.4) it might be seen that the possible
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contribution to the Landau time of ﬁ would be much larger than 6% On the other hand the
Landau time scale associated to % is of order ——— which is much larger than 5% since
(g) 3—2s

% > 2. Therefore the dynamics of f (t,x,v) is given by the linear Boltzmann equation with

the cross section associated to the scattering potential ﬁ in spite of the fact that the potential

® (z;¢) behaves for large values of |z| as % with s < 1.

Remark 4.11 Let us consider the domain of influence as defined in Remark [{.5. For the
potentials with the form considered in this section, assuming v = (1,0,0) and that the
tagged particle is in the origin at time zero, we obtain that in the case s =1, r < 1 the domain
of influence are the scatterers located in (x1, 2, ) with 1 € [0,T1] and k1 < |z1| < %, where
ky is a large number. If s > 1, r < 1, the domain of influence is given by z1 € [0,T1] and
|zi| < ki. Finally if s <1 and r < 3 —2s, then |z | < ki1T7.

Remark 4.12 In the two-dimensional case, similar computations lead to kinetic equations
as established in this section, with the following differences. The Boltzmann-Grad time scale
is I'pg = % The critical value of r separating the Boltzmann and the Landau behaviour is

er
r= % (instead of 1) for s > % For 0 <s < % and r > 1—s, a linear Boltzmann equation is

1
expected to hold, while for r < 1 — s we find that Ty, grows as € T=s and the correlations do
not vanish on the macroscopic scale.

4.4 Two different ways of deriving Landau equations with finite range po-
tentials.

We now discuss two classes of potentials which can be studied with the formalism developed
above yielding in both cases Landau kinetic equations, but for which the interaction has a
very different form. We consider

O (z,6) = el (;) with L. > 1, (4.66)
g
O (z,e) =W (;) with L. — 0 as e — 0 (4.67)

and we assume that the functions ¥ are bounded and smooth in R3, so that the collision
length associated to {® (z,¢);e > 0} is A. = 0 and

TBG:OO.

For the sake of definiteness we assume also that the potentials ¥ (y) = ¥ (|y|) are compactly
supported or decay very fast (say exponentially) as |y| — oo, but the results described in
the following would remain valid if ¥ (|y|) ~ ﬁ at least if s > 1. Rigorous derivations of a
Landau equation in the case have been obtained in [27] if L. — oo, as € — 0, and in
[12, 18, 21] for L. of order 1. The case has been considered in [10].

Notice that there is a difference between the dynamics of the tagged particle in the cases
, . Indeed, in the case the tagged particle interacts at any time with a
large number of scatterers (of the order of L3). These interactions are very weak, but the
randomness in the distribution of scatterers has as a consequence that the force acting on the
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tagged particle at a given time is a random variable and this yields, under suitable assumptions
on ¢, L. a diffusive dynamics for the velocity, or more precisely a Landau equation for f.
In the case of potentials as in the tagged particle does not interact with any scatterer
during most of the time, but meets one scatterer in times of order % much in the same
manner as in the Boltzmann-Grad limit. The main difference with the Boltzmann-Grad case
is that in these collisions the velocity of the tagged particle is deflected a very small amount.
The accumulation of many independent random deflections yields also a diffusive behaviour
for the velocity of the tagged particle due to the central limit theorem. In spite of these
differences, we obtain the same type of Landau equation in both cases. This is due to the
fact that the relevant variable is the deflection of the particle velocity. In the case in which
these deflections are small, they are additive, and there is no important difference if many
scatterers act on the particle at a given time or if only one of them acts rarely.

Theorem 4.13 We have the following cases.

2
3

(i) Suppose that we consider potentials with the form with 673 < L. < e

e —0. Then Ty, ~ ——5 — 00 as e — 0.
e(Le)2

as

5
2

(ii) Suppose that we consider potentials with the form with & (Le¢)

ThenTLN%:% as € — 0.
e(Le)2 *

(iii) Suppose that we consider potentials with the form or and that L. < e~

(notice that this includes the case (4.67)). Then Ty, ~ m as € — 0.

— Cy € (0,00).

2
5

Remark 4.14 The condition L, < e which is assumed in Theorem is required in
order to have a kinetic limit. It is possible to have potentials for which this condition fails

and where Ty, < C. Then would also fail.
Proof. Using (4.66)), (4.67) and the fact that ® = &, we can write the function o (T;¢) in

(13.15)) as
T . 2
o(T;e) = &2 sup/ d¢ <6/ V.U <vt 5) dt)
lo|=1 JRs 0 L

T 2
- 3u@3wp/(m<gﬁx/“wgm@7—mm> : (4.68)
R3 0

16]=1

As usual we assume v = (1,0,0) and study parallel and longitudinal components separately.
We have .
e OU

2] i
! 0 8.1131

@n_nmfzm[m<£p_n)_w@wﬂ. (4.69)

The longitudinal contribution is

Lls ov (| |) dr
v
d (=) W

T

Le
9'/ VU (o1 —n)dr = — (6 - T 4.70
L (vr —n) (01 -m1) pr—— (4.70)

0

The integral on the right of 1) can be approximated in the form L%Q (n) where Q ()
decreases fast as |n| — oo if L% <1.1If LLE > 1 we can approximate the integral by a function
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W = W (n,) which is rather 1ndependent of ~ for the values of 71 in the interval [ Lle] .
On the other hand the right-hand side of (4.69) can be estimated by a function decreasing
fastifT >1andasLlif L <.

Suppose first that ;- < 1. Then o (T;¢) can be approximated as Ce? (L )3 T2. In order

to have a kinetic hmlt we need to have TL > 1, therefore 1 = o (T1;¢) yields L. < e3.

Moreover we have 17, ~ (LC)§ if E < 1. This gives the results in the cases (i) and
e(Le)2 c

~

(L >%
(ii) of the theorem.

If Lle > 1, then the contribution to o (T; e) of the term proportional to 6; in (4.69) is
negligible and we obtain, using also , the following approximation for o (T’ ¢):

T
;\up / dm /dm (01 -10)*(Q(n1))* = Cre? (L.)° = Cie? (L)' T
1 3

whence T, ~ — 22— as ¢ — 0. Notice that g > 1if > ¢9 > 0, whence case (iii)

2(L ) €2(és)5
follows. m

We can now examine in which cases we can derive a Landau equation for f. This is not
possible if TL < C because in that case the form of the interaction potential in 1' implies
that deﬂectlons separated by times of order 77 have correlations of order one and -
would not be satisfied. In this case a correlated model in the spirit of the one discussed in
Section would allow to describe the trajZectories of the tagged particle. We then restrict
our attention to the case in which L. < €7 5. Suppose that T" = AT, h > 0. In this case we

have the approximation

T 2
2 3 Le
e (Le) dn | L0 - VU (vt —n)dr
R3 0

h
52( 5)5
~ () [T an [ an (Lo, n0* @)

[ a6 02 (Q 1) = 2wk 6.
R
where x > 0. Then, using the Claim [3.7] we obtain that f satisfies
(Orf +v0rf) (t,z,v) = kKA, f(t,z,0) .

Remark 4.15 Clearly it is possible to describe the difference between the cases L. < 1 and
L. 2 1 in terms of the domain of influence as introduced in Remark- In the case of the
potentzals having the forms (“) (-) this domain of influence are the points x = (x1, 2, )
with 1 € [0,Tr], |x1| < C1Le. In the first case the tagged particle interacts at any given time
with a large number of scatterers. On the contrary if we assume the tagged particle at
a giwen time would interact typically with zero scatterers, and occasionally would interact with
one scatterer. These rare interactions are weak collisions, and the accumulation of many of
them yields the deflection of the particle velocity.

V)

Remark 4.16 The impossibility to obtain a Landau equation if e 3 < Lo € €73 can be seen
also in the fact that the characteristic function for the deflections takes the form

mye). () = exp <—h2 /R dn (6 vxqf(n))2> a5z 0.
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The characteristic size of the deflections in this case is h instead of the parabolic rescaling v/h
which takes place in the diffusive limit.

5 Spacial nonhomogeneous distribution of scatterers

5.1 Dynamics of a tagged particle in a spherical scatterer cloud with New-
tonian interactions.

We have seen in Theorem that it is not possible to have spatially homogeneous gen-
eralized Holtsmark fields for Newtonian scatterers, i.e. having just one sign for the charges
and generating potentials of the form @ (x,e) = 5. In this case it is natural to examine
the dynamics of a tagged particle in the field generated by random scatterer distributions in
bounded clouds. One of the simplest examples that we might consider is the dynamics of a
tagged particle in a spherical cloud of scatterers uniformly distributed. Theorem [2.12]ensures
that in this case we cannot ignore the macroscopic average force acting on the tagged particle
due to the overall mass distribution on the sphere. Let us assume that the cloud has a radius
R and that the tagged particle moves inside this cloud in an orbit with a characteristic semi-
axis of order %. Then we shall argue that a kinetic description for the dynamics of the tagged
particle is not possible, due to the onset of correlations between the forces in macroscopic
times.

Assume that N = 4”5%3 scatterers are distributed independently and uniformly in the ball
Bpr(0), with density one. A scatterer located in x; yields a potential ISD—ET]\ Since all the
forces are attractive, it follows that in the limit N — oo there is a mean force at each point
x € Br(0), directed towards the centre of the sphere and proportional to |z| = r. Let the
tagged particle have unit mass and move in an orbit around the center with characteristic
length r of order R, say %. The orbit can be expected to experience random deflections due
to the discreteness of the scatterer distribution. To estimate the time scale in which these
deflections take place, we first remark that the potential energy is of order Cier? where C
is just a numerical constant. Since the kinetic energy is V;, it follows that the velocity of
the tagged particle is of order Cy+/er. We recall that the Landau time scale T}, is defined as
the time in which the velocity experiences a deflection comparable to itself. In the case of
Coulomb potentials, we have seen that 17 differs from the Boltzmann-Grad time scale Tpqg
only by a logarithmic factor. The collision length A; for a particle with velocity V is given
by Ae = = %, therefore Tpg = ﬁ Including the effect of the Coulombian logarithm
we would obtain T, = m log (/\—Rg> . The mean free path is then approximated if R — oo

as le ~ (/\1)2 log (}%) = C4R*log (R) and

13
vz

%: C4R*log (R) ~ C5Nlog (N) as N — oo,

where Cj is just a numerical constant (see [4] for a similar estimate). Namely the mean free
path is much larger than the length of the orbit.

If the deviations in one orbit were described by a Landau equation, then they should
be approximated by the sum of % ~ Nlog (N) independent random deflections with zero
average. Denoting by o the relative change of velocity in each deflection, we would need
Nlog (N)o? ~ 1, whence the typical deviation in one orbit would be ————— and the

v/ N log(N)
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corresponding change of velocity \/va T o~ \/N\{ET(N)' But the period of the orbit is % and
og og

then the typical change of position of the tagged particle in one period would beﬁ — 0.
og

We finally remark that the onset of large correlations in the forces acting on the tagged
particle in times of the order of the orbit period would also take place if the scatterers move,
since they would move in elliptical orbits with the same period, given that the density of
scatterers is constant in the cloud. The situation could change, however, for a nonspherical
cloud, but we will not pursue this analysis here.

5.2 On the derivation of kinetic equations with a Vlasov term.

If we assume that the scatterers are not distributed in a spatially homogeneous way, then it
is possible to obtain limit equations for f containing Vlasov terms.

We will restrict here the analysis to particles interacting by means of Coulomb potentials
O (x,e) = \%I We have shown that, in order to have random force fields which are spatially
homogeneous, we need to assume electroneutrality. Let us restrict ourselves to the case in
which there are only two types of charges +1 and —1 and that the scatterers have these
charges with probability %, independently on the probability measure yielding their spatial
distribution. We will assume that the two types of scatterers are distributed in space according
to inhomogeneous Poisson measures with densities

o) = L 4o (j) (@)= E (j’) (5.1)

respectively. Here /. denotes the corresponding mean free path for one tagged particle moving
in the field of scatterers with density approximately equal to one. By (3.17)), (4.3)) and (4.5))

we may assume
1

be = ——F——.
© T e2log (1)
Moreover, the parameter . > 0 converges to zero as ¢ — 0. Its precise dependence on ¢ will
be fixed below. Finally we assume also that the functions Fy (y), F_ (y) decay fast for large

values of |y| (we could assume for instance that these functions are compactly supported).
The force produced by a given configuration has the form

ey ) e

o — |’

3
7

gk ‘x—a:-

where ac;r, x,, are the locations of scatterers with charges +1, —1. These forces yield deflections
described by a Landau equation. In addition, the slight fluctuations of the density yield a
nonvanishing mean field which can be approximated by

ol () () e

=it [ [Py (O~ P (©) (552% -
s
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The mean field variation is of order one in regions with macroscopic size £.. The macroscopic
time scale is also /.. Therefore, the change induced by these terms in the macroscopic time
scale is of order ed./2.

We select d. in order to make this quantity of order one, i.e. 655@ = 1, whence:

6. = ¢ <10g (i))Q : (5.2)

We then obtain that fe (¢-t,lcx,v) — f (t,z,v) where f solves the Vlasov-Landau equation:

Ouf + 00 f +gouf =rAyif, K>0 (5.3)

. PR
9= [ 1€~ (0] T e (5.4)

Notice that the distributions of charges F.., F— must be chosen in such a way that we do not
have periodic orbits for the tagged particle, since then there would be correlations and the
Landau equation would fail as in Section [5.1

It is possible to derive Vlasov-Boltzmann or Vlasov-Landau equations for other types
of long range potentials like the ones considered in this paper. One obtains mean field
forces of the same order of magnitude as the Landau or Boltzmann terms if the size of the
inhomogeneities is chosen in a suitable way as indicated above. An attempt for a rigorous
derivation of this type of equations is provided in [I1].

6 Concluding remarks.

We have developed a formalism which allows to obtain the kinetic equation describing the
evolution of a tagged particle moving in a field of fixed scatterers (Lorentz gas) distributed in
the whole three-dimensional space according to a Poisson measure with density of order one.
Each scatterer is the centre of an interaction potential which decays at infinity as a power
law # with s > %

We have first studied the properties of the random force field generated by the scatterers
and, in particular, the conditions under which this field is invariant under translations. In
the case of potentials decreasing for large |z| as # with s < 1 some “electroneutrality” of
the system must be imposed, either by means of the addition of a background with opposite
charge density or using charges with positive and negative signs.

We have then studied the conditions in the interactions which allow to obtain a kinetic
description for the dynamics of the tagged particle. To this end, the interaction between
the tagged particle and the scatterers must be weak enough to ensure that the mean free
path is much larger than the typical distance among the scatterers. Under this assumption,
we have three main possibilities. If the fastest process yielding particle deflections are binary
collisions with single scatterers, the resulting equation is the linear Boltzmann equation. If, on
the contrary, the deflections due to the accumulation of a large number of small interactions
yield a relevant change in the direction of the velocity before a binary collision takes place,
then we can have a Landau type dynamics. We have denoted as Landau time 77, the time
scale in which such macroscopic deflections take place. In order to be able to describe the
evolution of the tagged particle by means of a Landau equation, we have shown also that
deflections experienced by the particle over times of order 17, must be uncorrelated. We have
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provided examples of potentials for which this lack of correlations does not take place. In
such cases, we cannot expect to have a single PDE describing the probability distribution in
the particle phase space. Instead, the correlations between macroscopic deflections must be
taken into account.
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