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Abstract We study the long time motion of fast particles moving through time-dependent
random force fields with correlations that decay rapidly in space, but not necessarily in time.
The time dependence of the averaged kinetic energy (p?(¢))/2 and mean-squared displace-
ment (g%(t)) is shown to exhibit a large degree of universality; it depends only on whether
the force is, or is not, a gradient vector field. When it is, (p2(¢)) ~ +*/° independently of the
details of the potential and of the space dimension. The stochastically accelerated particle
motion is then superballistic in one dimension, with (g*(t)) ~ ¢'*/, and ballistic in higher
dimensions, with {g%(t)) ~ t>. These predictions are supported by numerical results in one
and two dimensions. For force fields not obtained from a potential field, the power laws are
different: (p?(t)) ~ t*/3 and (g%(t)) ~ t3/3 in all dimensions d > 1.
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1 Introduction

We study in this paper the motion

Ggt)y=F(q@®),1) (1.1)

of fast particles in random force fields with correlations that are short-range in space, but not
necessarily in time. We consider models of two different general classes. In the first, upon
which we focus most of our attention, the force is assumed to be of the form

Fg.n=3 f (q —an, g) (1.2)
N

where the fy are smooth functions of compact support in a ball of radius 1/2 centered
at 0, with additional characteristics detailed in Sect. 2; £, > 0 are a length and a time
scale. The fy model a random or periodic array of identical, randomly-oriented scatterers,
centered at points gy, that evolve periodically or quasi-periodically in time. We assume
infy2u lgn — qumll = € so that the local forces fy (=, ) do not overlap. As a result, the
particle interacts with at most one scatterer at a time, and otherwise travels freely between
collisions, through a random potential. The model therefore describes an inelastic and non-
dissipative soft Lorentz gas, i.e., a distribution of “soft” scatterers centered at the points gy,
off which the particle bounces inelastically. We introduce randomness in the initial data, and
assume the system to have finite horizon, so any trajectory of a free particle intersects the
support of F' at some future time ¢.

To explain our terminology and for comparison’s sake, we recall that in the standard
Lorentz gas, scattering is elastic, and scatterers are identical hard unchanging obstacles cen-
tered at fixed points gy, with a spatial distribution chosen either randomly, periodically, or
quasi-periodically. Unlike in the current model, the particle’s energy in the Lorentz gas is
conserved and the particle’s mean squared displacement has been proven to be diffusive as a
result of the strong chaotic properties of the local dynamics [5]. A hard but inelastic Lorentz
gas is studied in [14, 15], where the obstacles’ radii oscillate in time, periodically or ran-
domly. The particle’s kinetic energy is argued to grow in time, with an exponent close to one
in both cases. The behaviour of the mean squared displacement of the particle is however
not analyzed in these works. Finally, a dissipative model, related both to the Lorentz gas
and to the models considered here, was studied in [12, 20]; there the scattering mechanism
was provided by a one-dimensional periodic array of oscillators representing environmental
degrees of freedom of the medium in thermal equilibrium. The full system consisting of the
particle in interaction with the oscillator bath was treated with a Hamiltonian dynamics, with
conservation of the total energy. The Hamiltonian interaction of the particle with the oscil-
lator bath then provides, in addition to a random force, an effective friction force that allows
the particle to dissipate any excess energy, and to thus equilibrate with its environment. As
a result, it is shown the particle’s averaged kinetic energy is asymptotically constant and the
particle’s motion is diffusive with a temperature dependent diffusion constant.

The force (1.2) considered in the present paper can be thought of as being obtained
from those of [12, 20] by switching off the friction component of the force provided by the
particle’s back reaction with the medium. The stochastic acceleration of the particle induced
by the random force field leads, then, to an unbounded acceleration of the particle. In this
paper we compute the power laws associated, e.g., with the growth in time of the particle’s
average kinetic energy (p2(¢))/2 and mean-squared displacement (g2(¢)), as well as the
time scales on which these phenomena occur.
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782 B. Aguer et al.

In the other class of models that we consider, the force F (g, t) is modeled as a space and
time homogeneous random field satisfying

s C (a—q t=1
(F(gq,1)) =0, (F(q,t)F(q,t)>—U4C( T ) (1.3)
where C is a matrix function of rapid decay in the spatial variable, but need not decay in
the time variable. For these models, as with (1.2), we are interested in characterizing the
asymptotic growth of (p2(¢)) and (g>(¢)).

There has been a fair amount of work reported in the physics and mathematical physics
literature on problems of this type, partially motivated by questions in plasma physics, as-
tronomy, and solid state physics (see for example [4, 19, 21, 22]). Previous mathemati-
cally rigorous work has mostly dealt with deriving, under suitable scalings, Fokker-Planck
equations for the particle density (as in [8, 16]). Unfortunately, analyses of this type do
not directly give information about the asymptotic behavior of the particles’ kinetic energy
or mean squared displacement. The theoretical physics literature is mostly concerned with
Gaussian random potentials and contradictory claims have been made regarding the power
law growth of (p?(¢)) and (g>(¢)). For potential fields that are delta correlated in time,
but not in space, it is generally agreed (see for example [10]) that in the weak coupling
limit (p?(¢)) ~ ¢ and (g%(t)) ~ £3, but there is some controversy on what happens when the
Gaussian potential field has temporal correlations of nonzero and finite duration. For this
case it is argued in [7, 13, 18] that in d = 1, (p?(t)) ~ t*/ and that (g*(t)) ~ t'*/> (com-
patible with numerical and theoretical results presented here). In [9], on the other hand, it
is claimed that for d = 1, (g%(¢)) ~ £, as in the case when the random potentials are delta
correlated in time. For d > 1 it is found in [7] that (p?(¢)) ~ ¢'/2, and that (g?(z)) ~ t7/4.
In [18], the conclusions of [7] for d > 1 are contested and it is argued that for Gaussian
random potentials with fast decaying spatial and temporal correlations (p2(¢)) ~ t*> in all
dimensions, and (g2(¢)) ~ ¢> ford > 1.

Although there is some numerical work [13] that supports the predictions for d = 1 of
[7, 13, 18], to the best of our knowledge no numerical simulations have been performed in
higher dimensions. To help resolve the existing controversy on this subject we present in this
paper numerical results in one and two dimensions on a particularly simple (non-Gaussian)
model whose random force can be expressed as in (1.2), and which allows for an efficient
numerical integration of the equations of motion out to very long times. Full details of the
numerical calculations are presented in Sect. 7, but our essential results for the case in which
the force F is derived from a potential field are presented in Figs. 1 and 2, where we plot
the quantities (v?) = ((po/£)?) and (y?) = ((g/£)?), as functions both of the dimensionless
time T = t/o and of the collision number n, which labels the number of scattering centers
visited by the particle.

Our numerical results indicate that in both one and two dimensions

n

(@)~ (vp)~n'l, (1.4)

which is in agreement with [7, 13, 18]. In one dimension the particle’s mean-squared dis-
placement is superballistic, with

(@)~ () ~n (1.5)
In two dimensions, however, (y?(t)) becomes ballistic, i.e.,

o)~ ()~ (1.6)
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Fig.1 Numerically determined values of (Uz(‘[)) and (v,21) in one dimension (top) and for a two-dimensional

hexagonal lattice (bottom), for the model described in Sect. 7. In each plot, the different symbols correspond
to different initial conditions, as indicated, the straight lines to the power laws in (1.4)
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Fig. 2 Numerically determined values of (y2 (7)) and ( y,zl), in one dimension (top), and for a
two-dimensional hexagonal lattice (bottom), for the model described in Sect. 7. In each plot, different symbols
correspond to different initial conditions, as indicated, the straight lines to the power laws in (1.5) and (1.6)
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This is different from what was predicted in [7] for Gaussian potentials, but in agreement
with predictions made for this case in [18].

To understand our numerical results in one and two dimensions, and to more firmly es-
tablish what happens for the models of the type (1.2) and (1.3) in higher dimensions, we
present in the bulk of this paper a unified mathematical analysis that captures the essen-
tial physics of the problem. It provides in particular a means for calculating the power law
growth of the mean kinetic energy and the mean-squared displacement associated with an
ensemble of particles moving in time-dependent random force fields of the types described
above.

The analysis is based on consideration of the typical trajectory of a particle moving in
a fluctuating force field described by (1.2) or (1.3), which can be viewed as a sequence of
isolated scattering events. We argue, in fact, that the motion is well approximated by a cou-
pled discrete-time random walk for the particle’s momentum and position. Each time step
corresponds to one collision of the particle with a single scatterer, or to one traversal by the
particle of a distance of the order of the correlation length of the potential. Momentum incre-
ments are treated as independent random events whose magnitude depends upon the particle
speed. Theoretical analysis of the resulting random walk reveals that the high velocity be-
havior of the momentum change of the particle during one such scattering event completely
determines the asymptotic properties of the motion. As we show, this high energy behavior
is insensitive to the details of the force field, notably to its statistical properties or to the pre-
cise geometry of the scattering centers; the asymptotic behavior of the motion is therefore
quite universal, and in particular not a result that arises only with Gaussian potential fields.

Indeed, for general force fields obtainable as the gradient of a potential field, we find
(Theorem 4.1) that the energy change incurred by a particle of velocity v satisfies AE ~
llvlI~". This fact, combined with our analysis of the resulting random walk in momentum
and position space leads to an increase of (p?(¢)) that is in all dimensions of the form
observed in Fig. 1, and as described by (1.4). In one dimension, {g>(¢)) is predicted by our
analysis to grow in time as in (1.5), and as observed in the top left panel of Fig. 2. In all
higher dimensions it is predicted to grow as observed in the bottom left panel in Fig. 2,
and as described by (1.6). This slower growth of (¢?(¢)) in higher dimensions arises from
the fact that the particle can now turn while traveling, as its velocity vector performs an
orientational random walk resulting from small random deflections.

Our analysis can also be applied to the case where F(q,t) does not derive from a po-
tential field, a situation which has attracted some attention in the mathematics literature. We
find for a non-gradient force field that the energy change in a single scattering is consid-
erably larger than in the gradient case: AE ~ 1 (Theorem 5.1). Consequently, we predict
a larger rate of acceleration (p2(t)) ~ t>/3 (see (5.6)), that confirms rigorous results that
have been obtained for d > 4 in [6, 11] under suitable technical conditions on the forces
fn in (1.2). Our analysis then leads to the prediction that in all dimensions particle motion
in the presence of a non-gradient random force field is superballistic with (g?(z)) ~ t3/3
(see (5.7)). The fundamental reason for the difference with the gradient field case is that
the particle turns more slowly while traveling, because it accelerates more quickly, and so
is less easily deflected. The difference between the two situations can be traced to the fact
that time-dependent gradient force fields produce smaller changes in the particle’s energy
than non-gradient force fields do. This is a remnant of the energy conservation that is a
characteristic feature of time-independent gradient fields.

The problem addressed here is related to that of the energy growth of a confined particle
in a potential with (quasi-)periodic time dependence, as occurs in pulsed or kicked rotors and
in so-called Fermi accelerators. It will be shown in a forthcoming paper how the techniques
developed here can be applied to those problems as well [1].
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The rest of the paper is organized as follows. In Sect. 2 we introduce a random walk
description of the motion of a particle moving in a field of scatterers. General features of the
walk that pertain to both gradient and non-gradient force fields are derived in Sect. 3. Sec-
tion 4 is devoted to a derivation of the above power laws for the case of a gradient force field,
and Sect. 5 analyzes the non-gradient case. In Sect. 6, we adapt our analysis of Sects. 3—5 to
random force fields as described by (1.3), obtaining results for the gradient and nongradient
case identical to those found, respectively, in Sects. 4 and 5. Details of our numerical cal-
culations, the results of which are presented in figures distributed throughout the paper, are
given in Sect. 7. Proofs of mathematical results used for the analysis in Sects. 3—6 comprise
the Appendix.

2 Particle in a Field of Scatters: A Random Walk Description

We first describe precise conditions on the functions fy in (1.2) under which we work. We
systematically use rescaled variables (£ > 0, 0 > 0)

t t
r=Ler yo=22cr,  v@=i@=Zp®), ay=
o L 14 1
and suppose fy to be of the form
4
v (1) = —enMyg (My'y. o1 +47). 1)

The locations xy, N € Z¢ of the scattering centers can be chosen either randomly (with
uniform density) or lying on a regular lattice. The coupling constants cy are independent
random variables taking values in [—1, 1] and distributed according to a common proba-
bility measure v not concentrated on 0. The My are rotations belonging to SO(d, R) and
are also i.i.d., according to the left-invariant Haar measure on SO(d, R). Thus, the scat-
terers are identical objects randomly oriented in space, all described by the same func-
tion g : RY x T™ — R? which is smooth and supported in the ball of radius 1/2 in its
first variable; T" = R™/Z™ is the m-torus and w € R", ||w| = 1. When » has compo-
nents that are independent over the rationals, the force is quasi-periodic in time, otherwise
it is periodic. The parameters qbg, € T™ are i.i.d. random initial phases, uniformly distrib-
uted on the torus. We write du(M, ¢, c) for the above described probability measure on
SO(d,R) x T x [—1, 1]. The force may or may not derive from a potential. The above
class of models is sufficiently rich to allow for the description of pulsing, vibrating, and
rotating scattering centers; for an explicit example, see Sect. 7.
In the rescaled variables, the equations of motion (1.1)—(1.2) become

FO=G0@,1), Gu.r=) cxMyg(My'(y—xn),0t+¢3). (22
N

One should think of g(y, wt + ¢) as the force produced by a soft, time-dependent scatterer
centered at the origin; G then describes a field of identical scatterers, randomly oriented, and
centered at the points xy. We assume the system has a finite horizon, so that the distance
over which a particle can freely travel is less than some fixed distance L > 0, uniformly in
time and space and independently of the direction in which it moves. Thus, with probability
one, for all (y, v, 1) € R* x R such that G(y, ) =0,

L
sup{r’ >0|V0<t"<1,G (y +vt”, T+ r”) :0} < m
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Fig. 3 A particle at time 7,
impinging with velocity v, and
impact parameter b, on the nth
scatterer, centered at the point yj,

We consider a particle which at time 7o = 0 is close to a scatterer at xo, = 0 and moving
toward it with initial velocity v, along an initial direction that, if followed without deflection,
would find the particle at its closest approach to the force center located at a point defined
by the impact parameter b, € R (see Fig. 3). After inelastically scattering from the center
at x( the particle moves freely with a new velocity v; until it encounters a second scatterer,
and in this way it undergoes a random succession of scattering events. The nth scattering
event begins, by definition, at time t, when the particle arrives with incoming velocity v, at
the point (see Fig. 3)

yyf=)’n— len +bnv bn -en=0, ”bn” =< l
2 2

near the scattering center at y, = xy,, where e, = v,/||v,||, and the impact parameter b, is
a vector perpendicular to the incoming velocity vector. The nth scatterer itself is character-
ized by its orientation M, := My, , its phase ¢, := wt, + 4)?\,” at the time that the particle
encounters it, and the coupling strength ¢, :=cy, .

The change in velocity experienced by a sufficiently fast particle at the nth scattering
center can be written (Proposition A.2)

Un+1 :vn‘l‘R(Un, bn, M,, ¢ns C,,) (23)

where, forall v e R?, b e R? withv-b =0, and (M, ¢, c) € SO(d,R) x T" x R,

+00
R(v,b,M,¢,c) = c/ dt'Mg (M~ 'y(7'), 0’ +¢) (24)
0
in which y(7) is the unique solution of

(@ =cMg(M'y(x), 0t +¢), y(0)=b—%ﬁv y(0)=v.
After leaving the influence of the nth scatterer, the particle then travels a distance 1, with
velocity v, to scatterer n + 1, which it encounters after a time Az, =1, /|[v,+1]l-
Based upon this description of the dynamics, and ignoring the role of recollisions, we
now argue that the motion of an ensemble of particles moving in a force field described
by (1.2) is well approximated by a coupled discrete-time random walk in momentum and
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position space. Each step of the walk is associated with one scattering event, where the
variables M,,, ¢,, ¢, that characterize the scatterer, and the variables 7, b, that characterize
the approach of the particle onto the scatterer, are drawn from distributions that characterize
them in the actual system of interest. Thus, starting from a given initial condition (yy, vo),
we iteratively determine the velocity, the location, and the time of the particle immediately
before the nth scattering event through the relations:

Upt1 = Up + R (Um Kn)
— N

Tt = T ¥

Yn+1 = Yn + Nx€nii

(2.5)

where «, = (b,, M,,, ¢y, ¢,). The parameters (M,,, ¢,, c¢,) are independently chosen from the
distributions already described (the distribution for ¢, being the same as for q),?). Without
the loss of any essential physics, we have in (2.5) replaced the random variable n,, at each
time step with the average distance n, = (n,) < L between scattering events. The b, are
independently chosen at each step uniformly from the d — 1 dimensional ball of radius 1/2
perpendicular to v,. To summarize, this random walk describes a particle that moves freely
over a distance 7., then meets, with random impact parameter, a randomly oriented scatterer
at a random moment of its (quasi-)periodic evolution. After scattering, the process repeats
itself. Our basic assumption, therefore, is that this gives a good description of a typical
trajectory in the real system.

In what follows we write (-) for averages over all realizations of the random process
k,. In Sects. 3—6 we study the asymptotic behavior of this random walk, under conditions
expressed in the following hypothesis:

Hypothesis 1 g € C3(R? x T™) is compactly supported in the ball of radius 1/2 centered
at the origin in the y variable. The function g and its partial derivatives up to order three are
all bounded, and we write

0< 8max ‘= “g”oo < +o00.

If g(y, ) = —V,W(y, ¢), we suppose W € C*(R? x T™) also is supported in the ball of
radius 1/2 centered at the origin in the y-variable. Moreover, (w - Vy)W #0 and, if d =1,
we require that, for some ¢ € T™,

/Rdy (0 V) W (y, ) #0. (2.6)

The meaning of (2.6) is explained in Remark 4.2 below.

3 Analysis of the Random Walk: General Considerations
We now turn to the analysis of the large n behavior of the first equation of (2.5)
Up+1 = Uy +R(U,1, Kn) (31)

which is independent of the others. We assume that the particles are fast, meaning ||vg||? >
cgmax (Lemma A.1). For that purpose we need to understand the high momentum behavior
of the momentum transfer R (v,, ,,), as well as of the energy transfer

AE (v, k) = % ((0n + R (V4 k0))* —v3). (3.2)
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First order perturbation theory allows one to write (see Proposition A.2 for details)

Cn +oo ~1 1 w)\
da Mng Mn bn + A== €n ) +¢n
vl J—oo 2 llvnl

+O ([l ).

R (vm Kn) =

More generally, if g is sufficiently smooth, one can write, for K € N, and (v,«) € R x
SOd,R)y x T" xR, b-v=0,

K o (e, k) —K—1 v
R(u,x):k;ero(uvn K=y, e=Tr (3.3)
Note that
a(l)(e,K):c[;wdA Mg <M—' <b+ (A— %) e>,¢> (3.4)
and

+00
a® (e, k) = c/ dr A0, Mg <M—‘ (b + (x — %) e) , ¢> , (3.3)

in which we have introduced the suggestive notation

0 == w - V. (3.6)
Hence
L
BY (e, k) L
AE (v, k) =ZW +O (v, (3.7
£=0 v
where
BO =¢.qM
B = ¢.q®
B = (Lah.a® te.a®) (3.8)

B = (aV-a® +e-a®)
BY = (La® . 4@ £ a®.a® fe.al).

It is easy to see that expansion (3.3) has rather different features when g is a gradient vec-
tor field than when it is not. Indeed, when g = —V W, the first order term in the momentum
transfer (3.3) is perpendicular to the incoming momentum v, so that

BO e k)y=e-a® (e,x)=0. (3.9)

As aresult AE ~ |Jv||~! in that case. Moreover, one then has

+00

ﬁ(')(e,ic)zc/ dr 0. W (M~ (b+1e),9). (3.10)

oo

On the other hand, when g is not a gradient vector field, 80 does not vanish and, as a
consequence, AE ~ 1. This is the source of the different asymptotics for (v,%) and (y,%) in
those two cases, as we will see below.
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For later purposes, starting from (3.1)—(3.3), a simple computation yields

AE R, AE,)’
el‘t+1:(1_—r’2> |:€n+ ]+O(( nz ):en+8n7 (311)
llvnll llvnl llvnl
where R, = R(v,, k,), and AE, = AE(v,, k,). Hence, from (3.8),
1
8y = (@ = @M - e)en) TR (@? = (@@ - ee,) T
Uy Up

1 1 e,
+(@® — (@ -ee — 2 (M. gD
(o = (oo™ en)en) o = g (o0 0”) o
a aD 5
n _
— (" - en) 1 4 Ol
lvall

=57+ 0l ™).

Here o' = a® (e, k,). We can write 8, = 8; + pne,, 8 - e, =0, with (since [e, 41l =

L=lle.lD
ll«n=—1+,/1—8n¢-8#§O

1 1 2 1
— @ M (6] -5
=5\, —\&, e + O(llv. [I7).
2 ( ) llva [I* ( ) l[va [I*

For a function f depending on v and x = (b, M, ¢,c), b -v =0, ||b|| < 1/2 we shall
denote the average over the parameters associated with a single scattering event as

db
f(v)Z/C—d/dM(M,¢,C)f(v,b,M,¢,C), (3.12)

where C, is the volume of the ball of radius 1/2 in R¢~!.

4 Analysis of the Random Walk: Gradient Fields

In this section we consider the more interesting case where g = —V, W. The following
theorem, the proof of which appears in the Appendix, will be essential to our results.

Theorem 4.1 Suppose Hypothesis 1 holds and that g = —V,W.
(i) For all unit vectors e € R4,

a® (&) =0=a® (e). 4.1
Moreover, for all v € R4
- B s — D? 3
AE(v)ZW+O(IIvII ). (AE (v) = ||v”2+0(||v|| ’). 4.2)
where
d—3 ,
B = — D 4.3)

@ Springer



790 B. Aguer et al.

with
2 C_2 / 1 nl—d /
D*=— [ d¢ [ dyody)llyo—yo '™ 9:W (3o, 0) 3: W (v, ¢) > O. (4.4)
Ca' Tm RZ:[

In particular, for all unit vectors e € R? and for £ =1,2,3,

BO (e) =0, B=B®(e) and D*=(BM (e))2 > 0. 4.5)

(ii) Let v, be the random process defined by (3.1) and e, = v,/||v,||. Let, for £ € N,
BY = BY (e,, k). Then one has, foralln #n' €N, forall 0 < £ < ¢ <3,

(BP)—B=0=(B")
BLBYYy=0=(BL(BY — B)) = ((BY — B)(B — B)).

Moreover, ((ﬁfl4))2) and (ﬁ,(f) /3,54)) are independent of n.

(4.6)

Remark 4.2 (i) Note that part (i) of the Theorem does not involve the random walk (3.1). It
is a statement about the functions «‘¥ (e, k), (e, ), viewed as random variables in «.

(i) The strict positivity of D? is equivalent to the requirement that 8" does not vanish
identically. This follows from Hypothesis 1, and notably from the nonvanishing of the time
derivative of the potential. This is as expected, since in a time-independent potential, energy
is conserved to all orders, so certainly AWM = 0. In one dimension, the extra assumption
(2.6) is needed to ensure B = 0: indeed, when d = 1, 8V = 0 as soon as the potential has
a vanishing spatial average. In that case, some lower order term B will not vanish and,
as will be clear from the discussion which follows, this would alter the power laws of the
stochastic acceleration. Such situations, which are easily treated using the methods of this
paper, will not be considered further.

(iii) From (4.2), one sees the typical energy change in one collision is of order D/|v||,
for large ||v||, whereas its average value B/|v||* is much smaller. Also it is a small energy
loss for d <2 and a gain for d > 4. We will see below that even in low dimensions and
asymptotically in time the energy grows on average, despite this loss term.

We first establish the asymptotic behavior of (||v,||?), where v, is the stochastic process
defined by (3.1). We start from the expansion (3.7) which yields, respectively

4 i

||Un+1||2 Z ” “ 7)
- n
llva 112 I’+2

3

lln1 By -
L O
i=1 "

llval

3

B B — (B i
lonll = loall =) ——+ : +0(llvall™°)

< Jlvg I+ l[val®

and consequently

l[vnl llva 12

2
3 > vt | Mol
Aljvall” = [lva [I* Alfva | [1 +
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O30+ ) 4

= +0 (llvall~
Z Tonl T AE (vl
3B+ 58"))

[lva?

Here the notation Og(||v, || ~") means the term is O(||v, || ") and of zero average. Introducing

[ LY VIS f (LIS A WIS DS S
30 “T D =3\ 72)7 s -6 '

=38" + + 0 (IvalI7") + O (flvall ™) . A7

Snz

we drop the error term in (4.7) to obtain the one-dimensional random walk

A&, =€, + 51 with (,) =0, (€2)=1 (4.9)
in the variable &,. Here the first term on the right hand side is the dominant term of zero
average in (4.7), whereas the second term is a systematic drift term, and is its dominant term
of non-zero average (when y # 0).

From this simple random walk we can easily deduce the short time behavior of the dy-
namics. Suppose & > |y|. Then,

n—1
& =£o+n§ +3 e
k=0

0

where this approximation remains valid as long as |§, — &)| < &. A short calculation shows
this is guaranteed provided'

n < N, (§0) ~ &5 ~ llvoll°. (4.10)

This last relation gives an estimate of the number of collisions needed before the asymptotic
long time behavior, as derived below, sets in. This dependence on the initial speed can be
seen in the numerical results for the model described in Sect. 7, as shown in Fig. 4. We now
turn to the asymptotic behavior of &,, n > N,(§). We will show that, for d > 2, and for
k> -3,

(v 1) ~ ns. .11

Note that this is indeed the behavior observed numerically for the full dynamics of the
numerical models described in Sect. 7, as illustrated in Fig. 1 for k = 2, and which we
present in Fig. 5 for k = —1 and —2.

From a theoretical point of view, the result (4.11) is obvious for d = 2, since then y =0
and (4.9) then just describes a simple random walk on the half line. More generally, looking
at (4.9), because y > 0 for d > 2, one certainly expects (£,) — +00, as a result of the
combined drift-diffusion implied by (4.9). In d =1, y < 0 and the second term then acts as
a friction term. We will nevertheless show that for all y > —1/2 the friction is too small to
alter the asymptotic behavior of (£,). To this end we note that

AEE = (28, + AE)(AE,).

1From this point onward we use the notation f(x) ~ g(x) to mean that there exist 0 < ¢ < C < 400 so that
cf (x) <g(x) < Cf(x).
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Fig. 4 The quantities Ny (||vgll)
(on the left vertical axis), and

T« (lvgll) (on the right vertical
axis) as a function of ||vg|| for a
particle moving in a hexagonal
lattice (d = 2) as described in
Sect. 7
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Fig. 5 Numerical results showing the asymptotic behavior of (||vj, IIk), for the model described in Sect. 7, in
one and two dimensions, with initial conditions and k values as indicated

Again keeping only the dominant terms yields

AEX =286, +2y + 1.

(4.12)

For y > —1/2, we will now show that after rescaling the process &2 by n, it has a well-
defined limit, which is a squared Bessel process of dimension é = 2y + 1. This will establish
(4.11) for those values of y and for all k > —3. To see this, define, for s > 0, n € N, and

0<o <y,

YO =182 o=kt <o <k+D2 =0,
n n n
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1o6F . — . . r . . . . . T 10
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Fig. 6 Behavior of the collision time (z,) for the model of Sect. 7, both in one and two dimensions, with
initial speeds as indicated

Multiplying (4.12) with s/n one finds that

n—1
Yy®=y" + 22,/ Y(E,’f)ABf,'k” + 2y + 1)s,
k=0

k—1
/s
(n) __ 2
Bak = " [E_O €yp.

Taking the limit 7 — +o00 and writing ¥ = lim,,_, 1 Y™, one finds

where

0

where B; is a one-dimensional Brownian motion since the ¢, are i.i.d. In other words, the
limiting process Y, satisfies the stochastic differential equation

dY, =2/Y,dB, + 2y + 1)ds, (4.14)

of the squared Bessel process of dimension § =2y + 1 (see [17], Chap. 11), and is therefore
a squared Bessel process.
Thus, since £2/n converges, we can approximate its distribution by that of ¥; and con-

clude that, for all £ > —1, (S,‘f) ~ n%, which is (4.11). A more rigorous version of these
arguments will be provided in [2]. Equation (4.11) in particular yields, via (2.5), (see Fig. 6)

(7,) ~n>/® (4.15)

and, finally

N* (gO) ~
llvoll

(v @)~ > 1 (ol = llvoll®. (4.16)
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We note that the asymptotic behavior does not depend on the initial speed ||vy||; the time
scale 7. (]lvoll) = Ta, (v ON Which it sets in, on the other hand, is predicted by this analysis
to grow quickly, as [lvg|®, a result that is verified in the 2d numerical results presented in
Fig. 4, which shows the number of collisions N, and the mean time t, before the asymptotic
regime is observed, as a function of ||vg|.

For d = 1, the same power law was found for (Gaussian) random fields in [7, 13], and
[3], using very different methods. For d > 1, the only studies we are aware of are [7] and
[18], who deal with Gaussian random fields and who respectively find (v>(t)) ~ /2, which
disagrees with (4.16) and (v?(t)) ~ 7%/, which agrees with it. As mentioned in the Intro-
duction, we have corroborated our predictions (4.11) and (4.16), including the onset of the
asymptotic regime at 7,(||vg||), with numerical calculations in 1d and 2d, the results of
which are presented in Fig. 1 and described more fully in Sect. 7.

Before turning back to an analysis of the full random walk (2.5) in order to determine the
asymptotic behavior of the mean squared displacement (y?(t)), we now first briefly discuss
the validity of the assumption we implicitly made in passing from (4.7) to (4.9), namely
that the lower order terms of (4.7) won’t alter the behavior of (v?(t)) that we obtained
by ignoring them. To get an estimate of the error made neglecting these terms, we will
evaluate them along a typical trajectory of the random walk (3.1), along which we showed
llvall ~ n'/6, and will thereby demonstrate that the contribution of each of the neglected
terms to &, is smaller than n'/2, the contribution of the two dominant terms retained above.
Note first that fori =2, 3

n 0} n 0 \2
o\ k o 1=26-1)/6
) v | =0 ) ki—D7/6 n :
k=1 k=1

because ( ,ii)) =0, and ( ,f,i)ﬂlif)) = 0 for k # k', by Theorem 4.1(ii). Hence, since for i =
2,3, n'720-D/6 « p ~ (£2) ~ (||, ]|%), we conclude that, with the above condition on 8",
these neglected terms do indeed contribute a lower order correction to (4.11). The neglected
term of order ||v,|~* is also of zero average, and therefore treated in the same way. Unlike
the first three terms, the error in (4.7) that is of order v, |~ = O(n~%/?), need not be of zero
average; however after summation over 7 it yields a contribution of order n'/3 « n'/? ~ £,,
and can therefore also be neglected. Theorem 4.1 therefore implies that all neglected terms
in (4.7) provide lower order contributions to the asymptotics of ||v,|. Note the crucial role
of the retained term in (4.9) involving y, which contributes a term of exactly the same order
as the dominant diffusive term €, = 8" /D.

‘We now derive the asymptotic behavior of ||y, || and || y(7)]| (see (4.20) and (4.21) below).
We first consider the case with d > 1, which clearly depends on how much the particle’s path
deviates from a straight line, i.e., on how much and how quickly it turns. In particular, we
need to analyze the third equation in (2.5). For that purpose, we will first study the evolution
of the unit vectors e,, which execute a random walk on the unit (d — 1)-sphere. Note that,
for all n, as a result of Theorem 4.1(i) and the observation that e, is independent of «,,, the
step 8, of the walk in e,, defined in (3.11), has a mean that satisfies (§,) = O(]|v,||~*). On
the other hand, the magnitude of the step is

1
e

181l =
l[vnll?

+ Ol = 118,11

Given that the particle has high speed ||v,, || at the nth collision, we now wish to compute how
many collisions m it takes for the particle’s direction to change by a macroscopic amount.
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For that purpose, we compute the conditional expectation

m—1m—1

(||en+m — €y ” Z Z n+k ° 8n+k’

k=0 k'=

We will suppose m satisfies m < Ny (£,) ~ ||v,]|® ~ n, so that (4.10) implies ||v,pm| ~
[lv,]l; we will therefore approximate ||v,«|| by ||v,|l. It then follows from Theorem 4.1(i)
that, for all &,

et 12 »
(Ontk - Snyk) = ol +0 (Jlvall ™).

For the off-diagonal terms, we note that for k > &/,
Otk - Bnpar) = (‘Snik '(Snl+k’) + (/‘n+ken+k '8nL+k’>
+ (ajﬁ—k ) :u'n+k/en+k’> +0 (”Un ”_8) .

In addition, the rotational invariance of the system implies that for a given e, , the vector

(Snﬂk vanishes (see (3.12) for the definition of the barred average). Hence, if k > k’
<8j+k 8j+k/> =0= <8yJ,_+k . /'Ln+k’en+k’> .

On the other hand, writing that e, .4 = e,1x'+1 + Ay, rotational invariance also implies that
the conditional expectation of Ay given e, 4 iS a vector vie, 41 of length |v | < 2.
Hence,

(5j+kf : Mn+k€n+k) = (5,1L+kr : Nn+ken+k’+1) + (5,,L+kr : ,U«n+ka€n+k’+1>,

and
(85w - tnsrenta)] < 3{18 - ntrst [l itnsal)
3(|8n+k’ [eniwr + Snsn ]| 1)
” ”4 18,4517 = O (llvall™®) -
Consequently,

1
(g 12

T T O (Il ) +m70 (el ™).
n

(”en+m — € ”2> =
Consequently, provided
m =M. ([va]) ~ llva[* ~n*? < n 4.17)

we find (||e,1m — €, ]|} ~ 1. This shows that after M, (||v,||) collisions, and aside from acci-
dental cancellations between the diagonal and off-diagonal terms, the particle turns through
a macroscopic angle with the unit vectors e, ., covering the unit sphere. In Fig. 7 we display
values of M, (||vo||) obtained from a numerical study of the decay of the correlation function
(en - o) in the 2d numerical model described in Sect. 7. The observed power law behavior
agrees with the one predicted by the random walk analysis above.
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Fig. 7 On the left, the correlation function (e, - e) is plotted as a function of m for a set of fifteen initial
speeds [lvg |l lying in the range 0.5 to 2.0. On the right, a numerical estimate of M (|lvg||) obtained from the
initial slopes of the data in the left panel are plotted as a function of ||vg||

We now analyze the asymptotic behavior of |y,||. For particles that start off with an
initial speed ||vy ||, it takes typically M; = |lvg||* collisions to acquire a random direction of
motion. We can then define recursively

2
My =M+ M, (4.18)

from which one readily finds that M, ~ k. The M can be interpreted by remarking that,
when n = M, the particle’s velocity has “turned”, i.e., changed direction by a macroscopic
amount, on average k times, while the trajectory along the sequence of m << My, — My
collisions between M and M, largely follows a more or less straight path. We use this
picture to approximately compute y,s, by writing

yM]H,[ = )’Mk + M (Mk+1 - Mk) eMk' (419)

This is a rough estimate, but the idea is that, on average, the particles go straight for about
M1 — My steps in the direction ey, without turning. In view of (4.17) and (4.18) we can
now think of these successive directions ey, as randomly and independently chosen on the
sphere, so that (4.19) describes a random walk on a larger length scale, having independent
steps of order 1, (M4 — M) ~ k?. This yields

k
(lym I2)~ >~ ~ M.
=1
Interpolating between the M, then allows one to write
(lyull?) ~ n. (4.20)

Note that, together with (4.15), this finally gives the result

y @)~z 4.21)
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The motion of the particles is therefore ballistic in the sense that || y(z)]||/t, which describes
the rate at which the particle’s distance from the origin grows, is finite on average. Note,
however, that the averaged instantaneous speed grows as t!/°, as shown above. The particles
therefore speed up, but turn while traveling, which decreases the rate at which they move
away from the origin. The results of our numerical calculations for d = 2, presented in
Fig. 2, and described in detail in Sect. 7 are in agreement with the results of the random
walk analysis outlined above.

Finally, we briefly treat the situation for d = 1. For this case, the particle cannot progres-
sively change its direction, and so the analysis presented above does not apply. Indeed, in
1d a direction change implies a complete reversal in its direction of motion; but this can
happen only if the particle encounters a stretch of scatterers that causes it to completely de-
celerate first. Computations similar to the previous ones show this cannot occur on a time
scale shorter than M, (Jlvgl]) ~ |lvoll®, which is the same scale on which, as we have shown
above, the particle accelerates. On the other hand, for all times, we have the obvious upper
bound

(lly (=) II)S/0 ds (v (@) 1) ~ 7. (4.22)

It is clear, then, that for time scales over which most of the particles in the ensemble have
not reversed direction

Nyull) ~n, (4.23)

which along with (4.15) implies (||y(z)||) ~ t®7, i.e., it saturates the upper bound (4.22).
At longer times, the distribution of times for the random walk (4.9) to return to the origin
at £ = 0, which governs events at which the velocity reverses, may alter the asymptotics. If
this happens, it does so at times longer than we have been able to investigate numerically.
Indeed, up to the times investigated in our numerical calculations the bound (4.22) appears
to accurately describe the asymptotic properties of the growth of y(t).

5 Non-gradient Force Fields

When the force field g does not derive from a potential W, we suppose the distribution v of
the coupling constant c is centered

/cdv () =0, 5.1

so that the mean force vanishes at each point y € R?. From (3.7), we have

28M 28@
B’ | 2P

oo o O (Il ™) 62

2 2
st 17 = lloal* + 280 +

Similar to Theorem 4.1, we now have the following Theorem, the proof of which also ap-
pears in the Appendix:
Theorem 5.1 Suppose Hypothesis 1 and (5.1) hold. Then:

(i) For all unit vectors e e RY, a M (e) = 0 = a®@ (e). Moreover, for all v e R?,

’

AEM =100

+o(Ivl?),  AE®*=D*+0(vl™), (5.3)
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where B' = “S2D" with

=
7= [ ao [ dvplivo— i+
d Jrm R2d
x (yo — ¥0) - & (o, ) (yo — ¥5) - & (v0: ¢) = 0.

In particular, for all unit vectors e € R4 and for £ =0, 1,

BO()=0, B =BP() and D’=(BO (e))>0. (5.4)

D' > 0 if and only if B8O (e, k) does not vanish identically, which implies g is not a
gradient vector field.

(ii) Let v, be the random process defined by (3.1) and e,, = v, /||v,||. Let, for £ € N, ﬁ,§‘f> =
BO(e,, k). Then one has, foralln #n' €N, forall0 < £ <0’ <1,

(BP) — B =0=(B") os
BOBYY=0=(BL(BP - B)) = (B2 — BYBY — B)). 62

Moreover, ((,Bflz))z) and (ﬂ,(f)ﬂ,(,z)) are independent of n.

Remark 5.2 Whether the force does or does not depend on time plays no role in this result,
contrary to what happens in Theorem 4.1. In other words, when a force field is not a gradient
field, the dominant behavior of the energy transfer to a particle is not affected by whether
it depends on time or not. In particular, the coefficients B’ and D’ do not involve time
derivatives of the force, as do B and D.

We now analyze the asymptotic behavior of the velocity and the position of the particle,
as in Sect. 4. From (5.2), neglecting the subdominant terms as in (4.7)—(4.8), we find

2 ©
v
AE =€ + % where &' = 1on , € = 'B[")/

1
candy' =~ (d—1).
2D’ andy = @d=1

Note that y’ > 0 in all dimensions, so that from the analysis of (4.9) it follows that (]jv, ||¥) ~
nk/*. Using this in (2.5) yields

(@)~ Y g ~n¥ and (@l ~ 7 (5.6)
=0
This is proven rigorously in [6] for a time-independent, non-gradient force field of the type
(1.2) and (2.1), in d > 4, under suitable additional technical conditions on g and the distrib-
ution of the scattering centers.
We now show what this implies for the asymptotic behavior of | y(t)|. First, the short
time scale N/ (&) is now N, (&) ~ &> ~n ~ |lvo||*. Then, from (3.11) we find

o) — (@) - e,)en

T INE

ent1 =€y +

II*
4
I

Consequently, {|le,tm — enl*) ~ m/|v,
macroscopic angle after M, (||v,||) ~ ||va

~ m/n. Thus, the particle now turns over a
~ n collisions, many more than for force fields
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deriving from a potential (see (4.17)) and of the same order as the number N, (||v,||) ~n of
collisions it needs to accelerate significantly. This is simply due to the fact that the particle
is much faster, since ||v, || ~ n'/* rather than ||v, || ~ n'/¢, and harder to deflect. This reflects
itself in the asymptotic behavior of ||y(7)|| as follows. We define as before M| = ||v|*,
M1 = My + My, so that M, ~ 2%, and VM = Yu + (M1 — My )ey, , which inte-
grates to ([lywm, II) ~ My, yielding

(ly (@) Iy ~ 7, (5.7)

independent of the dimension d of the ambient space.

6 Homogeneous Random Fields

As we now briefly indicate, the analysis of the previous sections can be adapted to the case
where the force field is not of the form (2.2), but is a time and space homogeneous random
vector field satisfying

G =0, [([GuDG(.T))=C(y—y,t—7).

Note that C is a matrix-valued function, which we assume decays quickly in its spatial
variable, but not necessarily in its temporal variable.

In this situation, also, we expect the asymptotic motion of the particle to be well described
by a random walk similar to the one in (2.5), where now the time step A7, is determined
by the time the particle needs to travel through a distance 7, equal to several times the
correlation length (which equals 1 in the rescaled units used here) of the force field:

Upt1 = Uy + R ()’n, Uns Tn,s Arn)
T+l = Ty + HZ_:H’ N > 1 (61)
Va1 = Yn + Nx€y.

Here, R(y,, v, T, AT,) is the momentum change experienced by a particle that, after arriv-
ing at y, at time t, with momentum v,,, travels for a time Art,.
We consider first the case in which G = —VW is a random gradient field such that

(W,0)=0, (WO,W((,.o)=K(y-y,t-1), (6.2)

where K is a function of compact support in B(0, 1) belonging to C3(R? x R, R), that is
rotationally invariant and even in its temporal variable.

To study the asymptotic behavior of v, in (6.1) we first need, as in the previous sections,
to understand the asymptotic behavior of

n—1 n—1
lvall® = llvoll* + Y Allwl® = llvo > + Y 2AHy — 2(W, — Wp) , (6.3)
k=0 k=0

where Hy = H (yi, vi, h) = |lvel|?/2 + Wy, and W, = W (yx, 7). Introducing

AH (y,v,T,At)=H(y(t+ Ar),v(t+ A1), T+ A1) — H(y,v,7)
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we find

AH <y,v,1', ”77_*”) =AH; <y,v T, I ”> + AH; (y,v T, ﬂ>+0(||v|| 5)
v
where
7 Ny A
AH; |y, v, T, dro, Wy +n.
vl ||v|| || l

Ns n o[ W
AH;; (y,v,‘c T ”> = ” *|‘|3/ dAVB,W(y—i—n*Ae r—i—ﬂ)
E

)\‘/
/dk/ d)L”VW(y—i-n*Ae T+ T ”>

We then have the same kind of result as in Theorem 4.1, the proof of which is immediate:

and

Proposition 6.1 Under the above conditions, (aV) =0 = («®) and for all v e R?,

o(lvl™®),  ((AH ())*)=

2

(AH (v)) = +0(llvllI ™),

5 .
loll* lvll?

where
B=@d-3)nK9-2d-4HK?, D*=2(nk? k"),

and
1 1
K“”:/ du (—37K (e, 0)), K“)=/ du (—pd} K (e, 0)).
0 0

Proof Noting that (A H, (v)) =0, we find

(AH (v)) = (AHH (v))
/ dA/ " (A=) (AB,K)( (h—2")e, %)

/dx/ d (A= 2")? (802K (1. (h = 1") €,0) + O (o]l 75)

||v||

||v||

_
= 4
vl

1
/ dr (1 —A) A% (A7K) (nshe, 0) + O ([v] 7).
0

Using the rotational invariance of Ad?K (-, 0), and integrating by parts, we obtain the above
expression for B.
Moreover, since

2

2 1
(AH(y,v.7, AT))> = ||nT|2 (/ dAaTW(y+n*xe,r)> +0(lvl ),
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we find
2 _ D
(AH @) = 10 + Ol ™),

where

- 1 1

D? = nﬁ/ dk/ dV (—92K) (7. (A — 1)e, 0)

0 0
1
= 2;73/ dr(1 = 1) (—07K) (n.re, 0).
0

A change of variables then gives the result. ]

Scaling ||v,||?> by (s/n)'/3 in (6.3) and taking n to infinity, one finds that the limiting
process Z, satisfies the stochastic differential equation

iz - 298, 2 1\ do 1 1§+1
=3z, 3\""6)zz "Ti\pT2)

It then follows from the It6 formula that ¥, = Z2 satisfies the stochastic differential equation
of the square of the Bessel process [17] of dimension § =2y + 1. By taking n, sufficiently
large we can make y arbitrarily close to (d — 2)/6. The analysis of the random walk is
therefore entirely analogous to the one in Sect. 4, yielding in particular the same power laws
for the growth of (v2(7)) and (y?(7)) as in (4.16) and (4.21).

In the case that G is not a gradient field we still assume it to be rotationally invariant
and reflection symmetric. This implies that there exist functions A; and A, such that the
correlation function is of the form

CO,o =Myl D Py + As(liyll, O Py,

where Py is the orthogonal projector along the direction of the vector y and Py + P, =
I,;. We in addition assume that A; and A, are C? functions that decay fast in their spatial
variable, and that for all T € R, A{(-, t) and A,(-, ) are compactly supported in [0, 1].
Under these assumption, we then prove an analogue of Theorem 5.1:

Proposition 6.2 Under the conditions stated above (aV) =0 = (a®), and for all v € R?,

B 5
(AE (v)) = e +0(Ivl7?),  ((AE@)*)=D*+0(llvl™),

where
B=nd-1DKO—@d-2KD,  D*=2(nK®—KD)>0
and

1 1
KO _ / QA (1,0), K= / dipdy (12,0).
0 0
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T

Proof A computation of R(y, v, 7, n./|lvl]) = /. /10 G (y(27), T)d7’ to second order in

T
perturbation theory gives

R(y,v, 7,0/ IV[) = Ry (v, v, T, s/ V1) + Ryp (v, v, 7,04/ 0D

with

U ! 7]*)»
Ry (y,v,t,n/ V) = /de (y+n*ke,r+—>
lvll Jo vl

and

773 1 A
. di / dr” (x—=1")
ol Jo — Jo

3
X (G (y +n\"e, r) . V) G(y+nie, 1) +0 (||v||74) .

Rir v, v,t,ne/ IVl =

Hence, (") and («®), and consequently (8©) and ("), vanish. Using w - P, (v) =
(v-y)(w - y)/y* then yields
1

Ay . M
S a®-a®)

7,)2 1 1
:_*/ dk/ dn” (A (L] =2
2 0 0

L0) +(d — 1) Ay (|2 — 1

,0))
1
= ni/ dr (1 —2A) (A (X, 00+ (d — 1) Ay (04, 0)), and
0
(@

1
= ni/ (1= 2) (AN (1, 0) + (d — 1) (Ag (1, 0) — Ay (1, 0))
0

1
= ni/ dA ((d —=2) =A(d =3) AL (:4,0) — (d — 1) (1 = 1) Az (144, 0)).
0

Adding the last two equations and making the change of variables u = n,A yields the above
expression for B'. d

Analysis of the random walk now proceeds along the lines of Sect. 5, yielding the same
power laws as obtained therein.

7 Numerical Results

To illustrate our theoretical analysis of the motion of a particle in random force fields pre-
sented in the previous sections, we performed numerical calculations for a periodic array
of soft scatterers in one and two dimensions. For the two dimensional case we employed
a hexagonal lattice, with, for N = (N}, N,) € Z?, xy = Nju + Nov, where u = (1,0),
v= %(1, V/3). We focused on the case in which the force fields associated with the scat-
terers were derived from a potential, taking W to be of the form of a time-dependent, flat
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circular potential,

W(y,¢)=f<¢>x(”yy—”>, VeRLd=1.2,

where x (x) =1if 0 <x <1 and x (x) = 0 otherwise. Here the parameter y, satisfies é <
¥« < 1/2 to ensure the system has a finite horizon. Three different choices were explored
for the function f, namely,

J1(¢) =cos(2n¢), (@) =1+cos’ 2n), ¢ €l0, 1],

each of which leads to a time-periodic potential, and

f3 (@) = f3(d1, ¢2) =cos 2mpy) + cos 2 eh) .

In the latter case, the frequency vector @ was chosen to be w = (1, «/E) so that the resulting
potential is quasi-periodic in time. The phases ¢y were chosen uniformly on the torus,
independently for each scatterer. Coupling constants ¢y were either drawn independently
from a uniform distribution on [0, 1/2], or set to a fixed value cy = 1, or ¢y = —1, for
all N.

Depending on the phase and the choice of coupling constants, each such potential de-
scribes a centrally symmetric potential barrier or well, whose maximum/minimum oscil-
lates in time. For the choice f = f; or f3, any given scatterer will sometimes act as a
potential well, and at other times as a barrier, depending on the sign of cy fi (¢ + 7) or of
cn f3(¢n + o) at the time T of arrival of the particle; on average the force at a given point in
space always vanishes. When f = f, on the other hand, and cy = 1 for all N, cy f>(¢ + )
is always positive, yielding a lattice of oscillating potential barriers, for which the average
force at a given point in space does not vanish. Similarly, when f = f, and cy = —1 for all
N one obtains a lattice of oscillating potential wells. In all cases that we studied numerically,
the system had finite horizon.

Motion of a particle through an array of such scatterers can be computed iteratively,
by using energy and angular momentum conservation at the entry and exit of the particle
from the support of the potential, and without a numerical integration of a second order
differential equation. This allows one to compute the motion of the particle numerically for
very long times, as required to properly study the asymptotic regime.

In our calculations, each particle was initially placed at a point randomly chosen on the
boundary of the scatterer at the origin, with an initial velocity drawn with equal probability
from all possible outward directions. For each ensemble of initial conditions, the initial
speed ||vg|| of the particle was kept fixed (with values indicated in the figure captions, or in
the figures themselves). Displayed results represent averages over, typically, 10* trajectories
for each initial speed. For convenience of presentation, data appearing as a function of time
T or collision number # in the figures presented throughout the paper represent a subset of
the data generated, evaluated at values of the independent variable that are equally spaced
on a logarithmic axis.

A general finding of both our numerical calculations and of our theoretical analysis is that
the power law behavior associated with stochastic acceleration is independent of the precise
form of the potential employed; in particular it does not depend on whether the average
force vanishes or not. Thus, in the figures that appear in the paper we have chosen to present
numerical results only for the case where f = f; and cy is uniformly distributed in [0, 1/2].
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For this specific model, Fig. 1 shows the evolution of the particle’s mean kinetic energy,
both as a function of time 7 and as a function of collision number n. As noted in the text,
one observes excellent agreement with the power law behavior predicted by our analysis
(see (1.4), (4.11), (4.16)), independent of dimension. One also notices in this figure that the
asymptotic regime is reached after an initial period which ends after a number N, (|lvol|)
of collisions that grows with ||vg||. The value of N, (||vgl|) was computed numerically for
fifteen values of ||vg|| between 0.5 and 2, and the result is presented in Fig. 4. The observed
power law N, (|[voll) ~ [lvoll®, is as predicted in Sect. 4 (see (4.10)).

Similarly, Fig. 2 shows for the specific numerical model described above, the evolution
of the particle’s mean squared displacement as a function of T and n. We find that the power
laws obtained in one dimension (see (1.5) and (4.23)) and in two dimensions (see (1.6) and
(4.20)—(4.21)) are indeed different, and precisely as predicted by the analysis of Sect. 4.

In order to obtain analytical results for a sufficiently general class of potentials, the theo-
retical analysis of Sect. 4 assumed scattering potentials that are smooth, which the potentials
used in the numerical calculations are clearly not. Indeed, running the numerics for suffi-
ciently long times with a smooth potential would involve repeatedly solving a second order
differential equation; this would lack precision and be too time consuming. Explicit compu-
tations specific to the square potential, however, show that formulas (3.7) and (3.3) remain
valid, and that their dominant terms have the same behavior as in the analysis presented, so
that our arguments go through unaltered. This lends additional support to our claim that it is
the high energy behavior of the energy and momentum transfer in a single scattering event
that determines the asymptotic behavior of the particle, and suggests that the results are even
more universal than is implied by our analysis.

As a closing comment we note also that in our numerical models the potentials are rota-
tionally invariant, and the lattices are ordered. Thus, when cy is constant, the only random-
ness left in the problem is in the initial phases ¢y of the scatterers and the initial directions
e of the particles. Thus, the essential randomness necessary for the validity of our analy-
sis arises from the dispersive nature of the scattering event itself, which leads to a random
sequence of scattering events when evaluated along the trajectory that the particle follows.

Appendix: Proof of Main Theorems

In this appendix we provide proofs of Theorems 4.1 and 5.1. We begin with some prepara-
tory material. It is convenient to write g(y, ) = Mg(M ™'y, wt + ¢), suppressing the vari-
ables ¢ and M from the notation.

The estimates below are all uniform in ¢ and M. Note that when g = —V W, then g =
—VW, with W(y, )= WM™y, ot + ¢). We need to study the solutions of

J(t)=cg(y(¢)), 1) =—cVW (y(z)),7), y@) =y, @ =v. (Al

For any initial condition y (7o) = yo, v(70) = vo, we define

vy = lim y(7). (A2)
T—>+00
In particular, when yo = b — % HZBH and yy = vy, we have (see (2.4))
R(vo, k) =vs —v_ = —c/ dt'VW (), ). (A3)
R

That these limits exist if ||vg|| is large enough is a consequence of the following lemma.
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Lemma A.1 Suppose Hypothesis 1 holds. Let Ty € R and suppose (yo, vo) € R* satisfies
lyoll <1/2, lvol|?> = 12¢gmax. Then there exist unique Ty, < Ty < Toy SO that || y(Tin) || = % =
Iy (zou) ll. Moreover

. 3V2
m = mln{tO — Tin, Tout — 7:0} = maX{tO Tin, Tout — 'E()} = ” ” (A4)
0

The lemma roughly says that any particle that is at some instant 7, inside the region
where the potential does not vanish and that has enough kinetic energy at that moment has

entered it in the past and will leave again in the future, spending a time of order —— ”U j to cross

it: both the upper and lower bounds in (A.4) will be used in the proof of Proposition A.3
below. Note that the Lemma does indeed imply the existence of the limits in (A.2).

Proof From (A.1),

y(T)=yo+v(t — 1) + c/ dt’/ dt’g (y (r”) , 1:”) , (A5)
70 70

so that Q(t — 1) < |ly(v)|| < P(r — 70), where

(T —1)? 1
O(t—1)= —C8max + llvolllT — 0| — 3

and

(t — 10)? 1
P (t — 1) = C8max—— + llvolllt — ol + 3

One checks that Q(04) = 3 = P(0-), with

v 4¢gmax v 6Cgmax
B I PO S L1y Py R §
C8max llvoll C8max llvoll
Note that o_ < 0. Since ||y(to £ o_)| < 5 [ly(to £ o), it is clear there exist Ty, Tout
satisfying

90— 04 <Tin<T—0- and T+o0_ <Tou <79+ 0.

Uniqueness follows from the observation that ¢ vanishes outside the ball of radius 1/2 so
that the trajectory can enter and leave the ball of radius 5/2 only once. Equation (A.4) now
follows from the observation that, if 0 <x < A < 1, then

1 1 1 1
1+x—-1>= X, 1—+V1—x<- X.
2J1+A 2J1-A
It is enough to choose A = 1/3 in the first inequality and A = 1/2 in the second. ]

With vy from (A.2), we define, for all (yo, vo, To) so that [|vg]|> = 12¢gmax.
L, 2
Av (vg, Yo, To) = V4 — V_, AK (vo, yo, To) = 3 ( - vf) . (A.6)
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Note that both Av and AK are constant along trajectories:
Av (v, Yo, To) = Av(v(z'), y(r'), ), AK (vo, yo, To) = AK (v(z)), y(x'), 7). (A7)

‘We therefore think of them as functions on the space of all trajectories with sufficient kinetic
energy. We are interested in understanding the high velocity behavior of AK and of its
average over all those trajectories that enter the support of the potential. We will see that,
when g = —VW, AK ~ |lup||~" (Proposition A.3) but that the average of AK vanishes
up to terms of order ||vg||~* (Proposition A.4). In other words, the dominant terms in AK
vanish on average. This observation is the essence of Theorem 4.1, as we will explain below.

Proposition A.2 Suppose Hypothesis 1 is satisfied. Let yy,vy € R? and 1y € R, with
llvoll? = 12cgmax. Then

c +00 R
Av (v, Yo, To) = m/ 8 (Yo + Aeg, Tp) dA
0 —00

c +o00 R
* lvo |2 / 3:8 (yo + Aeo, 7) AdA + O (Jlvl ) . (A.8)
oll* J-

o0

The error term is uniform in yy, 79, ¢ € [—1, 1] and in ey = vy /||vo||-

Proof Suppose first ||yl < % It follows from Lemma A.1 that, under the stated condition
on |lvg||, there exist unique entrance and exit times tj, and Ty to the ball of radius 5/2,
with Ty — 79 and Ty — T, of order ||vy]| ™. As a result, for T < 7, and T > Ty the particle
executes a free motion with speeds v_ and v, in the region where the force g vanishes
identically. From (A.1), one now readily concludes

Tout
Av (vo, Yo, To) =C/ gy (), ndr
T;

Tout
= C/ g (o +vo(r —10), 1) dT +O (vl )
Tin

where we used [|y(t) — (Yo + vo(t — )|l < 58max(T — 79), which follows easily from
(A.5). Let us now remark that Lemma A.1 implies that

1
[1vo + vo(Toutyin — To) | = llvolll Touyin — Tol — 3 >1/2.

As a result, we can extend the t integration to the full real axis; indeed, the integrand van-
ishes for T < 13, and for 7, < 7. The change of variables A = ||vy|| (T — 70) yields

c oo A
Av (vo, Yo, To) = —/ g’()’o-f-)»eo,fo-f- —) dr+0(llvoll ). (A.9)
lvoll J-oo llvoll

so that a first order Taylor expansion yields the result.

We now consider the case where |yo|| > 1/2. We may assume the particle trajectory
intersects the ball of radius 1/2 centered at the origin: otherwise Av(vy, yo, 7o) = 0, and
then the result stated certainly holds. Suppose therefore the trajectory intersects that ball
and that y, - vg < 0. Then there exists a unique time 7, > 7y when the trajectory enters the
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above ball: so y(t) = yg 4+ vo(t — 19) for all ¢ < 7, ||y(z)|| = 1/2 and y(z,) - vy < 0.
Clearly

Av (vo, Yo, To) = Av (vo, y (T4) , T) »

and we can apply the result of the first part of the proof to write

c +00 R A B
Av (vo, Yo, To) = m/ g(y () + Aeo, T + T ”) dr+O (el 7). (A.10)
0 —00

The change of variables
Jo= 1+ llvoll (7 = 70)
transforms (A.10) into (A.9), which concludes the proof. The case where y, - vy > 0 is treated

analogously. ]

When g = —VW, we need the high ||y expansion of AK up to order ||vy|~* obtained
in the following proposition.

Proposition A.3 Suppose Hypothesis 1 is satisfied and suppose § = —VW. Then, for all
v € R? such that ||vo||* = 12¢gmax and for all yy € R?,

AK (v, Y0, T0) = AK; (vo, yo, T0) + AK 1 (v, Yo, T0) + O (Il ) (A.11)
where
c A A
AK] ('U(),y(), To): —/‘d)\. BIW<y0+}\eo,r0+ —) (AIZ)
lvoll Jr lvoll
and
c? N A
AKpp (vo, yo, T0) = —7— / dAVa W | yo + Ley, 1o + ——
llvoll llvoll

)\'//
/ dk/ AV VW <y0+k eg, To + T ”> (A.13)
Vo

The error term is uniform in yy, 79, and in ey = vo/||vol|.

The index “T” or “II” refers to first and second order in W, but note that each of the
corresponding contributions has an expansion in ||vg]|~".

Proof We first deal with the case where ||yo|| < 1/2. As in the proof of Proposition A.2, one
can integrate the equation of motion to obtain

Tout N Tout A
AK(vo,yo,to)=—C/ j}(r)-VW(y(T),t)dr:c/ 9. W (y(r),1)dr.

in in

From (A.5) one easily finds, for t € [Tjy, Tou], that

||y(T)—U0|| chmax|f_70|
Iy (t) — (o + v0 (T — 7)) | < Cgmax (T — T0)* (A.14)
y (1) = y; (1) + O (|lvoll*)
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where we used (A.4) in the last line and where

v (T) = yo + vo (T — T9) — c/ dr// dt”’ VW (yo+vo(t"—m).7").

Hence

Tout
AK (vo, Yo, To) ZC/ W (yr (), 7)dr + O (Jlvgll 7).
T

in

Expanding BTW()}](T), 7) around yg + vo(T — 79), the result follows. The case || yo|l > 1/2
is handled as in the proof of Proposition A.2. ]

For the purpose of proving Theorem 4.1, we now turn to the computation of the average
energy change of all trajectories with a given, sufficiently high, incoming momentum or
energy, and that enter the ball of radius 1/2 centered at the origin. Recalling that g(y, t) =
Mg(M~'y, wt + ¢), we have, for vy € RY, b-vg=0and k = (b, M, ¢ + wty, C),

1
AE (U(),K):AK (Uo,b— 560,1’0) . (AIS)
We first compute the average of AE (vg, b, M, ¢, c) over ¢:

/ dp AE (vo,b, M, ,c). (A.16)

Proposition A.4 Suppose Hypothesis 1 is satisfied. Then, for all vy € R? and for all b € R?,
b-vy=0,MeSO,R),ce[-1,1],

/ d¢ (AE (vo,b,M,¢,c)+ AE (—vo,b, M, ¢,c))

2ﬂ§‘” (e0.b. M, c)
EE

B (co.b. M, 0) = / d¢/ dA/ ' (=)
’]I‘)ﬂ
><B,S(k—%,M,d))a,S(X—%,M,(ﬁ), (A.18)

with S(u, M, ¢) = VWM (b + pep), ¢).

O (llvoll ™). (A.17)

Here

We remark that AE (vo, b, M, ¢, ¢) and AE(—vy, b, M, ¢, c) are the energy changes un-
dergone by two distinct particles, both impinging at the same time on the same obstacle with
the same impact parameter, but with opposite velocities. According to Proposition A.3, each
of the two terms AE(£vy, b, M, ¢, c) is of order ||vp||~" so that Proposition A.4 shows that
combining a time average with a “time reversal” vy — —uvy diminishes the energy change
undergone by the particle in a scattering event drastically.
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Proof Using (A.15), we write, as in (A.12)—(A.13)
AE =AE;+ AE;; + O ([l ). (A.19)

We will accordingly write B© = B\* + B9, where B is defined in (3.7). It is then imme-
diately clear from (A.12) that

/ d¢p AE; (vo,b, M, ¢, )

1 WA
d d - = —_— =0,
||Uo||/ A/ d’aW( < (A 2)60) w0+||vo||+¢>

since 9; = w - V4 and W is ¢-periodic.
We now turn to A E;; which is of order |Jvy|| =2 in view of (A.13) and write

ﬁ) (4)
AE; =1 4 +0O(llvoll~ (A.20)
T ol 0||4 (ol ™).

One then readily finds

1 A A
B (o, b, M, ¢, c) = _sz dk/ dA// an”
0 0 0

X 8,8 <x - %,M,qb) .S (M - % M, ¢> . (A2

and, immediately performing the ¢-average,

)
/Tdd)ﬂ (e,b,M,¢,c) = /deqs/dx/dxxx
1
xas< §M¢>8S<A—EM¢>

Note that in (A.21), the integrand is in general no longer a gradient in the ¢-variables, except
in the special case where W (y, ) = w(y) f(¢). So there is no reason why the ¢-average
of ,BS) (eo, b, M, ¢, ¢) should vanish. But now remark, using (A.21) and the definition of S,
that

B (—eo. b M. §.c) = — /dua s(i_,uw)

" i M " 1 "
/ du/ du"S{=—u",M,p ).
0 0 2

When performing in this last expression the succession of changes of variable defined by

% ”_)»——,M—l—)&/ —u+1=21", one finds

B (—eo, b, M, ¢, )

1 1 1 1 1
—c2/ dA”/ dk’/ Ao, S — = M p)-S(r—=M¢). (A22)
0 A’// A’/ 2 2
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Note that the domain of integration is the same as in (A.21), just the order of integration is
different. So adding (A.21) and (A.22) the integrand becomes

1 1 1 1
r—=, M, 20 S( A — =, M, SIA—=, M, . A==, M,
S( 2 ¢>3S< 2 ¢>+“< 2 ¢> S( 2 "’)

which is a total time derivative. Computing the ¢-average of the sum therefore yields

/ do (ﬂﬁ) (e0.b. M, $,c)+ B (—ep, b, M,¢,c)) 0. (A.23)

A similar computation shows that

[ aosii cabmoo=[ awpl@smoon. a2

'm ']I‘m

Adding the various contributions, the proposition now follows from (A.19). O
We are now ready to prove Theorem 4.1.

Proof of Theorem 4.1 (i) Noting that VW(y, ) =MVW(M™'y, ot + ¢) one finds

+o00 R 1
/ dk/ deW(b—l—()»——)e,f):O
—00 e-b=0 2

since W has compact support in its first variable. So () = 0. Similarly, integration over the
¢ variable leads to the vanishing of «® (e). To prove (4.2), we first point out that, in view of
the rotational invariance of the system, AE(M'vy, M'b, M'M, ¢, c) = AE(vy,b, M, ¢, ¢),
for all M’ € SO(d, R). Consequently, AE(M’'vy) = AE (vy), where = is defined in (3.12).
As aresult, A E(vy) depends only on ||vg]| and not on ey. In particular A E (—vg) = AE (vp).
It therefore follows from (A.17) that

)

AE (v) = ||v;1||4 +0 (vl ™).

This proves the first equation in (4.2). Using

1)
AE@, ) =PC5) L o)),

vl

the second equation in (4.2) and (4.5) follow immediately.
It remains to show (4.3) and (4.4). For that purpose, we compute B:

_ 2@
B = 11

2 db (! !
=— [ d¢ / dQ2(ep) — / dx / dr'(x — A)?
2 Jpm s beg=0 Ca Jo 0

oo o) o < e
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where S (y,9) =V, W(y, ¢). Using the change of variables formula (A.25), proven below,
we find
C_z / /13—d & T
B=o— | do | dy | dy'[y—=y'|"" S9-S0 ).
2Cd Tm R4 Rd

Using the definition of S and integrating by parts twice, this yields

dy | dy' Y aydylly =Y IP0 W (. )8 W (Y. ).
zcd W"’W y/ YZ Oy lly =¥l (7, $)3W (Y, b)

Since

Ay, Oy lly — VI =@ =3 (A=d)i—y)*+ly=Y1) Iy =y
we conclude

ﬁ
=(d=35- / d¢ dy/ dy'lly =y I8 W (y, $)a: W(y', p).
m R‘l le

d

Using (3.10) and (4.5), one finds

Dz—c_2/ d¢/ dQ (ep) %/dA/d,vaW<M*‘(b ( —1> ) )

- 0 T + )" eO ’¢

™ Jsd be=0 Ca Jr  JR 2
x8TW<M_1<b+(A’—%>eO>,¢>.

In view of (A.25) this becomes

DZ—— d¢/ dy/ dy'lly =y I 0. W(y, )a. W(y', ¢),

Cd Tm

which proves (4.3) and (4.4).

(ii) Note that when v, is defined by (3.1), k,, is independent of v, since the latter only
depends on k; for k < n. It follows therefore from (4.5) that (8Y) =0 = (8¥) — B. The
same remark applies to the computation of the correlations. For example, when computing

’
(ﬂ,(f) ,B,(lﬂ)k), for some positive k, one can integrate first over ., which yields the result
because of (i). O

Lemma A.5 In dimension d > 2, for all f :R? x R x R* — R, such that |y, —
Yoll'=* £ o, ¥§» llyo — yoI) € L' (R*), we have

/ dS2 (e) db/dk/dk/f(b—i—keo,b—i—x’eo, r—1)
sd b-ep=0 R R

= / dyo f dy) [ yo = yoll ™" £ (vos ¥ 3o = v ) - (A.25)
]Rd ]Rd

Proof Let yo and |, be in R?, yo # ¥, Then there exists a unique (A, 1’, €9, b)) € R x R x
S x R? with (yo — y;) - €0 > 0 such that

Yo = b + ey, yo=b+2te and b-ey=0.
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Since ey € S?, there exists unique angles (64, ..., 0,-1) € [0, 71972 x [0, 27r] such that
eo=Ru;, R=R;1(04-1) - R (),
where (i1, ..., ug) is the canonical basis of R? and R; () is the rotation of angle  in the

plane defined by u; and u;4,. Since R~'b is orthogonal to u,, there exists also a unique
(0,02, ...,04_1) e RT x [0, w1973 x [0, 2] such that

b=pRRu>, R=Ry_ (@1—1) Ry (éz) .

This gives the following equality:

d—1 d—1
dyodyj = |J|dada'dp [ [do; [ 6.
i=1 j=2

where

Ruy 04 RRuy N M

J|= -
| | del Ru1 RRM2 N M

’

with N = pRV;(Rus),
M=V, (R (pléuz n Aul)) and M =V, (R (pIéuz + )Jul)) .
Simple manipulations on the rows and columns yield

Rui  RRuy N | 04 M|
Odxd | Ruy M’ —M |~

ME ‘ V=" p 20,

with J; = |Ruy; VoRuy|, Jo = |uy; Iéuz; Vgléu2|, the result follows upon noticing that

d—1 d—1
dQ(ep) =/ [ [d6; and db=p**rdp [ ]db;.

o . O

i=1 j=2

Proof of Theorem 5.1 Computing R(v, k) to second order in perturbation theory as in the
proof of Proposition A.3, one finds

R(v, k) =R; (v, %) + Rys (v, ) + O (|[v]| ), (A.26)
where
c R /L-i-%
Ry(v,k)=— | dug| b+ e, vo+ and
vl Jr vl
2
Rir(v,6) = W/dﬂ [K (e, i, 1) - V1&g (b + pe, 1),
R
with

w w
K (e, i, ) = / d,uf/ du"g (b+ e, 7).
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As a result of (5.1), R;(v, k) =0, immediately implying a® =0 for £ = 1,2 and hence
BO =0 for £ =0,1 (see (3.8)). To compute 8@, we need e -a®. From (A.26) we find
e-a®(e, k) =T (e, k) with

T (e, K)—c/duf d,u/ du” [g(b+u"e. 1) - V](e- &) (b+ e, 10)

= 62/ dp / A’ (w—p")[& (b +n"e. ) - V](e-§) b+ pe, ).
R —00

Noting that the integrand is unchanged under the change of variable ¢ = —e, i = —p, 1" =
—u”, one finds

+00
/dQ(e) db T (e, x) = c? /dQ(e) db /du / di” (p—p")
b-e=0 b-e=0

x[g(b+R"e, ) V](e-8) b+ e w).

Averaging the last two formulas and using the change of variables formula (A.25), we con-
clude

) db
c a0 =< d¢/ 4 (eo) —/du/du
2 Tm sd b-ep=0 Cd R R

x (g(b +u'e,¢)- V) ((b+ pe) — (b+u"e)) - g) (b+ e, p)
E d¢>/dydy”||y Iy 0 =5 (80" #) - V] g (v, 9.
Jj

A partial integration then yields

— = A(-d
e a :_%Cd)/ﬂ‘m d¢/dydy”||y—y”||"’”’
x ((y =) 80 9) (v =3") -2 (" ¢))

/m d¢/dydy”||y —'I" e (. #) -8 (v, 8).

2 C(l

From (3.4) one easily sees the second term equals —%a(l) -aM(e) so that, using (3.8), we

find
g(d - 1) " 7y —1-—
ﬁ<2><e)=—/ d«p/dydy ly =y~
2Cd Tm

x((y=y")-20.9)((y—>") 20" ¢))

d—1——
= —5—BO @’ =0. 0
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